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1 Introduction

1.1 The Blood Vessel

1.1.1 Overview

Blood vessels are highly regulated elastic tubes for the transport of blood from the heart to the
organs via arteries (high pressure system) and back to the heart via veins (low pressure
system). In between, the terminal vessels from the microcirculation are responsible for the

metabolite exchange. The blood vessel system can be subdivided as follows:

Arteries ( high pressure system)
“Elastic type” = arteries

“Muscular type” = arteries

Terminal vessels ( = microcirculation)
Arterioles
Capillaries

Venoles

Veins (low pressure system)
Peripheral veins (capacity system)

Big veins

Depending on the function of the vessel, their architecture varies a lot and the transition
between different vessel types is continuous. Therefore this classification is just a formal and
stereotype simplification and does not account for the large variations of vessel physiology.

The circulatory system fulfills a series of functions like exchange of metabolites, gases,
transport, participation in the immune response, mechanical tasks and triggering of the
spontaneous arrest of bleeding. The general composition of a blood vessel is morphologically
divided into three sections. Beginning from the luminal site, there is the intima, media and

adventitia.
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Adventitia Media Intima Adipocytes

Figure 1.1

General  organisation  of
blood vessels (hematoxylin-
eosin staining ) in tunica
intima, media and adventitia.
Cores of the endothelium
appear  spherical shaped,
Media whereas cores of the smooth

muscle cells are ellipsoidal

and elongated. Under the

Intima

Adventitia fluorescence microscope the
basal lamina exerts a relative
strong green auto-
fluorescence, that makes

Elastica interna discrimination easy between

media and intima. After
Sobotta, 1997

1.1.2 The Intima or Tunica Interna

One can histologically distinguish between the endothelial monolayer and the basal lamina.
Endothelial cells exhibit an apical-basal orientation and can be easily distinguished from the
media under the microscope (fig. 1.1), because the basal lamina exhibits a strong green auto-
fluorescence and appears as a continuous green line dividing intima from media.

In the past, researchers had a very simplified view of the endothelial cell layer, regarding only
its barrier function and assigning the active regulatory part of vessel tone to the smooth
muscle cell layer. Meanwhile, this opinion has changed, since the most potent vasoactive
molecules are endothelium-derived and had been first named after the action they exerted
(endothelium-derived relaxation factor [EDRF] or endothelium-derived hyperpolarisation
factor [EDHF]). After their identification and the elucidation of the regulatory pathways, the
crucial role of the endothelial cell layer and its contribution to many pathophysiological
events like hypertension, atherosclerosis etc. becomes more obvious.

The endothelium has plenty of versatile functions, which are either organ and/or vessel size
specific. Therefore a generalization often leads to controversies. For example, a capillary is
simply composed of the intima and podocytes (supporting cells). Even this vessel type shows
a highly sophisticated adaptation for local requirements, such as the fenestrated type in glands
to simplify hormone secretion, for ultrafiltration in the kidney, or in case of the endothelial

cells in brain microcirculation, forming the blood-brain barrier by very tight ligation to each
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other (tight junctions). The most important functions of the endothelium are summarized as

follows:

Angioneogenesis

Regulation of cell adhesion and modulation of local immune function

Regulation of thrombosis (synthesis and release of pro- and/or antithrombotic substances)
Barrier function (regulation of vessel permeability and metabolite exchange)

Synthesis of the basal membrane (Collagen IV and V, proteoglycans, laminin etc.)
Regulation of vessel tone (autacoids, angiotensin converting enzyme etc. )

Growth- regulation of media’s smooth muscle cells

Degradation of blood lipids

To take over such complex tasks, the endothelium has developed many specific molecules,
mechanisms, and structures like the fuzzy coat named glycocalyx. Its specific sugar groups
and membrane proteins are involved in the adhesion of leukocytes to the luminal surface. The
endothelium also contains the preformed Weibel-Palade bodies, serving as a storage system
for endothelin, von-Willebrand factor and P-selectin. Upon stimulation the vesicles
translocate to the membrane, release the factors and present P-selectin on the surface within a
few minutes. Another important structure are the vesiculae superficiales or caveolae. These
are small spherical to egg-shaped static invaginations of the plasmamembrane (av. diam. 100-
200 nm) which are wrapped up by caveolin. Some of them are partially closed by thin
membranes of glycoproteins important for signaling and receptor mediated potocytosis, e.g.
folic acid is enriched by binding to receptors within the caveolae and cellular uptake is carried
out by transport proteins. Endothelial cells also pose intermediate filaments of the vimentin-
type and a strongly developed contractile filament system (actin-myosin) for regulation of the
intercellular gap and resorption of shear forces.

The basal lamina (membrana elastica interna, basal membrane, lamina elastica) is synthesized
by the endothelium and contains specific matrix proteins like collagen IV. This layer
functions as an adapter between the intima’s endothelial cells and smooth muscle cells of the

media, building a “flooding”-like basis to withstand the fluid shear stress.
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Figure 1.2

Scheme of different capillary types. (I)
Closed endothelial cell unit with
continuous basal membrane; big variations
in cell thickness are possible. (a and b:
Skeletal muscle, myocardium, skin, lung).
(II) Here and there strongly flattened
endothelial cell bodies which either
contain membrane closed fenestrations or
regular pores (a Glands with internal
secretion; b Capillaries of  the
glumerulum). (III) The endothelial layer
has irregular intercellular gaps and sits on
an discontinuous basal membrane (a
Sinusoids of the liver; b Sinusoids of the
spleen). After Benninghoff, 1994.

Sinzinger and coworkers [personal commun.] have shown that the so-called “endothelial
dysfunction” parallels stiffening of the matrix and impaired mobility of the endothelial cell
layer on top of the media. Endothelial dysfunction is characterized by an inappropriate
reaction of the endothelium upon stimulation with agonists or shear stress to release
endothelium-derived mediators (PGI,, NO, EDHF) for maintenance of vascular homeostasis.
It sometimes is used synonymously with “endothelial cell activation”, which contains related
mechanisms.

Further, the matrix also serves as a storage structure for growth factors, mediators (bFGF,

von-Willebrand factor etc.), which are activated and released after endothelial cell injury.

1.1.3 Tunica Media

Depending on the vessel type, the media contains smooth muscle cells ,collagen fibrils of type
I and III and elastic material in different amounts. The media of the aorta (elastic type vessel
in proximity of the heart) is very rich in elastic fibers to smoothen the waves caused by the
beating heart, and therefore generating a relative constant blood pressure and flow
(“Windkessel”, elastic buffer). Nevertheless, the aorta participates actively in blood pressure
regulation by its contractile smooth muscle cells and functions not just as a simple rubber
tube. In contrast, the pulmonary or coronary arteries (muscular type) exhibit a high content of
smooth muscle cells (myocytes) for flow regulation and blood distribution by actively varying
the vessel diameter. On the other hand, veins serve as a blood storage system (low pressure
capacity system) and the media of this vessel type contains high amounts of fibers, so that the
vessel is able to expand like a balloon. In contrast to the arteries, the vessel walls of veins are

much thinner and regularly arranged valves prevent a back flow of the blood.
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1.1.4 The Adventitia

The adventitia serves a connector and interface between blood vessels and the surrounding
tissue. It contains mainly fibrocytes that synthesize collagen fibrils and a loose elastic fiber
net. Depending on the tissue, a few invaded mast cells can be observed. In many model
systems the function of the adventitia is neglected for practical reasons. Isometric tension
measurements require an isolated vessel, where the adventitia is often removed during
preparation. Some researchers have observed that this layer also plays an important role in
oxygen radical production etc. that may in fact influence vessel function (R. Cohen, personal

commun.). For future work, this should also be taken into consideration.

1.1.5 Effects of Agonist on the Endothelium and Endothelium-Derived
Mediators

Endothelium-dependent responses
(not present in all blood vessels)

short term regulation long term regulation

blood blood

@@@0 SHD-()-(T-EK)

AA L-arginine L *‘J
l iCOX N()Si mRNA
Endoperoxides
EDHF PGH, TxA, Blg ET
LPGIS — 0 N i ECE
\Endothellum PGI, ET-1 )

EDHF

ET-1

SMOOTH MUSCLE
CELLS

Figure 1.3

Multiplicity of endothelium derived relaxing and contracting factors. oo = alpha adrenergic; AA = arachidonic acid; ACh =
acetylcholine; AT II = angiotensin 1I; Bk = bradykinin; COX = cyclooxygenase; ECE = endothelin converting enzyme; EDHF =
endothelium derived hyperpolarizing factor; ET = endothelin-1; 5-HT = serotonin; P = purines; T= thrombin; VP = vasopressin,
PGI, = prostacyclin; PGH, = prostaglandin endoperoxide H,; PGIS = PGI, synthase; NOS = NO synthase. After Vanhoutte, 1998.
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Many substances (agonists), like acetylcholine, bradykinin, purines (summarized in fig. 1.3 ),
are able to alter vascular function (tone, barrier function, adhesive properties etc.) by
modulating endothelium-derived mediators (NO, prostacyclin, EDHF, endothelin). The
contribution of the corresponding receptors of the agonists varies for different blood vessel
types and species, so that only a very crude overview can be given. Many of these agonists
like angiotensin II can have short term effects like alteration of the vessel tone (< 1h), but
also long-term effects like induction of endothelin synthesis, VSMC growth (>2-3h) etc. This,
as it is the case for angiotensin I, is simply determined by the duration of the stimulus. A
short stimulation (30 min.) increases vascular tone whereas stimulation for 4h increases
superoxide formation via induction of vascular NADPH-oxidase.

Usually, the endothelium maintains an active cross talk with smooth muscle cells to preserve
vascular homeostasis via endothelium-derived mediators. These mediators are very potent,
even at very low concentrations (nM to pM range) but belong to different substance classes
like radicals, peptides and lipids. Agonists of the endothelium can modulate the generation
and synthesis of these endothelium-derived mediators, which leads to alterations in vessel
function. These factors can be divided into “good” and “bad” mediators as summarized in

table 1.1 and figure 1.3.

Endothelial Homeostasis Endothelial Cell Activation
Effects Vasorelaxation vasoconstriction
anti adhesive adhesive
anti thrombotic pro-thrombotic
mitogenic
Mediator
Prostacyclin superoxide
nitric oxide thromboxane A,
EDHF endoperoxides
endothelin
Table 1.1

The term “good factors” points out that these mediators preserve vascular homeostasis,
ensured via anti-adhesive, anti-thrombotic, anti-proliferative and vaso-relaxing properties,
whereas “negative factors” cause the opposite effects. Although this classification is very

tentative and pragmatic, it helps to underline the aim of this thesis work, which was to
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elucidate whether the appearance of these factors is rather a physiologic regulation or part of a
more pathophysiological function. Only when changes become systemic and irreversible the
term “endothelial dysfunction” seems to be appropriate. In the following chapters, attention is
focused on the prostanoid, nitric oxide, and superoxide pathways as mediators of vessel tone
and on the changes that may lead to responses of the endothelium under the influence of

hypoxia/ reoxygenation injury, alterations or aging.

1.2 Prostaglandins

Historically the first chemically identified mediator of vessel relaxation was prostacyclin
(PGI,), one of the five representatives of the prostaglandins (PG), which were first discovered
by von Euler in the prostate secret. They represent a class of highly active lipid mediators and
physiological messengers derived from arachidonic acid (AA), and involved in a complex
network of regulation. The two isoforms of prostaglandin endoperoxide synthase, better
known as cyclooxygenase (COX-1 and COX-2) are the key enzymes for the prostanoid

metabolic pathway.

Phospholipid Pools

- )
Phosphorylationﬁb [ Phospgﬁg’pase Af} 4@ Ca™’

Reacylatio

Arachidonic Acid

| @

Cyclooxygenase 1,2) €—— "peroxide tone"

ane| Prostaglandin .
Thromboxane A ; dhromiremns & Prostaglandin I,

Synthase Endoperoxide H,
spontaneous
decomposition decomposition

Thromboxane B other 6-keto-Prostaglandin F

Prostaglandins
e.g. PGE,

la

Figure 1.4 After Ullrich et al., 2001.
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Both are of high pharmacological impact, since the beneficial and adverse effects of non-
steroidal anti-inflammatory drugs (NSAIDs) are based on the inhibition of either enzyme.
COX-1 represents the constitutive isoform, whereas COX-2 is upregulated under
inflammatory conditions, explaining the antipyretic and antiphlogistic effects of NSAIDs.
Since the function, regulation, receptors etc. of prostaglandins are manifold and depend on the
tissue or cell type just a short summary of the most important ones, namely prostacyclin
(PGI,), thromboxane (TxA;), prostaglandin H, and E,, can be given, since they are key
compounds for the present work.

Starting with AA as the substrate, a rise in intracellular Ca®" is considered the initial event
leading to activation of phospholipase A, (PLA;) and AA liberation (fig. 1.4). Newer
additions to this simple scheme involve different Ca*"-pools from which the influx of
extracellular Ca®* has a major and the primary release from intracellular stores has a minor
effect on the activation of phospholipase A, (PLA;). Phosphorylation is another pathway for
PLA,; activation, but not yet fully understood. Meanwhile more than ten PLA; isoenzymes are
known which possibly act on different phospholipid pools. This has led to the concept that
AA 1is not equally distributed in the cell but may be compartmentalized through metabolism,
reacylation or due to the presence of special fatty acid binding proteins. Certainly, PLA,
activity is the first step for PG biosynthesis and sometimes can limit the availability of PGs,
but generally the rate-limiting step is the subsequent irreversible cyclisation to 15-OH-
prostaglandin-9-11-endoperoxide (PGH,) by the two COX isoenzymes. Interestingly resting
cells contain low levels of free AA, which is not converted by the enzyme. The explanation
for this phenomenon is the so called “peroxide tone” leading to an activation of the enzyme
(the ferric enzyme is converted into a ferryl-tyrosyl radical state). The levels for both enzymes
are different and will usually not be reached in a resting cell (COX-1 =~ 21nM; COX-2 =
2.3nM). Also the Km for COX-1 is higher than for COX-2, which means the consumption of
AA by induced COX-2 is preferred.

Finally, the last step in the synthesis of TxA,, and PGI, involves two isomerases which
possess similar biochemical and mechanistic properties . Both enzymes convert the same PG-
endoperoxide (PGH;) by a heme-thiolate (P450 family) dependent mechanism, but its
rearrangement leads to the two different products with antagonistic properties. TxA;, in the
circulatory system mainly synthesized by platelets and macrophages, activates the TxA,-
receptor (TP), leading to increased levels in inositol trisphosphate (IP;) and Ca®". TxA,
belongs to the most potent vasoconstrictors and effectors of platelet shape change causing

thrombus formation. All prostanoid receptors belong to the class of seven loop
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transmembrane spanning G-protein coupled receptors (GPCRs). Differences in their C-
terminal cytosolic tail region mediates different G-protein coupling and is responsible for
different answers in different cells. From the TP receptor two isoforms derived from
differential splicing are known, called TPa (343 aa) and TPP (369 aa). Both forms increase
inositol phosphates, but in the case of TPa cAMP levels are lowered whereas TP does the
opposite. Surprisingly and most relevant for our results, both receptors can react with the
chemically different PGH, and also with some isoprostanes (Takahashi et al., 1992) derived
from AA cyclizations caused by free radicals. Therefore many assumptions and conclusions
in literature are misleading, since they were simply attributed to TxA, instead of isoprostanes

or PGH, respectively (see Aims).

Vasodilation Vasoconstriction

Adventitia

smooth muscle

cGMP  GTP /)

x 1'_')‘7 (- . -
V' endothelium il P )K Q} ) ET1
@ O NO thrombus
[ 4 formation S
10 = C Y G /_%
L ® e b=
) S o
( D e &Z‘( :
e SN BN
'\‘

_ cAvP  ATP( \
i )
i Prostacyclin

(PGl2)

Figure 1.5
GC-S = soluble guanylyl cyclase; PKC = protein kinase C; PKG = protein kinase G; ET-1 = endothelin 1; ER = endoplasmatic reticulum;
DAG = diacyl glycerol; PIP, = Phosphatidyl inositol phosphate; PLC = phospholipase C; G = G protein. After Forth et al., 1998

PGI, which antagonizes the TxA, effects, leads to increased levels of cAMP via PGI, receptor

(IP) activation. The TxA,-PGI, system plays an important role in regulation of hemodynamics
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and hemostasis. PGI; is considered to be the major vasorelaxant of larger vessels (organism-
dependent), whereas the microcirculation seems to prefer NO. In the rat lung, PGI, plays an
important role as anticoagulant to maintain constant blood flow. Nevertheless, NO and PGI,
possess a synergistic action, because both mediators are released in a cooperative manner.
PGH, also serves as substrate for the recently cloned glutathione dependent microsomal
prostaglandin E synthase (PGES = 17.5 kDa). This enzyme represents an inducible member of
the MAPEG superfamily (membrane-associated proteins in eicosanoid and glutathione
metabolism). Other members are microsomal glutathione transferase 1 (MGST1), MGST2
and MGSTS3, that can conjugate glutathione to lipophilic substrates and are involved in
cellular detoxification of several xenobiotics. MGST2 and MGST3 are both able to transfer
GSH on leukotriene C4 and possess, in addition, a peroxidase function. The family also
includes 5-lipoxygenase activating protein (FLAP) and leukotriene C4 synthase, both of
which are crucial for leukotriene biosynthesis. PGES is most closely related to MGST]I,
demonstrating 38% identity on the amino acid sequence level. Meanwhile, other enzymes
with PGE, isomerase activity have been identified, which also exhibit a GSH dependent
activity. One of them was identified as a 180 kDa protein, distributed in the cytosol.
Researchers believe, because of its high molecular mass, that the enzyme contains several
control elements for targeting and activity regulation. Our laboratory has identified the
cytosolic 180kDa protein to be present in bovine smooth muscle cells of the aorta and the
coronary arteries by Western blotting, but we have not been able to detect the small

microsomal isoform (17.5 kDa) by molecular biological or biochemical methods.

Type Subtype Isoform G Protein Second Messenger
DP G, cAMP T
EP EF, Unidentified Ca* 1
EP, G, cAMP 1
EF, G, cAMP 1
EP; EPygs Gy cAMP |
EPy, G, cAMP 1
EP,. G, cAMP 1
EPy, Gy G, Gy cAMP |, cAMP 1,
FI response
FP Gy PI response
P G, G,I cAMP 1, PI response
TP TPe G, G PI response, cAMP |
TPg G, G, FI response, cAMP

Data obtained from receptors of various species are summarized,
and representative signal transduction of each receptor is shown. TP
receptor isoforms were from humans, EP, receptor isoforms were from
bovine, and other receptors were from mice. PI, phosphatidylinositol;
[ . mcrease; |, decrease.

Figure 1.6 After Narumiya et al., 1999.
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PGE; has four different receptors (EP,-EP,), and their distribution varies from tissue to tissue.
This explains the manifold effects of the molecule since PGE, can increase cAMP via the
EP,/EP, receptor, but it also can increase Ca"" via the EP, receptor (fig. 1.6).

PGE; is involved in the regulation of the gastrointestinal peristaltic, mucous secretion, in the
development of pain and fever under inflammation and in the regulation of vascular function.
In particular Hailer and coworkers (2000) demonstrated, that PGE, leads to remodeling of the
Weibel-Palade bodies and to expression of P-selectin on the endothelial surface. The receptor
types involved in this process are unclear, but it is known to be Ca" independent. On
endothelial cells usually EP, and EP4 receptors are expressed which increase cAMP and lead
to relaxation of the vessel, but various stimuli can also desensitize or regulate the expression
of the receptor, e.g. the EP; receptor is induced by inflammatory stimuli. Interestingly, PGE,
leads to the stabilization of COX-2 mRNA via the EP4 receptor (interaction with the p38
MAPK pathway) (Faour et al, 2001).

It is therefore difficult to give a general prognosis for the action of prostaglandins on
endothelial cell function, since it depends on the vessel type, the species and the preexposure

to other mediators.

1.3 Nitric Oxide

1.3.1 Chemical Properties and Reactions

Nitric oxide is a relative stable gaseous free radical and, earlier, had simply been regarded as a
toxic molecule of air pollution. In the presence of oxygen, NO generates a variety of reactive
nitrogen oxide species (RNS). The autoxidation of NO with oxygen is of third order, since
two molecules of NO react with one molecule of oxygen to form nitrogen dioxide, a brown
gas. In the aqueous phase at a physiological pH of 7.4, several laboratories confirmed that the
rate constant is also of third order, but the reaction product is nitrite, which is often
determined in biological systems (Griess-reaction) to measure NO release. This is of critical
importance, because it explains why NO at low concentrations within the nM range can serve
as a signaling molecule instead of leading to toxic effects. For example at a concentration of
~1uM the t;; is = 800s, whereas at 1 mM the half live time is less than 1s and also toxic
reactions like nitrosations are reduced. At higher concentrations (>10uM), as found in

activated macrophages, autoxidation and formation of RNOS increases dramatically.
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In the gaseous phase 2°NO + 0, — 2NO, k = 7.1x10° M%s™ (1.1)
In the aqueous phase 4°NO + O, +2H,0 — 4HNO, k= 8x10° M5! (1.2)

Generally NO has high reactivity towards paramagnetic metals, especially to ferrous iron.
This is important for downstream effector molecules like guanylyl cyclase, which is believed
to be activated by the Fe"NO adduct at the active site. Also oxyhemoglobin (ferrous) reacts
very efficiently with NO to form methemoglobin (ferric), since NO in the vessel system
should be trapped by the molecule. But under physiological conditions, hemoglobin is packed
in the erythrocyte and trapping plays only a minor role for an excess formation of NOS.
Nevertheless, the change to the oxidative state of the heme can be simply followed

analytically by UV/VIS spectroscopy and serves as a very sensitive method for detecting free

NO.
- Fe’-NO Nitrosylferrous 1mn‘
Fe
/Moz Nitrogen dioxide ‘
ONOO™  Peroxynitrite ‘

o
-
R-SH R-S5-NO  Nitrosothiol

Gaston et al. (Gaston, 1999) have demonstrated that NOy also react specifically with

Figure 1.7

Main reactions of NO. NO may reversible bind to ferrous
iron within haemproteins, such as guanylate cyclase,
haemoglobin and cytochrome oxidase. At high
concentrations NO may react with oxygen to produce NO,
and N,Os;. NO reacts at the diffusion limited rate with
superoxide to produce peroxynitrite. NO, after oxidation to
NO" or peroxynitrite, can react with thiols to produce
nitrosothiols. After Brown, 2001.

B

biological thiols such as cysteine or GSH to form nitosothiols. This reaction is chemically

termed S-nitrosation (R-SNO), sometimes the wrong term S-nitrosylation is in use.

*NO + R-S" — R-SNO + ¢ (1.3)

Stamler (Stamler et al., 1992a; 1992b) was the first to demonstrate that S-nitrosation serves as
a biological posttranslational modification of enzymes and can also function as a storage and
transport system for NO. For example, a subset of caspase 3 and 9 zymogens in resting cells is
exclusively located in the mitochondria (Mannick et al., 2001). These inactive enzymes are S-
nitrosated at the active site cysteine. Upon stimulation with FAS, the caspases are released
from mitochondria and activated by cleavage and denitrosation. But there is still controversy
about the nitrosating radical species, since Stamler postulated that NO directly reacts with the
thiols whereas other researchers had difficulties with the above stoichiometry. He recently
published a “hydrophobic motive”, for S-nitrosylation, revealed in the primary sequence, i.e.,

the cysteine, is flanked on either side by lysine, arginine, histidine, aspartate, or glutamate
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and, in the prototype case, is followed by an acidic amino acid residue at the +1 position (also

“Acid-Base Motif”) (Sun et al., 2001).

1.3.2 NO and Vascular Physiology

Initially, NO was discovered in the mouth and stomach, were nitrites in the acidic milieu form
NO and NO; and serve as cytotoxic agent against pathogens. Later, Furchgott (1984) was one
of the first investigators to recognize that, upon stimulation of the endothelium, a factor with
vasorelaxing properties was formed. When the endothelium was removed no reaction was
observed but supernatants of stimulated culture endothelial cells immediately transferred to
the denuded vessel promoted the same effect. This unidentified metabolite was then simply

termed “endothelium-derived relaxation factor” (EDRF). Later, this metabolite was identified

as NO, the smallest signaling molecule known to date.

ISOFORM nNOS =NOS | iINOS =NOS II eNOS = NOS III
MW 2x 160 kDa 2x 130 kDa 2x 134 kDa
Activation requires Ca’" requires Ca’"
phosphorylation
constitutively induced by cytokines constitutively
Distribution neuronal cells, Macrophages, endothelial cells,
skeletal muscle hepatocytes, smooth cardiac myocytes,
muscle and a variety epithelial cells
of other tissues
Function neurotransmission host defence, regulation of
pathologic vasotonus
vasodilatation, tissue
damage
NO-Signal small Ca"" triggered sustained large small Ca"" triggered
NO bursts quantities of NO NO bursts
Km-Value Km Km (1-10uM) -3 uM
Localisation cytosolic cytosolic membrane associated

Table 1.2
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NO in the cell is synthesized by three isoforms of NO-synthases (NOS), which belong to the
P450- protein family. They use L-arginine as substrate and release NO and L-citrulline, via

formation of L-hydroxy arginin, according to the equation (1.4).

2L-Arginine + 40, + 3 NADPH + 3H" — 2L-Citrulline + 2°NO + 4H,0 + 3NADP" (1.4)

The neuronal (Type I) and the endothelial isoforms of NO synthase (Type III) are
constitutively expressed and activated via increased levels of intracellular Ca;"". In contrast
inducible NOS (Type II) is induced by cytokines and is constitutively active. Often, literature
describes iNOS as Ca’"/Calmodulin independent which is incorrect, since Ca™/CaM are
tightly bound to the enzyme even under resting Ca' ' levels and therefore cannot be further
activated by an increase of Ca; . The NOS isoforms and their properties are summarized in

table 1.2.

A B
NADPH N}\I)[" + H
HOOC -[\@/—’I-‘A[)—bl-‘.\ﬂ\'
J
Caveolin v
PIN B-Hairpin Binding CaM Inhibatory H,B  Heme CaM
PO e Sequence Loop Insert -
””Ii"m‘ Arg 1,__/( e Iﬂ) TP Met - Glu
, R pd CaM|  Heme HB
N [ ] [Ae upuemd cav | PMN FAD NaDPH C e ; )
7
leader oxygenase reductase FMN4—FAD<+— @ COOH
sequence domain domain
" ¥, 3
NADP* + H NADPH

Figure 1.8 After Siddhanta et al., 1998

All NOSs consist of an oxidase and reductase domain (fig. 1.8 A). The reductase transfers the
electrons from NADPH via flavins to the heme-center of the monooxygenase. Ca’ /CaM
controls the electron flux. Usually, the enzyme forms homodimers and the electrons are
transferred from the reductase domain of subunit I to the oxidase of subunit two. This model
is termed swapping (fig. 1.8 B) and explains that monomerization can lead to superoxide
production, since the reductase domain has no acceptor molecule and transfers the electrons
onto dioxygen. As indicated by the cartoon eNOS is the biggest isoform and the only one
which is membrane-associated by myristoylation. eNOS also contains several binding motifs
for associated proteins, that are important for its function and localisation (HSP 90, Caveolin
1, eNOS associated protein-1 (ENAP-1)). It remains still unclear how these associated

proteins influence the function of the enzyme, but several diseases where nNOS is thought to
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be involved have been described. For example, mutations in two linker proteins of nNOS (a.1-
syntrophin and dystrophin), which couples the enzyme to the sarcolemmal membrane and to
F-actin, leads to Duchenne and Becker muscular dystrophy (the skeletal muscle contains a
splice variant of nNOS = uNOS). nNOS and eNOS (in the myocard) seem to be important for
maintaining Ca” homeostasis, since NO stimulates Ca’ -uptake into its storage systems and
inhibits calcium channels. In the myocard it was demonstrated that NO also controls
respiration, thus limiting ATP synthesis and protecting the heart from overwork (caused by a
calcium overload). Beside these effects, NO has also antiapoptotic properties and leads to
growth inhibition. Disturbances can therefore lead to myocardial remodelling and vascular
structural changes (hypertrophy, fibrosis, medial thickening). NO in the vascular system has
also synergistic effects with prostacyclin, thus inhibiting adhesion and thrombus formation,
and leading to vasorelaxation. These effects are mediated via cGMP, which is synthesized
upon activation of soluble guanylyl cyclase by NO. A newer promising attempt in treating
endothelial dysfunction, caused by a loss of bioavailable NO, is to inhibit the
phosphodiesterases metabolizing cGMP. Treatment of penile erectile dysfunction exemplifies

one of such therapeutic strategies.

1.4 Peroxynitrite & Nitration

After the discovery of NO as a messenger, several adverse effects have been reported,
although the radical itself is neither very reactive nor toxic under physiological conditions and
concentrations. However NO forms secondary oxidants which are responsible for tissue
injury. One major pathway that enhances the toxicity of nitric oxide is the very fast and near

diffusion limited reaction with superoxide to form peroxynitrite (PN).

*NO +°0," > OONO k=6.7x10° M's™ (1.5)

Some authors described the reactivity and the adverse effects by a very simple scheme: NO in
physiology maintains homeostasis and can function as a potent antioxidant (“The good”), O,
(“The bad”) neutralizes the NO effects by trapping the radical and forming a new very
reactive species, PN (“The ugly””) (Beckman and Koppenol, 1996) which reacts with nearly

every biomolecule.
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Under physiological conditions (t;2 = 1s) PN is protonated to peroxynitrous acid which
decomposes rapidly without transition metal catalysis to an *OH and *NO; like radical species
[HO-NOO] . This intermediate is very reactive, and therefore, PN leads to single and double
strand breaks of DNA (activating poly(ADP)ribosyl-transferase (PARS)), lipid oxidation,
oxidation of thiols, mixed disulphides and NAD(P)H (oxidised NAD(P)H is suggested to
contribute to permeability transition and depolarisation of mitochondrial membrane), protein

modifications (fig. 1.9; PGI, synthase, MnSOD, neurofilament L, type Il SERCA, aconitase).

ONOO™ + H" — ONOOH (1.6)
ONOOH — [HO-NO,]" (1.7)
[HO-NO,]'= NO; + H' (1.8)

Our group has observed that PN caused inhibition of purified PGI, synthase already at very
low levels. Also under physiological conditions, segments of coronary arteries revealed
impaired release of PGI, after PN treatment. The underlying reaction has been identified as
nitration of an active site-located tyrosine residue (Y430 by P. Schmidt et al., submitted) and
model investigations demonstrated that hemoproteins in general and other P450 (Daiber et al.,

2000b; 2000c) enzymes specially can cause such nitrations by the following mechanism.

Mechanism of Nitration OH,

; ONOO-  H,0 Q'O_N--O :
oH ! :
:Fg'llm:| \ j :FGIIL
Tyr =55 —S_
NO + 0,
| : 4
oNoo —H Ho. 'NO]I‘I-e _Oxidation @ ho.
Prot s
OO:N\. =
O OH 0
\ 'lée{lva
R ik o
OH :lf-'e“l"}:| \ / I
_S"
0
L
— Ife —

&anmtymanne Dltyrosme 3- Hydroxytyrosme

Figure 1.9 After Ullrich et al., 2001.

Besides nitration, also dityrosine formation of vicinal tyrosines, as it is the case for MnSOD,

can be observed, which also leads to inactivation of the enzyme.
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Another mechanism for nitration is the oxidation of NO, by peroxidases (horseradish
peroxidase, myeloperoxidase etc.) in the presence of hydrogen peroxide leading to *NO, as a
nitrating species. But this pathway needs higher concentrations of either molecule within the
uM range, that can be achieved under inflammatory conditions. Newer investigations in our
lab pointed out that cyclooxygenase, containing its own peroxidatic function, 1is

autocatalytically nitrated via this mechanism (Heinz et al., unpublished data).

1.5 Superoxide

The fast reaction of NO with O, allowed the conclusion that O, should possess an
antagonistic messenger function since it would eliminate the effects of NO. This concept has
found to be true, but recently has been expanded by results from our group, showing that *Oy”
not only can trap NO but also can vary the activity of metalloenzymes like calcineurin
(Namgalazde et al., 2002). The resulting PN exerts new messenger functions. We therefore
have put forward the concept that O, is not a simple byproduct of the oxidative metabolism,
but serves as a distinct messenger for cell activation by various pathways. Hence the role of
superoxide dismutases and the potential sources of "O, require a new definition and
investigation. This became especially important since the discovery of ‘O, as a main
causative agent in neurodegenerative disorders (ALS, Parkinson, Alzheimer-disease) or

inflammatory events.

1.5.1 Chemical Properties and Reactions

It is a surprising chemical fact, that the formation of *O, from dioxygen (°O») requires a
strong one electron reducing agent although the four electron reduction to water is highly
exergonic. The reason is the diradical nature of oxygen and its relative stability. Very often
the further disproportionation of O, to H,O, and the further reduction of H,O, to OH-radical
generate a mix of “reactive oxygen species” (ROS), which has given the impression of “O;" as
a very reactive and toxic agent. This is incorrect, since isolated "0, is rather a reductant than

an oxidant and reduces oxidized cytochrome ¢ which can be used for quantification of *O;".
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The reaction with NO as a radical itself has already been mentioned and its inactivation of
calcineurin is based on its reaction with the ferrous center attached to a zinc site, which allows
formation of a peroxo species with charge stabilization by the zinc. Similarly, *O,” can oxidize
iron-sulfur centers as in cytosolic aconitase. This releases the ferric iron and thus causes
further oxidative stress, since ‘O, with this ferric ions forms Fe%, which then in the Haber-

Weiss reaction leads to *OH :

HO®, +°0, +H" - H,0, + 0, k=7.3x10° M's"  (1.9)
Fenton-Reaction H,0, + Fe*" + H' - "OH + Fe’" + H,O  (1.10)
Haber-Weiss-Reaction H,O, + O, + H — *OH + O, + H,O (1.11)

As a consequence of oxidative stress an influence on several signaling cascades such as the
p38MAP kinase, of NFk B, Ras-Erk pathway, JNK has been observed.

Several of such activating or inhibiting processes have been attributed to direct modification
of cysteine residues by “O,". This chemical reactivity of *O,” with thiols has been proved, but
it plays only a minor role in physiology since the pK, of the superoxide conjugated acid,
hydroperoxyl radical, is 4.8 (equ. 1.9). Therefore, direct interactions with metal centers of
proteins are essential (like Zn-fingers) to explain O, mediated alterations of enzymatic
processes.

HO, + RSH — H,0, + RS® (1.12)
2RS®* — RSSR (1.13)
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Furthermore, *O;" can also react with low molecular weight compounds, including ascorbate,
catecholamines, polyphenols and tetrahydrobiopterin (BH4), which, in case of BH4, may affect
the function of the NO-synthases (see next chapter).

To eliminate the superoxide radical and to maintain a low steady state, mammalian cells

contain three isoenzymes:

1.) SOD1 cytosolic CuZn superoxide dismutase (k=2x10° M's™)
2.) SOD2 mitochondrial manganese superoxide dismutase (k=10° M's™)

3.) SOD3 extracellular CuZn superoxide dismutase

These enzymes are highly effective since researchers have demonstrated that E. coli without
SOD 2 generates ~10”7 M of *O5", whereas the SOD2-repleted bacteria had only levels of ~10°
' M. The critical role of SOD enzymes was revealed by Mn-SOD knockout mice, since they
died within the first 10 days with a dilated cardiomyopathy and different metabolic
abnormalties (Li et al., 1995). Cu/Zn deficient mice are viable, but highly sensitive to
oxidative stress (Reaume et al., 1996). Several mutations of SOD are associated with familial
amyotrophic lateral sclerosis (ALS). H,0, released after the O, dismutation process is mainly
removed by two enzymes, catalase and glutathione peroxidase (GPx). Catalase eliminates
very rapidly high concentrations of hydrogen peroxide but works inefficiently at low
concentrations. Therefore, the cell has an additional system, glutathione peroxidase, that
catalyzes the decomposition of low amounts of hydrogen peroxide using GSH (y-L-glutamyl-
L-cysteinylglycine) as a co-substrate. The regeneration process of GSH requires cellular
energy in form of NADPH as a redox-equivalent.

On the other hand, the cell has also enzyme systems which do not directly function as
scavengers or antioxidants, but are involved in the anti-oxidant defence system. Glucose-6-
phosphate dehydrogenase is important to regenerate NADPH, which maintains the reductive
state of the cell. Ferritin chelates set free iron to prevent Fenton chemistry. Finally, some
chaperons contribute to reduction of superoxide formation by prevention and repair of
malfunctioning enzymes, e.g. heat shock protein 90 (HSP 90) and endothelial NO-synthase
(Pritchard et al., 2001; Song et al., 2002 [for nNOS]).

Several investigators have demonstrated that enhanced *O, production in the circulatory
system has adverse effects on the regulation of vascular function (aggregation, tone,
adhesion), but the causal interaction between the radical and autacoids remained insufficiently

explained. Many diseases have been associated with the enhanced production of ROS:
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Diabetes, atherosclerosis, hypoxia/ reoxygenation, aging, inflammation, hypertension,
homocystemia etc.

It is self evident that trapping of NO and the reduction of free bioavailable NO is one possible
and simple explanation for some of these models. Brune et al. (1990; Miilsch et al., 1997)
published in vitro data showing that soluble guanylyl cyclase is efficiently inhibited by "O,".
Concomitantly in many model systems a relation between "O,” and the prostanoid pathway
was observed. Cyclooxygenase inhibitors and TxA,/ PGH; receptor antagonists improved or
even restored vessel function. (Vanhoutte, 2002)

As a summary of these molecular effects, ‘O, acts as a signaling molecule at low
concentrations since it alters the function of some enzymes involved in intracellular signal
transduction. It also seems to play an important function in changing vascular homeostasis. At
high concentrations, *O, ,in parallel with NO, exerts cytotoxic effects via e.g. Fenton

chemistry, myeloperoxidase etc..

1.5.2 Enzymatic Sources of "O;’

1.5.2.1 Xanthine Dehydrogenase/ Xanthine Oxidase

A well known "0, generating system consists of xanthine dehydrogenase/xanthine oxidase,
which is found membrane-associated on endothelial and other cells and has been found to be
responsible for vascular oxidative reactions leading to endothelial dysfunction. The problem
arises from the fact that O, formation via this enzyme requires a conversion of xanthine
dehydrogenase to its oxidase form by either thiol oxidation or proteolytic (fig 1.11) cleavage.
Also the substrates xanthine or hypoxanthine may only become available in sufficient
amounts after ATP or GTP degradation, i.e. under conditions of mitochondrial damage or

dysfunction.
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Therefore, it is likely that *O,” formation by a proteolytically derived xanthine oxidase occurs
as a rather late event in vascular damage in contrast to fast and reversible oxidative

conversion.

1.5.2.2 NAD(P)H — Oxidases

The first and most prominent member of this superoxide producing enzyme family was
discovered as the cause for the severe human immune disorder chronic granulomatous disease
(CGD) (Segal, 1996). The symptoms are recurrent and include life threatening bacterial and
fungal infections. This may occur due to the inability of phagocytosing cells to generate an
O, burst. Furthermore, *O,” may serve as important precursor for bactericidal species like
hypochloride, hydrogenperoxide etc. The accumulation of big phagosomes with granula can
be observed microscopically. This enzyme was earlier termed as the respiratory burst or
phagocyte oxidase (phox), with the catalytically active transmembrane subunit gp91P™™,

newly termed as NOX 2 (NAD(P)H Oxidase).

NAD(P)H +20, - NAD(P) + H" +2°0," (1.14)

This subunit couples the oxidation of intracellular NAD(P)H (equ. 1.14), directing the
electron flux via an FAD-containing flavoprotein (FAD-FP) over two molecules of heme with
different redox potentials (cytochrome b558, Cyt b), with the reduction of molecular oxygen
for generation of extracellular or phagosomal superoxide. For activation of gp91ph°", the
assembly of further subunits (p22°", p47°", p67°" and rac 1 or 2) is essential (Griendling

et al., 2000). Myeloperoxidase is secreted extracellularly or into the phagosome, permitting
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hypochlorous acid generation in the extracellular/ phagosomal compartment. Associated with
the enzyme, a proton channel guides NAD(P)H-derived protons to the phagosome resulting in
a shift of the pH. This is an important step in the activation of phagosomal proteases. The
main function of NOX-2 is participation in cellular host defence. Meanwhile, four new
isoforms of gp91°™* have been identified, but their exact functions and the dependence on
activating cytosolic subunits remains a matter of intense research.

All isoforms consist of a C-terminal flavoprotein domain, which is homologous to
flavoprotein dehydrogenases, five transmembrane alpha helices and the putative N-terminal
secretion signal peptide motif that is cleaved off. NOX-5 is an exception, that contains one
further transmembrane alpha helix, which could serve as a “built-in p22°™* (Cheng et al.,
2001). The proline/ argenine rich sequence could function as a putative Src-Homology 3
(SH3) binding sequence for the interaction with p47°"*,

NOX-1, also termed as mitogenic oxidase (MOX-1/ p65™°%), is important for the regulation
of cell growth, cell differentiation and tumor progression (anchorage independent growth). A
splicing variant of this enzyme (NOH-1) interestingly codes for a voltage gated proton
channel. NOX-3 has been mainly identified in fetal tissue and seems to be important in
developmental processes. NOX-4 also named as renal oxidase or kidney oxidase (Renox/

Kox) is mainly distributed in the kidney cortex and colocalizes with erythropoetin synthesis.

Pro-Arg - rich
domain ¢—  —o
Cytosol e——— ——e Phagosome
NADPH \ & NADPH -ve DPI ¢— _——9 +ve
FAD § FAD
N 0,
\§
Cytosol
Membrane _e;,
o] (o] !/, NADPH
“( T I J‘ o
gp91phox
Nox1 Nox5 o
Nox3 o
Nox4
Cd2 i Zn2"
C Figure 1.12

A. Transmembrane model for NOX proteins. The indicated models
for a gp91”"*-like group of Nox proteins and for NOX-5 were
constructed based upon the presence and predicted orientations of
transmembrane alpha helices in the Nox proteins, as well as the
presence of putative secretion signal peptide motifs (hashed box).
The double bar in the gp91?™* group indicates the predicted cleavage

sites following the signal peptide. Also indicated are the Flavoprotein
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Rad Biol Med 00

C. Ecto peroxidase function for the cross linkage of tyrosine residues
to stabilise the cuticular extracellular matrix

According to Edens et al JCB 2001

These investigators assume that NOX-4 functions as an oxygen-sensor. New data indicate a
relation of NOX-4 to angiotensin II-induced hypertension. NOX-5 is badly characterized and
is mainly expressed in fetal tissue or adult reproductive tracts (Cheng et al., 2001).

The characterization of the exact function, regulation, distribution and enzyme complex
formation in the vascular wall still remains a matter of debate and is a very fascinating topic

for the future.

1.5.2.3 NO-Synthases

NO synthases, like most cytochrome P450 dependent monooxygenases, have an oxidase
activity leading to the release of "O,". Loss or deficiency of the tetrahydrobiopterin (BH,),
lack of the substrate L-arginine or even monomerisation associated with zinc release can
induce the oxidase function of NOS and generate "0, instead of NO. If NOS becomes a
functional oxidase, it is immediately apparent that the enzyme itself could antagonize NO
synthesis by trapping NO partially or completely dependent on the degree of conversion to the

oxidase form.
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1.5.2.4 Mitochondrial Respiration Chain

Mitochondrial respiration involves a complicated network of enzymes for coordinated
electron transport. Four electrons being donated by either NADH to complex I (NADH
dehydrogenase) or by succinate to complex II (succinate dehydrogenase), respectively, are
required for the reduction of oxygen to water. Ubiquinone (coenzyme Q) accepts the electrons
from both complexes , undergoes two sequential one-electron reductions to semiquinone and
ubiquinol (Q cycle) and transfers them to complex III (UQ-cytochrome ¢ reductase). Via
cytochrome C and complex IV (cytochrome c oxidase), the electrons are finally accepted by
oxygen. However, electron leaks in the transport chain lead to O, formation(~0.1 to 1% of
total electron flux) but are detoxified by the mitochondrial manganese superoxide dismutase
(Mn-SOD) and cytochrome c itself, thus leading to the by-product of hydrogen peroxide. On
the other hand, there are disorders like hypoxia/reoxygenation, inflammation and
hyperglycemia which are associated with enhanced ‘O,  production. A nonenzymatic

mechanism is the autoxidation of ubisemiquinone (UQ¢) as shown in equ. 1.15.

UQ]()_ +0,—> .02_ + UQ]() (115)

Complex I and III have also been identified as enzymatic sources of *O;” generation, including
the determination of formation sites within these multiple protein complexes (comp. I is
assembled of 34 subunits) via inhibitor studies (I: rotenone, piericidin; III: myxathiazol,

antimycin A).

1.6 Nitration and Inhibition of Prostacyclin Synthase

The work presented in this thesis was initiated by the finding of Zou et al. (1996), that PN was
able to inhibit PGIS already at submicromolar levels, which can be generated under
physiological conditions. An ICso-value for the isolated enzyme of about 0.1 uM was
calculated (Zou et al., 1997), but with a microsomal fraction, which contained the enzyme in
about 0.1 %, the half-inhibition required more than 10 uM. This was obviously dependent on
the presence of other targets for PN, like sulthydryl groups, since blocking such groups with
Ellman’s reagent improved the sensitivity. Also enzymes catalyzing the decomposition of PN
such as the P450cam protects PGIS from nitration and inactivation (Zou et al., 2000).

However, when intact vessels were used (Zou et al., 1999a), the inhibition was as sensitive as
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with the isolated enzyme. A physiological explanation was offered later by the finding that
PGIS was located to the caveolae (Spisni et al., 2001), implicating that PN did not have to
penetrate through the cytosolic compartment. Interestingly, eNOS is also localized to the
same compartment, so that a close neighborhood between the NO generation and PGIS must
exist. Furthermore two potential O, sources are located in close vicinity, since the catalytic
subunit of NAD(P)H oxidase (gp91™™* and homologs) is a transmembrane protein and
extracellular xanthine oxidase is membrane-associated. At the beginning of this thesis work,
the process of tyrosine nitration of PGIS was only postulated from a positive Western blot
staining with a commercial anti-nitrotyrosine antibody. The inhibition of the staining by
active site blockers of PGIS suggested an active site located tyrosine residue, but no direct

evidence for 3-nitrotyrosine was yet available.

1.7 The Working Hypothesis

Under physiological conditions, released arachidonic acid upon agonist stimulation like Ang
I, is converted by constitutive COX-1 to the prostaglandine endoperoxide H,. Since this
enzyme is rate limiting in the prostanoid pathway and transfer of intermediates is highly
coordinated, terminal enzymes like PGI,-synthase immediately isomerise PGH, into the
corresponding prostanoid. Therefore, no accumulation of PGH, can be observed. PGl
diffuses into the subendothelial and luminal space, acts on the smooth muscle IP receptor and
increases cytosolic cCAMP levels via stimulation of adenylyl cyclase. This activates PKA,
resulting in the relaxation of the vessel. (fig. 1.13 “Physiology”). Zou et al. (1999a) have
demonstrated that, after treatment of bovine coronary arteries with authentic PN, PGI,
synthase was nitrated. This was paralleled by a reduced synthesis of PGI. In addition strong
alterations in vascular tone had been observed. The normal stimulation with Ang II resulted in
a biphasic reaction of the vessel, composed of a vasoconstriction and -relaxation phase. In
contrast, after PN treatment and stimulation with Ang II, the vessel contracted normally,
followed by either a short relaxation phase or at least a tension plateau. This continuously
devolves into a second sustained vasoconstriction. Pharmacological studies implicated that the
constriction does neither result from an increase in TxA, or isoprostanes, nor from an
affection of the cGMP pathway. Furthermore, a selective receptor antagonist of the
TxA,/PGH; receptor indicates that the vasoconstriction results from increased levels of PGHo.
In conclusion, inhibition of PGIS causes accumulation of PGH,, which acts on the

TxA,/PGH; receptor, thus provoking vasoconstriction. This can simply be regarded as an
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imbalance of “endothelium-derived relaxing”- and “endothelium-derived contracting factors”

(EDCF) towards constriction. This thesis work demonstrates that “O,’, PN, and PGH, belong

to the group of EDCFs and are physiological relevant.

Physiology

Endothelial Cell

COX

AA —> PGH, = PG,

/

IP -Receptor
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= E

ONOO™

A 4 ‘NO
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IPRf
Contli'actio

Smooth Muscle Cell

Figure 1.13

ONOO’ = peroxynitrite; IP-Receptor = prostacyclin receptor.

Concept of changes in vascular physiology leading to vasoconstriction under pathophysiological situations like hypoxia/ reoxygenation
injury, inflammation, diabetes, aging, atherosclerosis, hypertension etc. The vasoconstriction is caused by an imbalance of endothelium
derived mediators: Reduction of prostacyclin, and free NO, and increase of PGH, levels.

cAMP = cyclic adenosine monophosphate; cGMP = cyclic guanosine monophosphate; IP; = inositol tris phosphate; PGH, =
prodstaglandin endoperoxide H,; PGI, = prostacyclin; AA = arachidonic acid; COX = cyclooxygenase; PGIS = prostacyclin synthase;




Aims of this Study

The discovery of a tyrosine nitration at prostacyclin synthase in our laboratory had been

discussed controversially in literature and on international meetings since the analytical proof

as well as the physiological significance could not be definitely established. It therefore

seemed necessary to concentrate on several aspects of this unusual reaction on order to obtain

general acceptance of this reaction as a new regulatory mechanism:

1.

The presence of 3-nitrotyrosine in the enzyme had to be shown by direct HPLC-

identification.

The position of 3-nitrotyrosine in the sequence of prostacyclin had to be established by

MS-analysis.

Physiological or pathophysiological conditions of a regulation by peroxynitrite should
be found besides the already published occurrence of nitrated enzyme in
atherosclerotic plaques (Zou et al., 1999a). The following diseased states seemed
relevant:

a) ischemia/reperfusion

b) diabetes or hyperglycemia

c) inflammation

d) aging

In these diseased states the formation of oxygen radicals had been suggested and even
demonstrated. Since NO is almost ubiquitous the formation of peroxynitrite in small

amounts seemed possible and hence the nitration of PGI, -synthase.

In case of a verification of prostacyclin synthase nitration the further interest had to be
turned to superoxide as the primary messenger, which would combine with NO as the
mediator of its message. Reliable analytics were necessary for the assessment of its

role.
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3 Material & Methods

3.1 Synthesis

3.1.1 Peroxynitrite Synthesis

PN was prepared using a quench-flow reaction as described by Reed et al., 1974. Briefly, an
aqueous solution of 0.6 M sodium nitrite (Riedel-de Haen) was rapidly mixed with an equal
volume of 0.7 M hydrogen peroxide (Merck) containing 0.6 M HCI1 (Merck) and immediately
quenched with the same volume of 1.5 M NaOH (Merck). All reactions were performed on
ice. To remove residual hydrogen peroxide, the solution was mixed with Mn(I'V)-oxide
(Merck) and filtrated. The concentration of PN was determined spectrally in 0.7 M NaOH (e
300=1670 M cm']). PN was stored at -20°C and diluted in NaOH to adjust the working

concentration.

3.1.2 Biosynthesis of PGH,

Microsomes from sheep seminal vesicles were prepared according to the method described by
Hammarstrém, 1980. '*C-PGH, was prepared by incubation of '*C-AA (BioTrend) with sheep
seminal microsomes (Graff, 1982) followed by normal phase HPLC separations (Hecker et
al., 1987) as briefly described. 1 mg [650uM] '*C-AA (labeled with 2000 dpm/nmol) were
incubated with sheep seminal vesicle microsomes (30 mg of protein) for 1 min at 30°C under
supply of oxygen gas. Microsomes were preincubated in 5 ml of 100 mM potassium
phosphate buffer, | mM p-hydroxymercuribenzoate (Sigma), 5 mM L-tryptophan (Sigma), 1
uM hemin (Sigma), pH 8.0 for 2 min at 30°C. The incubation was terminated by addition of
1.2 ml 2 M citric acid and prostaglandins were immediately extracted from the incubation
mixture with 20 ml of diethyl ether (Roth)/ hexane (Roth) 5:1 (v/v) in two sequential steps.
The extracts were dried over 1 g MgSO4 (Merck), filtered and the solvent evaporated to
dryness. The residue was dissolved in 2 ml of HPLC solvent and separated on an semi
preparative LiChrosorb® Si60 5 uM (Merck) column (10mm x 250mm) (HPLC pump 2150,
LKB; UV/VIS detector Spectra Focus, SpectraPhysics; Scintillation detector Ramona D,
RayTest). Elution was performed isocratically (hexane/isopropanol (Merck)/acetonitrile

(Merck)/glacial acetic acid (Roth) 95:25:0.05:0.05) at a flow rate of 4 ml/min, continuously
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recording absorbance (200 nm) and radioactivity. The average elution time for PGH, was

about 12 min (see fig. 3.1). Collected fractions were concentrated by evaporation under a

continuous stream of nitrogen and store at —70°C.

o
e o
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13: 04.81 233 % unknown
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z 12.14 Endoperoxide
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H'7
Figure 3.1

Representative chromatogram of '*C labeled reaction products, subjected to HPLC straight phase separation with the corresponding retention
times.

3.1.3 Regeneration of Silica HPLC Columns (Straight Phase)

Problems have frequently occurred during the separation of PGH, by straight phase HPLC,
due to changes in the water content of the silica phase. This leads to decomposition of the
labile PGH,, reduced separation and shift in retention times. Therefore the liquid phase is
substituted with 2,2-dimethoxypropane (DMP; Acros) which reacts in the presence of an acid
catalyst with water to form acetone (Bredeweg et al., 1979). The water content can be reduced
down to 0.2%. The following two procedures were used:

1.) After every run:

50 ml of hexane/ glacial acid/ DMP 90:10:2.5 (v/v/v) followed by reequilibration with the

normal phase

2.) Regeneration of heavily contaminated columns:
Chloroform (Riedel de Hien) — methanol (Merck) — methanol / water 1:1—
methanol — chloroform — chloroform — chloroform / DMP / glacial acetic

acid 96:2:2 (each step with 50 ml )

3.2 Preparation of Bovine Aortic Microsomes

Endothelial and smooth muscle layers from 8-10 freshly received bovine aortac were isolated

by dissection at 4°C, rapidly frozen in liquid nitrogen and stored at
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-70°C. Frozen strips were homogenized at 4 °C in a Waring blender in 100 mM K-phosphate
buffer, pH 7.5, containing 1 mM EDTA, 0.1 mM dithiothreitol (DTT), 0.1 mM butylated
hydroxytoluene (BHT) and 44 mg/l phenylmethylsulfonyl fluoride (PMSF). The microsomal
fraction was obtained by centrifugation as described and made up to a final volume of 75-100
ml, with a protein concentration of 10-20 mg/ml. The homogenization buffer contained 50

mM K,HPOy4, pH 7.5, without additional protease inhibitors.

3.3 PGIS Activity Assay in Microsomes

PGI,-synthase activity of bovine aortic microsomes, purified PGIS and bovine coronary
arteries after the treatments indicated were assayed as follows: 100 uM '*C-PGH, was added
and the samples were incubated for additional 3 min. The reaction was stopped by
acidification with 1 N HCI to pH 3.5. The incubation media were extracted with 3 volumes of
ethyl acetate and after centrifugation, the organic phases were evaporated to dryness under
nitrogen. Samples were then resuspended in 60 pl of ethyl acetate and lipids were
subsequently separated by TLC (ethyl acetate/water/isooctane/acetic acid 90:100:50:20)
(Salmon and Flower, 1982). Prostanoids were quantified with a phosphor imager system

(Image Quant, Molecular Dynamics).

3.4 Pronase Digestion of Nitrated PGIS and HPLC Analysis

of 3-Nitrotyrosine

3.4.1 Pronase Digestion

Samples of 100 pl of electroeluted PGI,-synthase were treated with different concentrations
of PN (0, 10, 50, 100 and 250 uM), were heated for 10 min to 95°C, then mixed with 10 mM
CaCl, to stabilize proteases. After addition of pronase (1 mg/ml) the samples were incubated
for 24 h at 40°C, then another 1 mg/ml pronase was added and incubated again for 24 h at
50°C. Digestion was repeated with a third and fourth portion (0.5 mg/ml) for 12 h at 50°C.
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3.4.2 Basic Hydrolysis

Homogenates were hydrolyzed under argon atmosphere in 4 N NaOH for 16 h at 120°C.

Samples were neutralised and subjected to HPLC analysis.

3.4.3 HPLC Detection

Prior to HPLC separation the samples were filtered with the 10 kDa MICROCON Centrifugal
Filter Devices (Millipore Corporation, Bedford, MA, USA) by centrifuging for 30 min at
10,000 x g. Products were analysed on a Jasco HPLC system consisting of a PU-980 pump, a
Jasco UV-1575, Spectra Physics spectra focus UV/Vis detector, ESA electrochemical detector
(Coulochem II) and a LG-980-02 low pressure mixing unit. A C;g Nucleosil-100-5 250 x 4.6
column from Macherey & Nagel (Diiren, Germany) was used with a mobile phase gradient
(0-15 min, 0 % (v/v) B; 15-30 min, 0-90 % (v/v) B; 30-40 min, 90 % (v/v) B (A: 0.1 % (v/v)
TFA, pH 2, B: 80 % (v/v) acetonitrile with 0.08 % (v/v) TFA)). The flow rate was 1 ml/min
and sample aliquots of 100 ul were injected. Tyrosine, phenylalanine, tryptophan and 3-NT
were identified and quantified at 270 and 360 nm or +850 mV, respectively by internal and
external standards. The retention time of 3-NT was 13 min. for optical detection and ~11 min.
for the ECD system. As a control 3-NT was reduced with sodium dithionite to 3-
aminotyrosine or spiked with 50 nM of authentic NT.

For ECD detection an isocratic elution was required with the same column and HPLC system

(mobile phase: 50 mM potassium phosphate buffer pH 6.0; 10% methanol).

3.5 Analysis of Prostaglandins

Assayed media were acidified with 1 M citric acid (Merck) to a pH between 3.5 and 4 and
extracted with 3 sample volumes of ethyl acetate (Merck). The samples were vigorously
mixed on an vortex device for 1 min and stored for 1 h. After that samples were again
vortexed for 1min, centrifuged at 3000g for 5 min (Varifuge, Heraeus) and the upper phase
was transferred to fresh tubes. The samples were stored at —20°C, and the frozen water
crystals were again centrifuged and separated from the supernatant. The supernatant was then
evaporated under a continuous nitrogen stream to dryness. The residue is redissolved in EIA
assay buffer, provided by the manufacturer. Enzyme immunoassay kits were performed

according to the instructions of the manufacturer (Cayman Chemical, USA).
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3.6 MALDI-TOF Peptide Mapping

MALDI-time-of-flight mass spectrometry was performed with a Bruker BiFlex-DE mass
spectrometer equipped with a Scout MALDI source and video system, a nitrogen UV laser
(337 nm), and a dual channel plate detector. Sample preparation was performed with 1 pl of a
freshly prepared saturated solution of 4-HCCA in acetonitrile/0.1 % TFA (2:1), which was
mixed with 0.5 pl of the peptide solution (Bauer et al., 2001). Spectra were recorded at an

accelerating voltage of 25 kV and were averaged over forty single laser shots.

3.7 Trypsin Digestion of Nitrated PGIS

Immunoprecipitates were incubated in Laemmli buffer for 5 min at 95°C and separated by
SDS-PAGE on a ,,Novex“ 8 %-Tris-glycine gel (10 wells, Invitrogen Corporation; 30 mA, 1
h). Protein bands were visualized by reverse staining with imidazole-zinc as described above.
Proteolytic digestion in the gel matrix was carried out according to the procedure of
Shevchenko et al. (1996). The protein bands were excised from the gel, cut into pieces and
washed with 2 % citric acid, then with water to remove staining dye, gel buffers and SDS, and
dried at room temperature in a vacuum centrifuge. The washing step was repeated by
dehydration of the gel pieces and discarding the solution. After shrinking by vacuum
centrifugation the gel pieces were reswollen in 200 ul digest solution containing 50 mM
ammonium hydrogencarbonate, pH 8.5, 1 mM CaCl,, 10% (v/v) acetonitrile, and 12.5 ng/ul
trypsin, and the supernatant was removed. Proteolytic digestion was carried out for 24 h at
37°C under gentle shaking. Peptides were extracted several times with 0.1 % TFA/acetonitrile
for 12 h, lyophilized to dryness and analyzed on the above described HPLC system. A Cjg
Nucleosil-100-3 125 x 4.6 column from Macherey & Nagel (Diiren, Germany) was used with
a mobile phase gradient (0-5 min, 0 % (v/v) B; 5-50 min, 0-60 % (v/v) B; (A: 0.1 % (v/v)
TFA in water, pH 2, B: 80 % (v/v) acetonitrile with 0.08 % (v/v) TFA)), at a flow rate of 0.8
ml/min. Peptide fragments were detected at 220 and 365 nm; peaks showing a strong

absorption at 365 nm were collected and lyophilized for further analysis.
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3.8 Isolation and Isometric Tension Measurement

3.8.1 Tension Measurements in Rat Aorta (Aging)

On the day of the experiment, rats were anesthetized with ketamine (1 ml’kg body wt) and
xylazine (0.5 ml/kg body weight; E. Graub AG). To avoid intravascular clotting, a bolus of
5,000 IU heparin was given before surgery. The chest and abdomen were opened with a
medial sternotomy, and the entire aorta from the heart to the iliac bifurcation was excised and
placed in cold (4°C) Krebs-Ringer bicarbonate solution. The isolated aorta was cleaned of
adhering tissue under a dissection microscope (model M3C; Wild AG). All studies were
performed on corresponding anatomical sites of the aorta from each animal (unless otherwise
stated, n=8 for young and old rats, n=7 for middle-aged rats). All of the procedures and
experimental protocols were approved by the local authorities for animal research
(Commission for Animal Research of the Canton of Zurich, Switzerland).

Rings of aorta 4-5 mm long were horizontally mounted between two stirrups in organ
chambers filled with Krebs-Ringer bicarbonate solution (pH 7.4, 37 °C, 95% O3; 5% CO; ) of
the following composition: NaCl (118.6x107 M), KCI (4.7x107 M), CaCl, (2.5x10° M),
KH,PO,4 (1.2x10° M), MgSO, (1.2x107 M), NaHCOj5 (25.1x107 M), glucose (11.1x10™ M),
calcium EDTA (0.026x10~ M). Isometric tension was recorded continuously. After a 30 min
equilibration period, rings were gradually stretched (2 g) until the optimal tension —length
relationship was reached as determined by the contraction to KCI (100x10™ M). Before the
start of the experiments, rings were allowed to equilibrate for another 30 min. Vessels were
preconstricted with 2-5x10” M norepinephrine (Sigma) until a stable plateau of ~70% of the
contractile response to KCI was reached. For endothelium-dependent relaxation, vessels were
then relaxed with acetylcholine (10'°-10* M, Sigma) or calcium ionophore A23187 (10°'°-10"
M, Sigma). SNP (10°-10° M, Cayman) was used as an endothelium-independent agonist.

3.8.2 Isolation and Isometric Tension Measurement Bovine Coronary Arteries

(B CA) (Hypoxia-Reoxygenation)

Bovine coronary arteries (BCA) of the left ventricle were isolated and resuspended in a tissue
bath with 15 ml of Krebs buffer, gassed with 95% 0,/5% CO, (37 C; pH 7.4), and attached
to a force—displacement TFT6VS5 transducer coupled to a polygraph for the measurement of

isometric tension. Passive tension was adjusted to 1 g over a 30 min equilibrating period, and
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then coronary arteries were preconstricted by addition of the thromboxane mimetic U46619
(0.001-0.01x10° M; Cayman). The vasorelaxation after acetylcholine (0.01-1x10 M) was
used to demonstrate the presence of endothelium-dependent relaxation. Throughout the
experiment, care was taken to avoid any injury to the endothelium. Experiments were started
by obtaining from each spiral a reference response of vasoconstriction—relaxation with Ang II
(5 x10™® M) for 30 min. After removal of the agonist from the chambers and return of tone to
basal levels, the oxygen tension was then reduced abruptly from 95% O, (hypoxia, PO
mmHg) and was maintained for 10, 30, or 40 min hypoxia. After this phase of hypoxia, 95%
was resumed (reoxygenation), and the tension was allowed to stabilize for 40 min before
addition of agonists. If required, pharmacological agents were added in the organ chamber 40
min before hypoxia and kept during hypoxia-reoxygenation and the second stimulation with
the agonists. Tissues were kept for immunohistochemistry or immunoprecipitation and
Western blots. The media from the first and second stimulations with Ang II were collected
and stored at —20°C for prostanoid analysis, as previously described (see 3.5), using ELISA

kits according to the manufacturer’s instructions.

3.8.3 Isometric Tension Measurement BCA (Endotoxin)

Briefly, experiments were started by obtaining from each vascular strip a reference response
of vasoconstriction-relaxation and prostanoid release after addition of Ang-II (1x107 M,
Sigma) over a time period of 30 min. Subsequently, the strip was rinsed several times with
Krebs-Ringer bicarbonate solution (composition as described previously) and supplemented
with LPS (1-100 pg/ml, E. coli serotype 0127:B8, Sigma). At times indicated, the incubation
was stopped by removing the LPS-containing medium. The vessel was rinsed several times
and 15 ml fresh Krebs buffer without LPS was added. After the tension returned to the
baseline, the vessel was stimulated with the same concentration of Ang-II. Indomethacin (10~
M, Sigma) or N”-mono-methyl-L-arginine (L-NMMA, Tocris) (10® M) or SOD-PEG (300
U/ml, Sigma), where required, were added during LPS incubation and also supplemented
immediately to the organ bath after removing the LPS containing medium as well as during
the second stimulation with Ang-II. The media from the first and the second stimulation with
Ang-II were collected and stored at -20° C for prostanoid analysis by using enzyme-linked
immunoassay kits (Cayman; See chapter 3.5), according to the instructions provided by the
supplier. In some experiments, the endothelial layer was deliberately removed after dissection

by intraluminal perfusion with 0.5% 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1 propane
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sulfonate (CHAPS, Sigma) in Krebs-Ringer buffer for 40 s followed by repeated washings
with Krebs-Ringer buffer.

3.9 PKC ACtiVity Measurement (Hyperglycemia, Aging)

Frozen aortic segments (Smm length) were pulverized and homogenized in a buffer (pH 7.40)
containing 250 mM Tris-HCI, 10 mM EDTA, and 10 mM EGTA. Homogenates of animals
belonging to one age group (young: n=6, middle-aged: n=6, or old: n=6) were pooled
according to protein content. After centrifugation at 21,000 g and 4 °C for 5 min, the
supernatant was transferred to fresh microcentrifuge tubes. PKC in soluble and membrane-
associated fractions was separated by further centrifuging at 100,000 g for 60 min. PKC

activity was measured using a PKC enzyme assay system (Amersham, U. K.).

3.10 Measurement of Superoxide (Aging, LPS)

*O,” concentration in aortic tissue was determined using a lucigenin enhanced
chemiluminescence method (Brandes et al., ). Each tissue sample (5 mm length) was placed
into 500 ul modified Krebs-Ringer bicarbonate solution, pH 7.40, and prewarmed to 37 °C for
1h. Immediately before measurement, rings were transferred into scintillation vials filled with
500 pul Krebs-Hepes solution, pH 7.40, at room temperature with the following composition:
Hepes acid (10x10~ M), NaCl (135.3x10” M), KCI (4.7x10™ M), CaCl, (1.8x10™ M), MgSO,
(1.2x10° M), KH,PO, (1.2x10° M), Na-EDTA (0.026x10™ M), glucose (11.1x10~ M). 12.5
ul lucigenin (bis-N-methylacridinium nitrate; Sigma-Aldrich) was added to give a final
concentration of 25x10° M. *O,-generated chemiluminescence of lucigenin was detected
with a scintillation counter (Raytest PW 4700; Philips) connected to a Philips personal
computer system. The computer was programmed to measure "O;” in defined time intervals.
*0,” production by the tissue was calculated as the mean of those last five values that did not
differ by > 5% from each other and was expressed as counts/(min x mg tissue). For maximal
stimulation, rings were incubated with 10°® M calcium ionophore A23187 (Sigma). In some
vessels, the endothelium was mechanically removed 30min before the experiment. All
measurements were performed on two or three aortic rings for each animal, and the mean was

calculated.
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Direct in situ measurements of NO were carried out using a three-electrode system: a
porphyrinic NO microsensor as the working electrode (anode), a platinum wire auxiliary
electrode (cathode), and a standard calomel reference electrode (Azhar et al., 1995; Tschudi et
al., 1996). Amperometric mode detection was used at a constant potential, equal to the peak
potential for NO oxidation of the working electrode. The signal was detected in a current
range of 10 uA with a pulse height of 50 mV and a drop time of 0.5 s. The amperometric
signal was recorded with a Kipp & Zonen chart recorder (Recom Electronic AG). Standard
NO solutions (1.8x10~ M) were prepared from an aqueous solution saturated with pure NO
gas (Garbagas), and NO concentrations were calculated using a calibration curve with an NO
standard. Immediately before NO measurements, aortic rings of 3—4 mm length were cut
longitudinally and pinned on the bottom of an organ chamber filled with fresh, phenol red—
free, HBSS buffer (37°C, pH 7.4). Then the active tip of the L-shaped porphyrinic NO
microsensor was placed on the endothelial surface using a precision stereo zoom microscope
and a micromanipulator M3301

(World Precision Instruments). For maximal stimulation of eNOS, calcium ionophore A23187
(Sigma) was injected into the organ bath to yield a final concentration of 10° M. A mean of at
least two independent determinations on two adjacent sections were calculated for each

animal.

3.12 Cell Culture (Hyperglycemia)

Human aortic endothelial cells were obtained from Clonetics (San Diego, Ca) and grown in
gelatin-coated flasks in optimized endothelial growth medium (EGM, Clonetics)
supplemented with 10% fetal calf serum (Biochrom). The cells were detached by exposure to
trypsin/EDTA for about 120 sec in HEPES buffered saline and reseeded in collagen-coated 6
cm cell-culture dishes for Western blotting, PKC activity determination and ROS
measurement. Cells were first grown ton confluence in humidified air- 5% CO, at 37°C.
Confluent cells were maintained in EGM containing 2% fetal calf serum, essential and
nonessential amino acids and antibiotics. They were incubated up to 24h with control (5.5x10
3 M) and elevated glucose concentration (22.2x107 M) in the absence and in the presence of
vitamin C, N-acetylcysteine (NAC), calphostin C, diphenylene iodonium, indomethacin. To

rule out an hyperosmolar effect of high concentrations of glucose we also performed
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experiments in human aortic endothelial cells after treatment with similar concentrations of
mannitol (22.2 mM). Cells between the third and the sixth subpassages were used for the

experiments.

3.13 Western Blot

3.13.1 SDS PAGE and Western Blot Analysis (Hyperglycemia)

ENOS and p22°"* proteins were analyzed by Western blotting using anti-human eNOS
(Transduction Laboratories, USA) and anti- p22°"* (kindly provided by Dr. Imajoh-Ohmi,
Dpt. Of Bacterial Infection, University of Tokio, Japan) antibodies. The antibodies were used
at 250, 200, 100, and 500 times dilution, respectively. After treatment, cells were washed with
PBS and lysed (10% glycerol, 2.3% SDS, 62.5 mM Tris-HCl pH6.8, and 5%
mercaptoethanol). The lysate was then heated at 95-100 °C for 5 min. Whole cell lysates
which contained 20 pg of protein were subjected to SDS-PAGE (8 or 15%). The separated
proteins were blotted onto Immunobilon-P (Millipore Corporation, USA) by a semi-dry
procedure and then incubated with the prim. antibodies for 60 min. Finally the protein bands
were visualized by using a sec. horseradish peroxidase conjugated antibody and the ECL
detection kit (Amersham Life Science, England). Densitometric measurements were
performed by Fotodyne, visualization and documentation system (Fotodyne, Bio Cell

Consulting Research, Switzerland) with Maclntosh Classic II, NIH imaging 1.4 software.

3.13.2 Probing with Anti —Nitrotyrosine Antibody

Complete unfolding of proteins is essential for the presentation of the nitrotyrosine (NT)
epitope, therefore the following buffer composition for probing was used: antibody dilution 1:
1000 [final concentration 1pg/ml] in PBS pH 7.4, 0.1% SDS; 0.5% Nonidet P-40; 0.5%
Tween 20. This will keep the proteins on the blot denatured. Also only a moderate blocking
solution should be used like 1-2% milk powder or BSA. Atrtificial blocking solutions like
Roti-Block lead to a complete loss of the signal. Striping of the membrane at 70 °C for 30 min
(62 mM Tris pH 6.8, 2% SDS, 0.007% mercaptoethanol ) will further increase the signal.
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3.14 Affinity Purification of Anti-NT and Antibodies Against
PGIS

For the production of antibodies the following peptides were used:

Nitrated peptides (yellow)

PGIS (485-500; bovine) LMQPEHDVPVRYRIRP (BioTrend)

PGIS (478-493; bovine) DLSRYGFGLMQPEH (Prof. Dr. Tanabe/ Osaka)

PGIS (416-428; bovine) SEKKDFYKDGKRL (Nastainczyk, Hanover)

PGIS (427-440; bovine) LKNYSLPWGAGHNQ (Kohlmann/ Prof. Dr. Przybylski)

All peptides were either covalently linked to keyhole limpet hemocyanin (KLH) or bovine
serum albumin. Immunisations were performed in the local animal house by Dr. med.
Schopper and H. Henseleit, according to the actual animal protection law. The antibody titer
in the plasma was controlled once every two weeks.

Peptides were coupled to Affi-Gel 10 (Bio-Rad) by the anhydrous coupling procedure
according to the manufacturers protocol. The column material was transferred into 1 ml
Mobicol’s (Mo Bi Tec/ Gottingen) and equilibrated with PBS pH 7.4 or stored in 20% ethanol
at 4°C. PBS equilibrated columns were loaded with either 1 ml of ascites fluid or serum and
incubated with shaking at 4 °C for at least 2h. Columns were connected to a BioLogic HR
Workstation (BioRad), rinsed with PBS and eluted with 50 mM glycine-HCL pH 2.7. The
following gradient-program was used: Flow 1ml/min; 15min rinsing with PBS; 15min linear
gradient to 100% glycine-HCI buffer; requilibration with PBS until pH is neutral. 2 ml
fractions were collected and immediately neutralized with 1M Tris-HCI pH 9.0. Fractions
were then concentrated with Ultrafree-4 Biomax 30k (Millipore) centrifugal filters and the
protein concentration was adjusted to 2mg/ml. Antibody solutions were mixed with glycerol
(1:1 v/v) and protease inhibitors (Complete”/ Roche). Aliquots were stored at —20°C for later

use.

Fractions Figure 3.2

Representative elution profile of anti NT monoclonal antibody
from ascites fluid, affinity purified against nitrated bovine PGIS
peptide (427-440).

Blue line = absorbance at 280nm [AU]; Red line = conductivity
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3.15 NOS Activity Assay (aging)

3.15.1Column Chromatography

Frozen aortic rings (5 mm length) were homogenized in 400 ul of a buffer containing 20 x10~
M Hepes, 200 x10™ M sucrose, 1 x10~ M dithiothreitol, 10 mg/ml soybean trypsin inhibitor,
10 mg/ml leupeptin, and 2 mg/ml aprotinin. Before sonication, PMSF at 0.1 x10~> M final
concentration and [(3-cholamidopropyl)-dimethyl-ammonio]-1-propanesulfonate (CHAPS; 20
mM) were added to homogenized samples. Tissue homogenates of each age group of animals
were pooled according to protein content, and samples were measured in triplicates. Samples
were then centrifuged at 45,000 rpm and 4°C for 20 min. The supernatants were depleted of
endogenous arginine by passage over activated resin, and the protein concentration was
adjusted to 2.4 mg/ml. NOS activity was measured by the conversion of 1-['*CJarginine to 1-
['*C]citrulline and expressed as pmol per mg protein per min. Cytosols from homogenized
samples (18 ml) were incubated at 37°C for 20 min with 100 ml of the optimized assay buffer
for citrulline formation consisting of: I-citrulline (1.2 mM), l-arginine (2x10? mM), NADPH
(0.12 mM), tetrahydrobiopterin (107 mM), MgCl, (1.2 mM), CaCl, (0.24 mM), calmodulin
(40 U/ml), FAD (10~ mM), FMN (10~ mM), and 1-U["*C]arginine (1.2x10* mmol/liter; 18.5

kBg/ml).
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Figure 3.3

A) Separated standards of (**C)-L-arginine by TLC and visualization and quantification (C) with the Phosphor-Imager (Molecular
Dynamics) and Image Quant software. B) Determination of Ry~values for non-radioactive L-arginine and L-citrulline visualized with
ninhydrine. D) Activity measurements in brain homogenates to establish the method.

Incubations were performed for each sample in the presence or absence of 1 mmol/liter

. + + . :

EGTA to determine the amount of Ca’’-dependent and Ca**-independent formation of
citrulline. The NOS-specific and NOS-unspecific formation of citrulline was determined in
samples containing 1| mM L-NMMA. The reaction was terminated by removal of substrate
and addition of 1 ml (1:1, vol/vol) H,O/Dowex 50x8-400 cationic resin, pH 7.20, and 5 ml of

water. After centrifugation of the incubation mix for 3 min at 1,500 rpm, 4 ml supernatant in

10 ml scintillant was examined for ['*C]citrulline formation using a scintillation counter.

3.15.2TLC Assay

Samples were homogenized using a “Polytron” homogenizer (Polytron PT3100; Kinematica;
Switzerland) in PBS pH 7.4containing the following supplements: 1% NP40 (Sigma), 2x107
M PMSF (Sigma), 1x10® M pepstatin (Sigma), 20x10°> M EDTA and 3.7 mg/ml
iodoacetamide(Serva). The samples were left for 30min on ice and centrifuged for 20 min at
10 000g in a cooled microcentrifuge. The mixture (20 pl) essentially consisted of 30 mM
Hepes, pH 7.0, 2.0x10° M NADPH (BioMol), 1.0x10™* M CaCl, (Riedel de Hien), 1x10™* M
FAD (Sigma), 0.83 pg/ml of calmodulin (BioMol), 100 uM tetrahydrobiopterin (Alexis), and
0.5 pul of L-[HC] arginine (Amersham). The incubation was carried out at 37 °C for 30 min.
The NOS reaction was terminated by adding 2.5 volumes of cold methanol. The samples were
left on ice for 20 min and centrifuged a 4 °C. 20ul of the supernatant were directly applicated
by glass capillaries onto a silica gel TLC plate (Silica 60, Merck), dried under a hot stream of

air, and subjected to chromatography. The solvent was composed of a ammonium hydroxide,
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chloroform, methanol and water (2:0.5:4.5:1) mixture. The products were identified by
exposing the plates 24-48 to a phosphor imager screen. The screens were read with an
phosphor imager (Molecular Dynamics, USA) and quantified by using the “ImageQuant”
software.

Advantage of the assay is the chromatographic purification and identification of all
metabolites, including L-arginine (R¢ = 0.37), L-citrulline (Rf = 0.84), and L-ornithine, which
excludes interferences from nuclei acids or proteins. Also the assay is rapid, highly

reproducible and can be carried out in large numbers.

3.16 Immunoprecipitation

3.16.1 Preparation of Antibody Agarose

Lyophilized protein G-agarose(Sigma, Pharamcia) was reconstituted overnight at 4°C with
PBS. After several washes a 1:1 slurry was prepared and 200 pl were incubated with 100 pg
of monoclonal antibody against nitrotyrosine (Clone 1A6, Upstate) for 1 h. The mixture was
rinsed several times with PBS. The antibody was covalently cross-linked by addition of fresh
6 mg/ml DMP (dimethylpimelimidate, Pierce) dissolved in 0.1 M triethanolamine (Merck),
pH 8.2 for 1 h at room temperature. Remaining unreacted groups were blocked by washing
and incubation with 0.1 M ethanolamine, pH 8.2 for 10 min at RT. Unfixed antibodies were
removed by rinsing the material several times with 0.1 M glycine buffer pH 2.8. The
antibody-agarose was washed several times with PBS and stored in PBS + 0.05% sodium

azide.

3.16.2 Immunoprecipation of Nitrotyrosine-Containing Proteins

BCA homogenates were prepared in RIPA buffer (Santa Cruz) and adjusted to a protein
concentration of 5 mg/ml. Denaturation was achieved by heating the solution for 20 min at
95°C in screw cap tubes. The solution was precleared by addition of 40 ul of protein G
agarose (Sigma) and the supernatant was incubated (18 h, 4°C) with 20 ul of a 1:2 antibody
agarose slurry. Immune complexes were precipitated by centrifugation (14000 g, 1 min) and
washed with 0.5 ml SNNTE (0.5 % sucrose (Merck), 1 % NP-40, 0.5 M NaCl, 50x10° M
Tris, 5x10° M EDTA, pH 7.4). Protein pellets were then resuspended in 40 pl Laemmli
sample buffer (5:1) without any reducing agents and heated at 95°C for 5 min.



3-15

3.16.3 Western Blots

Protein precipitates were separated by 8% SDS-PAGE and blotted onto a nitrocellulose
membrane in a semidry blot procedure (48 mM Tris/ 39 mM glycine/ 20% methanol/ 0.037 %
SDS). Proteins were visualized with a 0.1% Ponceau S(Sigma) solution in 5% acetic acid to
check transfer efficiency. After destaining, the membrane was blocked with 5% milk powder
in PBS/ 0.1% Tween 20 for 2 h at room temperature and incubated with a polyclonal antibody
directed against PGIS overnight at 4°C. After washing several times with PBS / 0.1% Tween
20, the membrane was further incubated with a goat anti-mouse antibody (Pierce) at a dilution
of 1:7500 for 45 min. Antibody binding was visualized by the ECL technique (Amersham),

according to the instructions of the supplier.

3.17 Immunohistochemistry

3.17.1 Immunohistochemistry of BCA (Hypoxia/ Reoxygenation, LPS)

Coronary arteries were fixed in PBS buffered 4% paraformaldehyde for 3 h followed by
cryoprotection at 1 h incubations in 10, 20 and 30% sucrose in 0.1M sodium cacodylate
buffer. Tissues were then embedded in pre-cooled, OCT-containing cups and frozen in liquid
nitrogen-cooled isopentane (Ridel de Hien). Samples were stored at —80°C. Ten um sections
were mounted on poly-L-lysine (Sigma) coated glass slides, air-dried and blocked for 45 min
in a blocking solution consisting of 4% BSA (Serva), either 10% goat serum (Vector) or 10%
horse serum (Vector) and 3% Triton X-100 (Sigma) in PBS (Gibco), pH 7.4. Sections
intended for double staining and the appropriate controls were coincidently blocked by
coincubation with the monoclonal anti-NT antibody (15 pg/ml, Upstate) and the polyclonal
PGIS antibody (5 pg/ml) overnight at 4°C. Control sections were stained with the
nitrotyrosine antibody prepared in 10 mM 3-nitrotyrosine in 0.1 M PBS with a controlled pH
of 7.4. Antibody binding was then visualized by coincubation of fluorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG (1:50 dilution) with anti-rabbit IgG conjugated to Texas
Red (1:100 dilution) for 1 h. Sections were washed and examined under a Leica microscope
(Leica DMIRB, Wetzlar, Germany) fitted with an digital imaging system (RT Spot Camera,
Diagnostic Instr. USA , Visitron Systems, Puchheim, Germany). Negative controls were

performed by either eliminating one or the other or both primary antibodies, or by incubating
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sections with a nonspecific primary antibody. All pictures were obtained under the

magnification as indicated with identical camera and print settings.

3.17.2 Immunohistochemistry of Human Aortic Endothelial Cells (Diabetes)

To visualize 3-nitrotyrosine formation and PGIS, endothelial cells were grown on culture
slides (Falcon) under the same conditions as described before. After incubation cells were
fixed in —20 °C cold pure methanol (Merck) for 5 min. and transferred into —20°C cold pure
acetone (Merck) for 10 sec. Thereafter, slides were 3 times gently rinsed with PBS and
blocked for 2 hours at room temperature with PBS containing 5 % of BSA. The 3-
nitrotyrosine antibody (dilution 1:30) and the prostacyclin synthase antibody (dilution 1:300)
were diluted in PBS containing 1% BSA and incubated overnight at 4 °C in an humidified
atmosphere. After rinsing the slides gently for 3 times with PBS, fluorescence labeled
secondary antibodies with the Alexa™ dye 568 or 488 (Molecular Probes) were applied in a
dilution of 1:200 for 1h at room temperature under humidified atmosphere. Then slides were
again rinsed three times with PBS and embedded in Immuo-Mount for fluorescence
microscopy with an Leica DMIRB equipped with an digital spot camera from Visitron-

Systems.
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4.1 Introduction

The nitration of tyrosine residues in proteins has become a well recognized reaction,
but has been severely disputed with regard to the mechanisms involved and its
physiological and/or pathophysiological significance. PN generated from NO and *O;
can react with Tyr or Tyr-containing proteins to form 3-nitrotyrosine (3-NT) (Crow
and Beckman, 1995; Beckman and Kopppenol, 1996; Viner et al., 1999) but in
general the required concentrations are higher than expected to occur in vivo. Pfeiffer
and Mayer (Pfeiffer et al., 1998; 2000; 2001a; 2001b) have even questioned the
significance of PN as a cellular nitrating agent and have proposed nitrite / hydrogen

peroxide as an alternative pathway with myeloperoxidase as a catalyst (Brennan et al.,
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2002; van Dalen et al., 2000). The nitrating species under these conditions is supposed
to be N,Os, which may account for nitration of some proteins in severe inflammation.
Only under these conditions the required amounts of peroxide and NO, by the
decomposition of iNOS-derived NO were reached (van Dalen et al., 2000).

In case of PN it has not been considered that PN can be activated by transition metal
ions, which may then catalyze the self-nitration of metalloproteins at low PN levels.
Daiber and coworkers (2000b; 2000c) provided evidence for this reaction when
studying several heme-thiolate (P450) proteins catalysing nitration and PN
decomposition. P450 enzymes with an vicinal tyrosine residue at the active site were
clearly nitrated, in contrast, non-tyrosine containing enzymes just catalyzed PN
decomposition. Thus PGIS is significantly protected from nitration and inactivation
by PN in the presence of other P450 enzymes, as demonstrated for bacterial NO
reductase (P450 NOR). In addition, substrate analogs of prostaglandin-endoperoxide
have been recently shown to inhibit nitration, (Zou et al., 1996) a fact which
suggested a proximity of the tyrosine to the active site.

Further, variations among different anti-NT antibodies in immunostaining procedures
with different P450’s were evaluated and showed a clear dependence on the amino
acid sequence. Some antibodies did not recognize the nitrated epitope, although
HPLC analysis of hydrolyzed samples revealed a clear NT peak or vice versa. Hence
one may argue that interpretations of such immunostainings could be deceitful.
PGI,-synthase was inactivated by micromolar PN bolus concentrations (Zou et al.;
1996; 1997) or by a continuous equimolar generation of NO and ‘O, In cellular
systems the inhibition of nitration by an NO-synthase inhibitor and polyethylene
glycolated (PEG) superoxide dismutase (SOD) provided evidence for the involvement
of PN, whereas nitrite was ineffective (Zou et al., 1998). Since NO and PGI, are
important for the endothelial barrier function, the formation of PN and the nitration of
PGl,-synthase could play a role in the process of endothelial cell activation for
adhesion and emigration of white blood cells into the tissue (Ullrich et al., 2001).
Beyond this physiological background no proof for the molecular basis of enzyme
inhibition has hitherto been obtained, neither by identification of nitrated tyrosine nor
by immunostaining using modern proteomic tools. Previous attempts have been
unsuccessful to detect and identify the nitrated tyrosine. This study presents molecular

evidence for the specific nitration of bovine PGIS by immunoprecipitation (IP) of
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nitrated PGIS followed by MALDI-TOF MS (matrix assisted laser-desorption
ionisation time of flight mass spectroscopy) analysis of the trypsin digested
precipitates. These methods confere the validity of NT immunostaining for PGIS and
serve as a powerful tool for the investigation of the physiological and

pathophysiological significance of PGIS nitration.



4.2 Results and Discussion

4.2.1 Pitfalls in the IP Method

The best method to detect semi-quantitatively nitration is the immunoprecipitation of
nitrated proteins using the monoclonal NT-antibody clone 1A6 (MacMillan-Crow and
Thompson, 1999). According to commonly used protocols several severe
interferences at the required range around 50 kDa with Western blot procedures had
been observed. These disturbances made the detection of nitrated PGIS impossible.
The following three major points accounted for these problems.

Protein A sepharose or agarose is commonly used, but spontaneous cleavage
(“bleeding”) generated a protein band at 50kDa. The protein incidentally interfered
with the primary antibody against PGIS and raised a nonspecific signal on Western
blot membranes (data not shown).

The second problem was related to the vast amounts of IgG molecules, causing
distortions in the SDS-PAGE. Further, for the elution of the antigen, Laemmli buffer
was applied and included reducing agents, such as DTT or B-mercaptoethanol which
cleaved the disulfide bounds of the IgG molecule. Thus two more bands were visible
on the gel, the light chain at ~25 kDa and the interfering heavy chain at ~50 kDa (fig.
4.1).

The third point is related to the PGIS molecule itself in view of its high stability
towards denaturation. Sensitivity and specificity of immunostainings were increased
when stringent buffers and heat denaturation were used. For blot membranes we
observed that the stripping procedure always reduced the background and improved
staining, since PGIS seems to be able to refold on blot membranes. According to our
concept of specific tyrosine nitration near the active site, antibody binding should be
hampered by the geometry of the molecule. Complete denaturation of the molecule

deallocates the epitope to interact with the antibody.

4.2.2 Principals of the Adapted Immunoprecipitation Method

Several adaptations of the protocol were made to guarantee a reliable and

reproducible IP procedure.
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First protein A sepharose was substituted by the more expensive protein G sepharose,
which has a molecular weight of ~20 kDa. Next, reducing agents could be excluded
from the Laemmli buffer, since PGIS contains no disulfide bonds. The IgG molecule
remained intact and appeared as a single band at ~240 kDa on the SDS-gel (fig. 4.1).
This was of further advantage in the later applied mass spectroscopy, since PGIS
peptides were not masked by the excessive Ig G fragments. The use of high stringent
buffers such as RIPA and heat denaturation of the homogenates before IP improved
antigenicity of nitrated PGIS.

The amount of IgG was reduced by orientated covalent cross-linkage of the antibody
at its constant region (Fc) to the matrix. This is performed by binding the antibody
first to protein G sepharose and then establishing a covalent coupling via the free
amino groups of both proteins with chemical cross-linkers like DMP or DSS. These
remedial measures reduced the interference of Ig G molecules and delivered a clear

PGIS signal depending on nitration and protein amount.

Immobilisation of the antibody by non-covalent binding to protein- G or - A sepharose DMP
: .,B"‘“: P4 E .;’_ﬁ'( '?fH m”"
: e+ — | €
e I ] W O CH0-C—CH,CH),CH, ~C-OCH,
- 2HCI
Covalent binding of antibody (heavy chain) to protein- G or - A by chemical crosslinking
1 M _£ pmp i M«
E T6 X + or —_— E : [}
: > pss | > DSS
CHEMICAL CROSSLINKERS o] o o 0
o] o]

Figure 4.2
Principle of the orientated cross-linkage of antibodies and examples of chemical cross-linkers like DMP = dimethyl
pimelimidate or DSS = Disuccinimidyl suberate.
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4.2.3 Immunoprecipitaion of Nitrated PGIS

The accuracy of the adapted IP procedure was controlled with homogenates prepared
from bovine coronary arteries treated with PN, SIN-1, xanthine oxidase and/ or NO-
donors. In figure 4.3 A intact arteries were treated with either PN or decomposed PN,
homogenized, and subjected to IP. The signal of PGIS was consistently dependent on
PN mediated nitration and protein concentration. Always low amounts of nitrated
PGIS were found in controls, which could be derived from slaughter procedure or
atherosclerotic plaques. Treatment with SIN-1, a substance releasing equimolar
concentrations of NO and "0, demonstrated a clear concentration-dependent signal
of nitrated PGIS. Also the combination of an enzymatic ‘O, source (xanthine
oxidase) together with an NO donor (DEA-NONOate), resulted in a nitrated PGIS

band, whereas NO or xanthine oxidase alone had no effect.
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Figure 4.3

Immnuoprecipitation of nitrated proteins from BCA with the anti-NT antibody 1A6 and immunostaining against PGIL. A)
Dependence on protein content and peroxynitrite of the precipitation of NT-PGIS. B) Nitration of PGIS by exogenous sources
of PN. XO = xanthine oxidase [(10 mU/ml in presence of 100 uM hypoxanthine] for 45 min; NO = DEA-NONOate [20 pM]
for 45min; SIN-1 [1-100 uM] for 2h or the combination of xanthine oxidase)

4.2.4 HPLC Detection of NT

Classically applied acid hydrolysis was ambiguous in its specificity since traces of
nitrite may yield artefacts and false-positive results (Frost et al., 2000). Therefore,
basic hydrolysis (fig. 4.4) and pronase digestion were used and compared with each
other. Similar recovery rates of protein bound NT in microsomes for both methods
were obtained.

The digestion process with pronase was controlled by detection of free NT from either

nitrated bovine serum albumin or microsomes. Obviously maximal yields of NT for
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BSA were already obtained after six hours, in contrast optimal digestion of
microsomes required several additions of pronase and a minimum of five days
incubation (fig. 4.5 A).

We assume that the proteolytic degradation of the Tyr-nitrated domain was hampered
by the high stability in the microenvironment of the nitration site, whereas the basic
hydrolysis was unaffected. Representative ECD chromatograms of the basic

hydrolysis protocol were shown in fig. 4.4.
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Figure 4.4

Basic hydrolyzed (6N NaOH for 12h at 95 °C) microsomes were neutralized and analyzed by reversed phase HPLC (125 mm x4
mm Column C18 100 A° 3p from Machery-Nagel) connected to an optical and ECD detector. Representative ECD
chromatograms (+825 mV) of control microsomes, control spiked with 50 nM NT and with 50 pM PN nitrated microsomes.
Retention times can shift due to temperature changes, high amounts of other amino acids and byproducts caused by the total
hydrolysis or by variations in mobile phase. NT peak was confirmed by spiking the sample with authentic NT. The arrow
indicates the NT peak.
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In contrast to the pronase digestion protocol, the method was more sensitive, since
“self-digestion” of the protease lead to the accumulation of amino acids and higher
dilutions for HPLC analysis were required to prevent column overcharge. The NT
retention time was always controlled by spiking the samples with the NT standard.
Shifts in retention time were due to variations in the buffer composition, ambient
temperature and column performance (typically around 11 min).

Using the prolonged pronase digestion, a PN-concentration -dependent increase of the
3-NT formation providing qualitative and quantitative evidence for the nitration
reaction was established (fig. 4.5 B). With only 25 uM of authentic PN specific
nitration at Y430 was demonstrated, which was important in view of the possibility
that the heme-catalyzed formation of a ferryl complex and the ‘NO; radical may lead
to additional modifications of other Tyr residues in PGIl-synthase. These results
confirmed the immunostaining of former Western blots, where only a single NT
positive band at ~52 kDa was observed, which increased parallel with the PN
concentration. Increasing the PN concentration to over 250 uM, nonspecific nitration

reactions were observed on blot membranes.
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Figure 4.5

Time- and PN-concentration-dependent 3-NT yield from nitrated BSA or PGl,-synthase after digestion by pronase. (A) BSA (20
pM) and PGI,-synthase (~5 uM, isolated from bovine microsomes after nitration), both nitrated by 250 uM of PN, were treated with
equal concentrations of pronase (0.5 mg/ml every 12 h). 3-NT was detected and quantified by HPLC. Squares represent values for
BSA, circles for PGl,-synthase. (B) PGl;-synthase (5 uM final concentration) was isolated from microsomes after treatment with
different concentrations of PN. All samples were digested by pronase for five days.

4.2.5 Peptide Mapping with MALDI-TOF Mass Spectroscopy

Several aliquots of bovine aortic microsomes were treated with PN [final

concentration 25 uM] and the nitrated proteins were immunoprecipitated after the
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new modified protocol. The precipitates were then separated by SDS-PAGE,
obtaining a single band at 52 kDa and the intact Ig G molecule band at approximately
240 kDa (fig. 4.1). Gel bands at 52 kDa were excised, collected and in-gel-digested

with trypsin (Shevchenko et al., 1996). The

kDa
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mass (fig. 4.7). Additional experiments

with synthesized nitrated peptides, revealed

that MALDI ionization yields extensive

fragmentation by cleavage of the nitro group with elimination of NO and O, since the
resulting ions may obscure the assignment of nitration sites in complex proteolytic
peptide mixtures. In his thesis work P. Schmidt developed a method to purify nitrated
PGIS and improved analysis of nitrated PGIS. A better protocol was developed to
achieve higher yields and a more efficient cleavage, hence tryptic digestion was not
well suited. Therefore, the protease thermolysin working even under high
denaturating conditions cleaved the protein efficiently which eventually led to a
higher yield, but to smaller peptide fragments. Thus the cleaved peptides were
separated on an HPLC system, allowing the identification of nitrated peptides by their
absorption at 362 nm. A single NT positive peptide was detected and isolated.
Sequencing and high resolution electrospray-FTICR-MS (Fourier transform ion
cyclotron resonance) analysis confirmed the exact location of NT at the residue 430.
Schmidt further confirmed that, at low concentrations of PN, no additional tyrosine
residues were nitrated, thus proving the specificity of the nitration mechanism and
confirming the proximity of the residue to the active site. C441 binds the heme
domain at its fifth coordination site and Y430 to C441 is expected to form a loop
around the heme and this structure may be embedded in a tightly folded conformation.

Such a concept was further supported by inhibitors of the active site, which abolished
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nitration. The lack of a crystal structure allows only assumptions based on indirect

approaches such as active site blockers or computed sequence analysis.

A

Mass spectrometric identification of immunoprecipitated PGIS

Peptide From-To (M+H) "carc (M+H) "zxz. Sequence
1 198-208 1315.65 L3133 VHSADVFHTFR
2 132-145 1638.82 1638.7 ELQALTDAMYTNLR
3 481-485 1744.85 1744.3 YGFGLMQPEHDVPVR
4 334-350 1858.587 1858.4 VLDSMPVLDSSVLSESLR
5 73-921 2233.14 2233.1 HVTVLLDPHSYDAVVWEPR
& 423-444 2487.23 2486.0 DGKRLKNYSLPWGAGHNQCLGK
7 175-187 2546.91 2547.8 AGYLTQYGVEAPPHTQESQAQDR
8 383-404 2736.45 2737.5 LLLFPFLSPQKDPEIYTDPEVFK
9 383-408 3170.66 31712 LLLFPFLSPQKDPEIYTDPEVEFKYNR
10 146-174 3197.60 3199.4 TVLLGDTVEAGSGWHEMGLLEFSYGFLLR
11 423-452 2219.68 3318.3 DGKRLENYSLPWGAGHNQUCLGKGYAVNNSIK
12 198-232 3847.11 3846.3 VHEADVFHTFRQLDLLLPKLARGSLSAGDKDRVGK
] 22-58 4146.23 4147.4 RRTRREPGEPPLDLGSI PWLGHALEFGKDAAGFLTRMK
B
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Figure 4.7

(A) Recovered and identified peptides of immunoprecipitated PGIS after tryptic digestion. The mass of peptide 11 was altered.

(B) Representative TOF mass spectra averaged form 10 scannings.
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5.1 Introduction

Under physiological conditions, the endothelium provides vasodilatory and antiaggregatory
properties to the cardiovascular system and also prevents growth of the underlying vascular
smooth muscle cells by releasing nitric oxide (NO), endothelium-derived hyperpolarizing
factor, and PGI, (Vane et al., 1990; Moncada et al., 1991). Each of these mediators acts by a
different mechanism, NO by the stimulation of guanylyl cyclase and PGI, by activating
adenylyl cyclase, so that these mediators can act synergistically and also serve as backup
systems for each other (Vane et al., 1990; Moncada et al., 1991). It was interesting to study
this interdependence after a selective inhibition of PGIS by PN had been described (Zou and
Ullrich, 1996). As PN is generated in vivo by a rapid combination of NO and ‘O, (Beckman
et al.,, 1990 and 1996), it seemed that O, not only can neutralize NO but subsequently,
through its product PN, could suppress PGI, formation. The underlying mechanism for PGIS
blockade has been suggested as the nitration of a tyrosine residue at the active site through a
reaction catalyzed by the ferric iron of this heme-thiolate (P450) protein (Zou et al., 1997). In
spite of the cellular antioxidant potential, PN causes PGIS nitration in whole cells (Zou et al.,
1998) as well as in intact coronary arteries (Zou et al., 1999a). Endothelial dysfunction
(impaired vasorelaxation and/or increased vasoconstriction) is an important early-recurring

phenomenon in virtually all forms of ischemia/ reperfusion diseases, including a variety of
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shock states (Lefer and Lefer, 1993). This dysfunction appears to be triggered simultaneously
with the endothelial generation of *O,". Therefore, the formation of PN during hypoxia—
reoxygenation is likely because of a simultancous generation of NO and "O, (Huie and
Padmaja, 1993). In this study, we investigated a role of PN in hypoxia—reoxygenation-induced
coronary vasospasm by monitoring the pattern of Ang Il-triggered vasoconstriction/
vasorelaxation, PGI, release, and the nitration of PGIS. Our results suggest that hypoxia—
reoxygenation elicits PN formation, leading to a subsequent nitration and inhibition of PGIS.
Most importantly, the unmetabolized PGH, triggers vasospasm by acting upon the TxA;
/PGH; receptor before being converted to PGE;.

5.2 Results and Discussion

In BCA, Ang II elicited a biphasic response consisting of a primary vasoconstriction that was
selectively blocked by Losartan, a selective Ang II receptor blocker, and a secondary
vasorelaxation that was mainly PGI, dependent (Zou et al., 1999a). Abrupt decrease of
oxygen tension from 95% O,/ 5% CO; to 95% N,/ 5% CO, caused a slight decrease in tension
after a transient rise. Reoxygenation (from 95% N,/ 5% CO; to 95% 0O,/ 5% CO; ) did not
alter the tension of unstimulated arteries. Although hypoxia-reoxygenation did not affect the
initial constriction of Ang II, it selectively blunted the Ang II—triggered relaxation phase after
30 min of hypoxia. Along with this suppression of the relaxation phase, a second constriction
phase developed in parallel, with a decrease of 6-keto-PGF,, (fig. 5.1 ) that closely resembled
the pattern seen previously after PN pretreatment (Zou et al., 1999a).

Both the unspecific COX inhibitor indomethacin and the TxA,/PGH, receptor blocker
SQ29548 restored hypoxia-reoxygenation-impaired relaxation without affecting 6-keto-
PGF |, release (fig. 5.1). This suggests that a COX-derived product, TxA, or PGH;, caused
vasoconstriction via the TxA, /PGH, receptor (fig. 5.1). A role of TxA, was excluded, as
CGS13080, a TxS inhibitor, did not affect hypoxia-reoxygenation-triggered vasospasm (fig.
5.1), and the levels of TxB, remained low and unaffected after hypoxia-reoxygenation
treatment (97£11 vs. 99£15 pg/30 min). The level of 8-is0-PGF,,, which also could act on the
TxA,/PGH; receptor (Takahashi et al., 1992), was low and remained unchanged after
hypoxia—reoxygenation (43+12 vs. 47+17 pg/30 min). PGH, is known to cause
vasoconstriction via the TxA,/PGH, receptor (Mais et al., 1985). In arterial vessels, PGH; is
metabolized primarily by PGIS to yield PGI,. Therefore, we postulated that an inhibition on

PGIS could be the primary cause for the accumulation of PGH,, which then caused
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vasoconstriction by stimulating the TxA,/PGH, receptor. Parallel measurements of
prostaglandins in the incubation medium further supported this hypothesis.

Hypoxia —reoxygenation lowered 6-keto-PGF,, formation but raised the level of PGE,, an
enzymatic or nonenzymatic metabolite of PGH, (fig. 5.1). As COX activity was slightly
decreased after hypoxia—reoxygenation, an excess formation of PGH, after hypoxia—

reoxygenation could be excluded.

250+ . Figure 5.1
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Conclusive evidence for an inactivation of PGIS came from the experiments with '*“C-PGH,
as a substrate for PGIS. A significant inhibition on the conversion of 14C-PGH2 into 6-keto-
PGF (289+8%) with a concomitant increase of PGE, (135+£21%) was observed, confirming
the selective inhibition of PGIS and the reorientation of PGH, metabolism toward PGE, after
hypoxia —reoxygenation. The sustained vasoconstriction after hypoxia-reoxygenation could
also have been the consequence of a decreased sensitivity of vascular smooth muscle to NO.
However, NO generated from DEA-NO in arteries with or without hypoxia-reoxygenation
resulted in a similar potency to induce vasorelaxation. Similarly, an increased sensitivity of
the TxA,/PGH, receptor was excluded, as pD2 (the negative logarithm of the molar
concentration of agonist that elicits a half- maximal response) of U46619, an agonist for the
TxA,/PGH; receptor, was identical before and after exposure to hypoxia-reoxygenation
(7.7£0.5 vs. 7.840.5). A correspondent dose of PGE; (20 ng/ml) applied to the bath solution
did not cause vasoconstriction (data not shown), indicating that the higher levels of PGE, after
hypoxia —reoxygenation were not responsible for the second constriction phase. According to
our working hypothesis, hypoxia-reoxygenation could induce PN formation, which

inactivates PGIS.
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To test whether PN was indeed responsible for the hypoxia—reoxygenation-induced
vasospasm, the NOS inhibitors, both L-NMMA (10* M) and L-NAME (10 M) were
concurrently administered during hypoxia—reoxygenation. L-NMMA, which reduced the Ang
II-induced relaxation phase by about 25% without affecting 6-keto-PGF,, formation in
normal vessels (data not shown), prevented hypoxia—reoxygenation-induced suppression of
Ang II-induced vasorelaxation and 6-keto-PGF,, release (fig. 5.2); L-NAME was as effective
as L-NMMA (data not shown). Alternatively, concurrent administration of PEG-SOD (500
U/ml) abolished hypoxia-reoxygenation-induced secondary vasoconstriction and restored
Ang II-stimulated vasorelaxation by blunting the hypoxia-reoxygenation mediated inhibition
on 6-keto-PGF1a formation (fig. 5.2). It was important to show that neither NO nor "O," alone

could cause vascular dysfunction and inhibition on PGI, release.
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Therefore, preincubation of BCA with an °*O,-generating system (10 mU/ml xanthine

oxidase/ 1x10* M hypoxanthine) did not significantly affect either Ang II-triggered
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vasorelaxation or 6-keto-PGFia release (fig. 5.3 ). Alternatively, the incubation of BCA with
DEA-NO (2x10° M) as an NO-releasing system also failed to affect Ang Il-induced
relaxation and 6-keto-PGFia release (fig. 5.3). However, concomitant administration to the
organ baths of both *O,” and NO-generating agents for 40 min caused a loss of PGI,-
dependent vasorelaxation, an indomethacin- and SQ29548-sensitive vasospasm, and a

nitration of PGH, synthase.

Figure 5.4

Immunohistochemical colocalization of a polyclonal anti—PGIS
antibody and an monoclonal antibody against 3-nitrotyrosine in
hypoxia-reoxygenated BCA. The yellow coloring resulting from
a computer-generated overlay of green (3-nitrotyrosine) and red
(PGIS) fluorescence indicates areas of the colocalization of anti-
NT and anti-PGS antibodies in BCA with or without hypoxia—
reoxygenation treatment. All pictures were obtained under 400-
fold magnification with identical camera and print settings. (A)
3-nitrotyrosine staining in a sham-treated artery (green), where
3-nitrotyrosine staining is very weak and the endothelium is
intact. The green wiggly line is due to endogenous fluorescence
of the lamina and not specific immunostaining for 3-
nitrotyrosine. (B) 3-nitrotyrosine staining in a hypoxia-
reoxygenated artery; both endothelium and vascular smooth
muscle cells are strongly immunopositive for 3-nitrotyrosine
(green). (C) The staining of PGIS antibody in a hypoxia-
reoxygenated artery. Dense staining with anti-PGIS antibody
was visible in both endothelium and smooth muscle (red). (D) A
computer-generated overlay of the staining with the antibodies
against 3-NT (B) and PGIS (C) in a hypoxia-reoxygenated
artery. Yellow indicates the colocalization of the binding with
both antibodies. (E) An hypoxia-reoxygenated artery was stained
for anti-NT antibody in the presence of 10 mM free 3-
nitrotyrosine. Only the autofluorescence of the lamina is visible.
(F) 3-nitrotyrosine staining in a hypoxia-reoxygenated artery in
the presence of L-NMMA, where the staining for 3-nitrotyrosine
is only weakly visible in both endothelium and vascular smooth
muscle. (G) 3-nitrotyrosine staining in a hypoxia-reoxygenated
artery in the presence of PEG-SOD, where 3-nitrotyrosine
staining is weakly visible in vascular smooth muscle. (H) An
hypoxia-reoxygenated artery was stained for 3-nitrotyrosine
when the antibody against 3-nitrotyrosine was omitted, where
only the autofluorescence of the lamina is visible.

As previously described, the exposure of BCA to PN produced a nitrated protein that
colocalized with PGIS (Zou et al., 1999a ). The same technique was applied to hypoxia—
reoxygenation-exposed BCA segments after their mechanical responses had been established.
Staining with anti-NT antibody was weakly visible in control tissue (fig. 5.4 A), but clearly
enhanced staining emerged in endothelium and smooth muscle after hypoxia-reoxygenation
(fig. 5.4 B), where the staining with antibody PGIS were intensively presented (fig. 5.4 C). A
computer generated overlay of the staining with anti-NT (green) and anti—PGIS (red) resulted
in the yellow colocalizing patches in vessels after hypoxia-reoxygenation (fig. 5.4 D). The
presence of L-NMMA or PEG-SOD abolished the increased staining with anti-NT antibody
(fig. 5.4, F and G) but not those with anti—PGIS antibody (data not shown). The specificity of
the staining with anti-NT antibody was deduced from its suppression by 10 mM 3-NT (fig.
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5.4 E) and the lack of staining when anti-NT antibody was omitted (fig. 5.4 H). 3-chloro- or
3-aminotyrosine or phosphotyrosine were ineffective in blocking the staining with anti-NT
antibody (data not shown). Further evidence for hypoxia-reoxygenation-triggered tyrosine
nitration of PGIS came from the immunoprecipitation with both antibodies against 3-NT and
PGIS. Immunoprecipitation with anti—-PGIS antibody yielded similar amounts of protein in
both hypoxia-reoxygenation-treated arteries and control tissues (fig. 5.5 A). In Western blot
analysis, a dense band was detected by anti-NT antibody in the immunoprecipitates with anti—
PGIS antibody from hypoxia—reoxygenation-treated vessel homogenates against a weakly
visible signal in those from the control tissues (fig. 5.5 A). In the same homogenates, 3-NT—
containing proteins were precipitated with anti-NT antibody in parallel. Higher amounts of
these proteins were recovered in hypoxia-reoxygenation-treated arteries than in those without
hypoxia—reoxygenation. Moreover, when these precipitates were blotted and probed with
anti—-PGIS antibody, a dense staining appeared in arteries with hypoxia-reoxygenation (fig.
5.5 B). In agreement with the immunohistochemistry results, both PEG-SOD and L-NMMA
effectively abolished the increased stainings with both antibodies in the immunoprecipitates
with either anti-NT or anti-PGIS (fig. 5.5, A and B). In summary, our results indicate that
hypoxia-reoxygenation elicits the formation of °O,, which neutralize NO to form PN.
Subsequently, PN nitrates and inactivates PGIS, leaving PGH, unmetabolized, which then
causes vasospasm and platelet aggregation via the TxA,/PGH; receptor. This finding might
offer a new mechanism for coronary vasospasm during hypoxia-reoxygenation, especially in

atherosclerotic arteries where PGIS is partially nitrated (Zou et al., 1999c).

A Anti-PCS Anti-NT

_—— e — | .

Figure 5.5

Immunoprecipitation of nitrated proteins and PGIS in hypoxia-reoxygenated BCA. (A) Proteins from normal or hypoxia-reoxygenated
BCA were immunoprecipitated with a polyclonal antibody against PGIS (a-PGIS) after hypoxia—reoxygenation. As described in Materials
and Methods, proteins precipitated by a-PGIS were separated electrophoretically and immunostained with a monoclonal o.-PGIS (left) or a
monoclonal o-NT (right). Lane A, hypoxia-reoxygenation + L-NMMA; lane B, hypoxia-reoxygenation + SOD; lane C, hypoxia—
reoxygenation; lane D, control. (B) 3-NT—positive proteins were precipitated by an monoclonal antibody against 3-NT. Proteins were
separated similarly and analyzed by immunoblots with polyclonal antibody against PGIS. Lane A, control; lane B, hypoxia-reoxygenation;
lane C, hypoxia—reoxygenation + L-NMMA; lane D, hypoxia-reoxygenation + SOD.
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6.1 Introduction

The vascular endothelium under physiological conditions exerts its anti-adhesive,
anti-aggregatory and vasorelaxant properties mainly through a cooperative release of
NO and PGI; (Vane et al., 1990). Both mediators act by different mechanisms: NO by
stimulating soluble guanylyl cyclase and PGI, by activating adenylyl cyclase,
allowing both pathways to act synergistically and also to serve as back-up systems for
each other.

Pathophysiological conditions like ischemia/reperfusion, atherosclerosis or
inflammatory events lead to a sequelae of opposing responses like endothelial barrier
dysfunction, expression of adhesion molecules, change to a prothrombotic situation,
cytokine production and impairment of agonist-induced relaxation in order to level
the way for immune cells to the spot of injury. In literature this transition from a
physiological to a pathophysiological state is either termed "endothelial cell
activation" (ECA), "priming phase", "stunning" or even "endothelial dysfunction

(Cines et al., 1998; Pober, 1988; Bhagat et al., 1996 ;Bhagat and Vallance, 1997).

n

As a more mechanism-based definition we here prefer ECA Type 1 which
characterises a first phase in which endothelial cells retract from each other, express

P-selectins from their storage in Weibel-Palade bodies (Prescott et al., 2001; Hunt and
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Jurd, 1997) and release the von Willebrand factor. Such events are independent of de
novo protein synthesis and are essentially completed within 1 h.

A second stage (ECA Type II) becomes apparent after about one hour and involves
induction and expression of early genes like the adhesion molecules ICAM or
VCAM, proinflammatory cytokines and regulatory enzymes like NOS-2 and COX-2.
As a consequence white cells can tightly adhere and emigrate into tissues, NO and
prostaglandins are formed in excess and cytokines orchestra the further inflammatory
response.

Our interest was focused on ECA Type I for which we had suggested an inhibition of
NO and PGI; production by a novel mechanism involving PN formation from NO and
a still unknown source of "0, radicals (Ullrich and Bachschmid, 2000). PN then
caused tyrosine nitration and concomitant inhibition of PGIS (Zou and Ullrich, 1996;
Zou et al., 1997). This again lead to accumulation of 15-hydroxy-prostaglandin 9,11-
endoperoxide (PGH,) which was able to activate the TxA,/PGH; receptor mediating
smooth muscle contraction and activation of platelets, white cells and the endothelium
(Saussy et al., 1986). This series of events could be shown in vitro but also in
anoxic/reperfused ex vivo experiments (Zou and Bachschmid, 1999d).

The present investigations aimed to understand ECA under inflammatory conditions
which can be mimicked ex vivo by endotoxin action on bovine coronary artery (BCA)
vessels. It was found that PGIS becomes nitrated after an incubation period of about
45 min resulting in a vasospasm which was completely prevented by a TxA,/PGH,
receptor blocker. Thus, for infections by gram-negative bacteria we postulate a signal
transduction pathway leading to primed ‘O, production, PN formation, PGIS
nitration/ inhibition, and TxA,/PGH, receptor activation as essential events in ECA
Type I preceding the fulminant inflammatory cascade.

This topic has been subject of intense research and not all relevant literature can be
listed here. The reader is referred to excellent reviews for further information (Stevens

et al., 2000; Lum and Roebuck, 2001; Goligorsky et al., 2000; Vanhoutte, 2002).
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6.2 Results

6.2.1 LPS Effects on Vessel Tension and Prostaglandin Synthesis

Figure 6.1
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The response of BCA segments to a bolus addition of 100 nM Ang-II was composed
of a primary constriction phase followed by a relaxation process (fig. 6.1). LPS
directly applied (100 pg/ml) did not affect the basal vasotone and the initial
constriction triggered by Ang II. However, pre-exposure to LPS for 1h significantly
diminished the Ang II-triggered vasorelaxation phase and even replaced the
vasorelaxation response by a sustained vasoconstriction after a short delay (fig. 6.1).
Varying the time intervals between LPS addition and Ang II stimulation revealed that
about 45 min were required to observe the second vasoconstriction. After a 60 min
preincubation the effects were optimal (fig. 6.2, dotted line). Since this time course of
the response suggested involvement of protein synthesis cycloheximide and
dexamethasone were coincubated with LPS but no effect was noticed (results not
shown). The action of LPS was concentration dependent with 100 pg/ml resulting in
about 80 % and 10 pg/ml in about 50 % inhibition (not shown). Therefore 100 pg/ml

LPS incubated over 60 min were used as standard conditions.
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The response to Ang II in the BCA segments used after the control incubations was
still 80 % compared with the tissue used directly after isolation.

The loss of relaxation was closely parallel to the decrease in PGIS activity as
measured by 6-keto PGF;, formation in the incubation medium (fig. 6.2 solid line). It
is known that the relaxation response in BCA is mainly controlled by prostacyclin
(Zou et al.; 1999a ). An exception was the value at 5 min which always showed a
significantly higher PGIS activity than the control. Since in intact endothelia the
peroxide tonus for cyclooxygenase (COX) is limiting (Chen et al., 1999; Rhoden and
Barnes, 1989), this may reflect the formation of some kind of peroxide (probably PN)
leading to an initial activation of the PGI, synthesizing pathway.

The massive inhibition of 6-keto-PGF,, formation after 60 min LPS incubation was

compensated almost exclusively by a corresponding increase in PGE; (tab 6.1).

Table 6.1
LPS LPS+L-NMMA LPS + SOD LPS + denuded vessels
pre post pre post pre post pre post

6-keto-PGF |, 19404324 4304223 20704337 17804425 21104434 19804337 180437 160441
PGE, 550+162 233044097 590+161 6004363 ST0+£211  670+137 200+56 31075
PGF,, 330£103 400£78 290438 380459 4102117 410£109 70436 40421
TxB- 180+56 210+78 200£56 220466 160+43 200+£78 4011 50421
8-is0-PGF 50423 60422 T0+£45 90456 60423 80426 60+22 60+£37
Effect of LPS, L-NMMA and SOD on angiotensin-11 stimulated eicosanoid release in LPS treated bovine coronary
arteries. Values are expressed as means + S.E.M (pg/ml per 30 min). “indicates pretreatment is different from post-

treatment (p<0.001) (n=12). pre-: pre-treatment to LPS: post-: post-treatment to LPS.
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It was especially important that neither TxA,, assayed by its stable TxB, derivative
nor 8-is0-PGF,,, levels increased, since these eicosanoids possess strong
vasoconstrictive properties (Kromer and Tippins, 1999; Yura et al., 1999). Only a

small stimulation could be observed for PGF,,.

Figure 6.3
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Denuded vessels are largely devoid of PGI, synthesis, even though smooth muscle
cells contain sufficient amounts of PGIS (DeWitt et al., 1983; Smith et al.; 1983;
Harold et al., 1985). LPS treatment for lh left the SMC derived prostanoids

unchanged and proved that the observed effects were endothelium dependent.

6.2.2 Participation of NO,"O, and Peroxynitrite in the LPS Effects

Growing evidence supports the concept that next to NO also other reactive oxygen
species are involved in regulation of blood vessel function (Cosentino et al., 1998;
Griendling and Harrison, 1999). Therefore we tested the effects of NO synthase
inhibition and "0, scavenging by SOD on the vasoconstriction after LPS challenge.
Almost no inhibition of PGI, synthesis nor vasoconstriction (fig. 6.4 a) took place in
the presence of the non-specific NOS inhibitor L-NMMA [100 uM] as well as with
polyethylene-glycolated (PEG)-Cu/ Zn-SOD [300 U/ml]. With native Cu/Zn-SOD the
effect is much less indicating that a close attachment of the enzyme to the endothelial
surface or on improved stability (Beckman et al., 1988) is required for an efficient

scavenging of "0,
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Figure 6.4

A) Effects of PEG-SOD [300 U/ml] and L-NMMA [100uM] on Ang-II-stimulated vasorelaxation and 6-keto-PGF, release
in BCA after 1h exposure to LPS. B) Inhibitory effects of exogenously generated’O,’, NO and PN on vessel relaxation and
6-keto PGF, release. The organ bath was suplemented either with an ‘O, producing system (10 mU/ml xanthine oxidase in
presence of 100 uM hypoxanthine) or alternatively with DEA-NONOate (20 M) as an NO-generating system. Both 'O,
and NO-generating systems were added simultaneously to generated peroxynitrite. After 1h the medium was exchanged to
normal buffer without additions and stimulated with Ang II. Values represent means+SD (n=8; PN vs control P<0.0001).

It was then tested whether exogenous sources of ‘O, and NO could also evoke
vasoconstrictions. Therefore, BCA incubations were supplemented with either an *O,’
producing system (10 mU/ml xanthine oxidase (Houston et al., 1999) in the presence
of 100 uM hypoxanthine) or alternatively with DEA-NONOate [20-100 uM] as an
NO-liberating system. None of the radicals alone were able to change 6-keto PGF,
nor the relaxation response upon Ang II stimulation, but the concomitant addition of
both systems to generate PN clearly gave rise to a strong impairment of relaxation and

6-keto PGF,, production (fig. 6.4 b).

6.2.3 LPS Causes Inhibition of PGIS by Nitration

According to our previous work (Zou and Ullrich, 1996; Zou et al., 1997) such data
could be explained by the formation of PN from NO and *O,". PN could then nitrate a
tyrosine residue of PGIS and block the enzyme. Further support for this mechanism
was obtained by immunoprecipitation of tyrosine-nitrated proteins by a monoclonal
o-NT, separation by SDS-PAGE and western blotting with a polyclonal a-NT. Only
one main band at 52 kDa was detected. After stripping the membrane, a second

immunostaining with anti-PGIS-antiserum (a-PGIS) identified this band as PGIS (fig.
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6.5 a). A densitometric evaluation confirmed that PEG-CuZn-SOD and L-NMMA

reduced the nitration process to almost control levels (fig. 6.5 b).
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Figures 6.5

Immunoprecipitation of nitrated PGIS A) 3-Nitrotyrosine-containing proteins in the vessel homogenates of 6 samples after
the treatments indicated were precipitated by a monoclonal antibody against 3-nitrotyrosine. Proteins were separated by 8%
SDS-PAGE and examined by Western blot with a polyclonal antibody against PGI2-synthase and a polyclonal antibody
against 3-nitrotyrosine. B) Quantitative densitometric analysis of nitrated PGIS by using SigmaGelTM software. Results are
expressed as means+SD (#p<0.05 vs control; *p<0.05 vs LPS).

It should be noted that also the control is weakly positive in agreement with earlier
findings that the process of nitration is extremely sensitive for PN and seems to occur
already during death of the animal (Zou and Bachschmid, 1999). A relative
comparison between the various intensities of NT staining in Western blots can be
taken from fig. 6.5 b.

In Fig. 6.6 the blot contains tissue treated with two different sources of NO/°O;".
Neither O, nor NO alone could cause nitration of any protein. SIN-1 [1-100uM]
generates both radicals at about equal rates (Darley-Usmar et al., 1992) and the
generation of *O,” from xanthine oxidase and of NO from NONOate was adjusted to
equal rates. By showing the full range of protein separation and a-NT staining on the
blot the specificity of the nitration process for PGIS becomes apparent. Only higher
concentrations of SIN-1 [0.5—-1mM] or of authentic PN [0.2-1mM] produced further
bands of nitrated proteins (data not shown).

Figure 6.6
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Having documented this specificity for PGIS nitration the immunohistochemical
staining with the o-NT clearly located nitrated PGIS to smooth muscle and
endothelial cells. The basal lamina gives a bright unspecific auto-fluorescence (fig.
6.7). Although smooth muscle cells and endothelial cells contain comparable densities
of PGIS (DeWitt et al., 1983) most of the staining after LPS appeared in the
endothelium. Nitrations with PN or SIN-1 showed much higher densities also in the
smooth muscle layer (not shown) (Zou et al., 1999a), indicating that LPS more

selectively exerts its action on the endothelium.

Figure 6.7

Immunohistochemical stainings with an antibody against 3-nitrotyrosine in isolated bovine coronary arteries. A. anti-
nitrotyrosine staining in a sham-treated artery; B. anti-nitrotyrosine staining in a LPS-exposed bovine coronary artery.
Reduction of the nitrotyrosine to aminotyrosine with sodium dithionite as well as blockage of the antibody with 10 mM
nitrotyrosine completely abolished the staining. The visible green line in all pictures indicates the autofluorescence of the
basal lamina. All pictures were obtained under 400-fold magnification with identical camera and print settings. SM= smooth
muscle cell layer; E= endothelial cell layer; BL= basal lamina.

6.2.4 Ang II is Required for the Generation of Peroxynitrite after
LPS

It has been demonstrated that Ang II can stimulate *O,” (Zhang et al., 1999; Sohn et
al., 2000) and NO (Thorup et al., 1998) formation in parallel to generate PN (Pueyo et
al., 1998). From fig. 6.8 it is evident that the nitration requires stimulation by Ang II.
Compared to the maximum of nitration seen with 10 uM PN the LPS/ Ang II spot is
somewhat weaker, which according to our recent data may be due to an overnitration
by PN. In organ bath studies the relaxation phase is blocked under both conditions.
PEG-SOD and allopurinol could be omitted from the 1h preincubation period with

LPS, which did not affect the outcome of nitration and vasospasm.



_—
60 kD Figure 6.8
_— ““ - 50 kD Immunoprecipitation of nitrated PGIS after

1h challenge with LPS. Stimulation with Ang
o) II [50 nM] significantly increased tyrosine
G, <o o

nitration compared to unstimulated LPS-
0&0 $ LPX (7] treated tissue, indicating that Ang II triggers
v ,? '(/@ PN formation.
2,
N
7

Therefore, both inhibitors were added after the preincubation period during the 30
min recovery time of the tissue before Ang II stimulation. These results are in
accordance with ECA Type I, demonstrating that PN formation, nitration of PGIS and
development of vasospasm depend upon the stimulation by an agonist, represented

here by Ang II.

6.2.5 LPS Induced Vasospasm is Caused by PGH,

The vasospasm in segments treated with LPS could be fully blocked with SQ 29548, a
selective antagonist of the TxA,/PGH; receptor (Dogne et al, 2000), whereas the
TxA, synthase inhibitor CGS 1380 was without effect (fig. 6.9). The denuded
endothelium incubated with LPS showed no vasospasm with Ang II. CGS1380 also
blocks PGIS but this enzyme was already inhibited by the nitration process. An
interesting observation concerns the action of indomethacin when given together with
Ang II. The absence of a vasospasm is in agreement with the abolishment of any
prostaglandin biosynthesis by indomethacin. However, the vessel showed normal
relaxation which indicates that the relaxation must be due to a process different from

PGI,, probably NO or more likely EDHF.
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Figure 6.9

Effects of indomethacin [10 pM] a
cyclooxygenase inhibitor, SQ 29548
[10 pM] a TxA,/PGH,-receptor
blocker and CGS 13080 [10 uM] a
thromboxane synthase inhibitor on
Ang-II-stimulated vasorelaxation and
6-keto-PGF, release in BCA after
exposure to LPS. The results are
expressed as meanstSD (n=12,
"p<0.01 vs controls; *p<0.01 vs
LPS).

6.2.6 Xanthine Oxidase is a Possible O, Source After LPS Challenge

The major remaining question concerns the signal transduction pathway leading to

superoxide formation. All effects by LPS could be blocked by diphenylene iodonium

(DPI) but the four potential sources of *O,’, xanthine oxidase, NADPH oxidase,

mitochondria and uncoupled NO synthase, will be inhibited by this unspecific
flavoprotein inhibitor (Li and Trush, 1998; Rand and Li, 1993). L-NMMA as a
blocker for NO-synthase oxidase would also block NO synthesis and specific

inhibitors for its oxidase function do not exist to our knowledge. We then used

allopurinol as a selective competitive xanthine oxidase antagonist and indeed found a

significant inhibition of the vasospasm and of 6-keto-PGF,, formation. Oxypurinol

was also effective and allopurinol given 15 min before the second stimulation with

Ang II was still effective (fig. 6.10).
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Figure 6.10

Effects of xanthine oxidase inhibitors
[100 uM allopurinol, 100pM
oxypurinol] on  Ang-lI-stimulated
vasorelaxation and 6-keto-PGF
release in BCA after exposure to LPS.
The results are expressed as meanstSD
(n=8, , #p<0.01 vs control; *p<0.01 vs
LPS).



There was an enhancement of lucigenin-induced chemiluminescence after LPS
treatment (not shown), but the relative unspecificity of this reaction does not allow to
discriminate between different radical species. Still this test confirmed that LPS

triggers reactive oxygen formation.

6.3 Discussion

Our results help to clarify the biochemical events that lead to endothelial cell
activation in the early phase of an inflammatory stimulus. Endotoxin (LPS) can be
considered as a model for gram-negative bacteria although in the serum-free media
used higher concentrations than in vivo have to be employed. A preincubation for at
least 45 min with LPS has a profound effect on the response of BCA's to Ang II. The
normal contraction-relaxation curve is dramatically altered and instead of leading to
complete relaxation a preincubation-time dependent vasoconstriction was observed
which corresponds to a vasospasm. The underlying mechanisms were found in
complete analogy to the vasospasm that develops as a consequence of PN action on
BCA's Tyrosine-nitration of PGIS with inhibition of the enzyme, accumulation of
PGH, which activates the TxA,/PGH, receptor, followed by smooth muscle
contraction. The fall in 6-keto-PGF,, production and the corresponding rise in PGE,
levels provide clear experimental proof for a switch in PG metabolism. One has to
assume that PGH, first acts at its receptor before it reaches PGE, synthase. This
enzyme, however, is located in VSMC and not in the endothelium which requires a
transcellular process of PGH; transfer from the endothelium to VSMC. Whether PGE,
serves a new function in the system was not directly followed but a recent report
correlates P-selectin expression on endothelial cells with PGE, (Hailer et al., 2000)
action and this would indeed complete the sequence of events postulated for ECA
Type 1 with the adhesion of white blood cells to the endothelium after release of P-
selectin from Weibel-Palade bodies (Prescott et al., 2001; Hunt and Jurd, 1997). The
transcellular signaling therefore includes the PGE, feedback signal from smooth
muscle to the endothelium.

Thus the action of LPS reveals sophisticated mechanisms of time-dependent changes

in the signaling components one of which generates superoxide if an agonist like Ang
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IT is present. We also found bradykinin causing the same effect and suggest that the
generation of PN requires the Ang II or bradykinin receptor pathway for activating
NO and O, production (Pueyo et al., 1998; Shimizu et al., 1994). LPS alone had no
major direct influence on the nitration but exerts a priming role for the subsequent
receptor-stimulated PN formation. Since we observed the same pattern of events
under hypoxia/reperfusion conditions (Zou and Bachschmid, 1999) the terminal
signaling pathways for both situations should involve the same crucial components
for PN formation. It remains to be investigated which priming mechanism by 60 min
LPS exposure causes O, formation after Ang II addition.

For the first time our experiments allow to conclude that a major source for ‘O, is
xanthine oxidase, at least for LPS action. However, it is unclear whether xanthine
oxidase originated from serum and remained attached to the endothelial surface
(Houston et al., 1999) or was formed from endothelial xanthine dehydrogenase by
proteolytic cleavage or oxidation at its thiols (Ryan et al., 1997; Harrison, 1997).
Support for a serum-derived attached xanthine oxidase stems from observations that
passaged bovine endothelial cells can be stimulated by LPS but show little depression
of 6-keto PGF;, formation. The latter cause of conversion of endogenous xanthine
dehydrogenase to its oxidase form could have been triggered by NAD(P)H-oxidase
(Zhang et al., 1999; Brandes et al., 1999; Lassegue et al., 2001).

For the resulting xanthine oxidase its substrate xanthine and hypoxanthine were
detected by HPLC analysis of the supernatant (M. Bachschmid, unpublished).
Interestingly, NOS III is located to the caveolae as also is PGIS (Spisni et al., 2001).
Hence, if *O,” formation also takes place at the plasma membrane a close
neighbourhood of all enzymatic components will generate high local concentrations
of NO and *O,". This would also solve the question why there was no trapping of PN
by cellular reductants or the high serum levels of hemoglobin and uric acid as
excellent quenchers for PN (Scott and Hooper, 2001; Minetti et al., 2000).

Another factor governing the specificity for PGIS nitration in comparison to all other
enzymes is the presence of a heme-thiolate catalytic site which reacts extremely fast
with PN. Earlier findings and data from heme-thiolate models (Zou et al., 2000)
indicate a close-by tyrosine at the heme and therefore also a rapid transfer of the
nitrating species to the tyrosine residue. The position of the 3-nitrotyrosine in the

polypeptide chain was found not accessible to trypsin digestion but using different
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approaches a pentapeptide could recently be isolated which allowed its location at the
active site (P. Schmidt et al., to be published).

The early phase of ECA Type I therefore seems to critically depend on the priming
for a superoxide source and it is understood that the onset of this event must be
carefully regulated. A time interval of 45 min would guarantee that this process
cannot be started accidentally, but that some sort of assembly or posttranslational
modification is occuring. It will be interesting to unravel the mechanisms that are
controlling this process and wether this process can be reversed.

A final consideration concerns ECA Type II. Whereas Type I is independent of
protein synthesis the second phase heavily relies on the induction of early immediate
genes. By the new synthesis of NOS-2 and COX-2 in VSCM the function of the
endothelium will be restored and even overcompensated. We recently have shown
that NO is an excellent scavenger for PN (Daiber et al., 2002) and therefore any PN
will be removed as long there is a more than twofold molar excess of NO. ECA Type
IT therefore will be governed by very different events than ECA Type I and may also

include the restoration of the endothelium under resting conditions.
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AA = arachidonic acid; EP = PGE, receptor; AT,-R = angiotensin II receptor; IP = PGI, receptor
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7.1 Introduction

The relation between diabetes and premature cardiovascular disease is well established.
Macro- and microvascular diseases are currently the major cause of morbidity and mortality
in patients with diabetes mellitus. Loss of the modulatory and homeostatic function of the
endothelium is a critical initiating factor in the development of diabetic vascular disease (Zou
et al., 2002b; Ruderman et al., 1992; Cosentino and Luscher, 1998). Several signaling
pathways had been found to account for these effects, like alterations in the polyol pathway
activity (Williamson et al., 1993), formation of advanced glycation end products (AGEs)
(Mullarkey et al., 1990) and reactive oxygen species (ROS) (Baynes, 1991).

Vasodilation mediated by NO is impaired in animal models and in patients with insulin
dependent and independent diabetes mellitus (Cosentino and Luscher, 1998). Hyperglycemia,
which is clearly the primary culprit in the pathogenesis of diabetic complications, may initiate
the reduction of bioavailable endothelium-derived NO. Although the exact molecular
mechanisms responsible for hyperglycemia induced endothelial dysfunction remain poorly

understood, it may result from 1) decreased NO synthesis, 2) inactivation of NO by "0, to
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form PN, and /or 3) increased production of endothelium-derived contracting factors.
However, Cosentino et al. (1998) recently observed that human aortic endothelial cells
exposed to high concentrations of glucose paradoxically increased endothelial NO synthase
(eNOS) gene and protein expression, suggesting that the inactivation of NO by "0, is an
important pathogenic element in diabetic endothelial dysfunction. Enhanced ‘O, has been
observed and confirmed by several investigators (Inoguchi et al., 2000; Sano et al., 1998;
Oberley, 1988). This leads to the formation of PN with an array of biological actions
contributing to impairment of endothelial function. Vice versa, supplementation of SOD
prevents the impaired endothelium-dependent relaxations caused by elevated glucose.

One possible signaling pathway involved in O, production is the activation of protein kinase
C (PKC), leading to the assembly of the vascular NAD(P)H-oxidase via a complex
phosphorylation cascade. Several intermediary steps of this process are still unclear.
Nevertheless hyperglycemia increases diacylglycerol, a strong activator of PKC (Lee et al.,
1989, Ishii et al. 1998) chronically activated in diabetic tissues (Inoguchi et al., 1992;
deRubertis and Craven, 1994). The promoter region of human eNOS gene contains a phorbol
ester responsive element (Marsden et al., 1993), suggesting that PKC activation induces
eNOS mRNA expression. In normal blood vessels, activation of PKC by phorbol ester
reduces endothelium-dependent relaxations as occurs in diabetes via release of O, induction
and activation of NAD(P)H-oxidase and vasoconstrictor prostanoids (Tesfamariam et al.,
1991; Zou et al., 2002b).

In addition, oxidative stress and PKC activation are among the most potent stimuli for
activation of transcription factor nuclear factor-kappa B (NF-kB) (Ogata et al., 2000; Boyle et
al., 1991), which is regarded as a key event for gene expression of a variety of adhesion
proteins and inflammatory products. Hence, activation of the PKC system may represent an
important common pathway by which endothelial dysfunction, oxidative injury and vascular
inflammation are initiated in diabetes. Nevertheless, the effect of high glucose on these events
has not been thoroughly examined. This prompted us to investigate whether activation of the
PKC pathway by high glucose may link together the paradoxical upregulation of eNOS,
increased formation of reactive oxygen species (ROS) and endothelial dysfunction in cultured

human aortic endothelial cells.



7.2 Results

7.2.1 Glucose and Phorbol Ester Enhance eNOS Protein Expression
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Figure 7.1

Western blot analysis of human aortic endothelial cells. A)
Endothelial NO-synthase expression of cells exposed to
control conditions [5.5 mM ], high levels of glucose [22.2
mM] or mannitol [22.2 mM]. Calphostin C [3x107 M]
prevents high glucose induced eNOS expression.

HG = high glucose; Cal C = calphostin C; eNOS = endothelial
NO-synthase

High glucose concentrations (22.2 mM)
significantly increased the expression of
eNOS. Densitometric analysis showed an
almost twofold increase of eNOS expression
by glucose, whereas mannitol (22.2 mM),
which was used as a hyperosmotic control,
did not affect expression of the enzyme (fig.
7.1). Comparing the effects of high glucose
with those of PMA (10° M), a similar

upregulation of eNOS was observed.

Incubation of endothelial cells with the non-isoform specific PKC inhibitor calphostin C

(3x107 M), reduced eNOS protein expression almost to control values. The inhibitor alone

under control conditions had no significant effect on eNOS expression (data not shown).

7.2.2 Glucose and NO Synthesis
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Despite the glucose-induced two-fold
increase of eNOS expression, NO
release following stimulation with
calcium ionophore A23187 (10° M)

was reduced in endothelial cells

exposed to high glucose
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Figure 7.2

concentrations (fig. 7.2). However, in
the presence of the antioxidant vitamin
C (10* M) or N-acetylcysteine (NAC;
5x10° M) peak NO concentrations

could be restored to control values.

Peak concentration of NO released upon stimulation with calcium

ionophore A23187 (10°) in human aortic endothelial cells exposed to
high glucose in the presence and absence of vitamin C (10* M), N-
acetylcysteine (5x10° M) and calphostin C (3x10”7 M). Data are mean +

SEM (n=6) *P<0.05 vs control.

Furthermore, incubation with the PKC
inhibitor calphostin C (3x107 M)

HG = high glucose; Cal C = calphostin C; NAC = N-acetylcysteine; Vit

C = vitamin C
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doubled the concentration of free NO under hyperglycemic conditions, but failed to restore

control values.

7.2.3 Effect of High Glucose on PKC Activity

To assess the effect of high glucose on PKC activity we measured its phosphorylation activity
in the cytosolic and in the membrane-rich subcellular fractions. The translocation of this
enzyme from the cytosol to the membrane is considered as one of the hallmarks of PKC
activation (Hug and Sarre, 1993). Hyperglycemia increased membrane-associated PKC
activity at the time point of 1h (191% vs control), which remained unaffected by either
antioxidant, vitamin C or NAC, respectively (fig. 7.3 B). No differences in cytosolic PKC
activity, between control and high glucose treated cells, had been observed . Mannitol as a

hyperosmotic control had no significant effect on PKC distribution and activation (data not

shown).
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Figure 7.3

Effect on protein kinase C activity in the B) particulate and A) cytosolic fraction of human aortic endothelial cells. Elevated extracellular
glucose lead to an increase of membrane-bound PKC activity after 60 min. of incubation. Neither N-acetylcysteine nor vitamin C did affect
glucose-induced activation of PKC. Data are mean £ SEM (n=4). *P<0.05 vs control.

Vit C = vitamin C; NAC = N-acetylcysteine; HG = high glucose

7.2.4 Glucose and Reactive Oxygen Species Formation

The intracellular formation of ROS was measured by the cell permeable fluorescent probe

dichlorodihydrofluorescein diacetate (DCFH). This dye is activated by intracellular esterases
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and serves as an unspecific probe for detecting oxygen radicals. Only by specific inhibition of
enzymatic ROS sources, a discrimination among the various radical species can be achieved.
As shown in figure 7.4, high glucose caused a dramatic increase in the fluorescence. The
antioxidants NAC and vitamin C completely restored control levels. Comparing the effects of
hyperglycemia (24893+3996) with those of PMA (27450+4327) alone, a similar increase in
fluorescence intensity can be observed. Accordingly, inhibition of PKC by activating
NAD(P)H oxidase abolished the effect. Furthermore, diphenyleniodonium (10° M), a
nonspecific inhibitor of flavoproteins, which is falsely used in several studies as proof for the
involvement of NAD(P)H oxidase as a superoxide source (Inoguchi et al., 2000), blunted the
response. To exclude cyclooxygenase-derived oxidants, which under some settings could
increase DCFH fluorescence, the inhibitor indomethacin (10 M) was used and did not affect

glucose induced ROS generation.

Figure 7.4

30000 4 * Reactive oxygen species
production in human aortic
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* glucose in the presence and
1 absence of vitamin C [10* M],
20000 - " '|' N-acetylpysteine [§7x10'5 M],
calphostin C[3x10™ M],
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7.2.5 Induction of NAD(P)H Oxidase by Hyperglycemia

Since antibodies against NAD(P)H oxidase subunits were rare and some of the commercially
available products only weakly detect the enzyme subunits, only the detection of p22P"* was
feasible. This subunit serves as an adapter for the cytosolic factors p67°"* and p47™* and
stabilizes the catalytically active gp91P"**. Thus p22P™* is essential for the activation process
of NAD(P)H oxidase. Meanwhile, several other laboratories confirmed the induction of the

enzyme in diabetes and also in hypertension (Fukui et al., 1997; Griendling et al., 2000; Hink
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et al., 2001; Guzik et al, 2002). The Western blot
demonstrates a strong induction of p22ph°X upon high glucose

treatment, which correlates with PKC activation (fig. 7.5).
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Figure 7.5

Effect of high glucose on NADPH-oxidase
subunit p22P"* expression.

HG= high glucose

7.2.6 Nitration of Prostacyclin Synthase
Cells grown on coated glass cover slides were stained for prostacyclin synthase. No
alterations of protein expression under the different treatments had been observed (data not

shown).

anti-nitrotyrosine anti PGIS merged images

vitamin C

Figure 7.6

High glucose treated human aortic endothelial cells stained with anti-nitrotyrosine 1A6 monoclonal (green color) and anti-prostacyclin
synthase polyclonal T6 antibody (red color). Nitrated prostacyclin synthase, as indicated by the yellow colouring of the merged images, is
mainly located in the soma but not in the nucleus, whereas the fibrilary processes are mainly nitrotyrosine positive. Supplementation of the
high glucose medium with NAC and vitamin C strongly reduced the nitrotyrosine staining, which was more effective in the case of vit C.
Magnification 400 fold

Since the results of the eNOS expression, free NO and free radical measurements strongly

indicate the formation of peroxynitrite, the immunostaining of protein-bound nitrotyrosine



7-7

was performed (fig. 7.6). A very weak labeling was observed in control cells, in contrast to
the high glucose treatment, where an intense nitration was detected. Supplementation of the
high glucose medium with vitamin C or NAC blunted the nitration. In parallel to the DCFH-
fluorescence method vitamin C was more effective. Localization of PGIS and nitrotyrosine
staining was highly coincident and strongest in the soma. The fibrillary cell protrusions were

NT positive, but exhibited only a weak PGIS staining. The nuclei remained unstained.

7.2.7 Activation and Translocation of NF,B

Activation of NF¢B requires phosphorylation and deactivation of the endogenous inhibitor
IxB. After the activation process the factor translocates into the nucleus. This can be examined
by the classical electrophoretic mobility shift assay in nuclear fractions (fig. 7.7).
Hyperglycemia increases NF¢B activation and the inhibition of this process by calphostin C
suggests an involvement of PKC in the activation cascade. The response to high glucose was
optimal after 2 to 4h, but after 24h the effect disappeared (data not shown). Interestingly, the
activation was also inhibited by the antioxidant NAC. In parallel induction of COX-2 mRNA

takes places (data not shown).

Figure 7.7

Effect of high glucose on nuclear factor-
«B binding activity in nuclear fractions
of human aortic endothelial cells for 2h
in the presence and absence of
calphostin  C [3x107 M] and N-
acetylcysteine [5x10™ M].

NAC = N-acetylcysteine; Cal C =
calphostin C; HG = high glucose
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7.3 Discussion

The present study provides the molecular basis for understanding how hyperglycemia causes
the early impairment of balance between endothelium-derived vasoactive factors, which may

contribute to vascular complications in diabetes. In agreement with previous reports
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(Cosentino et al. 1997; Hink et al., 2001), we found that despite the glucose induced increase
of eNOS expression, NO release is reduced because of its inactivation by “O,". This leads to
PN formation and inhibition of PGIS by selective nitration of the active site tyrosine. Further
we demonstrated that in human aortic endothelial cells high glucose causes activation of
NFB and upregulation of COX-2 mRNA expression. Once more our results show that
activation of the PKC isoenzyme family links hyperglycemia induced oxidative stress and
endothelial dysfunction. Nevertheless relations and conclusions to the in vivo situation should
be carefully evaluated, since three major biochemical pathways have been considered to be
responsible for vascular damage in diabetes. These include increased glucose flux through the
aldose reductase pathway (Lee et al., 1995), excessive formation of advanced glycation end
products (AGE) (Brownlee, 1995), and stimulation of the diacylglycerol/PKC pathway (Koya
and King, 1998). In the early hyperglycemic model, the PKC dependent pathway is the most
important one because of its rapid activation. In contrast nonenzymatic AGEs and activation
of AGE-receptor (RAGE) etc. occurs at later stages. This work presents a new explanation,
how radicals exhibit their signal function in vasculature after high glucose challenge,
supported by several lines of evidence.

The association of diabetes mellitus and PKC is well established. Incubation of endothelial
cells with high glucose leads to PKC activation via an intracellular increase of diacylglycerol
levels. Furthermore, activation of PKC by phorbol esters causes reduction of endothelium
dependent relaxations, similar to that observed in diabetes, suggesting a common mechanism
of endothelial dysfunction in response to elevated glucose levels or addition of phorbol esters
(Ogata et al., 2000). Adverse effects of elevated glucose levels on acetylcholine-induced
relaxation of rabbit aorta and rat pial arterioles were restored by the addition of PKC
inhibitors (Mayhan and Patel, 1995; Tesfamariam et al., 1991). These in vitro observations are
supported by studies, demonstrating, that in vivo treatment with PKC inhibitors ameliorates
vascular complications in diabetic rats (Ishii et al., 1996). Of course signal transduction and
intracellular crosstalk by PKC dependent phosphorylation is manifold and complicated. The
array of substrates involves enzymes, cell-surface receptors, contractile proteins, transcription
factors and other kinases (Tomlinson, 1999; Idris et al. 2001). Therefore in the present study
only a few pathways had been explored as follows.

High glucose treatment of human aortic endothelial cells augmented the membrane associated
PKC isoenzyme activity. Knapp and Klann (2000) had reported an *O, stimulated PKC

activation via thiol oxidation. On the other hand studies on the multicomponent phagocyte
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and endothelial NAD(P)H oxidase (Fontayne et al., 2002, Guzik et al. 2002) revealed that
PKC activation promotes superoxide formation. Several isoforms of PKC are able to
phosphorylate p47™, an important cytosolic subunit, thus assembling the multienzyme
complex and initiating *O,” formation. Two scenarios are possible, either activation of PKC
by radicals or PKC promotes radical formation. However, vitamin C, an O, scavenger as
well as NAC failed to inhibit high glucose induced radical formation. Hence, it is likely that
oxidant generation in human aortic endothelial cells occurs downstream of PKC activation.
Treatment with the non isoenzyme specific inhibitor calphostin C prevented glucose-induced
formation of ROS. Also PMA is a well accepted stimulus of NAD(P)H-oxidase (Nobuhiko et
al., 2000) and commonly used to trigger the O, burst in polymorpho-nuclear cells.
Consistently PMA also induced ROS formation in the human aortic endothelial cells. High
glucose further increases O, generation not only by activation of NAD(P)H oxidase, but also
by induction of the p22P™* subunit.

Treatment of vessels from diabetic animals with SOD improved endothelium-dependent
relaxations (Tesfamariam et al., 1992) and the use of vitamin C in patients with non-insulin
(NIDDM) and insulin-dependent diabetes mellitus (IDDM), increased the endothelium-
dependent vasodilation in the forearm circulation (Ting et al., 1996; Timimi et al., 1998).
Elevated ‘O, levels trap the free NO in a very efficient and nearly diffusion-limited reaction,
thus eliminating a mediator important in maintaining vascular homeostasis and forming the
new potent oxidant PN. Beside the messenger function of NO, it serves also as a potent
antioxidant. The present study demonstrates that high glucose, via PKC induces oxidative
stress and promotes a compensatory upregulation of eNOS. The latter finding is consistent
with the identification of a phorbol ester-responsive element in the promotor region of human
eNOS gene and the reported PKC-dependent modulation of eNOS expression. (Marsden et
al., 1993; Li et al., 1998). Anyway this compensatory mechanism is not sufficient to restore
control levels of free NO.

An aggravation of this process is the nitration and inhibition of PGIS by PN. PGI, and NO are
major endothelial mediators for maintenance of vascular homeostasis, thus the loss leads to
thrombosis and adhesiveness for immune cells. Both mediators were neutralized by increased
levels of endothelium derived *O;’, serving as an antagonist. Zou and coworkers (2002b) have
demonstrated that high glucose treatment of HUVEC lead to accumulation of PGH», caused
by the inhibition of PGIS, which then stimulates the PGH,/ TxA, —receptor on smooth muscle

cells. This explains the changes in adhesiveness of the endothelium and the increased vascular
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tone in diabetes. Formation of TxA, under the experimental settings, which could also explain
the vasocontricting and prothrombotic effects, was not altered (data not shown). The
formation and accumulation of PGH,, belonging to the group of endothelium-derived
vasoconstricting factors (EDCF), can be abolished by inhibition of COX. Several studies
demonstrated, that the impaired relaxations were restored by a non-specific blockade of COX
and prostanoid receptors (Tesfamariam et al. 1990, Mayhan et al., 1991).

PKC isoforms play an important role in the activation process of transcription factors, like
MAP kinase cascade or NFB. For both signaling cascades the involvement of ROS has been
implicated. NFyB activation is in part also dependent on the phosphatase activity of
calcineurin. This enzyme is inactivated by physiological amounts of “O,’, which in parallel
increases NFyB phosphorylation and activity. Glucose-induced NF-(B activation was
prevented not only by co-incubation with antioxidants but also by calphostin C. In line with
our findings the demonstration that PKC activation leads to dissociation of the NF-\B [yB
complex allowing NF-(B to translocate to the nucleus and activate its target genes would
suggest the possibility of a causal link between PKC, ROS and NF-(B activation in
hyperglycemia. This increased NF-\B DNA binding activity may lead to changes in vascular
homeostasis, endothelial function and may promote inflammatory vascular complications in
diabetes as indicated by the increase in COX-2 mRNA.

In conclusion our results show that a single unifying PKC-dependent mechanism is the
triggering step by which hyperglycemia-induced endothelial dysfunction and vascular
inflammation can occur. Indeed, elevated glucose — via PKC- promotes oxidative stress and
compensatory upregulation of the NO pathway resulting in reduced NO bioavailability, NF-
B activation, and increased expression of COX-2 altering the proinflammatory prostanoid
profile at later stages. Further NAD(P)H oxidase-derived "O, formation causes the NO
depletion and PN formation, leading to PGIS inhibition and accumulation of the
vasoconstricting prostanoid PGH,. These findings may be relevant in understanding the
intracellular signaling targets to prevent the development and progression of diabetic

complications as summarized in scheme 7.1.



7-11

Hyperglycemia / Diabetes

'NO . High Glucose
V\ O ) O
FI’N
- 1 NOX
COX PGIS m 1\\ DAG ﬁ
AA —» PGH "’/"" PGI ‘g
v
NF B ® MAP-Kinase
¢ Cascade
COX-2 Activati_on_
. Endothelial Cell || of Transoription |
Vasoconstriction u
Adhesion Inflammatory

Aggregation Response



8-1
8 Vascular Aging

Contribution of coworkers to this work

Prof. Dr. Liischer
Bernd van der Loo (Coordination and porphyrinic NO microsensor)
Ralf Labrugger (Western blotting and MnSOD immunoprecipitation

Juliane Kilo (Isometric tension measurement)

Multi-Imaging Center, University of Cambridge

Jeremy Skepper (Immunoelectron microscopy)

Prof. Dr. Ullrich (Supervisor)

Own contribution (Superoxide measurement and TLC NOS-activity assay)

Published in:

van der Loo B, Labugger R, Skepper JN, Bachschmid M, Kilo J, Powell JM, Palacios-Callender M,
Erusalimsky JD, Quaschning T, Malinski T, Gygi D, Ullrich V, Luscher TF. Enhanced
peroxynitrite formation is associated with vascular aging. J. Exp. Med. 2000 Dec 18;192(12):1731-
44,

8.1 Introduction

Cardiovascular diseases increase in frequency with age, even in the absence of established risk
factors (Liischer and Noll, 1985). This suggests that aging by itself alters vascular function. The
endothelium exerts a multimodal regulation of vascular smooth muscle tone and structure by the
release of nitric oxide (NO), endothelium-derived hyperpolarizing factor, and prostacyclin. NO is
generated from L -arginine catalyzed by NO synthases (Palmer et al., 1988; Moncada and Higgs,
1993). One of these isoenzymes, endothelial NO synthase (eNOS), is constitutively expressed in
endothelial cells (Moncada, 1992). This enzyme is largely membrane associated as a result of NH;-
terminal myristoylation (Pollock et al., 1991), a reaction which regulates enzymatic biological

activity (Sessa et al., 1993; Busconi and Mitchel, 1993). Endothelium-dependent relaxation
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declines with increasing age (Tschudi et al., 1996). The underlying cellular and molecular
mechanisms associated with age-related endothelial dysfunction have not been elucidated, but
might involve: (a) changes in expression and/or activity of eNOS (Cernadas et al., 1998), (b)
increased breakdown of NO due to an augmented production of O, (Gryglewski et al., 1986), or
(c) a gradual loss of antioxidant capacity (Azhar et al., 1995), which normally provides cellular
protection against reactive oxygen species. The role of the L-arginine/NO pathway in the
pathophysiology of vascular aging is controversial. Both reduced levels of eNOS mRNA (Challah
et al., 1997) and increased eNOS enzyme expression combined with reduced activity (Cernadas et
al., 1998) have been reported. Therefore, our first aim was to clarify whether age-associated
endothelial dysfunction is causally related to alterations of the L -arginine/NO system. To this end,
molecular analyses of eNOS expression and its subcellular localization, which might affect the
biological activity of this enzyme system, were performed in aortas from young (4—6 mo), middle-
aged (19 mo), and old (32—35 mo) rats and correlated to direct measurements of NO production and
vascular function. Reactive oxygen species and especially are important modulators of NO activity
under various pathophysiological conditions (Harrison, 1997a) and are thought to be involved in
the aging process (Stadtman, 1992). In this context it seemed essential to assess the role of, which
might scavenge NO to form the powerful oxidant PN (Beckman et al., 1993; Koppenol, 1999). In
vivo generation of PN has not been directly demonstrated to date (Koppenol, 1999). Unlike (pK
4.8), PN (with a pK of 6.8) can easily penetrate cells in the protonated form because of its high
diffusibility across phospholipid membranes (Marla et al., 1997). PN is known to initiate oxidative
modification of proteins, including the nitration of aromatic rings (Beckman et al., 1992),
sulfoxidation of methionin, and S-nitrosation of cysteine followed by disulfide formation, thereby
rendering inactive certain functionally important regulatory proteins, like receptors or enzymes
(Haddad et al., 1994). Nitration of tyrosine is the underlying mechanism of prostacyclin synthase
inhibition by PN (Zou et al., 1997). Evidence for the in vivo formation of PN has been derived
from immunohistochemical detection of NT in human atherosclerotic lesions (Beckman et al.,
1994) and in the tissue of rejected human renal allografts (MacMillan-Crow et al., 1996). Recent
indirect evidence (Leeuwenburg et al., 1998) suggests that specific enzymes may selectively
accumulate oxidative damage during aging. This is supported by a recent study demonstrating
increased nitration of the sarcoplasmic reticular Ca-ATPase isolated from the skeletal muscle of 28-
mo-old F344 rats (Viner et al., 1996). Our second aim was to test the hypothesis that increased
nitration of protective, antioxidant enzymes, leading to their inactivation with age, might be a

contributing molecular pathway for oxidative damage to vascular tissue. We will show that the
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reduced endothelium-dependent relaxation associated with aging is not due to downregulation of
eNOS but rather to increased inactivation of NO by entailing altered NO bioavailability, as NO is
removed through the formation of PN. The evidence for a close association between the formation
of PN and age-associated vascular endothelial dysfunction provided in this study is further
strengthened by the demonstration of a selective nitration of MnSOD with increased age. The
paradoxical increase in eNOS expression and activity appears to be a compensatory mechanism

attempting to counteract increased NO inactivation by ‘O,
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8.2 Results

8.2.1 Weight, Heart Rate, and Blood Pressure

Body weight was higher in old and middle-aged rats than in young rats. Systolic blood pressure and

heart rate were not significantly different between the three groups (table 8.1).

Parameter Young Middle-Aged Old Significance Level
Weight (g) 305+8 537+7 514 + 20 'P<0.0001 for Y vs. M and Y vs. O
Systolic RR (mmHg) 121+8 117+ 4 117+2 NS
Heart rate (bpm) 334+8 323+14° 344 + 13 NS
Maximal relaxations (%)
Acetylcholine -96+2 -89+ 2 62+3 "P<0.0001 for Y vs. O and M vs. O
A 23187 76+ 1 74+ 4 47+4 'P<0.0001 for Y vs. O and M vs. O
Sodium 11142 -107 £1 -105+1 NS
nitroprusside
Maximal NO release 690 + 50 490 + 70 200 + 30 'P<0.0001 for Y vs. O
(nmollliter)
'P<0.001 for M vs. O
'P<0.01 for M vs. Y
NOS activity (pmol/min/mg)
Total 120+ 13’ - 216 £ 26 'P<0.01
Ca'" -dependent 23+10" - 144 + 14~ “P<0.001
Ca"" -independent 97 +15 - 72+12 NS
Superoxide (cpm/mg dry wt)
Basal 2,302 + 323’ 2,145 + 220' 6,058 +445  'P<0.0001 for Y vs. O and Mvs. O
Stimulated 82,495 + 6,033 108,439 +2,612" 175,058 + "P<0.01
36,080"
Table 8.1

Comparison and summary of different parameters in young, middle-aged, and old rats

Y, young; M, middle-aged; O, old; RR, blood pressure; bpm, beats per minute.

8.2.2 Age-dependent Impairment of NO-mediated Vascular Endothelial Function

In old rats, NO-mediated, endotheliumdependent relaxation to acetylcholine was markedly reduced

compared with young and middle-aged rats (fig. 8.1 A, and tab. 8.1). Furthermore, aging was
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Figure 8.1

Age-dependent changes in endothelium-dependent and —independent relaxation
of the rat aorta. Line graphs show concentration —response curves to A)
acetylcholine, B) calcium ionophore A23187, and C) sodium nitroprusside
(SNP). Relaxation to both endothelium-dependent agonists was reduced in old
aortas (P<0.0001). Endothelium-independent relaxation was unaffected.
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also associated with comparable reductions
of NO-mediated, endothelium- dependent
relaxation to the calcium ionophore
A23187 (fig. 8.1 B, and tab. 8.1). In
contrast, there was no impairment of
endothelium-independent relaxation to SNP

in aged animals (fig. 8.1 C, and tab 8.1).

8.2.3 Age-associated Upregulation
of the eNOS Enzyme System

Fig. 8.2 A depicts typical amperograms for
each age group of direct in situ ex vivo
measurements of NO on the aortic
endothelial ~ surface  after =~ maximal
stimulation with A23187 (10° M). A
receptor-independent agonist was chosen
for stimulation in order to delineate
changes of eNOS activity rather than
possible  age-associated  changes  of
receptormediated signal transduction. The
porphyrinic microsensor, with its fast
response time (0.1-10 ms), high sensitivity
for NO, and lack of sensitivity to secondary
species such as nitrate/nitrite, was chosen to
provide the most precise, direct
measurements  of  endogenous  NO
(Malinski and Taha, 1992). Maximal NO
levels were lower in aortas obtained from
old and middle aged animals compared
with those from young rats (fig. 8.2, and
tab. 8.1).
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gigg;?reofr;zdependent changes in aortic NO release. A) Representative amperograms of NO release from isolated and perfused aortas. NO release

was induced by calcium ionophore A23187 (10 M) and measured in situ on the endothelial surface using a porphyrinic microsensor. B) Bar
graph showing peak concentration of NO.

As NO in vascular endothelial cells is synthesized by eNOS, we investigated the possibility that
age-dependent changes might be related to alterations in the expression and/or activity of the eNOS
enzyme system. To this end, we determined eNOS protein expression selectively in homogenates
of endothelium using a new extraction method. Strikingly, we found that eNOS protein expression
steeply increased in an age-dependent manner, nearly sevenfold in old rats compared with young
ones (fig. 8.3 A) and nearly threefold in middle-aged animals (young versus old, middle- aged
versus old, and young versus middle-aged; P = 0.0001). The age-dependent increase in eNOS
expression was in sharp contrast to the decrease in NO detection. In contrast to eNOS, there was no
iINOS expression detectable in all age groups (data not shown). Analysis of the subcellular
distribution of eNOS protein expression revealed that, in all age groups, eNOS was exclusively
associated with the particulate, subcellular membrane fraction (fig. 8.3 A) containing the biological
activity of the enzyme (Sessa et al., 1993; Busconi and Michel, 1993). No eNOS was found in the
cytosolic fraction. To confirm that eNOS overexpression was also associated with a higher activity,
we determined eNOS activity by the conversion of 1-['*CJarginine into 1-['*C]citrulline. Using this
test we found that both total NOS activity and eNOS activity were significantly greater in old than
in young rats (fig. 8.3 B, and tab. 8.1). The sevenfold increase in eNOS activity in old aortas
parallels the increase in enzyme expression. In conclusion, fully active eNOS is upregulated with
age, although the bioavailability of its intended product, NO, is significantly diminished. However,
citrulline formation may not be stoichiometrically related to NO production, as a partial conversion
of NOS to its oxidase form will also yield l-citrulline as an end product (Vasquez-Vivar et al.,
1999).
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Figure 8.3

A Subcellular analysis of eNOS as detected by immunoblotting. Membrane-associated (M) and cytosolic (C) eNOS expression. Cytosolic
and membrane fractions were prepared from homogenates of each age group and analyzed by immunoblotting. Data are representative of
three experiments. HUVECs, human umbilical vein endothelial cells. B Activity of total NOS and eNOS in aortas from young and old rats.
Activity was measured in homogenates of aortic tissue by determination of the rate of conversion of | -[“CJarginine to | -[“C]citrulline.
Significance: eNOS, **P< 0.001; total NOS, *P< 0.01

8.2.4 Age-associated Increased Vascular Superoxide Formation.

*0O, is the main oxidant for NO (Dinerman et al., 1993). Therefore, we investigated the possibility
that increased tissue levels of *O,” might be the cause of the inactivation of NO. Using a lucigenin
enhanced chemiluminescence method, we found a threefold increase of basal and a twofold
increase of stimulated (A23187 10 M) "0, -generated chemiluminescence in old aortas compared

with young ones (fig. 8.4 A, and tab. 8.1).
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Figure 8.4

Age-dependent *O,  production. (A) Bar graph showing both basal amount of chemiluminescence generated by O, in aorta from young,
middle-aged, and old rats (*P < 0.0001 versus basal values for young and middle-aged rats) and maximal generation of chemiluminescence
after stimulation with calcium ionophore A23187 (10°° M). (B) The influence of endothelium: aortic rings from young and old (n = 6 each)
rats were mechanically denuded, and the basal chemiluminescence signal was compared with that from intact aortas.
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This assay, in the absence of added NADH, largely reflects O, production. To identify the source
of "0y, aortic rings were mechanically denuded. Thereafter, O, -generated chemiluminescence fell
from 6,058+445 to 2,293+625 cpm/mg (P= 0.02), suggesting that the endothelium is the primary
source of "0, generation (fig. 8.4 B). Values for young denuded aortas (3,019+£835 cpm/mg) did
not significantly differ from those obtained from young aortas with an intact endothelium
(2,3024+323 cpm/mg; NS). This suggests that in young aortas there is only a low, basal production

of O, and also that the age-associated increase in O, occurs within the endothelium.

8.2.5 Increased Vascular Deposition of Nitrated Proteins in Distinct Cellular and

Subcellular Compartments of the Vasculature.

We then sought to prove that PN was indeed formed after the trapping of NO by "0, in the aging
vasculature and, if so, to clarify its biological effects on antioxidative enzymes. Therefore, we
studied the distribution of 3-NT residues, which are typical end products of the reaction of PN with
biological compounds. As shown in fig. 8.5, aortic tissue sections from old animals exhibited a
markedly increased specific immunostaining with a monoclonal antibody to NT compared with
young animals. In the endothelium of old aortas (fig. 8.5 A), significant amounts of NT
accumulated in the nucleus, the cytosol, and the mitochondria compared with young aortas (fig. 8.5
B). The extracellular matrix of the intima (fig. 8.5 E) and vascular smooth muscle cells within the
media (fig. 8.5 G) of old aorta also had an enhanced immunolabeling compared with young tissue
(fig. 8.5, D and F, respectively). Depending on the subcellular compartment examined, a two to
sixfold increased labeling of old aorta was observed. A particularly high labeling density for NT
was found in the mitochondria of endothelial cells (data not shown). It is of importance to note that
these vessels do not exhibit any particular signs of atherosclerosis, as confirmed by electron

microscopy.
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Figure 8.5

The accumulation of 3-NT is increased in the aorta of the old rat compared with that of the young rat. Representative electron micrographs show
the pattern of immunogold labeling for 3-NT in thin sections of young (B, D, and F) and old (A, E, and G) aortas. Primary antibody binding sites
were visualized with goat anti-mouse IgG conjugated to 10-nm gold particles. (A) Intima of the aorta from an old rat. Label is densest over
mitochondria (m) and strong over nucleoplasm (n) and over endothelial cell cytoplasm. Sparse labeling is associated with the luminal
plasmalemma (large arrowheads) and stronger label is present over the abluminal plasmalemma (small arrowheads). Strong labeling is seen in the
subendothelial space (se). (B) Intima of the aorta from a young rat. Label is lower over mitochondria and cytoplasm and sparse over the luminal
plasmalemma (large arrowhead) and the abluminal plasmalemma (small arrowhead). (C) Intima of an old rat. The primary antisera against NT was
preincubated with 2x10-5 NT for 1 h before labeling as in A and B. Label density is reduced to levels lower than those seen in the young rats in all
compartments. (D) Intima of a young rat showing low levels of labeling over the endothelium (e) and sparse labeling over the subendothelial space
and the first elastic lamellae (1). (E) Subendothelial space and the first elastic lamellae of an old rat. Labeling density is much greater in both
compartments and is particularly dense over aggregates of electron dense material seen in the subendothelial space. (F) Smooth muscle cell in the
medial layer of the aorta of a young rat. Label is strongest over the cytoplasm (c) and low over the nucleoplasm and extracellular space (ec) and
seldom seen over the sarcolemma (arrowhead). (G) Smooth muscle cell in the medial layer of the aorta from an old rat. Labeling is much stronger
over the cytoplasm and is frequently seen over the sarcolemma (arrowheads). Bars, 0.5 um. Original magnifications: 322,000.

8.2.6 Increased Nitration of MnSOD as a Molecular Marker for Age-associated

Mitochondrial Oxidative Stress in the Vasculature.

Immunoelectron microscopy strongly supported that the most significant generation of oxidants,
namely ‘O, and PN, occurs within the mitochondria and in particular, in those within the

endothelium. This is of particular interest as, in a different pathophysiological context, the nitration
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Figure 8.6

Total protein expression and age-associated increased nitration of mitochondrial
MnSOD. Western blot of MnSOD (A) from young (lane 1), middle-aged (lane 2), and
old (lane 3) aortas. Extracted proteins were separated on 15% SDS-PAGE gels and
examined by Western blot with a polyclonal antibody against MnSOD. Recombinant
MnSOD served as a positive control (lane 4). Molecular weight markers are indicated
(in kD) on the left. (B) Nitrotyrosine-containing immunoprecipitated MnSOD from
young (lane 1), middle-old (lane 2), and old (lane 3) rats were separated by 15%
SDS-PAGE gels and analyzed by Western blot with a polyclonal antibody against
nitrotyrosine. Films were exposed for 15 s to 3 min. (C) Quantitative analysis of
tyrosine-nitrated MnSOD.
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and inactivation of mitochondrial
MnSOD had been reported
(MacMillan-Crow et al., 1996).
Therefore, it was considered important
that the effect of aging on this
mitochondrial enzyme was analyzed
further.  Surprisingly, = immunoblot
analysis of aortic homogenates from
different age groups with polyclonal
anti-MnSOD antibody revealed no
significant  change in  enzyme
expression (fig. 8.6 A). We then
confirmed nitration of tyrosine residues
in MnSOD by immunoblot analysis of
MnSOD, which had been
immunoprecipitated from aortic tissue
with a  polyclonal anti-MnSOD
antibody. Indeed, immunodetection
with  polyclonal antiNT antibody
showed increased levels of
tyrosinenitrated MnSOD in old and
middle-aged aortas compared with
young ones (fig. 8.6 B). Densitometric
analysis of the Western blots showed

that nitration of MnSOD significantly

increased with age in old aortic tissue (Fig. 8.6 C). To ensure that the same amounts of protein were

loaded, a silver staining was performed before each Western blot analysis (not shown).



8.3 Discussion

This study provides new insights into the mechanisms of endothelial dysfunction that occur with
age and offers a coherent picture of the underlying biochemical events. In agreement with previous
reports, we found that detectable levels of NO were clearly reduced with age but, for the first time,
we demonstrate that decreased NO production is a consequence neither of a reduced expression of
the NO producing enzymes nor of a reduced activity in the | -arginine/ NO pathway, as both are
sevenfold higher in aged compared with young aortas. As this was accompanied by a threefold
higher activity in endothelial *O, production, the age-associated, decreased endothelial NO levels,
and hence impaired vascular relaxation, must be a consequence of the known rapid reaction
between the two radicals. The resulting formation of PN is confirmed by enhanced "0, vascular
nitration. The conclusion that NO must be inactivated by is supported by three observations: (a) in
the old aorta, reduced NO levels occur in the presence of increased eNOS expression and activity;
(b) increased *O;" levels with aging occur concomitantly with decreased NO levels; and (¢) “Oy
rapidly reacts with NO to form PN, and this reaction is reflected by tyrosine nitration in proteins
such as MnSOD.

Based on these new findings, we hypothesize an age related gradual change in a distinct network of
different signals, including up- and/or down regulation which controls vascular function.
Mitochondria and an increased one-electron oxidation of respiratory chain components may be
involved in the initial reactions. As a consequence, the protective mechanisms that preserve
endothelial function are dramatically “switched on” (i.e., upregulation of the eNOS enzyme
system), but the balance between vascular protection and damage cannot be preserved, as it is in
young animals. As the functional responses to the receptor-dependent and -independent
endothelium-dependent vasodilators acetylcholine and A23187, respectively, were superimposable,
age-associated endothelial dysfunction is not related to an alteration of the signal transduction
pathway, but instead to reduced bioavailability of NO.

Paradoxically, both eNOS protein expression and | -arginine turnover were increased sevenfold in
aortas from old animals. Previous work demonstrated a marginal increase in eNOS protein
expression, but not activity, in the aorta of 20-month-old male Wistar rats (Cernades et al., 1998).
The increase described here is much more dramatic and might be due to the considerably higher
age of the animals used in this study and to our new technique for the isolation of vascular
endothelium. In addition, we found that eNOS activity was similarly increased, demonstrating the

functional integrity and in fact overactivity of the | -arginine/NO pathway even at extreme age.
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This conclusion is further strengthened by the subcellular distribution of eNOS. Association of
eNOS with the cell membrane determines the biological activity of the enzyme, and its location in
caveolae may facilitate NO signaling to adjacent smooth muscle cells (Busconi and Michel, 1993).
It is likely that the eNOS enzyme system is overactivated in aged blood vessels as a compensatory
mechanism to counterbalance endothelial dysfunction induced by age-dependent oxidative stress.
Another reason for increased eNOS expression might be hemodynamic forces such as shear stress,
which have been shown to upregulate eNOS in vitro (Ranjan et al., 1995). However, neither blood
pressure, heart rate, nor hematocrit value changed with age in these animals. In contrast to eNOS,
there was no significant difference in both iNOS activity and expression between young and old
animals, suggesting that iNOS does not contribute to the compensatory mechanism of NOS
upregulation. The major and crucial finding of this study is the markedly increased ‘O, production
(most of which was derived from the endothelium) with aging. The use of lucigenin to detect O,
in tissue has recently become a subject of controversy, as lucigenin may itself enhance ‘O,
formation (Tarpey et al., 1999, Liochev and Fridovich, 1997). However, if autoxidation of
lucigenin had in part contributed to O, generation, this would have been applicable to the same
extent to all age groups and would not affect the relative differences observed. The increased "0y
production led to an inactivation of equimolar amounts of NO by the formation of PN, which, in
turn, exhibits new messenger functions. The highest density of immunogold labeling for 3-
nitrotyrosine was found in the mitochondria, in particular in those within the endothelium,
indicating that nitration was dominant in these organelles and supporting their importance in the
cascade of events contributing to the aging process. This may well have distinct pathophysiological
consequences. Although we did not directly investigate mitochondria, it is reasonable to assume
that mitochondria themselves may be a major source of O, and PN in the aging vascular system
(Beckman and Ames, 1998). Autoxidation of components of the respiratory chain would lead to the
formation of *O,", which is the one-electron reduction product of oxygen. Increased *O,” production
is unsuccessfully counter-balanced by the enhanced expression and activity of NO-synthesizing
enzymes. At least in the chronic process of vascular aging, this directly involves eNOS but not
iNOS, although in situations of acute oxidative stress, iNOS may also be induced (Crespo et al.,
1999). PN nitrates an essential tyrosine residue in Mn-SOD with the participation of manganese
catalysis. In fact, our results suggest that the nitration of tyrosine within Mn-SOD might be a
mechanism leading to a significant reduction of its activity (Mac-Millan-Crow et al., 1998), and a
possible further increase of “O; formation. Nitration and dityrosine formation, both of which can

easily be mediated by PN, are both required to completely inhibit MnSOD. However, a partial
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inhibition of this crucial enzyme may also have important biological consequences (MacMillan-
Crow, L.A., personal communication). MnSOD 1is the major antioxidant enzyme in the
mitochondria of all mammals, and it is an endogenous nitration target in human renal allograft
rejection (MacMillan-Crow et al., 1996). This study is the first to suggest that the degree of
nitration of this enzyme may also be a molecular footprint of vascular aging. Proof for a pivotal
role of MnSOD is provided by a recent report showing that genetic inactivation of Mn-SOD in
mutant mice results in premature death (Melov et al., 1998), and that treatment with the SOD
mimetic manganese—tetrakisbenzoic acid-porphyrin (MnTBAP) dramatically prolongs their
survival. Manganese porphyrins also have a high capacity for the elimination of peroxynitrite (Lee
et al., 1998). Our findings suggest that mitochondrial MnSOD may be a potentially important and
novel drug target for the alleviation of vascular aging. It is of particular interest to the design of
future therapeutic strategies to combat nitration-associated vascular aging to note that manganese
porphyrins become even more efficient reductases for peroxynitrite when coupled with the
biological antioxidants vitamin C, vitamin E, and glutathione, all of which serve as electron sources
for the reduction of peroxynitrite (Lee et al., 1998). Although 3-nitrotyrosyl labeling would be in
line with a mitochondrial source of *O,’, other sources, such as NADPH-oxidase (Channock et al.,
1994), xanthin oxidase, or eNOS (Cosentino et al., 1998a) itself, also have to be considered as
contributors to ‘O, and PN formation. eNOS, in the absence of cofactors such as
tetrahydrobiopterin, or in case of insufficient substrate supply, will exhibit oxidase activity
(Vasquez-Vivar et al., 1999). The dramatic increase in activity and expression of eNOS seen in the
aged aorta may eventually not (or not only) be beneficial as an attempt by the organism to maintain
endothelial function, but rather be detrimental, with eNOS becoming part of a redox system that
increases electron transfer to oxygen. However, attempts to identify eNOS as the enzymatic source
of O, will be hampered by the fact that selective inhibitors of its oxidase activity are not available
to date. It remains to be determined whether eNOS plays a more pathological or a more protective
role in vascular aging. As eNOS expression and citrulline formation from | -arginine are
dramatically increased with age, the diminished formation of free NO must be primarily a
consequence of augmented ‘O, generation. The link between increased ‘O, production and
decreased NO release is stringent in view of the known chemistry, kinetics, and diffusion properties
of both free radicals. This reaction is currently accepted as the main biological source of PN
responsible for tyrosine nitration (Goldstein et al., 2000, Reiter et al., 2000). This would also be in
agreement with our measurements of “O,” and nitrated proteins. Future work will be concerned with

the identification of nitrated PGIS, the only other enzyme for which nitration by reaction with PN
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and subsequent inactivation has been reported (Zou and Bachschmid, 1999d), and which has been
associated with endothelial dysfunction in atherosclerosis (Beckman et al., 1994) and ischemia-
reperfusion damage (Liu et al., 1997). The analysis presented here sets the basis for future studies
in the field of vascular aging, in particular for those aimed at preventing age-related vascular
dysfunction. Based on the knowledge of the mechanisms involved in the aging process of the
endothelium, which is crucial to maintain normal vascular function, strategies to prevent this
process should be designed and tested. New therapeutic interventions to prevent vascular aging
might have enormous medical consequences given the strong age dependency of cardiovascular

diseases.
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9.1 Introduction

The strong correlation between age and the incidence of cardiovascular diseases, in
the absence of other risk factors, suggests that aging per se alters vascular function. In
agreement with the "oxidative stress hypothesis" of aging, a markedly increased *Oy
production followed by NO conversion to PN occurring with aging has been shown
(van der Loo et al., 2000). However, the molecular mechanisms responsible for this
age-dependent increased formation of O, remain obscure. In the setting of other risk
factors for the development of cardiovascular diseases, such as diabetes mellitus (Ishii
et al., 1998), hypertension (Rajagopalan et al., 1996), and hypercholesterolemia (O'
Hara et al., 1993) the PKC-/NAD(P)H oxidase pathway appears to be responsible for
enhanced oxidative stress. Hink and coworkers (2001) have recently shown that in
diabetes mellitus, PKC inhibition may restore endothelial function.

Endothelial NAD(P)H oxidase differs in terms of structure and biochemical activity
from the phagocyte oxidase. It consists of membrane-bound (cytochrome b558,
containing p22™™* and gp91phox) as well as cytosolic components (p40P", p47P"**
and p67°™*) which assemble by transfer of the cytosolic components to the
membrane, followed by association with cytochrome b558 to become fully active.

PKC, after becoming activated itself by translocation from the cytosol to the
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membrane (Hug and Sarre, 1993), is known to activate the NAD(P)H oxidase
(Griendling et al., 2000), which, in turn, increases the production of *O,” by a one
electron reduction of molecular oxygen using NAD(P)H as the electron donor
(Babior, 1999).

We wanted to investigate the hypothesis that an age-associated augmented PKC
activity and hence increased assembly of components of the NAD(P)H oxidase may

also be a molecular pathway for oxidative damage during the process of vascular

aging.

9.2 Results

9.2.1 Age-associated increased vascular superoxide formation

Using the lucigenin-enhanced chemiluminescence assay, which, in the absence of
added NADH, largely reflects O, production, we found a 3-fold increase of basal -
generated chemiluminescence in old aortas as compared with young and middle-aged
ones (data not shown). In young and middle-aged aortas there is only a low, basal

production of *O;".

9.2.2 PKC activity

To assess the effect of aging on PKC activity we measured its phosphorylation
activity in the cytosolic and in the membrane-rich subcellular fractions. The
translocation of this enzyme from the cytosol to the membrane is considered as one of
the hallmarks of PKC activation (Hug and Sarre, 1993). The levels of total PKC
activity found in the cytosolic (fig. 9.1 A) and membrane fractions (fig. 9.1 B) of
aortic tissue pooled from middle-aged and old animals did not significantly differ
from those in young aortas. In particular, no age-dependent increased translocation

from the cytosol to the plasma membrane could be observed.
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Figure 9.1
Bar graphs showing the effect of age on protein kinase C (PKC) activity in the particulate (A) and cytosolic (B) fraction. Age did
not affect the PKC activity in fractionated homogenates from rat aorta. Data are mean of pooled tissue samples (n=6)

9.2.3 p47phox and p67phox detection and expression

NAD(P)H oxidase activity requires the assembly of p47™™* and p67°™*, the latter of
which is a limiting factor in enzyme activity. Therefore, p47°"* and p67°"* mRNA in
rat aorta were amplified by RT-PCR, and a 123 bp (p47°™*) and a 137 bp (p67"™)
product were validated by size, melting point analysis with the light cycler and
sequencing. Both semiquantitative (Fig. 9.2 A and 9.2 B) and quantitative (Fig. 9.2D)
RT-PCR analysis revealed no statistically significant changes of p47phox (crossing
points: Young = 26.9+0.18; Old = 27.54+0.64) and p67°™* (Crossing points: Young =
33.0540.6; Old = 32.28+£1.1) expression with increasing age. Melting point analysis
confirmed the high specificity of the amplified products (Fig. 9.2C).

A

Aged Rat Young Rat
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Figure 9.2

RT-PCR analysis of p47°"* (A) and p67"™* (B). 2 ug
of total RNA were subjected to RT-PCR and then
analyzed by TBE buffered polyacrylamide gel
electrophoresis. Positions and sizes of the DNA
markers (in base pairs) are shown.

Representative RT-PCR Light Cycler™ analysis of
p47", p67™* and GADPH in aortic homogenates
from a young and an old rat performed with CYBR
Green™ (C). Melting point analysis for specificity
control of the amplified products (D).

Control

7™

GAPDH

9.3 Discussion

Our study was performed in 3-year-old rats, which do not exhibit hypertension,
diabetes or atherosclerosis. It was initiated by the finding that aging results in a
markedly increased vascular ‘O, production. PKC-mediated activation of the
NAD(P)H-oxidase has been shown to be a major source for O, in the
pathophysiological setting of other known risk factors for the development of
cardiovascular diseases (Cai and Harrison, 2000). However, in contrast to our
expectations, translocation of PKC activity from the cytosol to the membrane was not
increased as a function of age. Furthermore, p47°™™* and p67™"*, essential components

of the NAD(P)H oxidase, remained unchanged with age. p47phox plays a crucial role
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in vascular NAD(P)H oxidase activation (Li et al., 2002) as it regulates the electron
transfer from FAD to cytochrom b558, eventually leading to O, generation (Babior,
1999). Although it has been shown that p47°" alone is not absolutely necessary for
NAD(P)H oxidase activation (Koshkin et al., 1996), p67°" is indispensable (Cross
and Curnutte, 1995). Therefore, one may assume that our results largely reflect the
status of NAD(P)H oxidase as a whole.

Recently, it has been shown that incubation of aortic vessels derived from 1-year-old
rats with the NAD(P)H oxidase inhibitors DPI and apocynin resulted in a significant
decrease in "0, production (Hamilton et al., 2001). However, those inhibitors are not
specific for NAD(P)H oxidase and may also act on other oxidases.

We conclude that the major source of ‘O, in the setting of vascular aging originates
from a different oxidase activity. Xanthine oxidase (Marczin et al., 1996), a
malfunctioning endothelial NO synthase (Cosentino et al., 1998), or mitochondrial
respiratory chain components (Beckman and Ames, 1998) are oxidase systems which
may account for the age-associated enhanced production of O, According to many
reports on reactive oxygen species production with age, the primary source may be a
modified electron transport chain in the mitochondria (Beckman and Ames, 1998).
This assumption was indirectly supported by our finding of tyrosine-nitrated
mitochondrial Mn-SOD in these aged rats (van der Loo et al., 2000), which suggests
the formation of mitochondrial derived PN and hence probably mitochondrial *O;" as
a primary reactant. A more direct proof for the source of O, remains a challenge for
future research. However, an exact discrimination between these alternative oxidase
activities is hampered by the lack of specific inhibitors (Wang et al., 1993).

We suggest that vascular aging is a distinct process well different from the
pathophysiological situation seen in the context of other cardiovascular risk factors,
where a decisive role for PKC-mediated activation of the NAD(P)H oxidase system
has previously been described (Rajagopalan et al., 1996; O'Hara et al., 1993; Hink et
al., 2001). Eventually understanding the mechanisms of vascular aging would elicit
pharmacological efforts to interfere with this process and remains a challenge for

future research.



10-1

10 General Discussion

This work was initiated by the observation that treatment with PN inhibits PGIS with
a concomitant appearance of a protein band that positively reacts with an antibody
against NT. This study has confirmed tyrosine nitration of PGIS as the underlying
mechanism of enzyme inhibition and has provided evidence for a broad physiological
and pathophysiological significance of this new posttranslational protein
modification. Our results focus on superoxide as a messenger, which combines with
NO to exert tyrosine nitration. It turned out that the important process of endothelial
activation is primarily based on superoxide generation, which can be mediated by
xanthine oxidase (endotoxin), NADPH-oxidase (hyperglycemia/ diabetes),
mitochondria (aging) or NO-synthase - oxidase (still under debate, e.g. aging). The
results of this study are discussed under the aspects of

chemistry and biochemistry of PGIS nitration

superoxide as a messenger and

endothelial cell activation type |

10.1 Nitration of PGIS

Prerequisite of this study was the development of a method for the reliable and
sensitive detection of both NT and nitrated PGIS. Two different methods have been
established: The immunoprecipitation of nitrated proteins, followed by Western
blotting and immunostaining of PGIS and the total hydrolysis of microsomes and
homogenates followed by HPLC analysis. Both methods revealed the unusually high
stability of the enzyme towards digestion and unfolding.

Only chemically based methods allow a real quantification and identification of NT.
Antibodies directed against small epitopes such as the nitro group can lead to
unwanted cross-reactivities, thus leading to false positive results. HPLC analysis in
connection with UV/VIS- and electrochemical detection provides a sensitive and
specific method. Commonly applied acidic hydrolysis was inappropriate, since under
acidic pH, even traces of nitrite lead to artefactual nitration (Frost et al., 2000).

Therefore, total digestion with pronase was used and revealed an unusual high
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resistance of the core protein. Only after 72h, the digestion was almost complete. The
disadvantage of this procedure was the high accumulation of amino acids from the
self-digested proteases, which had to be supplemented at several times. This led to
loss of sensitivity in HPLC analysis. To overcome this problem, alkaline hydrolysis
was applied. Shorter incubation times for complete hydrolysis were required and after
this improvement of the experimental conditions the sensitivity was well suited for
biological samples. Optical absorbance at 362 nm and the electrochemical potential of
800 mV confirmed the NT specificity. NT -analysis of microsomes correlated well
with the applied PN concentrations and the amount of nitrated PCS detected by
immunoblotting. Also samples of LPS treated bovine coronary arteries yielded higher
concentrations of NT, compared to controls. However, this was not yet a sufficient

proof for a nitration of PGIS and another method was required.

Immunoprecipitation of nitrated proteins with a monoclonal antibody serves as a very
sensitive detection method, but specificity should be confirmed independently. When
the antibody was blocked with either nitrated peptides or nitrotyrosine the antibody
reactivity as well as the reduction of the nitro-group with Na-dithionite to
aminotyrosine were abolished,. Treatment with “soft” reducing agents like B-
mercaptoethanol or DTT had no effect on nitrotyrosine formation as established by
HPLC analysis. Further observations demonstrated that protein denaturation was
essential for NT epitope presentation and antibody binding. The stripping procedure
of blot membranes always increased sensitivity and specificity of the anti NT
antibody. Therefore, a denaturating immunoprecipitation method using high stringent
buffers and heat denaturation of the antigen gave reproducible results. The IP was
dependent on the concentration of PN and the amount of protein. Sensitive and
reliable detection of nitrated PGIS was achieved in vascular tissue homogenates or
lysed endothelial cells. The precipitates were further digested by trypsin, and the
resulting peptides were identified by MALDI-TOF-MS. This often resulted in a poor
yield of the sequence recovery analysis, best explained by the high proteolytic
stability of the enzyme (approx. up to 50% at best per experiment of the expected
peptide yield). using this technique , The exact positioning of the nitro-group was
impossible, since the high laser energy and the matrix molecules yield extensive
fragmentation of nitrated peptides. Nevertheless, the specificity of the IP for nitrated
PGIS was confirmed. This powerful method revealed that PGIS is already nitrated at
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submicromolar concentrations of either exogenously or endogeously generated PN
and paralleled decreased plasma levels of 6-keto-PGF;,. In Several models, such as
hypoxia-reoxygenation, hyperglycemia and endotoxemia altered levels of nitrated
PGIS were demonstrated. Thus, this work gives a reference for PGIS nitration in the
endothelium and its participation in physiologically relevant signaling processes as a
target enzyme in the redoxregulation of the vessel system. Next to the oxidation of
thiols or methionine residues the nitration of tyrosine in PGIS can be considered as a

new pathway in redox regulation.

10.2 Superoxide as a Messenger

As a consequence of the definite establishment of tyrosine nitration in PGIS as a
regulatory mechanism one has to conclude that the triggering event for this regulation
is the generation of ‘O, in conjunction with NO. This new concept seems
controversial at first glance since, to date, O, has been claimed as an ubiquitous
reactive oxygen intermediate which is generated during many redox processes in the
cell. However, the presence of high concentrations of O, in cells, in mitochondria
and even extracellularly makes it necessary to have strictly controlled "0, levels
which may range as low as 10 mol/l under normal conditions. Therefore, on top of
these resting levels, certain enzymes would be able to provide elevated levels of *Oy,°
which then may be responsible for selective actions of the radical.

The low chemical reactivity of ‘O, hardly allows oxidative modifications of
biological molecules. Upon reaction with NO, however, the resulting PN represents a
very reactive molecule and therefore PN would act as a potent mediator of oxidative
modifications such as sulthydryl groups oxidation or tyrosine nitration. In the case of
PGIS the high specificity for this process also involves a compartmental component
since the production of NO occurs in the near neighbourhood of PGIS for which a
localisation in the caveolae has been shown. If a source of "O, in the same
environment existed the resulting local concentrations of PN could be sufficiently
high and would therefore add specificity to the process of nitration. It should be

mentioned that PN is also a candidate for the conversion of methionine to methionine
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sulfoxide and for the oxidation of zinc finger proteins (Daiber et al., 2002) so that the
nitration of tyrosine is only one of three reactions performed by peroxynitrite.

In search of potential sources for O, one has to consider at first the many reports
showing NADPH oxidase as an important enzyme in leukocytes which also has been
found in various isoforms in other cells like fibroblasts or smooth muscle. It has also
been associated with the activation of the angiotensin-II receptor in the endothelium.
Another source is xanthine oxidase which has been known since a long time but has
always been considered as a degradation product of xanthine dehydrogenase. This
enzyme can be converted to its oxidase form either by thiol oxidation or proteolytic
attack (Harrison, 1997b). Xanthine oxidase may also be attached to the endothelial
membrane after release from liver and transport in the blood stream (White et al.,
1996; Radi et al., 1997). O, formation requires the presence of xanthine or
hypoxanthine as hydrogen donors, which, under pathophysiological conditions, can be
provided from ATP breakdown in quite high concentrations. Under those conditions
mitochondria would be damaged and the respiratory chain would be able to transfer
electrons to oxygen, thereby giving rise to "O,". This has been found under several
pathophysiological conditions involving damaged mitochondria. Finally the discovery
of NO synthase as an oxidase has provided a new pathway for O, generation. This
seems to require an oxidative modification of NO synthase since an oxidative release
of zinc under monomerisation of the enzyme would generate the oxidase form (Zou et
al., 2002a; Xia et al., 1998). Thus there are four mechanisms known to date which
could provide superoxide anions in a defined way and in quantities sufficient for PN
formation when NO production has been increased in the presence of calcium or the
MAP38 kinase phosphorylation cascade. The model of LPS -treated coronary
segments suggests that xanthine oxidase is a major ‘O, -generating system.
Allopurinol can be used as a selective inhibitor but more work is required to identify
the exact role of xanthine oxidase in this process. One definitely can rule out other
reactive oxygen species since the involvement of PN is clearly indicated by the
inhibitory effect of added Cu/Zn-SOD. To prove the involvement of *O, this is still
the most specific tool. Thus for our present investigations the fluorescent and
luminescent probes for *O," like lucigenin, coelenteracine or L0-12 have been used in
association with the inhibitory action of SOD. For future work it will be important to

identify the primary source of "0, since one can imagine situations in which a
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primary source is followed by the activation of secondary and even third mechanisms
of O, formation. The latter would apply for xanthine dehydrogenase or NO synthase
which can be converted by oxidation to their oxidase forms. Mitochondria could also
get oxidized at critical SH groups of the permeability transition pore and then could
join the *O, burst as a very powerful generator of this species. In summary our results
indicate that *O,” in conjunction with NO forms PN as the highly reactive oxidant of
*0O;" in cellular systems. The recent discovery in our laboratory that *O;” can inhibit
calcineurin by oxidation of its ferrous active form represents a second mechanism
how a peroxide intermediate is generated by electron transfer to *O,. This then
possesses enough oxidizing energy to change the structure of macromolecules as a

signal transduction mechanism.

10.3 Endothelial Cell Activation Type 1

This thesis work demonstrates that activation of different sources of ‘O, leads to the
same effects on the vessel tone and vascular homeostasis as by inhibition of PGI,-
synthesis. This is the most important result of this work, since it describes a detailed
and cohered elucidation of how free radicals can modulate endothelial cell activity.
Elevated *O;" levels lead to a complete inversion of the endothelial properties, without
induction of any gene or expression of new protein. This conversion is typically
finished in less then 1h. Many reports and hypotheses deal with such findings, but
they never gave an exact molecular explanation. The use of Different terms is also
misleading like endothelial dysfunction, priming or stunning. Actually, all effects are
based on the activation of the endothelium and ,as an appropriated term, “endothelial
cell activation” (ECA) should be used. Two types where described in literature, but
the aim of this study was to concentrate on the initiation of ECA, which is also called
ECA Type 1. This phase is characterized by endothelial cell retraction from each
other, expression of P-selectin and the release of von Willebrand factor. Such events
are independent of de novo protein synthesis and are essentially completed within 1 h.
A second stage (ECA Type II) becomes apparent after about one hour and involves
induction and expression of early genes like the adhesion molecules ICAM or
VCAM, proinflammatory cytokines and regulatory enzymes like NOS-2 and COX-2.

As a consequence white cells can tightly adhere and emigrate into tissues, NO and
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prostaglandins are formed in excess and cytokines may modulate the further
inflammatory response. This type has already been well characterized previously and
was not in the focus of this study.

The following scheme summarizes and explains the signalling pathways:

1. Physiological Situation
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2. Pathohysiological Situation
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If physiological conditions start to change, 1. e. in the context of local invasion of
pathogens, reduced oxygen supply, high glucose etc., corresponding *O,” sources are
activated. The study demonstrates, for endotoxemia that a further agonist like Ang II
or bradykinin is required to trigger a parallel generation of NO to form PN.

Two effects will now change the balance of endothelium-derived relaxing factors. The
first and most obvious effect is the trapping of NO, neutralizing its biological activity.
The second effect concerns the newly formed PN, which nitrates PGIS at already very
low concentrations. This reaction involves the catalysis by an active -site located
heme—thiolate complex (P450). Otherwise millimolar concentrations of PN are
required for tyrosine nitration. Nitration at the Y430 near the active site may hamper
the substrate access to the heme, thus reducing the amount of synthesized PGI,.
Constitutive COX converts free arachidonic acid in a two step reaction to PGH,,
which serves as substrate for the enzymes of the prostaglandin metabolism. The
capacity of COX-1 remains unchanged and thus PGH, accumulates. This molecule

acts on the TxA,/PGH; receptor leading to smooth muscle contraction and platelet
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activation. Since PGH, is an unstable metabolite, being converted to PGE,, and thus
triggering the expression of P-selectin.

This model gives a satisfactory explanation how the single messenger molecule *Oy
changes vascular homeostasis, by guiding and completing the endothelial cell
activation type I. According to our results one can describe ECA type I as a shift of

the relaxing factors NO and PGI, to PGH, as a potent vasoconstricting messenger.



11 Outlook

Biological regulation obeys the classical Yin-Yang principle, which is also reflected in the modern
laws of cybernetics. Phosphorylation-dephosphorylation is the best example of a reversible protein
modification by which many biological pathways are controlled and embedded in regulatory
networks.

Redox reactions emerge as a possible second mechanism, in which oxidation of thiols or
methionines to disulfides or sulfoxides can modify enzyme activities in one way and reduction
restores the original activity. Nitrotyrosine formation as shown for PGI:-synthase could be
established as an oxidative reaction leading to inhibition, but the reversal has not yet been observed.
We hypothesize that, in the case of the prostacyclin synthase, such a mechanism involving a
nitroreductase may also exist. Unpublished observations provide a first hint for the reactivation of
PGIS in physiology. After some hours PGI, levels were restored in endothelial cell culture,
although the half lifetime of PGIS is over twenty four hours and mRNA- as well as protein levels
remained unchanged. This suggests the “reactivation” of the enzyme by a mechanism apparently
independent of a de novo synthesis of the enzyme. First reports for such a concept came from the
laboratory of Murad (Kamisaki et al., 1998). He discovered that the nitration of BSA was reduced
after incubation of the protein together with NADPH and spleen homogenate from endotoxin
treated rats. The new putative enzyme was termed “nitrotyrosine denitrase”. In contrast nitrated
proteins can be also rapidly degraded by the proteasome pathway (Souza et al., 2000), which seems
not to be the case for PGIS.

Since P450 enzymes are generally associated with a reductase, such an activity could be involved in
the reduction of nitrotyrosine. This process would require redox-equivalents from NADPH, as it
was demonstrated by the experiments of Murad and coworkers. In the case of PGIS a possible
associated reductase is still unknown. However, any two-electron transfer could generate the
nitroso-derivative which, in direct neighborhood of a phenolic group, is known to migrate to form
R-O-N=0O which then hydrolyses to nitrite and the starting phenol. This putative
reduction/migration and splitting could then also constitute a complete cycle of redoxregulation for
the nitration of tyrosine. In order for tyrosine nitration in PGIS becoming generally accepted as a
reversible postranslational modification, this mechanism we here propose has to be investigated in
future work. This then would perfectly fulfill the cybernetic laws and serve as an impressive model

of redox-regulation and modulation of endothelial properties.
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12 Zusammenfassung

Diese Arbeit wurde durch die Beobachtung initiiert, dass sich die Prostacyclin
Synthase durch Peroxynitrit hemmen ldst und mit dem Auftreten einer Nitrierung
einhergeht. Die vorliegende Studie bestétigt die Tyrosin-Nitrierung der Prostacyclin
Synthase als zugrundeliegenden Mechanismus fiir die Enzymhemmung und liefert
zahlreiche Hinweise fiir die physiologische und pathophysiologische Bedeutung als
posttranslationale Modifikation. Unsere Befunde konzentrieren sich auf die
Signalmolekiilfunktion von Superoxid, welches nach der Kombination mit NO zur
Nitrierung von speziell exponierten Tyrosinen fiihrt. Es stellte sich heraus, dass der
Prozess der endothelialen Aktivierung hauptsichlich auf der Bildung von Superoxid
beruht, welches von der Xanthin-Oxidase (Entziindung), NADPH-Oxidase
(Hyperglykdmie/ Diabetes), den Mitochondrien (Alterung) oder der NO-Synthase-
Oxidase (wird fiir die Alterung noch debattiert) stammt. Die Resultate dieser Studie

wurden diskutiert unter dem Aspekt der:

1. Chemie und Biochemie der Tyrosin-Nitrierung in der Prostacyclin-Synthase
(PGIS)
2. Bedeutung von Superoxid als Signalmolekiil

3. Rolle von Peroxynitrite bei der endothelialen Zellaktivierung
Die wichtigsten Ergebnisse sind im Folgenden zusammengefasst:
1. Nitrierung der Prostacyclin Synthase

e Fir diese Studie wurden zwei zuverldssige und empfindliche
Methoden fiir den Nachweis der PGIS-Nitrierung und Nitrierung im
allgemeinen etabliert. Zum einen die Immunoprezipitation der
nitrierten PGIS und zum anderen die Totalhydrolyse von Homogenaten
mit nachfolgender HPLC-Analyse.

e Beide Methoden in Verbindung mit MALDI-TOF
Massenspektroskopie, bestétigten die durch  Peroxynitrit

hervorgerufene Nitrierung der PGIS.
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Die angewandte Methodik bestétigte eine hohe Stabilitit der PGIS
gegeniiber proteolytischer Zersetzung und Denaturierung.

Erhohte Nitrierung der PGIS konnte in einigen Modelsystemen, wie
zum Beispiel Hypoxie-Reoxygenierung, Hyperglykdmie und

Endotoxdmie nachgewiesen werden.

2. Superoxid als Signalmolekiil

Unsere Resultate zeigen, dass Superoxid in Verbindung mit NO
Peroxynitrit bildet, welches als hochst reaktive Form des Superoxid-
Radikals in zelluldren Systemen fungiert.

Im frithen Stadium der Entziindung in bovinen Koronargefifien,
konnte die Xanthin-Oxidase als maBgebliche Superoxid-Quelle
identifiziert werden.

Am Alterungsprozess der BlutgefiBle sind die Mitochondrien ein
entscheidender Bildungsort fiir Superoxid, zum Teil bedingt durch die
Reduktion von funktioneller Mn-SOD.

Die Superoxid-Generierung in der Hyperglykdmie/ Diabetes wird
durch die Induktion der NADPH-Oxidase und iiber ihre Aktivierung

durch die Protein Kinase C verursacht.

3. Die Aktivierung der Endothelzelle - Typ I

Diese Arbeit belegt, dass verschiedene endogene Superoxid-Quellen
zur 1. Phase in der Endothelzellaktivierung fithren kdnnen und damit
die Funktion des Endothels modulieren.

Erhohte vaskuldre Superoxid-Spiegel invertieren innerhalb einer
Stunde die endothelialen Eigenschaften, ohne dabei die Gen- bzw.
Proteinexpression zu verdandern.

Die gesteigerte Superoxid-Freisetzung fiihrt nach der Reaktion mit NO
zur gesteigerten Peroxynitrit Bildung, welches die PGIS nitriert und
inaktiviert. Dadurch werden die zwei wichtigen Signalmolekiile NO

und PGI,, die zum Erhalt der vaskuldren Homoostase unerlasslich sind,
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stark reduziert. Im Gegenzug akkumuliert das Substrat der PGIS,
Prostaglandin ~ Endoperoxid H,, welches vasokonstriktorische
Eigenschaften tber seine Aktivierung des TP-Rezeptors besitzt.
Dadurch wird das Gleichgewicht der endothelialen Mediatoren

zugunsten der Vasokonstriktion verschoben.
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