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Abstract

Vascular tone is regulated by the relative contributions of endothelium-derived relaxing
(EDRFs) and contracting factors (EDCFs). Augmented release of EDCFs causes an
impaired endothelium-dependent relaxation and endothelial dysfunction. Extensive
studies suggest a positive role of cyclooxygenase (COX)-1 in the appearance of
endothelium-dependent contractions in hypertensive and diabetic animal models, but
little is known of the involvement of COX-2, which is over-generalized to be primarily
an inducible enzyme during inflammation without a constitutive function. Limited
information is available on how COX, in particular COX-2, in the regulation of normal
vascular tone.

Aging is regarded as an independent risk factor for the development of
cardiovascular diseases. Increased contribution from COX has been demonstrated in
hypertensive animatl models in which vascular premature aging occurs. However, it
remains largely unclear about the role of COX in healthy aging, and which component
of the vascular wall contributes to the release of EDCFs. Of importance, COX-2 can
be chranically up-regulated by aging and risk factors such as the elevated circulating
and tissue level of angiotensin 1l (Ang Il) as reported in hypertensive and/or diabetic
patients with vascular complications. In addition to vascular tone regulation, COX-2 is
found to be localized in human vascular inflamed tissue indicative of a pro-
inflammatory role. It remains obscure whether COX-2 acts directly as a downstream
effector in mediating Ang ll-induced vascular pathologies. To resolve the missing links
of COX-2 in endothelium-dependent contractions and vascular inflammation, the
present study was divided into three sub-projects, employing a combination of
experimental approaches including functional assessment of vascular reactivity by
isometric force measurement, Western blot analysis on relevant protein expression,
and knockdown of targets by small interfering RNA. Human renal and mesenteric
arteries were used to verify the relevance of the cell- and animal-based studies in
human vasculatures.

In the first part of the study, | investigated whether COX-2 participated in the
occurrence of endothelium-dependent contractions in the aortae from young (~3
month-old) hamsters and identified the most possible EDCF. Endothelium-dependent



contractions were elicited by acetylcholine and abolished by COX-2 inhibitors (NS-398,
DuP-697 and celecoxib) and thromboxane-prostanocid (TP) receptor antagonists (S
18886, L-655,240 and GR 32191), but not by COX-1 inhibitors {valeryl salicylate and
sc 560). RT-PCR and Western blot analysis using aortae with and without endothelium
revealed that the COX-2 expression was localized mainly in the endothelium. Levels
of prostangladin Fa, (PGF3,) and prostacyclin (PGl;) increased in response to
acetylcholine and the release of both prostaglandins was inhibited by COX-2 but not
COX-1 inhibitors. Exogenous PGF,, but not PGl caused contractions at a
concentration that corresponded to the amount released endogenously. The release of
PGF,; was not affected by the presence of nitric oxide (NO). The resulis of the present
study suggest that a novel constitutive role of COX-2 in endothelium-dependent
contractions, with its metabolites PGF,; acting as a physiological EDCF in the young
hamster aortae.

Based on the results aforementioned, | went on in the second part of the study
to examine the impact of aging on EDCF-mediated contractions - the alterations of
COX-2-mediated endothelium-dependent contractions and the associated release of
prostaglandin{s) in the aortae from aged (>18 month-old) hamsters. Endothelium-
dependent contractions in the presence of N®-nitro-L-arginine methyl ester (L-NAME)
were significantly greater in the aortae from aged hamsters and contractions could
also be observed without L-NAME, which were sensitive to COX-2 inhibitors and TP
receptor antagonists. The levels of COX-2 expression, the release of PGFy, and
vascular sensitivity to PGFz, were augmented in aortae of aged hamsters. The
present results indicate a positive impact of aging on COX-2-derived PGF,,-mediated
endothelium-dependent contractions,

In the third part of the study, | investigated the relationship and the intracellular
signaling cascades linking two pro-inflammatory factors Ang Il and COX-2, and tested
whether COX-2 mediated the Ang ll-induced vascular pathogenesis. Eight hour-
incubation with 100 nmol/L Ang |l resulted in maximal COX-2 expression in primary rat
endothelial cells and it was inhibited by losartan and RNA synthesis inhibitor
(actinomycin-D). Inhibitors of either p38 MAPK or ERK1/2 (respectively SB 202190
and PD 98059) decreased the COX-Z2 expression, and co-treatment with both
inhibitors caused an additive effect, suggesting a joint mediation through both kinases.
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Protein kinase C (PKC} inhibitor (GF109203X), and particularly, the specific PKCs
inhibitor (rottlerin), prevented Ang ll-induced phosphorylation of ERK1/2 and COX-2
expression, indicating an upstream regulation of ERK1/2 by PKC;. A pivotal role of
PKCs in Ang ll-induced COX-2 expression was further supported by a similar
stimulatory effect of PKC activator, signified by the Ang Il-stimulated translocation of
PKC; to the membrane and confirmed by its phosphorylation (Tyr*'"). Small interfering
RNA targeting PKC; (siPKCs) diminished COX-2 expression, which was abrogated in
siPKCg-treated cells treated with SB 202190, confirming the parallel pathways of
PKCs-ERK1/2 and p38 MAPK. Acrlae and renal arteries from Ang [l-infused rats
exhibited an increased endothelial COX-2 expression and impaired acetylcholine-
induced relaxation that was normalized by celecoxib. Human mesenteric arteries
incubated with Ang [l demonstrated elevated endothelial COX-2 and MCP-1
expressions, of which the former was inhibited by SB 202190 plus rotilerin and the
latter prevented by COX-2 inhibitor celecoxib. Renal arteries from hypertensive or
diabetic patients revealed an exaggerated expression of COX-2 and MCP-1 in the
endothelium. The present novel findings indicate that the activation of PKCs-ERK1/2
and p38 MAPK is critical in Ang il-induced COX-2 up-regulation in endothelial cells,
and identify a COX-2-dependent pro-atherosclerotic cytokine MCP-1.

To conclude, the present study provides novel evidence showing a positive role
of COX-2 in mediating endothelium-dependent contractions, how it is up-regulated by
Ang Il in endothelial cells and the associated inflammatory response. These findings
may raise the possibility of curtailing endothelial COX-2 expression and activity as the
means of limiting or preventing of vascular inflammation.
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Chapter |

Introduction

1.1 Endothelial function
A monolayer of endothelial cells is located in the innermost compartment of the
vessel wall. Instead of serving as an inert barrier between circulating blood and
vascular smooth muscle cells, the endothelium is actively contributing to
vascular function and homeostasis. Endothelium synthesizes and releases
vasoactive factors to regulate the vascular tone in response to physical or
chemical stimuli such as shear stress, circulating hormones, cyokines and
platelet- or coagulation-derived substances. These vasoactive factors include
endothelium-derived relaxing factors (EDRFs) and contracting factors (EDCFs).
EDRFs are best characterized to consist of nitric oxide (NO), prostacyclin (PGl;)
and endothelium-derived hyperpolarizing factors (EDHFs). As for EDCFs, their
identities are less well-defined due to the heterogeneity in vascular beds and
among species. Possible candidates include reactive oxygen species (ROS),
endothelin-1 and metabolites derived from cyclooxygenase (COX).

in addition to vascular tone reguilation, endothelium also confers
protection to the vascular wall against inflammatory insults. Healthy
endothelium is a non-adhesive and anti-thrombotic surface that minimizes the
interaction between endothelium, platelets and immune cells (Nabel, 1991). NO
and PGI; are by far the most extensively studied molecules participating in the

prevention of vascular inflammation and remodeling.
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1.1.1 Vascular tone regulation
Vascular tone is the net outcome resulting from the relative contributions of

EDRFs and EDCFs.

1.1.1.1 EDRFs
NO, PGIl; and EDHFs are the main EDRFs that mediate endothelium-
dependent relaxations.

NO is generated by the constitutively expressed NO synthase (NOS) in
the vascular wall, which mainly resides in the endothelium. NOS converts the
substrate L-arginine to NO and L-citruline (Palmer et al, 1988), with
tetrahydrobiopterin as an essential co-factor (Moncada et al., 1991). NO
production appears Ca**-dependent as stimulated by most agonists such as
acetylcholine and bradykinin; in contrast, NOS activation by shear stress is
dependent on protein tyrosine kinase but not Ca** (Ayaijiki et al., 1996). Upon
release, NO freely diffuses to the adjacent vascular smooth muscle layer and
activates the soluble guanylate cyclase, leading to a subsequent increase in the
cyclic GMP levels (Rapoport and Murad, 1983). The cyclic GMP-dependent
protein kinase is then activated, stimulating extrusion of cytosolic Ca®* and
membrane hyperpolarization via opening K' channels, thereby leading to
vasodilatation (Lincoln et al., 1994).

The vasodilatory effect of PGI; is dependent on the presence of its
natural receptor, the adenylate cyclase-coupled IP receptor (Coleman et al.,
1994, Halushka et al., 1989; Kukovetz et al., 1979). Activation of the IP receptor
increases the intracellular production of cyclic AMP, which extrudes cytosolic
Ca®* (Bukoski et al., 1989) and stimulates membrane hyperpolarization by
activating the ATP-sensitive potassium channels (Karp) (Parkington et al., 2004).

2
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Though NO and PGlI; can independently mediate vasodilatation, NO potentiates
the effect of PGl as NO-induced elevation of cyclic GMP level can sustain the
level of cyclic AMP by inhibiting the phosphodiesterase that breaks down cyclic
AMP {Delpy et al., 1996; Vanhoutte, 2001).

Contribution of EDHFs in the regulation of vascular tone increases with a
reducing size of the arteries (Shimokawa et al., 1996). The exact identity of the
EDHFs, however, remains controversial. K* (Edwards et al., 1998), cytochrome
PA450 epoxygenase-derived epoxyeicosatrienoic acid (Campbell et al., 1996),
hydrogen peroxide (Matoba et al., 2002; Matoba et al., 2000} are proposed to
be members of the EDHF family, which can activate K* channels including the
inwardly rectifying K* channels (Kir) (Edwards et al, 1998), the large-
conductance Ca’-activated K* channels (Kc.) (Campbeli et al., 1996;
Gebremedhin et al., 1992; Hu and Kim, 1893; Matoba et al., 2002; Matoba et al.,
2000), thus hyperpolarize the plasma membrane of vascular smooth muscle

cells, resulting in vasodilatation.

1.1.1.2 EDCFs
Endothelium-dependent contractions are mediated by EDCFs, of which their
exact identity is less-well defined. Endothelium-derived ROS such as
superoxide anion and hydrogen peroxide are the possible EDCF candidates
that mediate vasoconstrictions induced by shear stress (Shimizu et al., 1994)
and are involved in Ca?" mobilization in the vascular smooth muscle cells
(Suzuki and Ford, 1992). These oxygen radicals also acutely scavenge NO io
induce a contractile tone.

To date, a large body of converging evidence suggests that a majority of
EDCFs are arachidonic acid metabolites derived by COX. Endoperoxides

3
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prostaglandin (PG) G, and PGH, (Auch-Schwelk et al., 1989; Ito et ai., 1991),
thromboxane A; (TxA;) (Shirahase et al., 1988) and PGl (Gluais et al., 2005)
are released upon acetylcholine stimulation and they act on TP receptors to

mediate endothelium-dependent contractions.

1.1.1.3 Balance between EDRFs and EDCFs

Vasodilatory effect of EDRFs predominates over the constrictions induced by
EDCFs in normal vasculature and thus vasodilatation prevails. In pathological
states, there is an increase in COX activity and/or reduction in NO bioavailability.
The balance of the reiative contributions from EDHFs and EDCFs is disturbed,
which favors the action of contracting factors, leading to persistent

vasoconstrictions (Figure 1.1).

1.1.2 Protection against vascular inflammation

NO not only functions as a potent vasodilator, but also actively protect the
endothelium from vascular inflammation. NO inhibits platelet adhesion and
aggregation (Radomski et al., 1990), and negatively modulates the expression
of pro-inflammatory cytokines and adhesion molecules such as monocyte
chemoattractant protein-1 and intracellular adhesion molecule-1 at the
transcriptional level (lkeda et al., 1996; Lee et al, 2002). NO can suppresses
the synthesis of endothelin-1 (Alonso and Radomski, 2003), which is a powerful
vasoconstrictor and promotes cell proliferation and inflammation. Apart from NO,
PGz also attenuate platelet activation and aggregation (Braun et al., 1993;

Gimson et al., 1980; Hohlfeld et al., 1992).
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PGF,,
NO PGH,
PGl, ~EDRFs EDCFs< T4,
EDHF -« ! - ROS
Isoprostanes
I
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y dysfunction
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v

EDCFs
\
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FIGURE 1.1.

Balance of endothelium-derived relaxing factors (EDRFs) and
contracting factors (EDCFs}) in the regulation of vascular tone. When
the production of EDRFs diminishes and/or EDCFs are over-
generated, the imbalance favors vasoconstrictions. NO, nitric oxide;
PGl,, prostacyclin; EDHFs, endothelium-derived hyperpolarizing
factors; PGF,,, prostaglandin Fo,;, PGH,, prostaglandin Hj;; TxA;,
thromboxane A,; ROS, reactive oxygen species.
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1.2 Endothelial dysfunction

Endothelial dysfunction refers to an abnormal regulation of vascular tone and a
diminished protection of the endothelium on the vascular wall which allows the
initiation and progression of vascular inflammation. The leading causes of the
cardiovascular events associated with endothelial dysfunction include
exaggerated oxidative stress, a reduction of NO bioavailabilty and the

activation of protein kinase C (PKC).

1.2.1 Exaggerated oxidative stress

ROS are generated from the reduction-oxidation (redox) reactions involving
molecular oxygen in aerobic cells. They are broadly classified into two
categories, free radical that contains an unpaired electron and nonradical
derivatives. Free radicals can exist independently, but their unpaired electrons
make them highly reactive and unstable, thus their half-lives are relatively short.
As for nonradicals, they are less reactive and more stable. Examples of free
radicals include superoxide anion, hydroxyl radical, lipid peroxide and peroxyl,
while hydrogen peroxide and peroxynitrite are nonradicals.

ROS at controlled levels serve as signaling molecules that mediate
physiological responses. For instance, hydrogen peroxide acts as an EDHF
mediating acetylcholine-induced vasodilatation in murine small mesenteric
arteries (Matoba et al., 2000). Intracellular ROS production is tightly regulated

by the activity between the radical generating and the anti-oxidative enzymes.

1.2.1.1 Hyperreactive radical generating enzymes
Vascular superoxide anion can be generated by nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase) (Rajagopalan et al., 1996;

6
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Ushio-Fukai et al., 1998}, xanthine oxidase (Landmesser et al., 2007; Whiie et
al., 1996), lipoxygenase (Radogna et al, 2009), COX (Tang et al., 2007),
uncoupled endothelial NOS (eNOS) (Vasquez-Vivar et al., 1998) and
mitochondrial oxidase (Victor et al., 2009). Elevated expression and activity of
NADPH oxidase appears to account for the over-production of superoxide anion
in most pathological conditions including diabetes and atherosclerosis. Recently,
the role of mitochondrial respiratory chain in free radical generation has caught
attention in mediating vascular complications (Dikalova et al., 2010; Jones et al.,

2008).

1.2.1.2 Reduced anti-oxidative defense

Anti-oxidative enzymes function to prevent the oxidation of the substrate of
radical generating enzymes, thereby preventing ROS production. The major
anti-oxidative enzymes are superoxide dismutase (SOD), catalase and
glutathione peroxidase (Faraci and Didion, 2004; Johnson and Giulivi, 2005;
King et al., 2010; Nishikawa et al., 2009; Valdivia et al.,, 2009). SOD is
presented in three forms, the cytosolic Cu/Zn-SOD (SOD-1), the mitochondrial
Mn-SOD (SOD-2) and extracellular SOD (SOD-3) {Faraci and Didion, 2004).
S0OD dismutates superoxide anion into water and hydrogen peroxide, of which
the latter is further converted to water and molecular oxygen by catalase and
glutathione peroxidase. Catalase is important when the concentration of cellular
hydrogen peroxide is high while glutathione peroxidase predominates when the
concentration is low (Nicholis, 1972). Membrane phospholipids are protected
from oxidation by glutathione peroxidase which actively donates protons fo the
phospholipids to maintain it in a reduced state {Li et al., 2009). Deletion of
glutathione peroxidase accelerates cardiac hypertrophy and dysfunction

7
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(Ardanaz et al., 2010) while over-expression of anti-oxidantive enzymes can

ameliorate ROS-mediated vascular dysfunction (Van Rheen et al., 2010).

1.2.2 Decreased NO bioavailability

NO bioavailability is the key to maintain vascular homeostasis. However, being
a radical, it can be easily scavenged by ROS. Treatment with NADPH oxidase
inhibitors, apocynin or diphenyliodonium, and SOD mimetic tempol can acutely
restore the attenuated endothelium-dependent relaxations in the aortae of
diabetic db/db mice (Wong et al., 2010b), indicating that NO is rapidly depleted
by ROS upon release and hence renders them non-functional. Reduction in the
eNOS expression also impairs NO production. Pro-inflammatory cytokine tumor
necrosis factor-a (TNF-a) can directly suppress the eNOS mRNA level in
human endothelial cells (Yoshizumi et al., 1993). In the aortae of streptozotocin-
induced diabetic rats, ROS downregulate the eNOS expression level, which is
normalized by the chronic treatment with apocynin (Olukman et al., 2010). AVE
9488, an eNOS enhancer that increases the expression level of eNOS, protects
the heart against ischemia/reperfusion injury and ameliorates portal

hypertension (Biecker et al., 2008; Frantz et al., 2009).

1.2.3 PKC activation

Activation of PKC pathways is closely associated with hyperglycemia- or
diabetes-induced endothelial dysfunction. PKC directly increases endothelial
permeability to albumin (Lynch et al., 1990), possibly mediated by PKC, and
PKCg1 (Hempel et al, 1997; Nagpala et al., 1996). Hyperglycemia-induced
advanced glycation end products, diacylglycerol (DAG) synthesis and oxidative
stress can activate PKC, thereby impairing NO-mediated endothelium-

8
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dependent relaxations and promoting the release of endothelin-1 and COX-
derived vasoconstrictive prostanoids such as TxA; (Cardillo et al., 2002;
Cosentino et al.,, 2003; Hink et al, 2001). Hyperhomocystinemia-induced
endothelial dysfunction and reduction in the eNOS activity is reversed by a
broad spectrum PKC inhibitor GF 109203X (Jiang et al., 2005). Treatment with
a PKCp inhibitor LY333531 prevents high glucose-induced up-regulation of
NADPH oxidase subunits (Quagliaro et al., 2003). Induction of adhesion
molecules VCAM-1 is mediated by PKC activation (Deisher et al., 1993).
Partmentier et al. (2006) has pointed out a critical role of PKC;in the Ang II-

accelerated neointimal growth in the rat carotid after balloon injury.

1.3 COX and endothelium-dependent contractions

COX represents a major source of arachidonic acid-derived vasoconstrictive
prostanoids. Chemical agonists such as acetylcholine (receptor-mediated) or
Ca** ionophore (A23187, receptor-independent) can trigger both the NO-
mediated vasodilatory pathway and COX-mediated production of
vasoconstrictors in response to the increase in intracellular Ca** levels.
Inhibition of the vasodilatory effect from NO allows the unmasking of EDCF-

mediated endothelium-dependent contractions.

1.3.1 COX-1 and COX-2

COX exists mainly in two isoforms in endothelial cells, termed as COX-1 and
COX-2, localized in the endoplasmic reticulum or nuciear envelope (Smith et al.,
2000). COX-1 is expressed constitutively in many cells types, including
endothelial cells and vascular smooth muscle cells (Hla and Neilson, 1992),
while COX-2 is generally regarded as the inducible isozyme in response to
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stimuli such as shear stress (Topper et al, 1996), TNF-a, and
lipopolysaccharide (Williams et al., 1999). Recently, the third isoform COX-3
has been identified, which is mainly involved in pain and fever (Schwab et al.,

2003).

1.3.2 COX-mediated arachidonic acid cascade

The membrane-bound COX first converts arachidonic acid to PGG; and PGHy,
which are then enzymatically transformed by respective synthases or
isomerases into conventional prostanoids namely PGD;, PGE;, PGFa,, PGl
and TxA; (Figure 1.2). These prostanoids are regarded conventional since they
act correspondingly to their natural G protein-coupled receptor of DP, EP, FP, IP
and TP receptors, the five basic receptors for these prostanoids. COX-1 and
COX-2 share similar capacity to generate PGH, preceding the chemical
conversion into the five conventional prostanoids (Smith et al., 1996). Although
COX-2 is a predominant generator of systemic PGl;, recent studies have
demonstrated that local vascular PGly production is mainly derived from
endothelial COX-1 but not COX-2, which is not expressed in various human
arteries (Flavahan, 2007). The expression of COX isoforms is thus one of the
determinants on which of these isozymes is involved in the prostanoid
production.

The type(s) of prostanoid produced also depends on the expression and
activity of prostaglandin isozymes/synthases. For example, endothelial cells of
spontaneously hypertensive rats (SHR) expresses an elevated level of
prostacyclin synthase (PGIS) (Tang and Vanhoutte, 2008), thus PGH; is more

readily converted to PGl, under the action of the over-expressed PGIS.
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FIGURE 1.2

Arachidonic acid metabolism via cyclooxygenase (COX). Membrane
phospholipids are converted to arachidonic acid by phospholipase
A, (PLAp). COX-1 or COX-2 then utilizes arachidonic acid as the
substrate to generate prostaglandin (PG) G, and PGH,, which is
further transformed into various PGs and thromboxane A; (TxAy)
under the action of respective synthases. (Modified from Botting,

2004)
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1.3.3 COX-independent release of isoprostanes

Utilizing the same substrate as COX, isoprostanes are formed from arachidonic
acid, however, via a free radical-catalyzed mechanism independent of COX
activity in humans (Davi et al., 1997; Davi et al., 1999). Morrow et al. (1990} is
the first to demonstrate the production of isoprotanes in human through
peroxidation of arachidonic acid. Indeed, the level of isoprostanes has been
taken as a reliable clinical biomarker for cardiovascular diseases with active
modulatory effects on vascular tone. Isoprostanes such as 15-Fx-IsoP cause
potent TP receptor-mediated contractions in blood vessels in vitro and in vivo,
and the response is enhanced with the removal of endothelium (Cracowski et
al., 2001). Besides directly acting on the TP receptor, isoprostanes aiso
stimulate the release of TxA; and endothelin-1 from endothelial cells (Daray et
al., 2006; Fukunaga et al., 1995; Yura et al., 1999), which in turn might act as

EDCFs.

1.3.4 Pre-requisites for endothelium-dependent contractions

Though different prostancids are proposed to be EDCF candidates, the
common pre-requisites for the appearance of endothelium-dependent
contractions are the presence of the thromboxane-prostanocid (TP) receptor in

the vascular smooth muscle cells and a source of extracellular Ca*".

1.3.4.1 TP receptor

TP receptor appears to be the common target for the released prostancids as
endothelium-dependent contractions are sensitive to TP receptor antagonism,
even though each prostancid has its own natural receptor. This may be
attributed to a non-selective affinity of the TP receptor towards the structurally
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similar prostanoids (Figure 1.3). Thus PGl,, which conventionally acts on its IP
receptor to produce a vasodilatory effect, activated the TP receptor resulting in

endothelium-dependent contractions in the aortae of SHR (Gluais et al., 2005).

1.3.4.2 A source of extracellular Ca**

COX-1 and COX-2 are not Ca®-dependent enzymes, but cytosolic
phospholipase A, (PLA) requires Ca?* ions to convert membrane phospholipids
to arachidonic acid as the substrate for COX. This explains why receptor-
independent Ca®" ionophore can also trigger prostanoid synthesis and
endothelium-dependent contractions (Shi et al., 2008; Shi et al., 2007; Tang et
al., 2007). A recent study from Wong et al. (2010a) further substantiates that
Ca® influx is essential to endothelium-dependent contractions and store

operated Ca?* channel (SOCC) activated by Ca**-independent PLA; is involved.
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FIGURE 1.3.

Non-selectivity of TP receptor (TPR) to prostanoids. Except its
natural agonist thromboxane A, (TxAp), prostacyclin (PGly),
prostaglandin F,, (PGF,,) and isoprostanes can also activate TPR.
ACh, acetylcholing; COX, cyclooxygenase;, O,", superoxide anion;
IPR, prostacyclin receptor; FPR, FP receptor; EC, endothelial cell;
VSMC, vascular smooth muscle cell.
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1.3.5 Endothelium-dependent contractions in pathological states

Hypertension, diabetes and aging are the most prominent pathological states in
which an increased COX activity is observed. The roles of COX-1 and COX-2
are indispensable in terms of which isoform is involved in which pathological

states due to the heterogeneity of vascular beds and species.

1.3.5.1 Hypertension

As first demonstrated in the human brachial artery that non-selective COX
inhibitor indomethacin improves vasodilatations in hypertensive patients (Taddei
et al, 1997a), it is clear that COX is involved in the pathogenesis of
hypertension. In an attempt to elucidate the mechanism of endothelium-
dependent contractions in hypertension, several animals models are adopted,
among which SHR are most commonly employed. SHR aortae exhibit impaired
acetylcholine-induced endothelium-dependent relaxations and pronounced
endothelium-dependent contractions as compared with the aortae from age-
matched normotensive control Wistar-Kyoto rats (WKY) (Luscher and Vanhoutte,
1986). Indomethacin normalizes the attenuated endothelium-dependent
relaxations in SHR aortae and mesenteric arteries (Luscher et al., 1990;
Luscher and Vanhoutte, 1986), suggesting that the reduced relaxations to
acetylcholine is probably not caused by a reduced production of EDRFs, rather
due to an enhanced level of the simultaneously released EDCFs which
counteract the vasodilatory effects of relaxing factors on vascular smooth
muscle cells. Not only does acetylcholine stimulate greater indomethacin-
sensitive endothelium-dependent contractions in SHR aortae, the contractions
are also observed in arterial rings stimulated by serotonin {(Auch-Schwelk and

Vanhoutte, 1991), endothelin (Taddei and Vanhoutte, 1983), adenosine
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triphosphate (Mombouli and Vanhoutte, 1993), and Ca®* ionophore (Yang et al.,
2004), suggesting that augmented endothelium-dependent contractions may
not be related to an increased sensitivity of muscarinic receptors to
acetylcholine in arteries from hypertensive animals. More serious investigation
into which COX isoform is responsible for the contractions begins with the use
of more selective COX inhibitors targeting either isoforms, with which
endothelium-dependent contractions in the SHR are preferentially inhibited by
the COX-1 inhibitor (Ge et al., 1995).

Oxygen radicals evokes an enhanced endothelium-independent
contraction, which is sensitive to COX-1 inhibition and TP receptor antagonism
in SHR aortae, while acetylcholine-induced endothelium-dependent
contractions are also prevented by superoxide dismutase mimetic (Yang et al.,
2002), implying a possible link between ROS and COX-1. ROS may be
upstream of COX-1 and activates COX-1 activity, resulting in the release of
prostanoids. Since oxygen radical-induced vaso-contractions are suppressed by
the COX-1 inhibitor, it is unlikely that ROS or hydroxyl radicals per se act as an
EDCF. Indeed, oxygen-derived free radicals do not actually trigger a release of
prostaglandins (Auch-Schwelk et al., 1990). This may be due to a release of
ROS-catalyzed but COX-independent isoprostanes which is yet to be confirmed.
This phenomenon is explainable if ROS trigger the production of COX-1-derived
ROS, which in turn catalyze the formation of isoprotanes acting on the TP
receptor to cause vasoconstrictions. Of note, Tang et al. (2007) has
demonstrated that in SHR endothelial celis an ACh-induced COX-mediated
production of ROS is inhibited by indomethacin.

The release of contracting factor(s) can be agonist-specific even in the
same vascular bed. While acetylcholine stimulates the release of PGI; in SHR
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aortae {Gluais et al., 2005), endothelin increases the level of TxA; (Taddei and
Vanhoutte, 1993) and Ca®* ionophore elevates the level of both prostanoids
(Gluais et al., 2006).

Though the aforementioned endothelium-dependent contractions in SHR
aortae are mediated primarily by COX-1, evidence also exists that SHR
endothelial cells can synthesize and liberate COX-2-derived prostaglandins. For
example, endothelial COX-2-derived PGF,, and 8-isoprostane underlie the
augmented a-adrenoceptor-induced contractions in SHR arteries (Alvarez et al,
2005), and vasoconstrictions in response to ferf-butyl hydroperoxide, an
oxidative stress from lipid peroxidation, are COX-2-mediated (Garcia-Cohen et
al,, 2000). In deoxycorticosterone acetate salt-induced hypertensive rats, the
COX-2 protein level is elevated and intra-peritoneal administration of a selective

COX-2 inhibitor NS-398 attenuates hypertension (Adeagbo et al., 2005).

1.3.5.2 Diabetes

The impaired flow-mediated vasodilatation in the brachial artery is observed in
subjects with visceral obesity and diabetes (Hashimoto et al., 1998; Ihlemann et
al., 2002), and this has attracted the attention as to whether diabetic
vasculopathies are attributed to an enhanced release of contracting factors.
Simple experiments using isolated aortae from normal rabbit that are exposed
to high glucose have aiready pinpointed a role of COX and the associated
generation of vasoconstricitng prostanoids, TxA, and PGFz, under
hyperglycemic conditions (Tesfamariam et al., 1990). Early studies show a
significant reduction of endothelium-dependent relaxations accompanied by
augmented acetylcholine-induced contractions in the aortae of alloxan-induced
diabetic rabbits, and that non-selective COX inhibition or TP receptor
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antagonism restores the impaired relaxations and abolished the contractions.
TxA; or its precursor PGH,; (Tesfamariam et al, 198%8), and 15-
hydroxyeicosatetraenoic acid (15-HETE) are all proposed as the contracting
factors in this preparation while the release of 15-HETE is also elevated in high
glucose-treated aortae of normal rabbits (Tesfamariam et al., 1995).

Diabetic vasculopathies are not limited to aortae. Severely attenuated
endothelium-dependent relaxations and enhanced acetylcholine-induced
contractions are observed in mesenteric arteries of type 2-diabetic Otsuka
Long-Evans Tokushima Fatty (OLETF) rats compared with the age-matched
control Long-Evans Tokushima Otsuka (LETO) rats. Acetylcholine-stimulated
production of TxA; and PGE; is increased, accompanied by an elevated
expression of COX-1 and COX-2, while the activity of endothelial NO synthase
and protein expression of extracellular superoxide dismutase are reduced in the
OLETF rats (Matsumoto et al, 2007). Chronic oral treatment with
eicosapentaenoic acid to the OLETF rats reverses the imbalance between
vasoconstrictions and relaxations, possibly through restoring the NO production
and suppressing the COX-2 up-regulation via inhibiting extracellular signal-
regulated kinase (ERK) and nuclear factor-xkB (NF-xB) {Matsumoto et al.,
2009b). Chronic treatment with metformin (an oral anti-diabetic drug),
pyrrolidine dithiocarbamate (a thiol antioxidant) or ozagrel (thromboxane
synthase inhibitor) improves the NO- and EDHF-mediated relaxations and
reduced the EDCF-induced contractions by reducing the production of
vasoconstrictive TxA;, PGE;, superoxide anion and normalizing NF-xB activity
(Matsumoto et al., 2009a; Matsumoto et al., 2008, Matsumoto et al., 2009c).
Mesenteric arteries from diabetic db/db mice at age over 12 weeks exhibit a

greater transmural pressure-induced myogenic tone, which is sensitive to COX
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inhibition and TP receptor antagonism, indicating a positive attribution from
vasoconstricting prostanocid(s) (Lagaud et al., 2001).

Streptozotocin induces diabetes in rats by destroying p-cells in the
pancreas. Peredo et al. (2006} examined the profile of the released prostanoids
upon the induction of diabetic condition with streptozotoecin, and found that the
prostanoid release in rat aortae remains unaltered in the 1% month after
streptozotocin treatment. As diabetes proceeds, PGl production starts to
decline from the 4™ month onwards with an increased release of
vasoconstricting metabolites in both the aortae and mesenteric arteries,
indicating that long-term diabetic condition can lead to unfavorable modification
in prostanoid production. In the femoral arteries of streptozotocin-treated rats,
augmented Ca®" ionophore-induced endothelium-dependent contractions are
inhibited by indomethacin, TP receptor antagonist $18886 (terutroban) and
thromboxane synthase inhibitor dazoxiben, suggesting a role of TxA; when
diabetes progresses from 4 to 12 weeks after streptozotocin treatment, COX-1
expression is increased and EP-1 receptor antagonists are needed in addition
to terutroban to prevent endothelium-dependent contractions (Shi et al., 2007),
implying that PGE> may be another prostanocid generated by the dysfunctional
endothelium. While the EDCF identity of PGE; is yet to be confirmed in
streptozotocin-induced diabetic rats, Rutkai et al. (2009) has recently shown
that a 4 day-oral administration of EP-1 receptor antagonist AH6809 markedly
lowers the elevated systolic biood pressure in db/db mice and that AH6809
reduced the augmented pressure- and angiotensin ll-induced tone of
pressurized gracilis muscle artericles from untreated db/db mice. Exogenous
PGE; or selective EP-1 receptor agonist 17-phenyl-trinor-PGE; causes greater
contractions in the arterioles and EP-1 expression is higher in the aortae in
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db/db mice (Rutkai et al., 2009}, which is indicative of a contributory role of
PGE: in diabetic vascular dysfunction. In alloxan-induced diabetic female Wistar
rats, relaxations to acetylcholine in the perfused mesenteric arteriolar bed are
reduced, accompanied by an increased production of superoxide anion, and
both harmful effects were ameliorated with the COX-2 inhibitor diclofenac
(Akamine et al., 2006), suggesting that COX is not only involved in the
formation of vasoconstricting prostanoid, PGF3, in this case, but also actively
exerting oxidative stress in vasculatures.

Renal pathophysiology is common in diabetic patients (Kamgar et al.,
2006; Mogensen and Schmitz, 1988). Renal COX-2 expression and activity are
elevated in both streptozotocin-induced type 1 diabetic rats and Zucker type 2
diabetic fafty rats, while the latter also exhibits a reduction in COX-1 expression
and an increased urinary excretion of PGE; and TxB, (Komers et al., 2001;

Komers et al., 2005).

1.3.5.3 Aging

The brachial artery NO-dependent vasodilatation is usually taken as an index in
evaluating vascular function in humans. Even among normotensive subjects,
the dilatation decreases with advancing age. Infusion of indomethacin
remarkably potentiates the vasodilatation , indicating an increase release of
COX-derived products which counteract the dilatory effect of NO during aging.
Hypertension facilitates the early onset of aging in the vascular wall, such that in
patients with essential hypertension, impaired vasodilatations that are
responsive to COX inhibition are observed at a comparatively younger age
(Taddei et al., 1997b). Over-production of COX-derived vasoconstrictors
contributes prominently to the development of vascular dysfunction during aging.
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Premature aging is also well documented in animal experiments involving
spontaneously hypertensive rats (Abeywardena et al., 2002; Arribas et al., 1994;
Fujii et al., 1993, Ibarra et al., 2006; Kung and Luscher, 1995).

Since the vasodilatory effect of NO diminishes with age owing to a
reduction of its bioavailability, endothelium-dependent contractions are more
pronounced and readily observed in aged animals. In the aortae of aged rats,
particularly the spontaneously hypertensive rats, endothelium exerts less
inhibition on the contractile responses towards 5-HT resulting in greater
contractions. While indomethacin does not modify 5-HT-induced contractions in
arteries from younger WKY and in endothelium-denuded arteries from young
SHR and aged WKY, it prevents the contractions in arteries from young SHR
and aged WKY with intact endothelium. Surprisingly, 5-HT-induced contractions
in endothelium-denuded arterial rings from aged SHR are also sensitive to
indomethcin, indicating that senescent vascular smooth muscles may be
another source for COX-derived vasoconstricting factors (Ibarra et al., 2006).

Endothelium-dependent contractions to Ca?* ionophore are significantly
greater in the femoral arteries from aged rats when compared with their younger
counterparts. While these contractions are eliminated by indomethacin, they
can be partially inhibited by specific inhibitors to COX-1 and COX-2, suggesting
a joint activation of both COX isoforms during aging. Of note, the protein level of
COX-1 and COX-2 are both augmented, whereas the latter was actually
undetectable in arteries from younger rats (Shi et al., 2008), which is indicative
of an emerging role of COX-2 in aging. Genomic studies on endothelial cells
show an increase in the mRNA levels of COX-1, COX-2, thromboxane synthase,
PGF synthase, hematopoietic-type PGD synthase, and membrane PGE
synthase-2 in aged rats (Tang and Vanhoutte, 2008), indirectly supporting the
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exaggerated importance of the arachidonic acid metabolism through COX

during aging.

1.4. Vascular inflammation and atherosclerosis
Risk factors such as hypertension, diabetes and hypercholesterolemia are well-
known in the initiation of vascular inflammation due to a reduction of protection
from the endothelium. Early vascular inflammation can be exaggerated by risk
factors and promote the homing of immune cells to the inflamed vascular tissue
resulting in atherosclerosis. Atherosclerotic lesions are mainly found in arterial
bifurcation such as the aortic arch, carotid, iliofemoral and coronary arteries
where the shear stress vectors keep changing (Badimon, 2001). The outer wall
of the arterial bifurcations suffers from low shear stress and turbulence, such
that the resident time for the interaction between microparticles and immune
cells in the circulating blood with the dysfunctional endothelium is longer
(Paszkowiak and Dardik, 2003), which may foster leukocyte trafficking and lipid
uptake.

The very beginning step of vascular inflammation or atherosclerosis is
the recruitment of immune cells to the endothelial layer by pro-inflammatory
cytokines, which is followed by the tethering, rolling, flattening and

transmigration of the immune cells across the endothelial layer.

1.4.1 Release of inflammatory cytokines

In healthy individuals, endothelium serves as a non-adherent barrier to
leukocytes in the presence of the anti-inflammatory endothelium-derived NO
and PGl,. Risk factors such as hyperglycemia can lead to overproduction of
ROS, which can activate PKC, mitogen-activated protein kinases (MAPKs) and
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NF-kB to upregulate the expression of chemokines and adhesion molecules
(Aronson, 2008; Bubici et al., 2006; Gloire et al., 2008; Oliveira-Marques et al.,
2009). In addition, the pro-inflammatory cytokines can positively regulate their
levels per se and induce the expression of others (Goldstein et al., 1996),

leading to an acceleration and exaggeration of inflammation.

1.4.1.1 Monocyte chemoattractant protein-1 (MCP-1)

Chemokines (7-14 kDa) are a type of cytokines that is responsible for
chemotaxis, a process by which cells migrate along the concentration of a
chemotactic factor. They are subdivided into four families, XC, CC, CXC and
CX3C, with the presence of a conserved cysteine residue at the NHz terminus
and the variable region “X”" (Sprague and Khalil, 2009). Well-known examples
included fractalkine (CX3CL1), interleukin-8 (CXCL8) and RANTES (regulated
on activation, normal T-expressed and secreted, CCL5). Of note, MCP-1 (CCL2)
is by far the most extensively studied CC chemokine on its essential role in the
initiation and progression of vascular lesions.

MCP-1 can be released by monocytes, endothelial cells and vascular
smooth muscle cells upon pro-inflammatroy insuits (Schober et al., 2004). it can
promote the accumulation and infiltration of monocytes in the atherosclerotic
lesions and even induced migration of smooth muscle cells into the neointima
{Libby, 2000, Lo et al., 2005; Weber et al., 2004). These are confirmed by a
substantiated increase in both the MCP-1 mRNA and protein levels in the
atherosclerotic plaque compared to its minimal expression in normal

vasculature (Nelken et al., 1991; Yla-Herituala et al., 1991).
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1.4.1.2 TNF-a

Elevated ROS levels in pathologies like diabetes can activate the NF-kB-
mediated transcription of TNF-a (De Martin et al., 2000; Ma et al., 2003), which
in turn accentuates the production of superoxide anion from endothelial cells
and leukocytes through NADPH oxidase, xanthine oxidase and the uncoupled
NOS that acutely depletes NO (Madge and Pober, 2001). As a vicious cycle, the
exacerbated oxidative stress further boosts TNF-a production. By activating the
IkB kinase-p-dependent NF-kB transcriptional cascade (Bu et al., 2005), TNF-a
increases the expression of other pro-atherogenic cytokines such as interleukin-
68, MCP-1, adhesion molecules such as vascular cell adhesion molecule-1
(VCAM-1) and E-selectins (Zhang et al.,, 2005), which are essential for
leukocyte adhesion to the vascular wall. TNF-a can also activate matrix
metalloproteinases {(Hanemaaijer et al., 1993; Toborek and Hennig, 1993) and
increase oxidation of low density lipoprotein (Fujiwara et al., 1998). TNF-a
release by monocytes was elevated in patients with ischemic heart disease
(Tentolouris et al., 2004) and its expression is found in the thrombus of ruptured

plaque (Satoh et al., 2008).

1.4.1.3 Interleukin-6 (1l.-6)

IL-6 is one of the biomarkers for evaluation of premature atherosclerosis that is
closely related to diabetes and acts as an independent predictor of
cardiovascular events in hypertensive patients (Kampoli et al, 2009). It
mediates the development and destabilization of atherosclerotic plague by
inducing pro-inflammatory cytokines, activating phospholipases in the oxidation
of lipoproteins and metalloproteinases in matrix degradation (Schuett et al,,
2009; Yudkin et al., 2000), thus accelerating the eatly stage of atheroscierosis.
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IL-6 is found to be expressed in the foam cells and smooth muscle cells in the

cap and shoulder of the atherosclerotic lesions (Virani et al., 2008).

1.4.2 Expression of adhesion molecules
After homing to the lesion sites, leukocytes are to anchor on and transmigrate

across the endothelium with the help from adhesion molecules.

1.4.2.1 ICAM-1 (CD54) and VCAM-1 (CD102)

Intercellular adhesion molecule (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) are induced in the endothelium in response to pro-inflammatory
triggers (Gimbrone, 1999}, though the former is also constitutively expressed in
the peripheral vascular bhed (Miller et al., 1985). ICAM-1 recognizes the
leukocytes by B2 integrin and is involved in leukocyte arrest and migration {(Rao
et al., 2007; Springer, 1990); as for VCAM-1, the counter-receptors are a4p1
and ad4p7 and functions in leukocyte arrest and rolling {Cybulsky et al., 2004,
Rao et al., 2007). Once the leukocytes adhere to the endothelium, ICAM-1 and
VCAM-1 are enriched in clusters and assist in leukocyte extravasation across
the endothelium through either junctional or non-junctional transmigration

(Barreiro et al., 2002; Carman and Springer, 2004, Shaw et al., 2004).

1.4.2.2 Selectins

Selectins are responsible for leukocyte rolling, which allows them to have close
interaction with the activated endothelium to gain access and react with the
chemokines presented on the surface of the endothelium (Huo and Xia, 2009).
They consist of three subtypes, the P-, E- and L-selectin, and interact with
ligands that are all cell-surface glycoproteins, among which the P-selectin
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glycoprotein ligand-1 was best characterized (McEver and Cummings, 1997). P-
selectin glycoprotein ligand-1 is constitutively present in all leukocytes but at
different expression levels, and it is this difference that determines what type(s)
of leukocytes are attracted to the vascular lesion (An et al., 2008; Huo and Xia,

2009; Wang et al., 2009).

1.4.3 Degradation of matrix proteins

Smooth muscles switch from quiescent and contractile phenotype to become
synthetic and proliferative during vascular remodeling. They can migrate from
the medial layer to the neointima by digesting the basement membrane under
the action of matrix metalloproteinases (MMPs) (Okada et al., 1997, Pauly et al.,
1994; Southgate et al., 1996). The same occurs in the atherosclerotic plaque
(Yamada et al., 2008). Intimal thickening happens with the progression of
atherosclerosis (Cizek et al., 2007; Nakashima et al., 2007), which is partially
mediated by vascular smooth muscle cells migrating from the medial layer by
the destruction of matrix proteins. These activated smooth muscle cells, along
with the endothelial and infiltrated monocytes can secret MMPs that reduce the
stability of the plaque (Galis et al., 1994; Nikkari et al., 1995). Enhanced matrix
protein degradation results in an unstable plaque that can finally lead to plaque

rupture and atherothrombosis (Hu et al., 2010).

1.4.3.1 Activation of MMPs

MMPs (matrixins), the endopeptidases, can digest extracellular matrix which is
consists of matrix proteins like collagen, elastin, gelatins and casein in response
to inflammatory stimuli (Page-McCaw et al., 2007). Activation of the
metalloproteinases is essential for cell migration and in particular, it contributes
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a maijor role in plague instability, rupture and eventually atherothrombosis.
Prominent expression of a variety of MMPs are demonstrated in the human
atherosclerotic region, for example, MMP-1 (collagenase) at the fibrous cap and
the carotid plague shoulder (Back et al., 2010; Galis et al., 1994; Higashikata et
al., 2006; Nikkari et al., 1995; Sukhova et al.,, 1999), MMP-2 and MMP-9
{gelatinases) in the fatty streaks, calcified fibroatheromas and occluded lesions
(Back et al., 2010; Kieffer et al., 2001; Li et al., 1986), and MMP-7 (matrilysin) in
the foam cells residing on the periphery of the lipid cores (Back et al., 2010;
Halpert et al., 1996). Aithough each subgroup of matrixins has their own
substrate, they exhibit a digestion capability on a broad spectrum of matrix
components. Noteworthy, certain MMPs not only act on matrix proteins, but also
cleave numerous pro-factors into vasoactive molecules, such as MMP-2 and
MMP-9 cleaving the pro-TNF-a (Gearing et al., 1994) and pro-lL-1B (Schonbeck
et al., 1998) into respective functional cytokines, processing big ET-1 to form
the active vasoconstrictor (Fernandez-Patron et al., 1999), and truncating IL-8
to potentiate its potency (Van den Steen et al., 2000). Thus, upregulation of
MMP expression and activity not only leads to direct matrix destruction, but also

the exaggeration of inflammation.

1.4.3.2 MMP regulation by tissue inhibitor of metalloproteinases

Some MMPs are able to positively regulate the activity of themselves and other
MMPs by cleaving the pro- forms into active forms. MMP-2 can activate pro-
MMP-1, pro-MMP-2 and pro-MMP-7, MMP-8 cleaves pro-MMP-2, pro-MMP-9
and pro-MMP 13 into respective functional matrixins and MMP-3 and -10 convert
pro-MMP-1, pro-MMP-7, pro-MMP-8 and pro-MMP-9 into active forms (Back et
al., 2010; Lijnen et al., 1998; Nakamura et al., 1998; Rauch et al., 2002).
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Along with MMPs, endogenous tissue inhibitors of matrix
metalloproteinases (TIMPs) are usually co-expressed, acting as a natural
negative modulator on MMP activity. When the pro-MMPs are released, they
are bind to the TIMPs until further activation. TIMPs can also lodge the MMPs at
the substrate site and thus limit the MMP activity (Raffetto and Khalil, 2008;
Shapiro and Senior, 1999). Four TIMPs are identified thus far, and they actin a
specific manner to MMPs, such that TIMP-2, TIMP-3 or TIMP-4 acts on pro-

MMP-2 and TIMP-1 or TIMP-3 with MMP-9 (Brew and Nagase, 2010).

1.5 Angiotensin Il (Ang ll}-induced vascular inflammation and
remodeling

Ang |l is regarded as the most potent end product in the renin-angiotensin
system (RAS). It functions more than regulating hemodynamic balance in the
sense that it also exeris a direct effect on a variety of vascular cells, including
endothelial cells, smooth muscle cells and circulating immune cells. Activation
of angiotensin Il type 1 receptor (AT{R) by Ang Il not only cause
vasoconstriction, but also mediates vascular inflammation and remodeling

under pathological states.

1.5.1 RAS and Ang Il production

The primary role of RAS is to control blood pressure and electrolyte balance by
regulating sodium and water retention (Oparit and Haber, 1974a; b). Starting
from the substrate angiotensinogen produced in the liver, the system operates
by a stepwise cleavage of this 452 amino acid-long peptide into vasoactive
angiotensin peptides. Angiotensinogen is first cleaved by renin released from
the kidney into angiotensin (Ang) | (10 amino acids), which is subsequently
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cleaved by angiotensin converting enzyme (ACE) and/or chymase (Arakawa
and Urata, 2000) into the octapeptide Ang I1l. Though tissue-specific
endopeptidases can further convert Ang | and Ang Il to Ang (1-7) (Castro et al.,
2005; Santos et al., 2003), the potent Ang Il is usually regarded as the terminal
effector in the RAS endocrine pathway. In addition to the systemic production,
Ang Il can also be locally generated with regard to the recent demonstration on
the presence of RAS components in vasculature, heart and brain (Li et al.,

2008).

1.5.1.1 Ang 1l and its receptors

Ang Il acts on two receptors which exhibit angonistic effects of each other, the
angiotensin 1l type 1 receptor (AT1R) and type 2 receptor (AT2R). Activation of
AT:R leads to Ca*/calmoudulin-mediated vasoconstriction and ROS production
from the major oxidant-generating enzyme NADPH oxidase. In contrast, AT,R
appears to be vascular protective as mediated by an AT;R-NO pathway
(Tsutsumi et al., 1999). Activation of AT,R inhibits Na’-H' exchanges and
causes intracellular acidification, which activates the production of bradykinin by
kinincgenase. Autocrine or paracrine activation of bradykinin B, receptor (B2R)
by this bradykinin in the endothelial cells increased eNOS activity and NGO
production, which mediates vasodilatation. In addition to vascular tone
regulation, the ROS and NO released also regulate vascular inflammation in an

opposite manner.
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1.5.2 Vascular complications mediated by AT{R activation

AT\R and AT;R shared similar affinities for Ang Il (Berk, 2003), yet their
expression levels are significantly different. AT{R is the major receptor subtype
expressed in adult mammalian cells while AT;R expresses mostly during the
developmental fetal stages and present in a low level for counter-balancing the
effect of AT.R (Berk, 2003; Goodfriend et al., 1996). [n view of the predominant
expression of AT1R, physiological, and more importantly pathological, processes

are mainly mediated by activation of AT(R.

1.5.2.1 Endothelial activation and atherosclerosis

Ang Il stimulates ROS production, which serve as the most important mediator
that in vascular inflammation. Ang |l augments the expression of adhesion
molecules, chemokines and cytokines (Brasier et al., 2000; Cosentino et al,,
2003: Gu et al., 1998: Han et al., 1999; Hernandez-Presa et al., 1997; Pastore
et al., 1999; Pueyo et al., 2000; Tummala et al., 1999). Direct evidence by
intravital microscopy shows that intraperitoneal injection of Ang Il causes
significant leukocyte adhesion in both mesenteric arterioles and postcapillary
venules, of which the former is dependent on P-selectin and B2 integrins while
the latter on P-selectin, B2 and a4 integrins. The expression of adhesion
molecules P-selectin, E-selectin, ICAM-1 and VCAM-1 is elevated in both
arterioles and venules (Alvarez et al., 2004). While Pueyo et al.(2000) showed
that the VCAM-1 expression in rat aortic endothelial cells is mediated through
NF-«B activation by Ang ll-induced mitochondria-derived ROS, Costanzo et al.
(2003) found that redox-sensitive p38 MAPK in addition to NF-xB are involved
in the activation of the human umbilical vein endothelial cells (HUVEC). Ang Il
releases a variety of CC chemokines and cytokines in recruiting leukocytes to
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the endothelium, such as MCP-1, RANTES and macrophage inflammatory
protein-1a (Mateo et al., 2006). Activation of AT{R upregulates lectin-like
oxidized low density lipoprotein (oxLDL) receptor-1 (LOX-1) in the cultured
endothelial cells from human coronary arteries, thus promoting oxLDL uptake,
which in turn exaggerates the oxLDL-induced oxidative stress (Li et al., 1999).
Ang [l up-regulates plasminogen activator inhibitor type 1 (PAI-1) in the
endothelial cells (Kerins et al., 1995; Vaughan et al., 1995), which regulates
thrombosis and its elevated levels has been reported in myocardial infarction
and atherosclerosis. Genetic ablation of AT{R (AT1aR"") and pharmacological
inhibition of AT4R by olmesartan markedly attenuate the plaque formation in
ApoE deficient mice (Fukuda et al., 2008), suggesting a key role of AT4R
activation in atherogenesis. Pronounced elevation of ACE expression and Ang Il
is demonstrated in the human atherosclerotic lesions (Diet et al., 1996; Hoshida

et al., 2001; Schieffer et al., 2000).

1.5.2.2 Vascular hypertrophy and hyperplasia

Ang Il per se can act as a growth factor, and induce the expression of other
growth factors such as transforming growth factor-g1, insulin-like growth factor
and platelet-derived growth factor, stimulating vascular hypertrophy and
proliferation (ltoh et al., 1993; Naftilan et al., 1989). Ang |l activates MMPs and
modify matrix protein composition (Dzau, 2001; Takagishi et al., 1995), thus
allowing migration of smooth muscle cells. Ang ll-induced cardiac hypertrophy is
mediated by an up-regulation of MCP-1, which promotes the differentiation and
migration of the bone marrow-derived CD34(+)/CD45(+) fibroblasts (Haudek et
al., 2010). Ang Il stimulates superoxide anion production by cytochrome P450
1B1, which mediates the migration of vascular smooth muscle cells (Yaghini et
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al., 2010). In rats exhibiting chronic heart failure after experimental autoimmune
myocarditis, angiotensin receptor blocker telmisartan significantly attenuated
cardiac fibrosis, hypertrophy and transforming growth factor-81; elevated levels
of IL-6, MCP-1, MMP-2 and MMP-9 are also suppressed by the telmisartan
treatment (Sukumaran et al., 2010). Cytoskeleton is actively involved in the
adaptive changes during vascular remodeling by conveying mechanical
stimulations and signal transduction. Ang Il appears to alter the cytoskeletal
proteins in pathological remodeling by the activation of Rho/Rho kinase

pathway (Wesselman and De Mey, 2002).

1.5.2.3 Plaque instability

Erosion of fibrous cap or plaque rupture is a result from the net destruction of
matrix proteins mediated by MMPs, leading to coronary thrombosis and
myocardial infarction (Newby, 2005). Ang [l upregulates the expression of
MMPs (Chen et al., 2004; Galis and Khatri, 2002; Luchtefeld et al., 2005) and
plasminogen activator inhibitor-1 (PAI-1) (Vaughan et al., 1995), which disturb
the fribrinolytic balance and destabilize the advanced atherosclerotic plaque.
Study from Schieffer et al (2000) showed the co-localization of Ang Il, AT1R,
ACE and IL-6 in the macrophage accumulated area of the atherosclerotic
plaque in human coronary arteries, and that Ang !l stimulates the release of IL-6
in cultured smooth muscle cells, indicating a potential contributory role of Ang Il
in the inflammation and progression of plaque rupture. In an accelerated
atherosclerotic model using apoE deficient mice with ligation of the common left
carotid artery, Ang Il causes the formation of unstable plaques, which exhibit
greater intimal and foam cell area, upregulated MMP-2 activityy, MCP-1
production and VCAM-1 expression (da Cunha et al., 2006).
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1.6 COX-2 and prostanoid-mediated vascular inflammation

Though COX-2 is shown to be constitutively expressed in human pulmonary
and renal arteries, its level can be significantly up-regulated due to its highly
inducible nature. Conventionally, COX-2 has been regarded as a source of PGl
in cardiac tissue and endothelial cells, which confers protection to the
cardiovascular system by preventing platelet aggregation and thrombosis.
Recent advances, however, have shown an emerging role of COX-2 and the
downstream prostaglandin synthases as pro-inflammatory mediates, which not
only promotes vasoconstriction by releasing constrictors, its metabolites can

also actively participate in vascular inflammation and remodeling.

1.6.1 Induction of COX-2 by various stimuli

COX-2 can be induced in response to both intracellular or extracellular
stimulations, including lipopolysaccharides, growth factors (insulin-like growth
factor), pro-inflammatory cytokines (TNF-a and IL-18) and vasoactive peptides
(endothelin-1) (Xie et al., 1991), and its level is highly upregulated in cells that
are involved in inflammation such as endothelial cells, vascular smooth muscle
cells, and immune cells like monocytes and macrophages. Its expression level,
on the contrary, is negatively regulated by glucocorticoids and anti-inflammatory
IL-10 (Crofford, 1997, Hinz and Brune, 2002; Xie et al., 1991).

The promoter of the immediate-early gene of COX-2 contains a TATA and
several enhancer elements including cyclic AMP response element (CRE), AP-1
regulatory element complex and binding sites for transcriptional factors such as
NF-kB (Tazawa et al.,, 1994). Recruitment of which of these transcriptional
pathways depends on cells types, the initiating cellular stimuli and the
immediate upstream friggers of the transcriptional event, of which mitogen-
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activated protein kinase (MAPK), ROS and PKC have been most extensively

examined for COX-2 transcription.

1.6.1.1 Role of MAPKs

MAPKs are serine-threonine kinases that are activated to mediate cellular
processes like proliferation, differentiation and transformation. Three major
mammalian MAPKs are identified - p38 MAPK, the extracellular signal-
regulated kinase (ERK) and c-Jun NHxterminal kinase (JNK), which is also
termed stress-activated protein kinase (SAPK). Each of them consists of
several isoforms, p38-a, B, & and y, ERK1-8 and JNK1-3. A complete signaling
pathway of each of these MAPK axis consist at least two other additional kinase
components, an MAPK kinase kinase (MAPKKK) and an MAPK kinase
(MAPKK). Upon stimulation, the uppermost MAPKKK is activated, which causes
a stepwise phosphorylation of latter protein kinases, the MAPKK and eventually
the downstream MAPK (Kim and Choi, 2010).

Each of these pathways can be trigger to mediate inflammatory response,
though, recruitment of which depends on what the inflammatory trigger is. Even
the triggers are of the same type of stimuli, the signaling pathways involved can
be different. Cytokines such as IL-1 or interferon-y (IFN-y) induces COX-2
expression, which involves p38 MAPK activation while ERK1/2 plays no role
{Caivano and Cohen, 2000; Tsatsanis et al., 2006; Wu et al., 2005). In contrast,
TNF-a-induced COX-2 expression is heavily dependent on ERK1/2 and NF-kB
(Tsatsanis et al., 2008). As for growth factors, the COX-2 expression induced by
insulin-like growth factor is mediated through the activation of PI3K and ERK
while p38 MAPK does not participate; on the contrary, transforming growth
factor and epidermal growth factor recruit p38 MAPK in addition to ERK1/2 and
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PI3BK (Chun and Surh, 2004; Tsatsanis et al., 2006). This indicates the
complexity of MAPK signaling pathways in regard to even the same

inflammatory factor.

1.6.1.2 Role of ROS

ROS are potent triggers to the activation of transcriptional signaling pathways
and their levels are found to be elevated in hypertension, hypercholesterolemia
and diabetes by a variety of vasoactive peptides, growth factors and cytokines.
ROS can indirectly activate serine/threonine kinase by inhibiting the protein
serine/threonine phosphatase through the oxidization of the Fe(ll)-Zn(ll) center
of the active site (Rhee et al., 2000). It can also directly stimulate ERK activity
by activating G; and G, (Nishida et al.,, 2000). NF-kB is activated by ROS-
mediated degradation of IkB (Collins and Cybulsky, 2001). Superoxide anion
and hydrogen peroxide can activate AP-1 by inducing the expression of early
response gene such as c-fos or c-jun (Rao et al., 1996). Taken in conjuncture,
oxidative stress represents a universal trigger to transcription signaling
pathways.

In vascular cells, the COX-2 expression can be highly regulated by
intracellular oxidative stress. Human neutrophil peptides released from
polymorphonuclear leukocytess induce the expression of COX-2 and endothelin-
1 through oxidative stress and activation of p38 MAPK, ERK1/2 and NF-xB
(Syeda et al., 2006). TNF-a-induced COX-2 expression in HUVEC is mediated
by NADPH oxidase- and mitochondrial-derived hydrogen peroxide through
inhibition of serone/threonine: phosphatase and activation of p38 MAPK (Eligini
et al, 2009). ROS-dependent increase in COX-2 expression prevents
macrophage apoptosis (von Knethen et al., 1999) and promotes monocyte
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differentiation to macrophage (Barbieri et al., 2003). In addition, RAS activation
results in ROS generation, which upregulates cortical COX-2 in the kidney of
hypertensive salt-sensitive rats (Jaimes et al., 2008). IL-1, TNF-a and LPS-
induced COX-2 expression in meseangial cells is also mediated by ROS (Feng
et al., 1995). Levels of ROS and expression of NADPH oxidase subunit p22°P"™
are elevated in atherosclerotic plague samples from patients undergoing

directional coronary atherectomy (Terashima et ai., 2007).

1.6.1.3 Role of PKC

PKC consists of a number of isoforms that are subdivided into three main
classes, conventional, novel and atypical. Activation of conventional PKCs {(q,
B1, B2, and vy} requires Ca**, DAG (endogenous PKC activator) and
phospholipid (phosphatidylserine), while novel PKCs (&, ¢, n, and 8) are
activated by DAG and phosphatidylserine but not Ca**. Atypical PKCs ({ and VA)
need neither Ca* nor DAG (Jaken, 1996).

Activation of PKC has been implicated in diabetic complications. Various
studies have pointed to a potential role of PKC in vascular COX-2 expression
with the use of pharmacological inhibitors with limited selectivity, and few have
exactly defined which isoform(s) is involved and the signaling sequence
between PKC and MAPKs. Numerous studies have demonstrated an
upregulation of COX-2 expression by a non-selective exogenous PKC activator,
phorbol 12-myristate 13-acetate (PMA) in human endothelial cells (Eligini et al.,
2005; Miralpeix et al., 1997). PKC inhibitor for a broad spectrum of isoforms
(GF109203X) only marginally inhibits Ang ll-induced COX-2 expression in
cultured human aortic vascular smooth muscle cells (Hu et al.,, 2002), but
completely suppresses the elevated COX-2 mRNA levels evoked by endothelin-
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1 in rat aortic endothelial cells (Sugiyama et al., 2004). Another less specific
kinase inhibitor of PKC, chelerythrine, also inhibits hyperglycaemia induced
COX-2 upregulation, ROS formation and NO reduction in human aortic
endothelial cells (Aljofan and Ding, 2010; Costanzo et al., 2003). Acrolein, a
toxin in tobacco, induces COX-2 expression and PGE; release by p38 MAPK
and PKCs in HUVEC (Park et al, 2007). Phosphatidylcholine specific
phospholipase C and D-induced COX-2 expression in macrophages is also

PKC-dependent (Lee et al., 2003).

1.6.2 Localization of COX-2 in inflamed and atherosclerotic tissue

Recent studies have shown that a selective COX-2 inhibitor celecoxib can
attenuate the adhesion of colon cancer cells to vascular endothelial cells
through suppressing ICAM-1 and VCAM-1 expression, indicating a pro-
inflammatory role of COX-2 in endothelial activation, perhaps of a similar
relevance to the metastasis of cancer cells (Dianzani et al., 2008). The major
component of cigarette smoking, nicotine, induces the expression of COX-2 and
ICAM-1 in HUVEC (Zhou et al., 2010). Lipopolysaccharide induces Egr-1/NF-
kB-dependent expression of COX-2 and microsomal PGE synthase 1 in
macrophages (Diaz-Munoz et al, 2010). Indeed, unlike COX-1, COX-2
expression is minimal in vascular tissue from normal subjects but highly induced
in the atherosclerotic plaques co-localized with various inflammatory factors
(Burleigh et al., 2005; Cipollone et al., 2001; Schonbeck et al., 1999). COX-2
may play a role in the progression of atherosclerosis by activation of chemotaxis
of leukocytes and migration of smooth muscle cells, alteration of vascular
permeability, mediation or amplification of cytokine signaling. COX-2 enhances
oxLDL- and IL-1-induced monocyte adhesion to activated endothelial cells.
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Inflammatory cytokines IL-1, TNF-a or growth factors like transforming growth
factor-p can induce COX-2 expression in monocytes (Crofford, 1997). COX-2
expressing macrophages and neutrophils can release PGE; (Cipollone et al.,
2004), which can activate MMP-2 and MMP-9, causing collagen breakdown,
destabilizing the plaque with weakened cap and shoulder, resulting in plaque

rupture {Cipollone and Fazia, 2006; Libby et al., 1996).

1.6.3 Controversies of COX-2 inhibitors
Acute infusion of indomethacin augments vasodilatation in hyperiensive and
aged patients, and a substantial amount of experimental data on animals
indicate indispensable roles of COX-1 and COX-2 in improving endothelium-
dependent relaxations and inhibiting the exaggerated vasoconstrictions. The
concept that chronic COX inhibition may correct the vascular imbalance of
endothelium-derived vasoactive factors, however, is antagonized by a number
of large randomized clinical trials particularly with the use of specific COX-2
inhibitors, rofecoxib and diclofenac (McGettigan and Henry, 2008; Schror et al,,
2005). Instead of conveying beneficial effects on vascular function, COX-2
inhibition causes adverse cardiovascular events, including the increased
incidence of thrombosis, myocardial infarction and stroke, leading to the
withdrawal of Vioxx from the market in 2004 (Marnett, 2009). Explanation of
such detrimental effects of COX-2 inhibition is attributed to the general belief
that endothelium-derived COX-2-mediated production of PGl; is suppressed
while the level of COX-1-mediated TxA; in platelets is unaltered, hence favoring
platelet activation and aggregation.

Intriguingly, clinical trials do not demonstrate an increased cardiovascular
risk in patients freated with another selective COX-2 inhibitor, celecoxib
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(Silverstein et al., 2000; White et al., 2007). Retrospective studies from Cho et
al. (2003) and meta-analysis from Aw et al. {2005) actually show that patients
treated with celecoxib have a lower risk of hypertension development and a
slightly decreased systolic blood pressure relative to those treated with
rofecoxib. Patients taking celecoxib have a significantly reduced risk for nonfatal
myocardial infarction as compared with those not taking any NSAIDs or using
rofecoxib (Kimmel et al., 2005). In patients with intermittent claudication
associated with peripheral arterial disease, 1-week celecoxib treatment
enhances flow-mediated dilatation in the brachial artery and reduced the levels
of inflammatory biomarkers such as high-sensitivity C-reactive protein (Florez et
al., 2009). These clinical findings are supported and perhaps, accounted by the
therapeutic effects of celecoxib against vascular dysfunctions in animal models
(Abdelrahman and Al Suleimani, 2008; Cheng et al., 2002; Hermann et al.,
2003). It is clear that inhibition of COX-2 activity may not necessarily correlate
with the adverse cardiovascular effects; rather, COX-2 inhibitors may be of
potential to treat vascular complications in diabetes and hypertension. It is
possible that the side effects of rofecoxib are related to its direct inhibition on
PGIS (Griffoni et al., 2007). Using the production of PGIl, (measured in form of
its metabolite 6-keto PGF4,) as an indicator of the COX-2 activity with PGH,
supplied exogenously to by-pass the action of COX-2, PGIS activity in the
HUVEC has been studied. While non-selective NSAIDs, acetylsalicylic acid and
naproxen, and selective COX-2 inhibitor celecoxib poses no significant
reduction in the PGIS activity even at a concentration as high as 0.1 mmol/L,
rofecoxib suppresses ~30% of the PGIS activity at 0.1 nmol/l., a concentration
that does not inhibit COX-2. Rofecoxib inhibition of PGIS activity is even up to
~60% at 10 ymol/L. For a patient taking a single dose of rofecoxib (25 mg), the
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plasma level of rofecoxib is around 0.05 to 1 umol/L, it is thus likely that PGIS
activity may be suppressed even within the therapeutic dosage. Inevitably, the
use of coxibs should be reviewed extensively with confirmation on whether the

inhibitors impose direct suppression of PGl; production via PGIS.

1.7 Justification, long term significance and objectives of the
present studies
Normal vascular tone is maintained by a delicate balance between EDRFs and
EDCFs. When the balance is titled towards EDCFs due to the over-production
of vasoconstrictors and/or diminished production or bicavailability of EDRFs,
endothelial dysfunction occurs resulting in exaggerated vasoconstrictions. COX
represents a major generator of EDCFs and previous studies have focused on
the investigation of the COX isoforms involved in hypertension and diabetes.
Limited information is available on how COX, in particular COX-2, in the
regulation of normal vascuiar tone. If EDRFs and EDCFs co-exist, endothelium-
dependent contractions should be observable when EDRFs are inhibited even
in the healthy vasculature. Using the aortae from young hamsters with
constitutive COX-2 expression in the endothelium, the present study aimed to
study the role of COX, in particular COX-2, in endothelium-dependent
contractions in the healthy state, the signaling pathways and prostaglandin
receptor involved and the possible EDCF candidate. Results from the present
study should provide novel insights into whether the generally neglected COX-2
isozyme confers a housekeeping function of vascular tone regulation in normal
vasculature.

Aging represents an independent risk factor for the development of
cardiovascular diseases such as hypertension. A positive role of COX has been
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demonstrated in hypertensive animal models in which premature aging in
vascular beds occurs. It, however, remains largely unknown on the role of COX
in healthy aging, and which component of the vascular wall, endothelium and/or
the smooth muscle, contributes to the release of EDCFs. Extended from the
study on the aorta of the young hamster, COX-2-mediated endothelium-
dependent contractions ancd the associated release of prostaglandins are
investigated in the aged hamsters. The results can help to better define the
emerging importance of COX-2 and its metabolites in healthy aging and
provides novel information regarding the etiology and potential drug targets in
amelioration of vascular dysfunction in the aging vascular bed.

In addition to vascular tone regulation, COX-2, being a highly inducible
enzyme by pro-inflammatory factors, also actively participates in vascular
inflammation and atherogenesis. RAS activation has been implicated in
hypertension and diabetes. Fowever, there is a missing link between Ang Il and
COX-2 particularly in the endothelial cells, which is the key contributor to
vascular dysfunction, and remains to be explored concerning whether COX-2
can acts as an immediate downstream effector upon AT,R activation and
mediates the pathogenic effects of Ang Il. Using primary rat endothelial cells
which minimally express COX-2 in quiescent states and tissue culture of human
renal and mesenteric arteries, the present study investigated the relationship
between Ang Il stimulation and COX-2 expression, the intracellular signaling
pathways that links up these pro-inflammatory factors and the consequence of
COX-2 up-regulation in terms of vascular inflammation. In view of the
controversies on the clinical use of COX-2 inhibitors in suppressing
inflammatory responses due to inhibitor selectivity and the janus biological roles
of COX-2 in the vasculature, the present study provides original molecular basis
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on how the activity of pro-inflammatory COX-2 and the downstream COX-2-
derived inflammatory mediators can be regulated through curtailing the COX-2
expression by selectively targeting the signaling proteins involved in COX-2

upregulation.

To achieve the aforementioned objectives, | have investigated:

1. The novel role of COX-2 and the major physiological COX-2-derived
metabolite in endothelium-dependent contractions in the aorta of young
hamsters and the relevance of this pathway in human renal arteries;

2. The increasing impact of COX-2 in the aging vasculature;

3. The cellular signaling cascades linking Ang |l and COX-2 in the endothelial
cells and whether Ang ll-induced inflammatory response is mediated by the

upregulated COX-2 expression.
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Chapter Il

Methods and Materials

The studies were approved by the Animal Experimentation Ethics Committee,
Chinese University of Hong Kong. This investigation conformed to the Guide for
the Care and Use of Laboratory Animals published by the US National Institute
of Health (NIH Publication No. 85-23, revised 1996). Human renal arteries were

obtained during surgery after informed consent from patients.

2.1 Animals

Male Syrian golden hamsters and Sprague-Dawley rats supplied by the
Laboratory Animal Services Centre, the Chinese University of Hong Kong were
employed in my studies. The animals were housed at constant temperature (21
+ 1 °C) under a 12-hour light/dark cycle and had free access to a standard chow

diet and water.

2.1.1 Induction and treatment of Ang ll-infused hypertensive rat model
2.1.1.1 Osmotic pump implantation

Sprague-Dawley rats weighing ~250 g were allowed to stabilize one day upon
its arrival. The rats were anesthetized with 37.5% ketamine plus 25% xylazine in
normal saline (2 mi/kg). Osmotic minipump (ALZET, model 2ML2, Alza
Pharmaceutical, Palo Alto, CA, USA) filled with either angiotensin It (Ang I} or
the vehicle (normal saline) was implanted subcutaneously in the dorsal region.

Ang Il was infused at 0.7 mg/kg/day for 9 days.
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2.1.1.2 Chronic drug treatment

Four Ang ll-infused rats were assigned to chronic treatment with losartan (10
mg/kg/day, dissolved in water) by oral gavage. They were pre-treated one day
before osmotic minipump implantation and the treatment continued throughout

the infusion period.

2.1.1.3 Blood pressure monitoring

Systolic blood pressure was regularly monitored throughout the infusion period
with the tail-cuff electrosphygmomanometer system (Powerlab data acquisition
system with LabChart software; ADInstruments, Sydney Area, Australia). The
rats remained conscious and quiescent during the measurement. The average

of three to four readings was taken as systolic blood pressure of each rat.

2.2 Human artery preparation
Human renal arteries were obtained from patients undergoing surgeries for
transitional cell carcinoma or renal cell carcinoma, and small mesenteric
arteries from patients with colon cancer. Renal arterial samples were
respectively divided into groups of patients with diabetes (fasting plasma
glucose level = 7.0 mmol/L), hypertension (systolic and diastolic blood pressure
>140 mmHg and >80 mmHg respectively) or neither. For small mesenteric
arteries, only those distant from the tumor of the non-hypertensive and non-
diabetic patients were used. The patients aged between 40 to 85 years and
informed consent for research purposes was obtained.

The arteries were kept in saline and arrived on ice. The arteries were
placed in ice-cold Krebs-Henseleit solution (KHS) and dissected free from
adventitial adipose tissues. For renal arteries, they were cut into 2-3 mm in
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length, either mounted for isometric force measurement in organ baths or
preserved in 4% paraformaldehyde for immunohistochemistry. As for the
mesenteric arteries, they were dissected in sterile phosphate-buffered saline
(PBS) for tissue culture experimemts. The arteries were incubated for 24 h with
or without Ang Il and pharmacological inhibitors. At the end of the culture
experiments, the arteries were preserved in OCT (optimum cutting temperature)

compound for cryosectioning and biomarker detection by immunofluorescence.

2.3 Isometric force measurement

Animals were euthanized by carbon dioxide inhalation. Thoracic aortae or renal
arteries were excised and dissected in KHS. Following the removal of
periadventitial fat, the arteries were cut into segmenis ~1.0-1.3 mm in length.
Each segment was suspended between two stainless steel wires in the
chambers of a Muiti Myograph System (610M, Danish Myo Technology A/S,
Aarhus N, Denmark) for the measurement of isometric force. Each chamber
was filled with 5 mL-KHS aerated with 95% O, and 5% CO, and maintained at
37°C. The rings were stretched to a previously determined optimal resting
tension of 10 mN for hamster aorta and 2 mN for rat renal arteries. Thirty
minutes after setting up the preparation, they were contracted with 60 mmol/L
KCl to test the vessel's contractility, and then washed in normal KHS, finally
allowed to equilibrate for 30 min. In some rings, the endothelium was removed
mechanically by rolling the luminal surface with a stainless steel wire. Isometric
force measurement on human renal arteries was performed in 10 mL-organ
baths similar to the settings using myograph. The arteries were allowed to

stabilize at 25 mN before commencement of experiments.
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2.3.1 Experimental protocols

2.3.1.1 Endothelium-dependent contractions in the hamster aorta

To visualize endothelium-dependent contractions, aortic rings with endothelium
were exposed for 30 min to 100 pmol/L N®-nitro-L-arginine methyl ester (L-
NAME) in order to eliminate the relaxant effect of endothelium-derived nitric
oxide (NO) prior to the cumulative addition of acetylcholine (ACh, 0.1-10
pmol/L). This contraction was absent in rings without endothelium. Changes in
isometric tension to PGF2 (1-30 ng/mL), PGl (3.7-370 ng/mL), cicaprost (10-
160 ng/mL) in the presence of L-NAME were alsc recorded. The effects of
various inhibitors and antagonists (e.g., COX-1 and COX-2 inhibitors, TP
receptor antagonists) or NO donors (SNP, SIN-1) were tested on ACh- or
PGFas-induced contractions following a 30 min-incubation with each drug.
Specificity of COX-2 inhibitors and TP receptor antagonists was tested against

contraction induced by 60 mmol/L KCI or 50 nmol/L U46619.

2.3.1.2. ACh- or PGF,.~-induced contractions in human renal arteries

The arteries were pre-incubated with L-NAME (100 pmol/L) for 30 min, upon
which cumulative doses of ACh (1-100 umol/L) were added. To examine the role
of TP receptor in the contractions, TP receptor blocker was added when the
contractions reached a plateau. Further investigations on the roles of TP and FP
receptors in PGFg-induced contractions were performed by pre-contraction of
PGF,,, followed by the addition of either TP or FP receptor antagonist.
Reduction of the PGF;; tone within 30 min was determined. The two receptor
antagonists were also pre-treated with L-NAME to observe their inhibitory

effects on PGFa.-induced contractions.
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2.3.1.3. Endothelium-dependent relaxations in rat renal arteries

Endothelium-dependent relaxations were evaluated in arteries from control rats
and Ang ll-infused rats with or without concomitant oral administration of
losartan. The renal arteries were pre-contracted with phenylephrine (0.3 umol/L)
and relaxed with cumulative addition of ACh (0.003-10 pmol/L). Acute effects of
celecoxib (3 umo/L) and sc-560 (0.3 pmol/L) were tested on the relaxations in

renal arteries from Ang ll-infused rats.

2.4 In situ endothelial cell [Ca*']; imaging

A calcium imaging technique was employed to visualize real-time changes in
intracellular calcium levels, [Ca®'} in native endothelial cells of the intact
hamster aorta (Leung et al., 2006). Isolated aortic rings with endothelium were
labeled for 80 min at 21°C in a solution containing 10 pmol/L Fura-2 AM,
0.025% pluronic F-127, and 1 mmol/L probenacid (to prevent Fura-2 secretion).
Thereafter, extracellular Fura-2 AM was removed and each ring was cut open
longitudinally and pinned en face to a block of silicone elastomer, which was
fixed on the base plate of a custom-made perfusion chamber. The chamber was
filled with KHS, sealed by a cover glass smeared with high vacuum grease
(Dow Corning®, Structure Probe, Inc., West Chester, PA, USA) and then fixed
by screws. The chamber was. perfused with pre-warmed KHS for 20 min at 1 mL
min”' to allow intracellular Fura-2 AM to be cleaved into active Fura-2 by
intracellular esterases.

The specimen was illuminated (Polychrome IV light source) on the stage
of an IX70 Olympus microscope, fitted with a 20X Olympus water immersion
objective. The Fura-2 loaded tissue was excited alternately at 340 and 380 nm,
and images of the respective 510-nm emissions were collected at one-second
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intervals using the MetaFluor v4.6 software (Universal imaging Corp., West
Chester, PA, USA). The emitted light was transmitted to a collecting device and
then to a cooled charge coupled device (CCD) camera. lllumination through the
Polychrome 1V light source and acquisition by the CCD camera were controlled
by MetaFluor software v4.6. Video frames containing images of cell
fluorescence were digitized at a resolution of 512 horizontal x 480 vertical pixels.
Imaging analysis was performed using a MetaFluor imaging system. After
background subtraction, the fluorescence ratio (F340/F380) was obtained by
dividing, pixel by pixel, the images at 340 nm and 380 nm. Changes in this ratio
reflected changes in [Ca®']i and the ratiometric method eliminated potential
artifacts caused by variations in cell thickness, intracellular dye distribution or

photobleaching.

2.5 Primary culture of rat aortic endothelial cell

Endothelial cells were freshly cultured from rat thoracic aortae as described
earlier (Huang et al., 1999). Under aseptic conditions, aorta was excised free
and trimmed of perivascular adipose tissue and longitudinally cut open in the
ice-cold sterile PBS. The artery was then subjected to digestion in collagenase
(Sigma, Type JA) at 37 °C for 15 min. Serum containing medium was added to
quench the digestion and the mixture was centrifuged at 800 g for 15 min. The
cells were re-suspended in RPMI 1640, supplemented with 10% fetal bovine
serum (FBS) plus 1% penicillin/streptomycin (P/S) (GIBCO) and allowed to
settle for 1 h upon which the medium was changed. The identity of the
endothelial cells was confirmed by the positive immunocytochemical staining for
an endothelial cell specific marker, PECAM-1. To avoid the influence of culture
condition on endothelial cell phenotype, only cells from passage 1 were used in
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the studies.

2.5.1. Experimental protocol

When the cells reached a confluence of ~80-80%, they were serum-deprived for
24 h. Ang Il (100 nmol/L) was incubated with for 8 h unless otherwise stated.
When used, inhibitors were pre-incubated with the cells for 30 min before the

addition of Ang Il.

2.6 Reverse-transcription polymerase chain reaction (RT-PCR)
Expression levels of COX-2 mRNA in rings with and without endothelium were
detected by RT-PCR. The equipment was cleaned free of RNase either by
autoclaving or wiping with RNase Away. The arterial rings were snap frozen in
liquid nitrogen and homogenized, and mMRNA was extracted using the Aurum
total RNA Mini kit (BioRad, Hercules, CA, USA) according to manufacturers’
instructions. The extracted RNA was reverse transcribed using the iScript™
cDNA synthesis kit (BioRad), and PCR was performed with Tag DNA
polymerase (Invitrogen, Carlsbad, CA, USA) with thermal cycles of 5-min 95 °C,
30 cycles of 1-min 95 °C, 1-min T, (melting temperature), 1-min 72 °C, finally
followed by 6-min 72 °C.

Primers for PCR were COX-2 (216-bp) sense (§-TGA TCC CCA AGG
CAC GAA-3') and antisense (5'-ACC TCT CCA CCAATG ACC TGA-3) (Valeille
et al., 2005), GAPDH (171-bp) sense (5-ACC CAG AAG ACT GTG GAT GG-3)
and antisense (5-CAC ATT GGG GGT AGG AAC AC-3'). Melting temperature
for COX-2 and GAPDH primers were 60 °C and 57 °C, respectively. PCR
products were run on 1.5% agarose gel in 1X TAE buffer at 80 V. Ethidium
bromide-stained bands were visualized under UV illumination using FluorChem
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{(version 2.00, Alpha Innotech Corp., San Leandro, CA, USA).

2.7 Western blot analysis

2.7.1. Sample preparation

Snap frozen arterial tissues or cells finished with incubation protocols were
homogenized or lysed in the ice-cold RIPA buffer with a cockiail of protease
inhibitors. The lysates were allowed to incubate on ice for 30 min and were then
centrifuged at 20,000 g for 20 min. Supernatants were saved and their protein

concentrations were determined by the Lowry method (BioRad).

2.7.2. SDS-PAGE and electroblotting

Equal amount of protein of each sample from the whole cell lysates was
aliquoted and kept on ice. After mixing with sample loading buffer containing 5%
B-mercaptoethanol, the samples were denatured by boiling for 5§ min and then
resolved through the 7.5%, 10% or 12.5% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE)} together with the prestained
size marker (Biorad}. The stacking gel was run at 50 V while the separating at
125 V. The separated proteins were electrophoretically transferred to an
Immobilon-P polyvinylidene difluoride (PVDF) membrane (Biorad) by wet
transfer at 110 V for 70 min. The membranes were either blocked with 5% non-
fat skimmed milk or 1% bovine serum albumin (BSA) dissolved in Tween-20
phosphate-buffered saline (PBST) with gentle shaking for 1 h at room
temperature. The membranes were probed overnight at 4 °C with primary
antibodies summarized in section 2.17. After 3 washes in PBST each for 5 min,
the membranes were incubated with appropriate horseradish peroxidase
(HRP)-conjugated secondary IgG (Dako, Glostrup, Denmark) at a dilution of
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1:3000 for 1 h at room temperature. The membranes were developed with an
enhanced chemiluminescence detection system (Amersham ECL reagents; GE
Healthcare, Waukesha, WI, USA)} and exposed on X-ray films (Fuji).
Densitometry was performed using documentation programs (FluorChem, Alpha
innotech Corp., San Leandro, CA, USA or GBOX-CHEM1-HR18, SynGene).

GAPDH antibody (Ambion, Inc) was probed as a loading control.

2.8 Cell fractionation and translocation of PKC isoforms

Endothelial cells were incubated with 100 nmol/L Ang Il for 1 min and quickly
cooled on ice to quench cellular reactions. Inhibitors, when used, were added
30 min prior to the introduction of Ang ll. Cytosolic and membranous proteins
were extracted with ProteoExtract® Subceliular Proteome Extraction Kit
according to manufacturer’s instructions (Calbiochem). Protein concentration
was determined with the Lowry method and equal amount of proteins were
subjected fo SDS-PAGE and electroblotting as aforementioned. The
membranes were probed with different antibodies specific to particular PKC
isoforms. Translocation was determined by comparing the intensity of the

membranous fraction in cells under treatment relative to that of control.

2.9 PKC; knockdown with small interfering RNA (siRNA)

When primary rat endothelial cells reached 80% confluence, the cells were
transfected with siRNA by electroporation using Amaxa Basic Nucleofector Kit
for primary mammalian endothelial cells (Lonza, Germany). Briefly, 2.5 x10°
celis/mL were trypsinized and washed two times with PBS, and resuspended in
100 pL basic nucleofector solution and transferred to a cuvette containing either
30 pmol scramble siRNA or pre-designed specific siRNA targeting PKCs
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transcripts (Ambion). The cells were electroporated with the Amaxa
Nucleofactor™ apparatus, re-plated in 6-well plates containing pre-warmed
complete RPM!I medium and left undisturbed for 24 h. The cells were then
serum-deprived for 24 h before an 8 h-incubation with Ang Il (100 nmol/L).

Inhibitors, when use, were incubated for 30 min prior to Ang Il addition.

2.10 Immunohistochemistry

Localization of COX-2 or MCP-1 in the aortae and renal arteries from Ang Il-
infused rats and human renal arteries were determined by
immunohistochemistry. The tissues were fixed overnight in 4%
paraformaldehyde, processed for embedding in wax and then cut into 5 pm-
sections with a microtome (Leica Microsystems, Wetzlar, Germany). Following
re-hydration and treatment with 1.4% hydrogen peroxide in absolute methanol
for 30 min at room temperature to inhibit endogenous peroxidase activity,
antigen retrieval was performed by boiling the sections in 0.01 mol/L sodium
citrate buffer (pH 6) for 30-60 s. After rinsing in phosphate-buffered saline (PBS),
the sections were blocked with 5% normal donkey serum (Jackson
Immunoresearch, West Grove, PA, USA) for 1 h at rcom temperature. Primary
antibodies against COX-2 (Cayman), MCP-1 (Santa Cruz) or Factor VI
(Abcam) diluted to 1:200 in PBS supplemented with 2% BSA were incubated
overnight in a humidified chamber at 4 °C. After 3 rinses in PBS each for 5 min,
the sections were incubated with corresponding biotin-SP conjugated
secondary antibodies (1:500, Jackson Immunoresearch) diluted in PBS for 1 h
at room temperature, followed by 1 h incubation with peroxidase-conjugated
streptavidin {1:500, Zymed laboratory, San Francisco, CA, USA) after washes.
3,%3’-Diamoncdenzidine tetrachloride (DAB) chromogen substrate (Vector
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Laboratories, California, USA) was used for colour development according to
the manufacturer’s instruction, Counter-staining of the nucleus was performed
with haematoxylin. For rat aortae and renal arteries, counter-staining of
cytoplasm was also carried out using eosin to enhance the contrast between
cell layers. Negative control was performed in the absence of primary
antibodies. Images were viewed and captured under Leica DMRBE microscope
coupled to SPOT-RT cooled CCD color digital camera using the objective PL
FLUOTAR 20x/0.50 and SPOT Advanced software (Version 3.5.5, Diagnstic

Instruments, Sertling Heights, MI, USA).

2.11 Immunofluorescence

Human small mesenteric arteries harvested after a 24 h-incubation protocol
were embedded in OCT compound {(Sakura Finetek, the Netheriands) in
aluminium cryomolds, snap frozen in isopentane pre-cooled in liquid nitrogen
and cut into 10 pm thick cryostat sections. The thawed sections were air-dried,
post-fixed in 4% paraformaldehyde for 30 min, and then briefly treated with
0.05% Triton X in PBS. The sections were blocked with 5% donkey serum for 1
h at room temperature. Primary antibodies against COX-2 or MCP-1 were
incubated overnight at 4 °C. The sections were then labeled with Alexa Fluor
546 donkey anti-goat IgG (Invitrogen, Molecular Probes, California, USA) for 1 h
at room temperature. The sections were cover-slipped in anti-fade mounting
medium (Vector Laboratories) and viewed under fluorescence microscope
(Nikon Eclipse Ti-U) with mercury lamp Nikon Intensilight C-HGFI using the
objective Nikon S Fluor 20x/0.75. Images were acquired with SPOT RT3 cooled
2 MP CCD scientific color digital camera and SPOT advanced software (Version
4.6).
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2.12. Measurement of prostaglandins

After 30-min incubation in the presence of L-NAME with and without inhibitors in
a chamber at 37 °C, aortic rings were transferred to microcentrifuge tubes that
contained 200 pL bathing solution and 3 pmol/L ACh. Three minutes later,
arterial tissues were removed and solutions were frozen and stored at -80 °C

until assay for the determination of the protein content.

2.12.1 Enzyme immunoassay

The levels of arachidonic acid-derived prostanoids were measured by enzyme
immunoassay (EIA} kits (Cayman Chemical, Ann Arbor, MI, USA) according to
the instruction of the manufacturer. The five prostanoids or their metabolites,
PGF,,, PGE;, PGD,, 6-keto PGFi, (for PGl;) and TXB; (for TXAy), were

assayed. The level of 8-isoprostanes was also determined.

212.2 High performance liquid chromatography-coupled mass
spectrometry

Release of PGF2, and 6-keto PGF 14 was also measured with high performance
liquid chromatography-coupled mass spectrometry (HPLC-MS) (Cui et al,
2008). LC-MS experiment was performed on Agilent 1100 series HPLC with
binary pump, autosampler and a thermostated column compartment (Agilent
Technologies, CA, USA). The separation was performed on a reversed phase
column (Alltech Prevail, C8, 2.1 mm x 150 mm, 3 um) at a flow rate of 0.2
mL/min. The column temperature was maintained at 30°C throughout the
analysis. The injection volume was 20 pL. The mobile phases consisted of 0.1
% formic acid in water (A) and in acetonitrile (B). The gradient started at 90 % A,
10 % B for 4 min, followed by a linear increase of solvent B to 55 % at 13 min,
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which further increase to 70 % B in 5 min and maintained for 4 min. Finally,
solvent B was decreased to 10 % and equilibrated for 15 min before the
injection of the next sample. Negative ion electrospray mass spectrometric
analysis was carried out using Bruker Daltonics MicrOTOFQ mass
spectrometer (Bremen, Germany). The end plate offset and capillary voltage
were -550 V and 4000 V respectively. Nitrogen was used as nebulizer gas at
1.4 bar and drying gas at a flow rate of 7.0 L/min at 170 °C. Pure PGF, and 6-
keto PGF4, were dissolved in methanol and serially diluted in KHS to construct

standard curves.

2.13 Suspension antibody array-based multiplex immunoassay

Conditioned medium from endothelial cells treated with Ang Il (100 nmol/L) for
24 h were harvested and the levels of interleukin-6, tumor necrosis factor-a and
monocyte chemoatiractant protein-1 were measured with MILLIPLEX MAP
rodent Cytokine/Chemokine Panel (Millipore) using Bio-plex Suspension Array

System (Bio-Rad), according to manufacturer's instructions.

2.14 Electron paramagnetic resonance spectroscopy

ROS formation was detected with electron paramagnetic resonance (EPR})
using 1-hydroxy-2,2 6,6-tetramethyl-4-oxo-piperidine hydrochloride (TEMPONE-
H, Alexis Biochemical Corp., San Diego, CA, USA) as the spin trap for
superoxide anions and peroxynitrite. Aortic rings were incubated with 2-mL L-
NAME (100 pmol/L)-containing Krebs solution, oxygenated with 95% O, and
5% CO, at 37°C, together with TEMPONE-H (100 pmol/L) and a transition
metal chelator diethylenetriaminepentaacetic acid (DTPA, 100 pmol/L, Sigma-
Aldrich) to prevent auto-oxidation of hydroxylamine. After incubation, rings were
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homogenized in 100-puL bathing solution, placed into glass micropipettes with
inner diameter of 1 mm and stored in liquid nitrogen before signal detection.
The samples were thawed to room temperature right before the measurement.
X-band EPR spectra were measured at 21 °C using an EMX EPR spectrometer
(Bruker BioSpin GmbH, Siberstreifen, Rheinstetten/Karlsruhe, Germany).
Oxidation of TEMPONE-H generates 4-oxo-tempo with a characteristic three-
line EPR signal centred at 3474 G. The EPR-settings were as follows: field
swept from 3444 G up to 3504 G, microwave power 200 mW, modulation
amplitude 2 G, conversion time 655 ms, detector time constant 5245 ms,
magnetic field sweep time 671 s. Interpretations of EPR spectra were done

according to hyperfine EPR splitting constants reported by Dikalov ef al. (1996).

2.15 ROS measurement with dihydroethidium fluorescence

Intracellular production of reactive oxygen species in cells were determined by
fluorescence imaging with DHE (Molecular Probes), which binds to DNA upon
oxidation to emit fluorescence. Primary rat endothelial cells were seeded on
coverslips to ~60-70% confluence. Inhibitors, when used, were pre-incubated
for 30 min before Ang Il addition. Following a 30 s-treatment of Ang Il (100
nmol/L), the cells were rinsed with PBS and incubated in 5 pmol/L DHE for 20
min at 37 °C shielding frorn light. After a rinse in PBS, fluorescence was
observed under a confocal microscope (515-nm excitation; 585-nm long pass
filter; Olympus Fluoview). DHE fluorescence intensity was analyzed by Fluoview
(version 1.5; FV10-ASW1.5). Data were expressed in fold change compared

with untreated control.
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2.16 Chemicals and reagents

2.16.1 Chemicals

Stock solutions were kept at -20°C.

Chemical Description ! Solvent | Source
2-Amino-5,6-dihydro-6- iNOS inhibitor H.O Tocris (Bristol,
methyl-4H-1,3-thiazine UK}
hydrochloride (AMT)
2-Aminoethoxydiphenyl Non-selective cation DMSO Calbiochem,
borate (2-APB) channel blocker EMD
Biosciences
(La Jolia, CA,
USA)
4a-phorbal 12-myristate Negative analog of DMSO Sigma-Aldrich
13-acetate (4a-PMA) PKC activator PMA (St Louis, MO,
USA)
Acetylcholine Muscarinic (M) H,O Sigma-Aldrich
hydrochloride receptor agonist !
Actinomycin-D RNA synthesis inhibitor - DMSO Tocris
Angiotensin |l Angiotensin |l type 1 H.0 Tocris
receptor (AT1R)
agonist
Apocynin Putative NADPH - DMSO Calbiochem,
oxidase inhibitor EMB
Biosciences
Baicalein Lipoxygenase inhibitor | DMSO Sigma-Aldrich
Celecoxib | COX-2 inhibitor DMSO Pfizer (New
York, USA)
Cicaprost IP receptor agonist t H,0 Cayman (Ann
‘. Arbor, MI,
USA)
Cycloheximide Protein synthesis DMSO Tocris

inhibitor
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Diethyldithiocarbamate Inhibitor of H>0O ' Sigma-Aldrich
(DETCA) endogenous Cu/Zn- '
superoxide dismutase
(Cu/Zn-SOD)
Diethylenetriaminepentaa | Transition metal H.O Sigma-Aldrich
cetic acid (DTPA) chelator
DuP-697 | COX-2 inhibitor DMSO Tocris
GF109203X Broad spectrum DMSO Tocris
inhibitor for PKC
isoforms |
Go 6976 PKC g inhibitor ' DMSO Tocris
GR 32191 TP receptor antagonist | H>O Tocris
Hydroxylamine Exogenous NO donor | H,O Tocris
Hypoxanthine Substrate for xanthine | H,O Sigma-Aldrich
oxidase |
Indomethacin Non-selective COX- DMSO Sigma-Aldrich
inhibitor
L-655,240 | TP receptor antagonist | DMSO | Tocris
L-arginine Substrate for NOS H-O Sigma-Aldrich
Losartan AT{R antagonist DMSO Cayman
N®-nitro-L-arginine methy! | Nitric oxide synthase H,O Tocris
ester (L-NAME) (NOS) inhibitor |
NS 398 "COX-2 inhibitor DMSO | Tocris
oba "Soluble guanylate | DMSO | Tocris
cylcase inhibitor
Oxypurinol Xanthine oxidase NaOH Sigma-Aldrich
| inhibitor ' (1 mol/L)
PD 123319 AT2R antagonist H.0 Tocris
PD 98059 ERK1/2 inhibitor DMSO Tocris
PGE; EP receptor agonist | DMSO | Calbiochem,
' EMD
| Biosciences
PGF2q FP receptor agonist DMSO Cayman
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PGl; IP receptor agonist H,O Cayman
Phenylephrine a-adrenergeic receptor | H;O Sigma-Aldrich
agonist §
Phorbal 12-myristate 13- | PKC activator BMSO | Tocris
acetate (PMA) :
Rottlerin PKC; inhibior DMSO Enzo Life
Science (New
York, USA)
518886 TP receptor antagonist | DMSO Institut de
Recherches
Servier
(Suresnes,
France)
SB 202180 p38 MAPK inhibitor DMSO Tocris
sc-560 COX-1 inhibitor DMSO Sigma-Aldrich
SIN-1 Exogenous NO donor | H;O Tocris
Sodium nitroprusside Exogenous NO donor | H,O Sigma-Aldrich
(SNP)
SP 600125 JNK inhibitor DMSO Tocris
Tempol SOD mimetic H,O Sigma-Aldrich
TEMPONE-H Spin trap reagent H;0O Alexis (San
i Diego, CA,
USA)
Tiron SOD mimetic H,O Sigma-Aldrich
U46619 TP receptor agonist DMSO Sigma-Aldrich
Valeryl salicylate (VAS) COX-1 inhibitor DMSO Cayman
Xanthine oxidase Free radical producing | H,O Sigma-Aldrich
enzyme
£V1-2 PKC; inhibior H,C AnaSpec (CA,
| USA)
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2.16.2 Compositions of Krebs-Henseleit solution (KHS)

The solution was freshly prepared before experiments and continuously aerated

with 95% O, and 5% CO; at 37°C to maintain a pH value of 7.4.

Chemicals | Final concentration (mmol/L)
NaCl 119
NaHCO; 25
KCI 4.7
KH,PO4 1.2
MgCl;.6H,0 1
CaCl; 2.5
D-glucose 1.1

2.16.3 Reagents for Western blot analysis
2.16.3.1 Reagents for sample preparation

RIPA buffer

NaCl 8¢
KCI 0.2 mmol/L
Na,PQ, 1.44 mmol/L
KH,PO4 0.24 mmol/L
NP-40 1%
Sodium dodecyl sulphate (SDS) 0.1%
Sodium deoxycholate 0.5%
Cocktail of protease inhibitors

Aprotinin 5 pg/mL
EDTA 1 mmol/L
EGTA 1 mmol/L
B-glycerolphosphate 2 mmol/L
Leupetin 1 pg/mL
Phenylmethylsulfonyl fluoride (PMSF) 1 mmol/L
Sodium fluoride 1- 1 mmol/L
Sodium orthovanadate i 1 mmol/L
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2.16.3.2 Reagents for gel casting (stacking and separating})

Acrylamide (30%) Made up to 100 mL
Methylene bis-acrylamide 08g
Acrylamide 292¢
Lower Tris-base buffer (1.5 mol/L, pH 8.8) Made up to 100 mL
Tris base 18.17 9
10% SDS 4 mL
Upper Tris-base buffer (0.5 mol/L, pH 6.8) Made up to 100 mL
Tris base 6.047 g
10% SDS 4 mL
Others

Tetramethylethylene diamide (TEMED)

2% in final solution

Ammonium persulphate (freshly prepared)

0.1% in final solution

2.16.3.3 Buffers for SDS-PAGE, transfer and washing

Sample loading buffer (2X)

Tris 125 mmol/L
SDS 4%
Glycerol 20%
Bromopheno! biue 0.06%
p-mecaptoethanol (add freshly) 10%
Running buffer for SDS-PAGE (pH 8.3)

Tris base 25 mmol/L
Glycine 250 mmol/L
SDS 0.1%
Transfer buffer

Tris base 48 mmol/L
Glycine 39 mmol/l.
SDS 0.037%
Methanol 20%

61




CHAPTER Il —~ METHODS AND MATERIALS

Tween-20 Phosphate-buffered saline (PBST) (pH 7.4)

NaCl 135 mmol/L
NaH;PQO4 3.2 mmol/l.
KHzPO4 0.5 mmol/L
KCi 1.3 mmol/L
Tween 20 0.05%

2.17 Primary antibodies
Primary antibodies for target proteins were diluted either in 1% bovine serum
albumin {(BSA) or 5% non-fat skimmed milk dissclved in PBST for Western

blotting (WB), 2% BSA in PBS for immunchistochemistry (IHC) and PBS in

immunofluorescence (IF).

Antigen { Host species | Type Application |, Company
COX-1 Mouse Monoclonal WB (1:500) | Cayman
COX-2 Rabbit ! Polyclonal WB (1:500) Cayman
COX-2 Goat Polyclonal WB (1:500), | Santa Cruz
IHC (1:200);
IF (1:200)
FP receptor Rabbit Polyclonal WB (1:500) Cayman
TP receptor : Rabbit Polyclonal WB (1:500) Cayman
PECAM-1 Goat Polyclonal IHC (1:200) Santa Cruz
ERK1/2 Rabbit Polyclonal i WB (1:500) Cell Signaling
Phospho- Mouse Monoclonal WB (1:500) Cell Signaling
ERK1/2
p38 MAPK Rabbit Polyclonal WB {1:500) Cell Signaling
Phospho-p38 | Mouse Monoclonal WB (1:500) ' Cell Signaling
MAPK |
PKCq Rabbit Polyclonal | WB (1:500) Cell Signaling
PKCs Rabbit Polyclonal . WB (1:500) | Cell Signaling
PKC. Rabbit Polyclonal WB (1:500) Cell Signaling
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PKCg Rabbit Polyclonal WB (1:500) ' Cell Signaling
?KCH Rabbit Polyclonal WB (1:500) Cell Signaling
PKC; Rabbit Polyclonal WB (1:500) Cell Signaling
Phospho- Rabbit Polyclonal WB (1:500) Cell Signaling
PKCs
MCP-1 Goat Polyclonal WB (1:500), | Santa Cruz
IHC (1:200);
IF (1:200)
Factor ViiI Rabbit Polyclonal WB (1:500) Abcam
IHC (1:200)
NOX-2 Rabbit Polyclonal W8 (1:500) Abcam
GAPDH Mouse Monoclonal WB (1:20000) [ Ambion

2.18 Statistical analysis

Endothelium-dependent contractions were expressed as active tension [force
recorded/ (2 x ring's length)]. Results are mean £ SEM of n rings from different
animals. Protein expression was normalized to GAPDH. For statistical analysis,
Student’s f-test or 2-way ANOVA followed by Bonferroni post-tests were used
when more than two treatments were compared (GraphPad Software, San

Diego, CA, USA). P<0.05 was considered significantly different.
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Chapter lll

Cyclooxygenase-2-derived PGF,, Mediates
Endothelium-dependent Contractions in the Aortae of
Young Hamsters

3.1 Introduction

Besides neuronal and hormonal regulation, vascular tone is modulated locaily
by a delicate balance between endothelium-derived relaxing (EDRFs) and
contracting (EDCFs) factors (Furchgott and Vanhoutte, 1989; Luscher and
Vanhoutte, 1986), with the latter being less well-defined but emerging as a
pathologic marker in hypertension, obesity, hyperlipidemia, diabetes and aging
(Vanhoutte et al., 2005).

A number of molecuies have been proposed as possible EDCF
candidates under pathophysioclogical conditions. These include prostaglandin H:
(PGHy), thromboxane A, (TxA:z), leukotrienes, endothelin-1 and superoxide
anion. The release of these tentative EDCFs can be triggered by acetylcholine,
angiotensins I/1l, ADP and ATP (Gollasch, 2002). The contribution of additicnal
cyclooxygenase (COX)-derived metabolites, i.e. PGE,, PGD,, and PGF,, has
been postulated. The precise nature of these EDCFs varies among species and
vascular beds (Luscher and Vanhoutte, 1986; Vanhoutte et al., 2005).

Two isoforms of COX have been identified in blood vessels. COX-1 is
constitutively expressed and believed to participate in physiological responses,
whereas COX-2 is a highly inducible enzyme (Linton and Fazio, 2004). At least
in the rat aorta, EDCFs appear to be COX-1-derived prostanoids generated in
the endothelium, which diffuse to contract the underlying vascular smooth
muscle by activating TP receptor (Vanhoutte et al., 2005). In arteries of
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spontaneously hypertensive or diabetic rats, the expression of COX-1 is up-
regulated and the augmented endothelium-dependent contractions are inhibited
by COX-1 inhibitors (Gluais et al., 2007; Shi et al., 2007; Yang et al., 2002).
COX-1-derived prostacyclin, TxA; or endoperoxides all contribute to
endothelium-dependent contractions (Gluais et al., 2008; Gluais et al., 2007).

However, this generally accepted distinction between “constitutive” and
“inducible” isoform of COX appears to be an over-generalization. Indeed, COX-
2 can be expressed constitutively in the endothelium of the rat pulmonary and
human renal blood vessels, and in cultured endothelial cells (Baber et al., 2003,
Therland et al., 2004). A COX-2 specific inhibitor attenuates arachidonic acid-
induced vasodilatation of canine coronary arteries (Hennan et al., 2001),
supporting a physiological role for COX-2 in vascular function. COX-2 is up-
regulated under pathological conditions including renovascular hypertension
(Hartner et al., 2003), reflux nephropathy (Solari et al., 2003), and diabetes
{Bagi et al., 2006). For instance, the elevated arteriolar tone and blood pressure
in type-2 diabetic mice is associated with the augmented production of COX-2-
derived vasoconstrictor prostanoids (Bagi et al., 2005), even though the source
of this production is unclear. In deoxycorticosterone acetate salt-induced
hypertension, the expression of COX-2 is enhanced and this is related to the
increased contraction of the aorta to acetylcholine, probably because of the
exaggerated oxidative stress in the vascular wall (Adeagbo et al., 2005).

COX-2 can be up-regulated by physiclogical shear stress from pulsative
flow (Hendrickson et al., 1999; Topper et al.,, 1996). However, its actual role in
the endothelial regulation of the norma! vascular tone is uncertain. |dentification
of COX-2-mediated generation of EDCFs can help to elucidate the cellular
mechanisms of endothelial dysfunction and potentially uncover novel
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therapeutic targets. Since the lipid profile and arachidonic acid metabolism of
hamsters resemble that of humans (Arbeeny et al., 1992; Kris-Etherton and
Dietschy, 1997; Nicolosi, 1997) and COX-2 may be important for both the
physiological and pathological regulation of vascular reactivity (Hendrickson et
al., 1999; Linton and Fazio, 2004; Topper et al., 1996), | hypothesized that
COX-2 rather than COX-1 is mediating the generation of EDCFs in the aorta of
young and healthy hamsters. The present findings revealed PGF., as a

physiological EDCF, which can be generated by COX-2 in the endothelium.
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3.2 Materials and Methods

This study was approved by the Animal Experimentation Ethics Committee,
Chinese University of Hong Kong. This investigation conformed to the Guide for
the Care and Use of Laboratory Animals published by the US National Institute
of Health (NIH Publication No. 85-23, revised 1996). Human renal arteries were
obtained during surgery after informed consent from four patients aged between

59 and 75 years.

3.2.1 Animals and diet

Experiments were performed on acrtae from male Syrian golden hamsters aged
~ 3 month supplied by the Laboratory Animal Services Centre, the Chinese
University of Hong Kong. The animals were housed at constant temperature (21
+ 1 °C) under a 12-hour light/dark cycle and had free access to a standard chow

diet and water.

3.2.2 Blood vessel preparation

Hamsters were euthanized by CO; inhalation. Thoracic acrtae were excised
and placed in Krebs-Henseleit solution (KHS) containing (mmol/L). NaCl 119,
NaHCO; 25, MgCl; 1, KCI 4.7, KH,PO4 1.2, CaCl; 2.5, and D-glucose 11.1.
Following the removal of periadventitial fat, each artery was cut into segments
~1.0-1.3 mm in length. Each segment was suspended between two stainless
steel wires in chambers of a Multi Myograph System (610M, Danish Myo
Technology A/S, Aarhus N, Denmark) for the measurement of isometric force.
Each chamber was filled with 5§ mL-KHS aerated with 95% O, and 5% CO, and
maintained at 37°C. The rings were stretched to a previously determined
optimal resting tension of 10 mN. Thirty min after setting up the preparations,
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they were contracted with 60 mmol/lL KCI to test the vessel's contractility, and
washed in normal KHS, and finally allowed to equilibrate for 30 min. In some
rings, the endothelium was removed mechanically by rolling the luminal surface
with a stainless steel wire.

Human renal arteries were obtained after renal surgery with informed
consent from patients. Each artery was cut into 2-3 ring segments, 2-3 mm in
length. Rings were suspended in organ bath as described previously (Leung et
al., 2006). Each ring was initially stretched to an optimal tension of 25 mN and

then allowed to equilibrate for 90 min before the start of the experiments.

3.2.3. Isometric force measurement

Aortic rings with endothelium were exposed for 30 min to 100 umol/L NC-nitro-L-
arginine methyl ester (L-NAME) prior to the cumulative addition of acetylcholine
{0.1-10 umol/l)y for viualization of endothelium-dependent coniractions.
Changes in isometric tension to PGF2, (1-30 ng/ml), PGl (3.7-370 ng/ml),
cicaprost (10-100 ng/mi} in the presence of L-NAME were also recorded. The
effects of various inhibitors and antagonists (e.g., COX-1 and COX-2 inhibitors,
TP receptor antagonists) or NO donors (SNP, SIN-1) were tested on
acetylcholine- or PGF.-induced contractions following a 30-min incubation with
each drug. Specificity of COX-2 inhibitors and TP receptor antagonists was

tested against contraction induced by 60 mmol/L KC| or 50 nmol/L U46619.

3.2.4 In situ endothelial cell [Ca®']; imaging

Real-time changes in intracellular calcium levels, [Ca®'], in native endothelial
cells of the intact hamster aorta were determined by calcium imaging using
Fura-2 AM (Leung et al., 2008). Isolated aortic rings with endothelium were
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labeied for 60 min at 21 °C in a solution containing 10 pmol/L Fura-2 AM,
0.025% pluronic F-127, and 1 mmol/L probenacid (to prevent Fura-2 secretion).
The ring was then cut open and pinned en face to a block of silicone elastomer
fixed in a perfusion chamber, which was perfused with pre-warmed KHS for 20
min at 1 mL/min.

The specimen was illuminated (Polychrome |V light source) on the stage
of an IX70 Olympus microscope, fitted with a 20X Olympus water immersion
objective. The Fura-2 loaded tissue was excited alternately at 340 and 380 nm,
and images of the respective 510 nm-emissions were collected at one-second
intervals using a MetaFluor v4.6 software (Universal Imaging Corp., West
Chester, PA, USA). The emitted light was transmitted to a collecting device and
then to a cooled charge coupled device (CCD) camera. lllumination through the
Polychrome IV light scurce and acquisition by the CCD camera were controlled
by MetaFluor software v4.6. Video frames containing images of cell
fluorescence were digitized at a resolution of 512 horizontal x 480 vertical pixels.
Imaging analysis was performed using a MetaFiuor imaging system. After
background subtraction, the fluorescence ratio (F340/F380) was obtained by
dividing, pixel by pixel, the images at 340 nm and 380 nm. Changes in this ratio
reflected changes in [Ca®'].

3.2.5 Reverse-transcription polymerase chain reaction (RT-PCR)

Expression levels of COX-2 mRNA in rings with and without endothelium were
detected by RT-PCR. The arterial rings were snap frozen in liquid nitrogen and
homogenized, and mRNA was extracted using the Aurum total RNA Mini kit
{BioRad, Hercules, CA, USA) according to manufacturers’ instructions. The
extracted RNA was reverse transcribed using the iScript™ cDNA synthesis kit
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(BioRad}, and PCR was performed with Tag DNA polymerase (invitrogen,
Carlsbad, CA, USA) with thermal cycles of 5 min-85 °C, 30 cycles of 1 min-95
°C, 1 min-Ty, (melting temperature), 1 min-72 °C, finally followed by 6 min-72 °C.

Primers for PCR were COX-2 (216 bp) sense (5-TGA TCC CCA AGG
CAC GAA-3") and antisense (5-ACC TCT CCA CCA ATG ACC TGA-3’) (Valeille
et al., 2005), GAPDH (171 bp) sense (5'-ACC CAG AAG ACT GTG GAT GG-3')
and antisense (5-CAC ATT GGG GGT AGG AAC AC-3’). Melting temperature
for COX-2 and GAPDH primers were 60 °C and 57 °C, respectively. PCR
products were run on 1.5% agarose gel in 1X TAE buffer at 80 V. Ethidium
bromide-stained bands were visualized under UV illumination using FluorChem

(version 2.00, Alpha Innotech Corp., San Leandro, CA, USA}.

3.2.6 Western blot analysis

Hamster aortic rings (without or without 3 min-ACh exposure), heart, lung, and
human renal arteries were snap frozen in liquid nitrogen and subsequently
homogenized in an ice-cold RIPA lysis buffer with a cocktail of protease
inhibitors (leupetin, 1 pg/mL; aprotonin, 5 pg/mL; PMSF, 100 ug/mL; sodium
orthovanadate, 1 mmol/L; EGTA, 1 mmol/L; EDTA, 1 mmol/L; NaF, 1 mmol/L
and B-glycerolphosphate, 2 mg/mL). The lysates were centrifuged at 20,000 xg
for 20 min and the supernatants were collected. The protein concentration was
determined by the Lowry method (BioRad). Each protein sample (80 pg) was
electrophoresed through the 10% SDS-polyacrylamide gels and then
transferred to an Immobilon-P polyvinylidene difluoride (PVDF)} membrane
(Millipore). The membranes were blocked with 5% non-fat skimmed milk and
probed overnight at 4 °C with antibodies against PECAM-1 (Santa Cruz), COX-
1 (Santa Cruz), COX-2 (BD Transduction Laboratories), FP or TP receptor
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{Cayman Cheimcal}. After washes in Tween-20 phosphate buffer saline (PBST),
the membranes were incubated with appropriate HRP-conjugated secondary
lgG (DakoCytomation) for 60 min at room temperature. The membranes were
developed with an enhanced chemiluminescence detection system (ECL
reagents; Amersham Pharmacia Biotech, Uppsala, Sweden) and exposed on X-
ray films (Fuji). Densitometry was performed using a documentation program
{FluorChem, Alpha Innotech Corp., San Leandro, CA, USA). Removal of
endothelium was confirmed by probing the membrane with an endothelial cell
marker, PECAM-1. GAPDH antibody (Ambion, Inc} was probed as a loading

control.

3.27 Enzyme immunoassay {EIA) and high performance liquid
chromatography-coupled mass spectrometry (HPLC-MS) measurement of
prostaglandins
After 30 min-incubation in the presence of L-NAME with or without inhibitors or
SNP in a chamber at 37 °C, aortic rings were transferred to microcentrifuge
tubes that contained 200 plL bathing solution and 3 pymol/L acetyichofine. Three
minutes later, arterial tissues were removed and solutions were frozen and
stored at -80 °C until assay for the determination of the protein content.

The levels of arachidonic acid-derived prostanoids were measured by
EIA kits (Cayman Chemical, Ann Arbor, MI, USA) according to the instruction of
the manufacturer. The five prostanoids or their metabolites, PGF.q, PGE2, PGDs,
B-keto PGF,, (for PGIz) and TxB; (for TxA,), were assayed. The level of 8-
isoprostanes was also determined.

The release of PGF24 and 6-keto PGF 4 was also measured with HPLC-
MS (Cui et al., 2008). LC-MS experiment was performed on Agilent 1100 series
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HPLC with binary pump, autosampler and a thermostated column compartment
(Agilent Technologies, CA, USA). The separation was performed on a reversed
phase column (Alitech Prevail, C8, 2.1 mm % 150 mm, 3 um} at a flow rate of
0.2 mb/min. The column temperature was maintained at 30 °C throughout the
analysis. The injection volume was 20 pL. The mobile phases consisted of 0.1
% formic acid in water (A) and in acetonitrile {B). The gradient started at 90 % A,
10 % B for 4 min, followed by a linear increase of solvent B to 55 % at 13 min,
which further increase t0 70 % B in 5 min and maintained for 4 min. Finally,
solvent B was decreased to 10 % and equilibrated for 15 min before the
injection of the next sample. Negative ion electrospray mass spectrometric
analysis was carried out using Bruker Daltonics MicrOTOFQ mass
spectrometer (Bremen, Germany). The end plate offset and capillary voltage
were -5650 V and 4000 V respectively. Nitrogen was used as nebulizer gas at
1.4 bar and drying gas at a flow rate of 7.0 L/min at 170 °C. Pure PGF, and 6-
keto PGF 4, were dissolved in methanol and serially diluted in KHS to construct

standard curves.

3.2.8 Detection of reactive oxygen species {(ROS) formation

ROS formation was detected with electron paramagnetic resonance (EPR)
using 1-hydroxy-2,2,6,6-tetramethyl-4-oxo-piperidine hydrochloride (TEMPONE-
H, Alexis Biochemical Corp., San Diego, CA, USA) as the spin trap for
superoxide anion and peroxynitrite. Aortic rings were incubated with 2-mL L-
NAME (100 pmol/L)-containing Krebs solution, oxygenated with 95% O, and
5% CO, at 37°C, together with TEMPONE-H (100 pmol/L) and a transition
metal chelator diethylenetriaminepentaacetic acid (DTPA, 100 pmolil, Sigma-

Aldrich). After incubation, rings were homogenized in 100-uL bathing solution
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and placed into glass micropipettes for signal detection. X-band EPR spectra
were measured at 21 °C using an EMX EPR spectrometer (Bruker BioSpin
GmbH, Siberstreifen, Rheinstetten/Karlsruhe, Germany). Oxidation of
TEMPONE-H generates 4-oxo-tempo with a characteristic three-line EPR signal
centred at 3474 G. The EPR-settings were as follows: field swept from 3444 G
up to 3504 G, microwave power 200 mW, modulation amplitude 2 G, conversion
time 655 ms, detector time constant 5245 ms, magnetic field sweep time 671 s.
Interpretations of EPR spectra were done according to hyperfine EPR splitting

constants reported by Dikalov et al. (1996).

3.2.9 Drugs and chemicals

Acetylcholine, indomethacin, phenylephrine, baicalein, tiron, tempol, DETCA
(diethyldithiocarbamate acid) sodium nitroprusside, L-arginine and U46619
(9,11-dideoxy-11,,9.-epoxymethano-prostaglandin  Fz) were purchased from
Sigma-Aldrich Chemical (St Louis, MO, USA). DuP-697 (5-bromo-2-(4-
fluorophenyl)-3-[4-(methylsulfonyl)phenyl]-thiophene), oDQ, (1H-
[1.2,4]oxadiazolo[4,3-a)quinoxalin-1-one), hydroxylamine, SIN-1 (amino-3-
morpholinyl-1,2,3-oxadiazolium chloride), L-NAME (NG-nitro-L-arginine methyl
ester), actinomycin-D, cycloheximide, GR 32191 ((42)-7-[(1R,2R,3S,55)-5-
([1,1'-biphenyl]-4-yimethoxy}-3-hydroxy-2-(1-piperidinyl)cyclopentyl]-4-heptenoic
acid hydrochloride), L-655240 (1-[(4-chlorophenylymethyl]-5-fluoro-a,a,3-
trimethyl-1H-indole-2-propanocic  acid), NS-388  (N-[2-(cyclohexyloxy)-4-
nitrophenyl}-methanesuifonamide) and ozagrel hydrochloride were from Tocris
(Avonmouth, UK). 2-APB (2-aminoethoxydiphenyl borate), apocynin and PGE;
were from Calbiochem, EMD Biosciences (La Jolla, CA, USA). VAS (valeryl
salicylate), PGF,,, PGl;, 6-keto PGFi, and cicaprost were from Cayman
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Chemical {Ann Arbor, M, USA). 518886 (3-[(B-amino-(4-
chlorobenzensulphonyl)-2-methyl-5,6,7 ,8-tetrahydronapht]-1-yl) propionic acid)
and sc-560 were kind gifts from Institut de Recherches Servier (Suresnes,
France). Celecoxib was from Pfizer. Except acetyicholine, GR 32191, L-NAME,
phenylephrine, ozagrel hydrochloride, PGl,, cicaprost, tiron, tempol, DETCA,
518886, sodium nitroprusside, L-arginine, ODQ, hydroxylamine and SIN-1 that
were prepared in distilled water, all other drugs were dissolved in DMSO

(Sigma-Aldrich).

3.2.10 Data analysis

Endothelium-dependent contractions were expressed as active tension [force
recorded/ (2 x ring’s length)]. Protein expression was normalized to GAPDH of
respective blot. Resuiis are mean + SEM of n rings from different animals. For
statistical analysis, Student's ftest or 2-way ANOVA followed by Bonferroni
post-tests were used when more than two treatments were compared
(GraphPad Software, San Diego, CA, USA). P<0.05 was considered

significantly different.
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3.3 Results

3.3.1 Essential role of COX-2 in endothelium-dependent contractions in
aortae from young hamsters

In the presence, but not in the absence of N®-nitro-L-arginine methyl ester (L-
NAME), acetylcholine elicited pronounced contraction of aortic rings with
endothelium with a maximal response of 5.93 £ 0.16 mN/mm (Figure 3.1A&B),
corresponding to approximately 70% of the contractile response (8.55 + 0.32
mN/mm) induced by 60 mmol/L KCIl. Removal of the endothelium abolished the
contractions to acetylcholine (Figure 3.1C). The endothelium-dependent
contractions were attenuated or eliminated by the non-selective COX inhibitor
indomethacin (Figure 3.2A). Likewise, three structurally different selective COX-
2 inhibitors (NS-398, DuP-697 and celecoxib) reduced or abolished the
endothelium-dependent contractions (Figure 3.2B-D). The specificity of COX-2
inhibition was confirmed by the lack of inhibitory effects of the three inhibitors on
contractions induced by 60 mmol/L KCI| and U46619 (Figure 3.3). By contrast,
neither the COX-1 selective inhibitors [valeryl salicylate (VAS) and sc-560,
Figure 3.4A&B] nor the inhibitor of 5- and 12-lipoxygenase (baicalein) inhibited
the response (Figure 3.4C). The endothelium-dependent contractions were
unaffected by treatment with actinomycin-D (10 umol/L, RNA synthesis inhibitor)

or cycloheximide (10 pmoliL, protein synthesis inhibitor) (Figure 3.5).

3.3.2 Endothelium-dependent contractions mediated through TP receptors
The endothelium-dependent contractions were attenuated or abolished in acrtic
rings treated with three structurally distinct selective TP receptor antagonists,
terutroban (S18886, 3-100 nmol/L), L-655,240 (0.1-1 ymol/L), or GR 32191
(100 nmol/L) (Figure 3.6A-C). On the contrary, the thromboxane synthase
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inhibitor ozagrel hydrochloride (10 pmol/L) did not affect the contraction (Figure
3.6D). The specificity of the TP receptor antagonists was tested against
contractions induced by 60 mmol/L KC| and U46619. Treatment with these
antagonists inhibited or prevented the U46619-induced contraction without

affecting that to 60 mmol/L KCI (Figure 3.7).

3.3.3 Dependency on extracellular Ca**

Endothelium-dependent contractions were absent following the removal of
extracellular calcium ions. Re-introduction of 2.5 mmol/L CaCl, to the bathing
solution restored contraction in the presence of 10 pmol/L acetylcholine (Figure
3.8A). Exposure of rings to 2-APB (3-50 pmol/L, a non-selective cation channel
blocker) diminished or abolished the endothelium-dependent contractions
(Figure 3.8B) without affecting the response to 60 mmol/L KCI or U46619 (n=4,
data not shown).

En face fluorescence images from viable individual native endothelial
cells of cut-open aortic segments were examined (Figure 3.9A a). The
fluorescence signal indicative of the [Ca®'} was absent after mechanical
removal of the endothelium. It increased following the addition of acetylcholine
in the presence of L-NAME only in arterial tissues with endothelium (Figure 3.9A
a*). Treatment with 2-APB (50 pmol/L, the concentration that abolished
endothelium-dependent contractions), prevented the increases in [Ca®"]; (Figure
3.9A b*). By contrast, S18886 (0.1 umol/L) had no effect on the ca®
fluorescence signal (Figure 3.9A c*). The acetylcholine-stimulated real-time
increase in endothelial cell [Ca®*'}; was eliminated by 2-APB but not by S18886

(Figure 3.9B).
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3.3.4 Localization of COX-2

The expression of COX-2 mRNA was significantly higher in aortae with than
those without endothelium (Figure 3.10A). The COX-2 protein expression was
reduced following the mechanical removal of the endothelium (Figure 3.10B),
which | had confirmed by the reduced protein levels of the endothelium-specific
marker, PECAM-1 (Figure 3.10D). The protein expression of COX-1 was slightly
but insignificantly greater in the aortae with than those without endothelium

(Figure 3.10C).

3.3.5 PGF;, as the EDCF

Six possible EDCF candidates, i.e. PGF,,, PGE;, TxAz, PGD,, PGlz and 8-
isoprostanes were assayed chemically. Acetylcholine at 3 umol/L stimulated a
significant rise in the release of PGF24 and PGI; (detected as 6-keto PGF44) but
not PGE;, TxA; (detected as TxB;) and PGD; from aortic rings with endothelium
(Figure 3.11). The release of both PGF;, and 6-keto PGF 4, was largely inhibited
by removal of the endothelium (Figure 3.12A&B). Among the five assayed
prostanoids, only the release of PGF,q (~0.8 ng/mL) and 6-keto PGFy, (~7
ng/mL) evoked by 3 pmol/lL acetylcholine was inhibited or abolished by
treatment with celecoxib or 2-APB but not by VAS (Figure 3.12A&B). These
results are consistent with those obtained by HPLC-MS which showed that the
amount of PGFy, (~1.0 ng/mL) was comparable to that (~0.8 ng/mL) assayed by
EIA (Figure 3.12C&D).

To further investigate the role of PGFyy and PGI; in endothelium-
dependent contractions, the effects of PGF,, (1-30 ng/mL}, PGIl, (3.7-370
ng/mL} and its stable analogue cicaprost (10-100 ng/mL) were tested in the
presence of 100 pmol/L L-NAME. PGF,, induced confraction of the aortic rings
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at the relatively low concentration of 1 ng/mL (Figure 3.13A&B), comparable
with the level of acetylcholine-induced release measured by EIA (~0.8 ng/mL).
The contraction was reduced by S18886 (0.1 umol/L). By contrast, neither PGl;
nor cicaprost produced a contraction (Figure 3.14A-D), even at a concentration
fifty-fold higher than that detected in the solution bathing aortae exposed to
acetylcholine (~7 ng/mL for 6-keto PGFis). Exogenous PGI; did not relax
phenylephrine-contracted aortae (Figure 3.14E&F).

PGE,, whose release was independent of acetylcholine stimulation
(Figure 3.15A), produced very small contractions at the assayed concentration

(~0.8 ng/mL), and such contractions were insensitive to S18886 (Figure 3.15B).

3.3.6 Non involvement of F-series-prostanoid (FP) receptor

Though PGFy, is a natural agonist for FP receptor, FP receptor did not take a
role in PGF,,-mediated endothelium-dependent contractions. FP receptor
antagonist, AL-8810 (1 umol/L) did not inhibit acetylcholine- or PGFas-induced
contractions (Figure 3.16A&B). The expression of FP receptor is very minimal in
the hamster aorta as compared to positive controls of heart and lung (Figure

3.16C).

3.3.7 Non involvement of reactive oxygen species (ROS)

Endothelium-dependent contractions to acetylcholine were unaffected by tiron
(1 mmol/L) plus DETCA (100 pmol/L) (membrane-permeable free radical
scavengers), tempol (100 umol/L, superoxide dismutase mimetic) or apocynin
(100 umol/L, NADPH oxidase inhibitor) (Figure 3.17A). The level of 8-
isoprostanes was very low (Figure 3.17B) L-NAME-treated aortic rings showed
no EPR signal for superoxide anion or peroxynitrite in response to acetylcholine
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(Figure 3.18A&B), while the addition of hypoxanthine plus xanthine oxidase
(HXXO, a mixture to release superoxide anion) gave rise to three distinct EPR

signals (Figure 3.18C).

3.3.8 Human renal arteries

In the presence of 100 umol/L L-NAME, ACh induced contractions in arteries
from patients with hypertension and diabetes mellitus and these contractions
were reversed by S18886 (Figure 3.19). PGFac-induced contractions were
antagonized by S18886 but not by AL-8810, the FP receptor antagonist (Figure
3.20A&B). Pre-treatment with $S18886, but not AL-8810, prevented exogenous
PGF g -induced contractions (Figure 3.20C). Western blot analysis revealed little
or no expression of FP receptor in human arteries in contrast to well-expressed
TP receptor {Figure 3.21A&B). HPLC-MS measurement showed that those
arteries released both PGF;, and 8-keto PGF, in response to 100 pmol/L ACh,
but only the release of PGF,, was inhibited by celecoxib (10 pmol/L) while VAS

(30 umol/L) was without effect (Figure 3.21B&C).

3.3.9 Release of PGF, is unaffected by presence of NO

Acetylcholine did not induced contractions in control arteries without L-NAME
exposure. L-NAME (100 umol/L) unveiled ACh induced contractions with
maximal tension of 4.72 + 0.56 mN/mm at 10 ymol/L. Inhibition of the soluble
guanylate cyclase with ODQ also caused similar contractions at 10 yM ACh
(4.39 £ 0.47 mN/mm} (Figure 3.22). NO donor, sodium nitroprusside (SNP), at 1
pmol/L inhibited ACh-induced contractions in the presence of L-NAME (Figure
3.23A). In contrast, contractions unmasked by ODQ were not affected by SNP
(Figure 3.23B). Another NO donor, SIN-1 (1 umol/L} and an intermediate for NO
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formation, hydroxylamine (30 gmol/ll), alsoe suppressed ACh-induced
contractions (Figure 3.24A), which were attenuated by L-arginine (1 mmol/L)
pre-incubated for 10 min before L-NAME addition (Figure 3.24B).

PGF2, elicited vasoconstrictions in untreated control rings. L-NAME
{Figure 3.25A) and removal of endothelium {Figure 3.25B) enhanced the
PGFaq-induced confractions. SNP at 0.1 umol/L and 1 umol/L inhibited PGF24-
induced contractions in the presence of L-NAME (Figure 3.25C).

Acetylcholine (3 pmoliL) stimulated the release of PGF,, only in aortic
rings with endothelium (72.44 + 18.10 pg/mli/mm). The release was neither

enhanced by 100 pmol/L L-NAME nor prevented by 1 ymol/L SNP (Figure 3.26).
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FIGURE 3.1.

(A) Original recordings showing acetylcholine (ACh)-induced
contractions present only in rings with endothelium treated with L-
NAME (100 pumol/L, 30-min incubation). Concentration-dependent
contractions induced by acetylcholine (B) in the presence of L-
NAME (+ L-NAME, n=15 vs - L-NAME, n=5) and (C) in rings with
endothelium (+ Endo n=15 vs - Endo n=4). Data are mean + SEM of
n experiments. ***P<0.001 compared between +/- L-NAME or +/-
Endo.
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FIGURE 3.2.

Inhibitory effects of a non-selective COX inhibitor indomethacin
{Indo) (A, n=6-15) and the selective COX-2 inhibitors, NS-398 (B,
n=4-9), DuP-697 (C, n=5-8) or celecoxib (D, n=5-7) on endothelium-
dependent contractions. Data are mean + SEM of n experiments.
***P<(.001 compared with control.
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Lack of significant effects of COX-2 inhibitors (NS-398, DuP-697 and
celecoxib, each at 3 umol/L) on contractions induced by 60 mmol/L
KCI (A) or U46619 (B), confirming the specificity of these inhibitors.
Data are mean * SEM of 4-5 experiments.
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Lack of effects of COX-1 inhibitors, valeryl salicylate (VAS, 30
pumol/l., A) and sc-560 (0.3 umol/L, B), 12-lipoxygenase inhibitor,
baicalein (30 pmol/L, C) on acetylcholine-induced endothelium-
dependent contractions. Data are mean + SEM of 5-6 experiments.
NS, no statistical significance.
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Acetylcholine-induced endothelium-dependent contractions were
unaffected by transcription inhibitors, the RNA synthesis inhibitor,
actinomycin-D (10 pmol/L) or protein synthesis inhibitor,
cycloheximide (10 pmol/L). Data are mean + SEM of 6 experiments.
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FIGURE 3.6.

Inhibitory effects of the TP receptor antagonists, S18886 (A, n=5-15),
L-655,240 (B, n=4-6), and GR 32191 (C, n=5-6) and lack of the
effect of the thromboxane synthase inhibitor ozagrel (D, n=5) on
endothelium-dependent contractions. Data are mean = SEM of n
experiments. ***P<0.001 compared with control.
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(A) Lack of effect of selective TP receptor antagonists (518886, 100
nmol/L; GR 32191, 100 nmol/ll; L-655,240, 1 pumol/l) on
contractions induced by 60 mmol/L KCI. (B) These TP receptor
antagonists significantly inhibited U46619-induced contractions.
Data are mean + SEM of 4-5 experiments. ***P<0.001 between
control and antagonist groups.
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(A} Dependency of endothelium-dependent contractions on the
presence of extracellular calcium ions. (B) Inhibitory effect of 2-APB
on endothelium-dependent contractions. The scale bar applies to
both traces. Data are mean + SEM of 5-15 experiments. ***P<0.001
compared with control.
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(A) Calcium levels in en face preparations of native endothelial cells
of the aorta measured by ratiometric fluorescence imaging. Images
showing increases in [Ca?"}; in situ induced by acetylcholine (a*) in
the presence of L-NAME, which was abolished by 50 pmol/L. 2-APB
(b*), but unaffected by 0.1 pmol/L $18886 (c*). The scale bar
represents 50 um. (B) Time course of the effect of acetylcholine on
[Ca?']; of endothelial cells under different treatments. Data are mean
+ SEM of 4 experiments. ***P<0.001 compared with control.
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Reduced levels of COX-2 mRNA and protein in preparations without,
compared with those with endothelium, as revealed by RT-PCR (A,
n=5) and Western blot analysis (B, n=8). COX-1 expression was
similar in hamster aorta with or without endothelium (C, n=6).
Western blotting for an endothelial cell marker, PECAM-1 confirmed
the removal of endothelium (D, n=7). Data are mean + SEM of n
experiments. *P<0.05 and ***P<0.001 between rings with and
without endothelium.
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EIA measurement of the putative arachidonic acid metabolites,
PGF,,, PGE;, TxB,, PGD, (A) and 6-keto PGF,,; (B) in the bathing
solution of L-NAME-treated aortae with and without exposure to
acetylcholine (ACh vs Control). Among the five prostanoids, only the
release of PGF,, and 6-keto PGF, was augmented significantly by
acetylcholine. Data are mean + SEM of 3-5 experiments. *P<0.05
compared with control. NS, no statistical significance.
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FIGURE 3.12.

Release of PGF,, and 6-keto PGF,, measured by EIA (A&B} and
HPLC-MS (C&D). The ACh-stimulated release of PGF,, (A&C) and
6-keto PGF,, (B&D) depended on the presence of endothelium and
was inhibited by celecoxib or 2-APB but unaffected by VAS. Data
are mean + SEM of 3-5 experiments. *P<0.05 and **P<0.01
compared with control. NS, no statistical significance.
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FIGURE 3.13.

Trace (A) and summarized results (B) showing the responses of L-
NAME-treated rings with endothelium to PGF,,. Inhibitory effect of
0.1 pmol/L S18886 on PGF2a-induced contractions (A&B). Data are
mean + SEM of 5 experiments. ***P<0.001 compared with control.
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Trace and summarized results showing the responses of L-NAME-
treated rings with endothelium to PGI, (A&B) and cicaprost (C&D).
(E&F) PGl did not relax pre-contracted aortae. Data are mean %
SEM of 5 experiments. ***P<0.001 compared with control.
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FIGURE 3.15.

(A) PGE; did not relax but caused contractions in the aortae. These
contractions were not inhibited by TP receptor antagonist, S18886
(0.1-0.3 umol/L, B). Data are mean £ SEM of 4 experiments.
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Lack of effect of the FP receptor antagonist AL-8810 (1 pmol/L) on
contractions induced by acetylcholine (A) and PGF,, (B) in the L-
NAME-treated aortae. (C) The protein expression level of FP
receptor (FPR) in hamster aortae, heart and lung. Data are mean +
SEM of 5 experiments.
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{A) Lack of effects of free radical scavengers (1 mmol/L tiron plus
100 umol/L DETCA or 100 pmol/L tempol) or an NADPH oxidase
inhibitor, apocynin (100 ppmol/L} on endothelium-dependent
contractions. (B) EIA measurement of 8-isoprostane in the bathing
solution of L-NAME-treated aortic rings exposed to acetylcholine;
the level of 8-isoprostane was not affected by celecoxib, VAS or 2-
APB. Data are mean + SEM of 4 experiments.
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FIGURE 3.18.

Recordings with the electron paramagnetic resonance technique
showing the absence of ROS signal in a control aorta (A) and in an
L-NAME-treated aorta exposed to acetylcholine (B). (C) ROS signal
as positive control in an aorta after addition of hypoxanthine plus
xanthine oxidase. Data are mean + SEM of 3 experiments.

98



CHAPTER it — PGF;,AS EDCF

68,+HT,+DM
518886
(0.1 ymol/L)
Y

NNI_
T 5 min

110 100
ACh (pumol/L)

B

75,+HT,+DM S18886
(0.1 umoliL)
v

W']mNI_

1 10 100 S min
ACh (umol/L)

C

59,+HT -DM MW\
TN ill' 4 }f 1mN|
‘Phe 5 min

110100 (1 umoliL)
ACh (umol/L)

FIGURE 3.19.

ACh-induced contractions in human renal arteries from patients with
hypertension and diabetes at age of 68 (A) and 75 (B) and from
patient with hypertension only at age of 59 (C). The number
indicates the age of the patient; HT, hypertension; DM, diabetes.
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FIGURE 3.20.

(A&B) TP receptor antagonist (S18886) but not FP receptor
antagonist (AL-8810} reversed PGFa-induced contractions within 30
minutes after addition of the antagonists (n=4). (C) Pre-treatment
with S18886, but not AL-8810, prevented PGF,.-induced
contractions. Data are mean + SEM of 3-4 experiments. *P<0.05

compared with control.
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FIGURE 3.21.

(A) Western blotting analysis showed that human renal arteries
expressed the TP receptor (TPR) but not the FP receptor (FPR).
Lanes A (hamster heart) & B (hamster lung) served as positive
controls. Increased release of (B) PGF,,, but not (C) PG, (assayed
in form of 6-keto PGF4;) was inhibited by celecoxib and not by VAS
in human renal arteries from two hypertensive and diabetic patients
(data are average of two patients).
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FIGURE 3.22.

(A) Representative traces of ACh-induced contractions in the
presence of L-NAME and ODQ. (B) L-NAME (100 umol/L) and ODQ
(3 pmol/L) unveiled similar ACh-induced contractions. Data are
presented as mean + SEM of 5-6 experiments from different rats.
“**P<0.001 compared with controf.
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FIGURE 3.23.

SNP at 1 pmol/L prevented ACh-induced contractions unmasked by
(A) L-NAME but not those by (B) ODQ. Data are presented as mean
+ SEM of 4 experiments from different rats. *P<0.05 compared with
control.
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FIGURE 3.24.

{(A) Inhibitory effects of hydroxylamine (30 pmol/L), SIN-1 (1 umol/L)
and (B) L-arginine (i.-arg, 1 mmoi/L) on ACh-induced contractions in
the presence of L-NAME. Data are presented as mean + SEM of 4-5
experiments from different rats. *P<0.05 and **P<0.01 compared
with control.
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FIGURE 3.25.

PGF,4-induced vasoconstrictions were potentiated by (A) L-NAME
or (B) removal of endothelium. (C} SNP at 0.1 pmol/L and 1 ymol/L
suppressed PGF,q-induced contractions in the presence of L-NAME.
Data are presented as mean * SEM of 4-6 experiments from
different rats. *P<0.05 and ***P<0.001 compared with control or +

Active tension

N

Active tension

\

Active tension

(mN/mm)

i

10;

1 === SNP, 1 pmol/L

9 -0—+ Endo, Control
-—+ Endo, L-NAME

*k*

0 2 4 6 8 10
PGF,, (ng/ml)

1 =0—+ Endo
- - Endo *k%

0 2 4 6 8 10
PGF,, (ng/ml)

=0~ Control
~e—SNP, 0.1 pmol/L

' ' + Enfio, L:NAIY!E
0 2 4 6 8 10
PGF,, (ng/mL)

105



CHAPTER Il — PGF,, A8 EDCF

RN
-

PGF,,,
(pg/ml/mm)

>

O

-

|

+
+ + +
+ + + +

+

FIGURE 3.26.

ACh induced endothelium-dependent release of PGF,,, which was
unaffected by the presence of L-NAME and SNP. Data are
presented as mean * SEM of 4 samples from different rats.
**<0.01 compared with control.
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3.4 Discussion

Endothelium-dependent contractions are observed generally in arteries
of aged or diseased animals, including high fat diet-induced obese mice,
spontaneously hypertensive rats and diabetic rats (Shi et al., 2007; Traupe et al.,
2002; Vanhoutte et al., 2005), in which endothelial function is already impaired.
The present study demonstrates that in the aorta of young and healthy
hamsters endothelium-dependent coniractions can be evoked via COX-2-
mediated production of PGF3, which acts on the TP receptor in vascular smooth
muscle cells. Our studies on human renal arteries revealed that this pathway
could be of relevance also in humans.

Arachidonic acid, released from cell membranes by phospholipases,
can be metabolized via different pathways to generate vasoactive substances.
Lipoxygenases convert arachidonic acid to HPETEs
{hydroperoxyeicosatetraenoic  acids) and then to either HETEs
(hydroxyeicosatetraencic acids) or leukotrienes. Cyclooxygenases oxygenate
arachidonic acid to form PGG; and PGHz, which are further converted to
various prostanoids including PGD;, PGE;, PGF;,, TxA; and PGl; via their
respective synthases (Simmons et al.,, 2004). In the present study, baicalein
was used to inhibit the lipoxygenase pathway, yet this caused no suppression of
the acetylcholine-induced endothelium-dependent contractions. By contrast,
incubation with a relatively low concentration of indomethacin abclished the
response. These observations permit the conclusion that arachidonic acid
metabolites formed under the catalytic action of cyclooxygenases are the most
likely EDCF candidate(s) mediating the endothelium-dependent contractions in
the aorta of healthy hamsters.

COX-1 is known to be expressed constitutively in most tissues while
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COX-2 is highly inducible by pro-inflammatory cytokines, tumor promoters and
mitogens (Fries and Grosser, 2005). Recent studies suggest that COX-2 is also
constitutively expressed in the kidney, brain and arteries (Baber et al., 2003;
FitzGerald and Patrono, 2001; Therland et al.,, 2004). In the cardiovascular
system, endothelial cells express COX-2 in response to shear stress under
normal physiological condition (Topper et al., 1996). When COX-2 is present, it
contributes to PGI; synthesis (Bolego et al., 2006; McAdam et al., 1999), and
can activate silent reservoirs of PGl, synthase in most tissues (Klumpp et al.,
2005). In the present study, the endothelium-dependent contractions of the
aorta from healthy hamsters were mediated by COX-2 while the constitutively
expressed COX-1 did not play a significant role, as evidenced by the
pronounced attenuation of the response by NS-398, DuP-697 and celecoxib
(COX-2 inhibitors), but not by sc-560 and VAS (COX-1 inhibitors). Inhibition of
RNA synthesis and protein synthesis by actinomycin-D and cycloheximide,
respectively, did not alter the endothelium-dependent contractions, indicating
that COX-2 was expressed constitutively in the aorta and that its presence was
not induced acutely by acetylcholine. The molecular biological comparison of
aortae with and without endothelium permitted the conclusion that COX-2
mRNA and protein expressions, demonstrated using RT-PCR and Western blot
analysis, respectively, are localized mainly in the endothelium. Thus,
endothelial COX-2 appears to represent the major enzyme responsible for the
generation of EDCF(s) in the aorta of healthy hamsters. Upon the production of
EDCF(s) by COX-2 in endothelial cells, it diffuses to the vascular smooth
muscie cells where it acts on the TP receptor to cause contraction. The
involvement of TP receptors was demonstrated in the present study by the use
of specific antagonists (S18886, GR 32191 and L-655,240), which markediy
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decreased or abolished the endothelium-dependent contractions evoked by
acetylcholine. In contrast to the well-expressed TP receptor, the FP receptor is
minimally expressed in hamster aortae. Besides, ACh- or PGFz,-induced
contractions were not reduced by the FP receptor antagonist, AL-8810, thus
discounting a significant role of the FP receptor in the endothelium-dependent
contractions although its natural agonist PGF», is proposed to be the EDCF in
hamster aortae.

The present data show that Ca®* influx into endothelial cells is crucial
for the occurrence of the endothelium-dependent contractions. This conclusion
is based on the observation that preparations incubated in Ca*'-free solution
showed no contraction until Ca®* was re-introduced into the bathing solution.
Ca”* ions possibly enter endothelial cells via non-selective cation channels, as
evidenced by the effect of 2-APB in attenuating endothelium-dependent
contractions and abolishing the acetylcholine-stimulated elevation of [Ca®*], in in
situ imaging of endothelial cells. in addition, 2-APB inhibited the acetylcholine-
induced release of COX-2-derived prostanocids in the aorta with endothelium,
while it did not affect U46619- or KCl-induced contraction of aortic rings,
illustrating that it acts on the endothelial cells.

By comparing the results from EIA and HPLC-MS and the subsequent
functional studies performed using the myograph with exogenously added
prostanoids, PGF,, appears to be the most likely EDCF candidate. Indeed,
PGF,, was released endogenously from the aortic endothelium in physiological
amounts which correspond to its potent effect in eliciting contraction of the
smooth muscle. Although PGl; was also released in considerable amounts, it
failed to evoke any contraction or relaxation per se, even at a concentration fifty
times higher than the one detected, suggesting that it may not contribute to
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endothelium-dependent contractions as it does in the aorta of spontaneously
hypertensive rats (Gluais et al., 2006; Gluais et al., 2007). The present study
can discount the possible involvement of PGE; because its release was not
stimulated by acetylcholine and the small contractions induced by exogenous
PGE; were insensitive to the TP receptor antagonism.

Since TP receptors are involved in the response, it is logical to
speculate that TxA; may contribute to endothelium-dependent contractions in
the hamster aorta. However, this possibility is made unlikely by two
observations. First, in the presence of ozagref, a thromboxane synthase
inhibitor (Buccellati et al., 2002), endothelium-dependent contractions to
acetyicholine remained unaltered. Second, acetylcholine did not increase the
release of TxA,. Thus TxA; is not a major EDCF candidate in the hamster aorta.
By contrast, TxA; contributes to the endothelium-dependent contractions of the
canine basilar artery and the SHR aorta (Gluais et al., 2006; Katusic et al.,
1988).

COX is involved in the generation of ROS in vascular tissues (Tang et
al., 2007}, which are normally neutralized by NO. it appears necessary to test
whether ROS play a role in the production and the action of EDCF, since L-
NAME inhibits NO production and unmasks the endothelium-dependent
contractions. The present evidence from functional, EPR and EIA studies points
against such a possibility. In the functional studies, neither free radical
scavengers nor an NADPH oxidase inhibitor attenuated the endothelium-
dependent contractions to acetylcholine., The EPR siudy showed that basal
levels of superoxide anion and peroxynitrite formed by the combination of
superoxide and NO (Szabo et al., 2007), were undetectable in the hamster
aorta, and remained so even in the presence of L-NAME and acetylcholine. The
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EIA study demonstrated that 8-isoprostanes, which are generated in vivo by the
free radical-catalyzed, non-enzymatic peroxidation of arachidonic acid (Morrow,
2006), were released in very small amounts compared with other prostaglandins.
Thus, in the healthy blood ve:ssels examined in the present studies ROS play no
role in catalyzing the production and release of EDCF, unlike in the aorta of the
SHR (Yang et al., 2002).

The preliminary results obtained in human renal arteries imply that a
COX-2 metabolite, possibly PGF;, produces TP receptor-dependent
vasoconstrictions consistent with the observations on hamster aortae. In
addition, we provide preliminary evidence that the release of PGF24 but not that
of PGl in response to ACh was inhibited by celecoxib, thus indirectly indicating
a crucial role of COX-2 in ACh-induced contractions of human renal arteries.

Agreeing with previous observations in other blood vessels (Shi et al.,
2007; Traupe et al., 2002; Vanhoutte et al., 2005; Yang et al., 2002), the
occurrence of endothelium-dependent contractions in the aorta of the young
hamster is unmasked by the presence of L-NAME, which eliminates the
production of endothelium-derived NO. This raises a question of whether NO
inhibits the release of PGF,,, which subsequently prevents PGF;,-mediated
endothelium-dependent contractions or it is the predominance of vasodilatory
effect of NO that has counteracted the contractions in the vascular smooth
muscle cells. The first possibility, however, was made unlikely based on two
observations. First, ODQ, an inhibitor of soluble guanylate cyclase, also
unmasked similar endothelium-dependent contractions as L-NAME did,
indicating PGF,, co-exists with NO and that inhibition to the downstream
effector signaling of NO is equally effective as inhibiting NO production for the
appearance of endothelium-dependent contractions. Second, exogenous NO
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donors did not affect the PGF, release, but inhibits ACh- or exogenous PGFq-
induced contractions. Taken together, it is likely that NO exerts a downstream
vasodilatory effect on vascular smooth muscle cells that appear predominant
over endothelium-dependent contractions, instead of a direct inhibition on the
COX-2 activity and subsequent PGFy4 production and release.

To conclude, the present study demonstrates a positive role of
endothelial COX-2 in the regulation of vascular tone in the aorta of the healthy
hamster. The present results show that endothelial COX-2 catalyzes the
formation of PGF,,, which represents a physiclogical EDCF at least in this
preparation. Through binding to TP receptors, PGF,, produces endothelium-
dependent contractions in response to acetylcholine (Figure 3.27). The masking
effect of NO on endothelium-dependent contractions is possibly due to its
predominant vasodilatory action in the vascular smooth muscle cells, rather
than direct inhibition on COX-2 activity and the release of PGF,, in the
endothelial cells (Figure 3.28). The present preliminary data in human arteries
could have clinical relevance in humans since the same or similar pathway also

exists in the human renal arieries being tested.

Limitation of the study on human arteries

A limitation of the present study on human arteries was the limited amount and
supply of arterial samples, which made it difficuit to repeat the complete set of
experiments performed on hamster aortae and to study the effects of age
dependency. Nevertheless, the results would imply that my findings on
hamsters could be similarly observed in the human situations. In order to
validate the functional integrity of the human samples, the human artery was
first tested for ACh-induced contractions. This made pre-incubation with various
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inhibitors, particularly the COX-2 inhibitors, difficult to perform, as | could not
differentiate whether the lack of ACh-induced contractions was due to COX-2
inhibition or the loss of functional integrity of the artery per se. Therefore, the TP
receptor antagonist, S18886, was added only after ACh-induced contractions

occurred.
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FIGURE 3.27.

Postulated cellular mechanisms mediating endothelium-dependent
contractions in the aorta of healthy hamsters. Stimulation by
acetyicholine of the muscarinic receptors on the endothelium
triggers the opening of 2-APB-sensitive non-selective cation
channels, which allow the influx of extracellular Ca®* to raise the
[Ca®], resulting in activation of phospholipase A, and the
subsequent activation of the constitutively expressed COX-2, and
thus leading to the generation of prostanoids from arachidonic acid.
Among the prostanocids released, PGF,, is the most likely candidate
of EDCF, and diffuses towards adjacent vascular smooth muscle
cells (VSMCs) where it activates the TP receptors and causes
contraction of VSMCs. ACh, acetylcholine; 2-APB, 2-
aminoethoxydiphenyl borate;, AA, arachidonic acid; COX-2,
cyclooxygenase-2; PGF,, prostaglandin  Fyg; TP receptor,
thromboxane-prostanoid receptor.
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FIGURE 3.28.

Schematic diagram showing the interaction between NO and PGF 4.
ACh can simuitaneously trigger the release of NO and PGFy,
respectively from eNOS and COX-2, of which the former leads to
sGC-mediated relaxations and the latter causes contraction by TP
receptor activation. Inhibition on either NO production or NO
signaling allows the appearance of ACh-induced contractions. The
masking effect of NO, however, is unlikely due to an inhibition on
COX-2 activity, nor to a chemical inactivation of PGF .
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Chapter IV

Enhanced impact of Cyclooxygenase-2 and PGF, in
endothelium-dependent contractions during aging

4.1 Introduction

Epidemiological studies suggest that aging represents an independent risk
factor for the development of cardiovascular diseases such as hypertension and
atherosclerosis (Csiszar et al., 2007). Vascular dysfunction in aging is
characterized by severely attenuated endothelium-dependent vasodilatations,
possibly attributed by the detrimental imbalance between relaxing and
contracting factors (Mombouli and Vanhoutte, 1999). Progressive reduction in
nitric oxide (NO) production and augmentation of vasoconstrictor release such
as endothelin-1 have favored the persistent contractions of vascular beds
(Donato et al., 2009; Ferrari et al., 2003; Matz and Andriantsitohaina, 2003).
Brachial artery NO-dependent vasodilatation is usually taken as an index in
evaluating vascular function in humans. Even among normotensive subjects,
the dilatations decrease with advancing age. Infusion of a non-selective
cyclooxygenase (COX) inhibitor, indomethacin, remarkably potentiates the
vasodilatations (Taddei et al., 1997), indicating an emerging role of COX
products which counteracts the dilatory effect of NO during aging.

Though there are discrepancies in the conclusions from different studies
on whether the expression of nitric oxide synthase (eNOS) is increased or
decreased during aging (Briones et al., 2005; Cernadas et al., 1998; Matz et al.,
2000; Soucy et al., 2006; van der Loo et al., 2000), a consensus was reached

that in general eNOS activity was reduced in aged animals (Smith et al., 2006),

116



CHAPTER IV — COX-2 INAGING

attributed by a decrease of Akt-mediated phosphorylation of eNOS at the
activation site Ser''’’ (Soucy et al, 2006). Of note, aging is usually
accompanied by other risk factors like the elevation of reactive oxygen species
(ROS) (Hamilton et al., 2001}, which is possibly due to the impairment in the
endogenous cellular anti-oxidative defense mechanism mediated by Cu/Zn
superoxide dismutase (SOD), Mn-SOD and extracellular SOD (Brown et al.,,
2006; Chen and Chen, 2006; Didion et al., 2006; Xu et al., 2006), and the
overproduction of oxidants by the dysfunctional and hyperreactive free radical-
generating enzymes such as NADPH oxidase and xanthine oxidase (Brandes et
al,, 2005), resulting in uncontrollable ROS accumulation. The exaggerated
oxidative stress in the vascular wall acutely scavenges and depletes NO, and
the subsequent formation of peroxynitrite can in turn further inactivates the
MnSOD and deplete tetrahydrobiopterin {Laursen et al., 2001), a co-factor
essential for eNOS function. Soluble guanylate cyclase expression is
downregulated in aging (Cernadas et al., 1998; Kioss et al., 2000; Moritoki et al.,
1992; Tschudi et al.,, 1996). Taken fogether, the participation of NO in the
regulation of vascular function is severely diminished during aging.

The improvement of attenuated endothelium-dependent relaxations by
acute treatment with indomethacin or thromboxane-prostanoid (TP) receptor
antagonist SQ-29548 in the aorta of the aged spontaneously hypertensive rats
(SHR) pinpoints the contributions of COX metabolites in aging-related vascular
dysfunction (Graham and Rush, 2009). Endothelium-dependent contractions to
Ca** ionophore are significantly greater in the femoral arteries from aged rats
when compared with their younger counterparts (Shi et al., 2008). While these
contractions are abolished by indomethacin, they can be partially inhibited by
specific inhibitors of COX-1 and COX-2. Genomic studies on endothelial cells
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show an increase in the mRNA levels of COX-1, COX-2, thromboxane synthase,
PGF synthase, hematopoietic-type PGD synthase, and membrane PGE
synthase-2 in aged rats (Tang and Vanhoutte, 2008), indirectly supporting the
exaggerated importance of the arachidonic acid metabolism through COX
during aging.

Based on my findings on a constitutive role of COX-2 in endothelium-
dependent contractions in the aorta of young hamster detailed in Chapter Il
(Wong et al., 2008), | further investigated the role of COX in healthy aging in an
attempt to address (1) whether there was a switch of functions of the COX
isoforms in aged animals, (2) the prostaglandin(s) that mediated the
endothelium-dependent contractions in aging and (3) the vascular component

that contributed to the augmentation of COX-derived metabolites.
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4.2 Materials and Methods
Experiments were performed on aortae from aged (> 18 months old) male
Syrian golden hamsters. This part of the study was approved by the Animal

Ethics Committee, Chinese University of Hong Kong.

4.2.1 Animals and diet

The aged hamsters were supplied by the Laboratory Animal Services Centre,
the Chinese University of Hong Kong. The animals were housed at constant
temperature (21 + 1 °C) under a 12-hour light/dark cycle and had free access to

chow diet and water.

4.2.2 Blood vessel preparation

Hamsters were euthanized by CQO, inhalation. Thoracic aortae were excised
and placed in Krebs-Henseleit solution (KHS) containing (mmoli/L): NaCi 119,
NaHCQ; 25, MgCl, 1, KCI 4.7, KH,PO,4 1.2, CaCl; 2.5, and D-glucose 11.1.
Following the removal of periadventitial fat, each artery was cut into segments
~1.0-1.3 mm in length. Each segment was suspended between two stainless
steel wires in chambers of a Multi Myograph System (610M, Danish Myo
Technology A/S, Aarhus N, Denmark) for the measurement of isometric force.
The rings were stretched to a previously determined optimal resting tension of
10 mN. Thirty min after setting up the preparation, they were contracted with 60
mmol/L. KCI to test the vessel's contractility, and washed in normal KHS, and
finally allowed to equilibrate for 30 min. In some rings, the endothelium was

removed mechanically by roliing the luminal surface with a stainless steel wire.
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4.2.3. Isometric force measurement

Aortic rings were exposed to 100 pmol/L NC-nitro-L-arginine methyi ester (L-
NAME) for 30 min followed by the cumulative application of acetylcholine (ACh,
0.1-10 ymol/L). The effects of various inhibitors and antagonists {e.g., COX-1
and COX-2 inhibitors, TP receptor antagonists) were tested on ACh-induced
endothelium-dependent contractions following a 30 min-incubation with each
drug. Contractions to PGF,, PGl;, PGE; KCl and phenylephrine were

examined in L-NAME treated aortae from both young and aged hamsters.

4.2.4 Western blot analysis

Aortic rings were snap frozen in liquid nitrogen and subsequently homogenized
in an ice-cold RIPA lysis buffer with a cocktail of protease inhibitors (leupetin, 1
Jug/mL; aprotonin, 5 pg/mL; PMSF, 100 pg/mL.; sodium orthovanadate, 1 mmol/L;
EGTA, 1 mmol/L; EDTA, 1 mmol/L; NaF, 1 mmol/L and B-glycerolphosphate, 2
mg/mL). The lysates were centrifuged at 20,000 xg for 20 min and the
supernatants were collected. The protein concentration was determined by the
Lowry method (BioRad). Each protein sample (80 ng) was electrophoresed
through the 10% SDS-polyacrylamide gels and then transferred to an
Immobilon-P polyvinylidene difluoride (PVDF) membrane (Millipore). The
membranes were blocked with 5% non-fat skimmed milk and probed overnight
at 4 °C with antibodies against COX-1 (Santa Cruz) and COX-2 (BD
Transduction Laboratories). After washes in Tween-20 phosphate buffer saline
(PBST), the membranes were incubated with appropriate HRP-conjugated
secondary IgG (DakoCytomation) for 60 min at room temperature. The
membranes were developed with an enhanced chemiluminescence detection
system (ECL reagents; Amersham Pharmacia Biotech, Uppsala, Sweden) and
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exposed on X-ray films (Fuji). Densitometry was performed using a
documentation program (FluocrChem, Alpha Innotech Corp., San Leandro, CA,

USA). GAPDH antibody (Ambion, Inc) was probed as a loading control.

4.25 Enzyme immunoassay (EIA) and high performance liquid
chromatography-coupled mass spectrometry (HPLC-MS) measurement of
prostaglandins

After 30-min incubation in the presence of L-NAME with and without inhibitors in
a chamber at 37 °C, aortic rings were transferred to microcentrifuge tubes that
contained 200 pL bathing solution and 3 umol/L ACh. Three minutes later,
arterial tissues were removed and solutions were frozen and stored at -80 °C
uniil assay for the determination of the protein content.

The levels of PGF2, and 6-keto PGFq4 (for PGly) were measured by EIA
kits {Cayman Chemical, Ann Arbor, MI, USA) according to the instruction of the
manufacturer.

Release of PGF,4 and 6-keto PGF 4 was also measured with HPLC-MS
(Cui et al,, 2008). LC-MS experiment was performed on Agilent 1100 series
HPLC with binary pump, autosampler and a thermostated column compartment
(Agilent Technologies, CA, USA). The separation was performed on a reversed
phase column (Alltech Prevail, C8, 2.1 mm x 150 mm, 3 um) at a flow rate of
0.2 mUmin. The column temperature was maintained at 30°C throughout the
analysis. The injection volume was 20 pL. The mobile phases consisted of 0.1
% formic acid in water (A) and in acetonitrile (B). The gradient started at 90 % A,
10 % B for 4 min, followed by a linear increase of solvent B to 55 % at 13 min,
which further increase to 70 % B in 5 min and maintained for 4 min. Finally,
solvent B was decreased to 10 % and equilibrated for 15 min before the
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injection of the next sample. Negative ion electrospray mass spectrometric
analysis was carried out using Bruker Daltonics MicrOTOFQ mass
spectrometer (Bremen, Germany). The end plate offset and capillary voltage
were -5650 V and 4000 V respectively. Nitrogen was used as nebulizer gas at
1.4 bar and drying gas at a flow rate of 7.0 L/min at 170 °C. Pure PGF,, and 6-
keto PGF 14 were dissolved in methanol and serially diluted in KHS to construct

standard curves.

4.2.6 Drugs and chemicals

ACh, phenylephrine and U46619 (9,11-dideoxy-114,94-epoxymethano-
prostaglandin Fyq) were purchased from Sigma-Aldrich Chemical (St Louis, MO,
USA). NS-nitro-L-arginine methyl ester (L-NAME), DuP-697 (5-bromo-2-(4-
fluorophenyl)-3-[4-(methylsulfonyl)phenyl}-thiophene) were  from  Tocris
(Avonmouth, UK). 2-APB (2-aminoethoxydiphenyl borate) and PGE, were from
Calbiochem, EMD Biosciences (La Jolla, CA, USA). VAS (valeryl salicylate),
PGF,, and PGIl; were from Cayman Chemical (Ann Arbor, Ml, USA). S18886
(3-[(6-amino-(4-chlorobenzensulphonyl)-2-methyl-5,6,7,8-tetrahydronapht]-1-yl)
propionic acid) and sc-560 were kind gifts from Institut de Recherches Servier
(Suresnes, France). Celecoxib was from Pfizer. Except ACh, L-NAME,
phenylephrine, PGl, and S18886 that were prepared in distilled water; all other

drugs were dissolved in DMSO (Sigma-Aldrich).

4.2.7 Data analysis

Endothelium-dependent contractions were expressed as active tension [force
recorded/ (2 x ring’s length)]. Results are mean + SEM of n rings from different
animals. Protein expressions determined by Western blotting were relative to
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GAPDH of the respective blot. For statistical analysis, Student’s f-test or 2-way
ANOVA followed by Bonferroni post-tests were used when more than two
treatments were compared (GraphPad Software, San Diego, CA, USA). P<0.05

was considered significantly different.
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4.3. Results
4.3.1 Augmentation of endothelium-dependent contractions
In the presence of L-NAME (100 umol/L), ACh caused greater confractions in
aortae from aged hamsters than those from the younger counterparts (Figure
4.1A). These contractions were not observed in rings without endothelium
(Figure 4.1B) and were abolished by 2-APB (50 umol/L) (Figure 4.1C).
Selective COX-2 inhibitors DuP-697 (Figure 4.2A) and celecoxib (Figure
4 2B) (both at 3 and 10 umol/L), and TP receptor antagonist $18886 (0.1 and
0.3 pmoliL, Figure 4.2C) significantly reduced the endothelium-dependent
contractions. These inhibitors when used at the concentrations that completely
abolished the maximal ACh (10 pmol/L)-induced endothelium-dependent
confractions in the aortae from young hamsters (DuP-697, celecoxib, 3 pmol/l;
518886, 0.1 pmol/L), could only partially inhibit the confractions in the aortae
from aged hamsters (Figure 4.2D). Further attenuation to the endothelium-
dependent contractions was achieved by higher concentrations of these
inhibitors  (Figure 4.2A-C). In contrast, selective COX-1 inhibitors valeryl
salicylate (VAS, 30 and 300 pmol/L, Figure 4.3A) and sc-560 (0.3 and 1 umol/L,
Figure 4.3B) did not affect the endothelium-dependent contractions even at
much higher concentrations (VAS, 300 umol/L; sc-560, 1 umol/L) compared to
those used in the aortae from young hamsters (VAS, 30 pmol/L; sc-560, 1
pmol/L). SOD mimetic tempol {100 umol/L, Figure 4.4A) or NADPH oxidase
inhibitor apecycnin (100 pmol/L, Figure 4.4B) did not inhibit the ACh-induced

contractions.
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4.3.2 Appearance of endothelium-dependent contractions in the absence
of L-NAME

ACh-induced endothelium-dependent relaxations were remarkably impaired in
the aortae from aged hamsters. At high concentrations of ACh (1-100 pmoi/L),
pronounced contractions were observed (Figure 4.5). ACh-induced contractions
were observed in the aortic rings from aged hamsters in the absence of L-
NAME, although smaller than those in rings treated with L-NAME (Figure 4.6A).
These contractions were abolished by the removal of endothelium (Figure 4.6B}),
and abrogated by DuP-697 (10 pmol/L), S18886 (0.3 pmol/L) (Figure 4.6C} and
2-APB (50 umol/L) {Figure 4.6D), but remained unaffected by VAS (30 pmol/L)

(Figure 4.6C).

4.3.3 Exaggerated COX-2 expression in the aorta from aged hamsters

Protein expression of COX-2 was markedly augmented in the aortic rings of
aged hamsters. Removal of endothelium resulted in a diminished level of COX-
2 protein detected (Figure 4.7A). In contrast, COX-1 expression was
comparable in rings with or without endothelium from both young and aged

hamsters (Figure 4.78).

4.3.4 Enhanced release and responsiveness to PGFz,

Release of ACh-induced PGF;, was augmented, though not significantly, in the
L-NAME-treated aortae from aged hamsters as determined by EIA and HPLC-
MS (Figure 4.8A&B). Release of PGl; was also increased by aging (Figure
4.8C&D). The release of PGFy, and PGIl; was abrogated by celecoxib but
remained unaffected in the presence of VAS. The release was inhibited by
endothelium removal (Figure 4.8E&F).
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PGF,q caused contractions in the aortae from aged hamsters. At the
same concentration of PGFy, (1 or 3 ng/ml), the L-NAME-treated aortae from
aged hamsters contracted more than those from their younger counterparts
(Figure 4.9A). On the contrary, contractions to KCl (30 — 50 mmol/L} or
phenylephrine (0.1 — 1 ymol/L} were similar in both aged and young hamsters
(Figure 4.9B). Augmentation of PGF,s-evoked contractions, however, was not
attributed by an increase in TP receptor expression, which appeared

comparable in the aortae from both ages (Figure 4.9C).

4.4.5. Non-involvement of PGE. and PGl; in endothelium-dependent
contractions

In contrast to PGF3,, PGl produced neither a relaxation (Figure 4.10) nor a
contraction (Figure 4.11)} in the aortae from aged hamsters as it did not in those
from young hamsters. PGE,, another prostaglandin that can regulate vascular
tone, did not cause relaxations either (Figure 4.12A). PGE;-evoked confractions

were not inhibited by S18886 (Figure 4.12B).
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FIGURE 4.1.

Acetylcholine (ACh)-induced contractions were greater in aortae
from aged hamsters (A, n=8-15). These contractions were only
observed in rings with endothelium (B, n=3), which were abolished
by 50 umol/lL 2-APB (C, n=5). Data are mean £ SEM of n
experiments. ***P<0.001 compared between young and aged group,
between + Endo and - Endo or with control.
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Inhibitory effects of 3-10 umol/L DuP-697 (A), 3-10 umol/L celecoxib
(B), or 0.1-0.3 pmol/L S18886 (C) on endothelium-dependent
contractions in the ring treated with L-NAME. (D) Maximal ACh (10
Kumol/L)-induced contractions in the presence of 3 pmol/L DuP-697,
3 pmol/L celecoxib, and 0.1 umol/L 818886 in aortic rings from
young and aged acrtae. Data are mean + SEM of 4-8 experiments.
**P<0.01 and ***P<0.001 compared with control in the same age
group; #HEP<0.01 between the control groups of young and aged
hamsters in rings with endothelium.
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Lack of effect of COX-1 inhibitors (A) VAS (30-300 pmol/l) and (B)
sc-560 (0.3-1 umol/L) on ACh-induced contractions in aortae from
aged hamsters. Data are mean + SEM of 4-5 experiments.
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Lack of effect of (A) SOD mimetic, tempol (100 pmol/L} and (B)
NADPH oxidase inhibitor, apocynin (100 pmol/L) on ACh-induced
contractions in aortae from aged hamsters. Data are mean + SEM of
3 experiments.
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Significantly  impaired  ACh-induced  endothelium-dependent
relaxations in the aortae from aged hamsters. Data are mean + SEM
of 9-10 experiments. ***P<0.001 compared between the young and
aged hamsters.
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FIGURE 4.6.

(A) Representative traces showing ACh-induced contractions in
aortae from aged hamsters in the presence or absence of L-NAME.
The contractions were endothelium-dependent (B), and were
abolished by DuP-697, S18886 (C) or 2-APB (D), but not VAS (C).
Data are mean + SEM of 5-10 experiments. ***P<0.001 compared
with control or between + Endo and - Endo.
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(A) COX-2 expression was augmented in the aortae from aged
hamsters and it was mainly localized in the endothelium. (B) COX-1
expression was similar in the aortae from both young and aged
hamsters with or without endothelium. Data are mean + SEM of 4
experiments. ***P<0.001 compared between + Endo and - Endo.
#P<0.01 between the control groups of young and aged hamsters in
rings with endothelium.
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ACh-stimulated release of PGF,, (A&C) and PGl, (assayed in form
of 8-keto PGF,,) (B&D) in the bathing solution of L-NAME-treated
aortae determined by enzyme immunoassay (EIA, A&B) and high
performance liquid chromatography-coupled mass spectrometry
{(HPLC-MS, C&D). **P<().01 compared with control in the same age
group; #P<0.05 between aged and young aortae with endothelium in
control. Release of PGF 4, (E) and PG, (F) were endothelium- and
COX-2 dependent. *P<0.005 compared with L-NAME only; #P<0.05
and # #P<0.01 among the L-NAME + ACh treated groups. Data are
mean + SEM of 3-4 experiments.
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(A) PGF,.-induced contractions in L.-NAME-ireated aortae from
young and aged hamsters (n=5). *P<0.05 and **P<0.01 compared
between the young and aged group. (B) Contractions to KCI and
phenylehprine (Phe) was similar in the aortae from both age groups
(n=3-4). (C) Protein expression of TP receptor (TPR) were
comparable in aortae from young and aged hamsters (n=4). Data
are mean + SEM of n experiments.
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FIGURE 4.10.

Representative trace (A&B) and summarized data (C) showing PGl,
did not relax aortae from both young and aged hamsters, while
isoprenaline at 10 ymol/L caused relaxation (A&B). Data are mean +
SEM of 4 experiments.
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FIGURE 4.11.

Representative trace (A&B) and summarized data (C) showing PGl,
did not contract aortae from both young and aged hamsters, while
phenylephrine at 1 pmol/L evoked pronounced contractions (A&B).
Data are mean £ SEM of 4 experiments.
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FIGURE 4.12.

PGE, caused contractions in aortae from aged hamsters as it did
those from the young hasmters (A). These contractions were not
inhibited by TP receptor antagonist, $18886 (0.3 ymol/L, B). Data
are mean + SEM of 4 experiments.
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4.4 Discussion

Limited studies have cast their facus on the role of COX-2 in the vascular bed
during healthy aging. In the present study, | have made novel ocbservations in (1)
an emerging role of COX-2 in endothelium-dependent contractions in the aorta
of aged hamster without a contribution from COX-1; (2} a more physiological
appearance of endothelium-dependent contractions without the need of
pharmacological inhibition of NOS by L-NAME, and (3) the enhanced release
and vascular sensitivity of PGF3q, which is solely endothelium-derived.

Aortae of aged hamsters exhibited greater endothelium-dependent
contractions than those from the younger counterparts. These contractions were
exclusively contributed by COX-2 with little contribution from COX-1, as
evidenced by the pronounced attenuation caused by two structurally distinct
COX-2 inhibitors in contrast to the lack of effect of COX-1 inhibitors even at
higher concentrations. This is different from the endothelium-dependent
contractions in the femoral arteries of aged rats, in which both COX-1 and COX-
2 are involved (Shi et al., 2008). The present study was, however, in agreement
with Shi et al.’s that COX-2 was elevated in the arteries from aged animals.
Indeed, COX-2 was not expressed in the femoral arteries of younger rats, and
was induced during aging. The nature of COX-2 expression augmentation may
be similar in both species though the COX-2 in hamsters was constitutively
expressed at a young age.

ACh-induced relaxations were impaired in the aortae from aged hamsters,
suggesting that there may be a reduction in NO bioavailability or impairment in
NO signaling (Cernadas et al., 1998; Kloss et al., 2000; Moritoki et al., 1992;
Smith et al., 2008; Tschudi et al, 1996). !t is possible that this reduced
contribution of NO in vascular tone regulation allows the appearance of ACh-
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induced endothelium-dependent contractions, which may represent
physiological interaction between NO signaling and the action of endothelium-
derive contracting factors (EDCF) in vivo. These contractions were again
prevented by COX-2 inhibitor and TP receptor antagonist, but not by COX-1
inhibitor. Endothelium-dependent contractions unveiled with or without L-NAME
were also extracellular Ca®*-dependent, as suggested by its abrogation by 2-
APB.

| also determined the prostaglandin(s) release from the aortae of aged
hamsters upon ACh stimulatiocn. Both PGFo4 and PGl tended to be increased in
the aortae from aged hamsters. The measurements agreed well between EJA
and HPLC-MS. Release of both prostaglandins was sensitive to inhibition of
COX-2 but not COX-1, which matched well with functional observations.
Though PGI; is conventionally regarded as a vasodilator, recent studies from
Gluais et al. (2005; 2006) suggest that excessive PGI, production may activate
TP receptor to cause vasoconstrictions. To test whether PGF,; and PG, could
act as the EDCF in the aorta of aged hamsters, vascular reactivity of exogenous
PGFo; and PGl were examined. PGF3; caused contractions; at the same
concentrations of PGFy;, the L-NAME-treated aortae from aged hamsters
significantly contracted more than those from the young hamsters. By contrast,
contractions to KCl or phenylephrine remained unaltered in L-NAME-treated
rings from both ages. The increased response to PGFa, is unlikely to be
attvibuted by an increased TP receptor expression, which was comparable in
the aortae from both young and aged hamsters. Though PGI; shared a similar
release profile as PGF,q, it can neither relax nor contract the arteries, thus
rulng out the possibility for PGl. acting as the EDCF. PGE,;, another
prostaglandin that can contract blood vessels, was found to contract the acriae
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from aged hamsters. These contractions, however, were not sensitive to TP
receptor antagonism. Taken in conjuncture, PGF,,, but not PGl; nor PGE;,
represents a novel prostaglandin that mediates endothelium-dependent
contractions in aging.

Noteworthy, COX-2 expression was significantly reduced in endothelium
denuded rings, suggesting COX-2 was mainly localized in the endothelium,
without much expression in the vascular smooth muscle cells. Since the release
of PGF,, was COX-2 derived and removal of endothelium abrogated the
release, these observations permit the conclusion that endothelium is the only
source of the enhanced EDCF production, in contrast to previous studies by
Ibarra et al. (2006) showing that senescent vascular smooth muscle cells can
also generate COX-derived vasoconstrictors second to the endothelium during
aging in SHR.

ROS have been well-identified as the culprit in endothelial dysfunction
during aging. In the present study, the COX-2-dependent endothelium-
dependent contractions were neither attenuated by a putative NADPH oxidase
or SOD mimetic, indicating that ROS are unlikely to acutely mediate the
contractions. Nevertheless, the participation of ROS in the chronic modification
of the arachidonic acid cascade cannot be excluded, especially in COX-2
upregulation. Superoxide-derived hydroxyl radical can positively modulate COX-
2 expression (Jaimes et al.,, 2008). In addition, release and plasma
concentration of pro-inflammatory cytokines such as interleukin-1 and tumor
necrosis factor-a are augmented in both aged animals and humans (Belmin et
al., 1995; Bruunsgaard et al., 2000; Csiszar et al., 2003; 2004; Saito et al., 2003,
Straub et al., 2001; Wei et al., 1992). COX-2, being highly inducible by redox
challenges and cytokine stimulation (Rimarachin et al., 1994; Vane et al., 1998),
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may have been chronically upregulated with advancing age, especially when
the protection from NO is diminished.

To conclude, the present study provided first-line evidence for a positive
impact of aging on COX-2-derived PGFy;-mediated endothelium-dependent
contractions. Aging is likely to reduce NO bioavailability, ultimately leading to the
occurrence of endothelium-dependent contractions without pharmacological
inhibition of NO synthesis. The enhanced endothelium-dependent contraction is
most likely related to an increased expression and activity of COX-2, a slightly
augmented ACh-stimulated release of PGF,,, and most imporiantly, the
increased vascular smooth muscle contractility to PGFz, with unaltered

expression of the TP receptor in aortae from aged hamsters (Figure 4.13).
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FIGURE 4.13.

In the aorta from young hamsters, acetylcholine (ACh) triggers an
influx of extracellular calcium (Ca®*) into the endothelial cells (EC),
and COX-2 is activated to produce prostaglandin (PG) F,,. During
aging, COX-2 expression is augmented which leads to increased
release of PGFy,, resulting in greater endothelium-dependent
contractions (EDC). Since nitric oxide (NO) production is diminished,
EDC overrides endothelium-dependent relaxations (EDR), such that
EDC are observable without pre-treatment of NO synthase inhibitor,
which is required in the aortic rings from the young hamsters. PLA,,
phospholipase A;; AA, arachidonic acid.
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Chapter V

PKC5-ERK1/2 and p38 MAPK Mediate Angiotensin IlI-
induced Endothelial Cyclooxygenase-2 Expression
A Link to Vascular Inflammation and Clinical Relevance

5.1 Introduction

Angiotensin Ul (Ang Il), the most prominent vasoactive peptide in the renin-
angiotensin system, causes vascular dysfunction through an exaggerated
production of reactive oxygen species (ROS) and vascular hyper-contractility
through stimulation of Ang Il type 1 receptor (AT4R) (Choi et al., 2008;
Landmesser et al., 2007; Mollnau et al., 2002; Savoia and Schiffrin, 2007). Ang
Il is also a potent inducer of the expression of pro-inflammatory cytokines such
as interleukin (IL)}-1f and tumor necrosis factor (TNF)-a, monocyte
chemoattractant protein-1 (MCP-1) and adhesion molecules like ICAM-1
(intercellular adhesion molecule-1), VCAM-1 (vascular cell adhesion molecule-1)
or selectins {Ando et al.,, 2004; Cheng et al., 2005; Costanzo et al., 2003;
Pastore et al., 1999; Pueyo et al., 2000). These factors are prerequisite for the
initiation of atherosclerosis. In  addition, Ang Il activates matrix
metalloproteinases (MMP), thereby promoting cell migration and adverse
vascular remodeling (Parmentier et al., 2006; Savoia and Schiffrin, 2007;
Yaghini et al.,, 2005). Ang Il is thus closely associated with diseases
accompanied by vascular inflammation.

Cyclooxygenase-2 (COX-2) is minimally expressed in healthy vascular
fissues, but it is highly inducible upon stimulation by growth factors, pro-
inflammatory cytokines and bacterial toxins (Bawolak et al., 2008; Eligini et al.,
2005; Hu et al., 2002; Rikitake et al., 2001). A marked up-regulation of COX-2 is
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reported in inflamed vascular tissues (Yogi et al., 2009), in vascular remodeling
of wire-injured mouse femoral arteries (Ogawa et al., 2009), and in human
atherosclerotic plaques (Barbieri and Weksler, 2007; Cipollone et al., 2004;
Cipollone et al., 2001, Gomez-Hernandez et al., 2006). The expression of COX-
2, prostanoid synthases, and prostaglandin receptors are up-regulated in blood
mononuclear cells and plaques of patients with carotid atherosclerosis (Gomez-
Hernandez et al.,, 2006). The plasma level of prostaglandin E,, known to
activate MMP, is augmented in patients with atherosclerosis (Cipollone et al.,
2004; Cipolione et al., 2001; Gomez-Hernandez et al., 2006). Recent studies
show that non-steroidal anti-inflammatory drugs (NSAID) can reduce vascular
inflammation (Costanzo et al.,, 2003) and COX-2 inhibition is beneficial in
decreasing adhesion molecule expression in cancer cell lines (Dianzani et al,,
2008).

Both Ang Il and COX-2 are associated with vascular inflammation and
remodeling. However, it remains to be explored whether COX-2 could play a
direct role as a downstream effector in mediating Ang Il-induced vascular
pathogenesis. The altered endothelial cell function is the key contributor to
vascular inflammation. | hypothesized that Ang Il could induce COX-2
expression in endothelial cells, which in turn is related to the generation of pro-
inflammatory cytokines. The present study aimed at investigating the
relationship between Ang Il stimulation and COX-2 expression, the intracellular
signaling pathways linking the two pro-inflammatory inducers, and the clinical
relevance of COX-2 up-regulation in the human vasculature.

Using primary culture of rat endothelial cells, in vivo animal model of Ang
ll-infused hypertensive rats, and tissue culture of human arteries, |
demonstrated here for the first time, to the best of my knowledge, the up-
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regulation of endothelial COX-2 by Ang II. The present findings featured a novel
role of protein kinase Cs (PKCs) activated at Tyr’"' and the key mediations via
extracellular signal-regulated kinases 1/2 (ERK1/2) and p38 mitogen-activated
protein kinase (p38 MAPK) in the Ang llinduced endothelial cell COX-2
expression. Results with renal arteries from patients with hypertension or

diabetes point to a clinical relevance of the animal-based findings.
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5.2 Materials and Methods

This study was approved by the Animal Experimentation Ethics Committee,
Chinese University of Hong Kong. Male Sprague Dawley rats (260-280 g) were
supplied by Laboratory Animal Service Centre, Chinese University of Hong
Kong. This investigation conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institute of Health (NIH
Publication No. 85-23, revised 1996). Human small mesenteric and renal
arteries were obtained during surgery after getting informed consent from

patients.

5.2.1 Cell culture

Endothelial cells were freshly cultured from rat thoracic aortae as described
earlier (Huang et al., 1999). Briefly, the aorta was excised free, cleaned of
perivascular adventitial adipose tissue and subjected to digestion in collagenase
(Sigma, Type |A) at 37 °C for 15 min. Serum containing medium was added to
quench the digestion and the mixture was centrifuged at 800 g for 15 min. The
cells were re-suspended in RPMI 1640, supplemented with 10% fetal bovine
serum (FBS) plus 1% penicillin/streptomycin (P/S) (GIBCO) and allowed to
settle for 1 h upon which the medium was changed. The identity of the
endothelial cells was confirmed by immunocytochemical staining for an
endothelial cell specific marker, PECAM-1 (Figure 5.1). To avoid the influence of
culture condition on endothelial cell phenotype, only cells from passage 1 were

used in the present study.
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5.2.2 SDS-PAGE and Western blot analysis

Cells were serum-deprived for 24 h and incubated with Ang |l (100 nmol/L) for 8
h unless otherwise stated. When used, inhibitors were added to with the cells
for 30 min before the addition of Ang Il. After the incubation, cells were lysed in
an ice-cold RIPA buffer with a cocktail of protease inhibitors (leupetin, 1 ug/mil;
aprotonin, § pg/ml; PMSF, 100 ug/ml; sodium orthovanadate, 1 mmol/L; EGTA,
1 mmol/L; EDTA, 1 mmol/L; NaF, 1 mmol/L and B-glycerolphosphate, 2 mg/ml).
The lysates were centrifuged at 20,000 g for 20 min and protein concentration
was determined by the Lowry method (BioRad). Equal amount of proteins from
the whole cell lysates were separated by SDS-PAGE as described (Wong et al.,
2009) and the membranes were probed with antibodies against COX-2
(Cayman), COX-1 (Cayman), p38 MARK, ERK1/2 and PKC isoforms (Cell

Signaling}.

5.2.3 Cell fractionation and translocation study of PKC isoforms

Endothelial cells were incubated with 100 nmol/L Ang Il for 1 min and quickly
cooled on ice to quench cellular reactions. Inhibitors, when used, were added
30 min prior to the introduction of Ang Il. Cytosolic and membrancus proteins
were extracted with ProteoExtract® Subcellular Proteome Extraction Kit
according to manufacturer’s instructions (Calbiochem). Protein concentration
was determined with the Lowry method and equal amount of proteins were

subjected to SDS-PAGE as aforementioned.

5.2.4 PKC; knockdown with small interfering RNA (siRNA)
When primary rat endothelial cells reached 80% confluence, the cells were
transfected with siRNA by electroporation using Amaxa Basic Nucleofector Kit

148



CHAPTER V — ANG Il AND ENDOTHELIAL COX-2

for primary mammalian endothelial cells (Lonza, Germany). Briefly, 2.5 x10°
cells/mL were trypsinized and washed two times with PBS, and resuspended in
100 pl basic nucleofector solution and transferred to a cuvette containing either
30 pmol scramble siRNA or pre-designed specific siRNA targeting PKCsy
transcripts (Ambion). The cells were electroporated with the Amaxa
Nucleofactor™ apparatus, re-plated in 6-well plates containing pre-warmed
complete RPMI medium and left undisturbed for 24 h. The cells were then
serum-deprived for 24 h before an 8 h-incubation with Ang I (100 nmoli).

Inhibitors, when use, were incubated for 30 min prior to Ang |l addition.

5.2.5 ROS detection DHE fluorescence

Intracellular superoxide anion production was measured with DHE (Molecular
Probes), which binds to DNA upon oxidation to emit fluorescence. Following a
30 s-treatment of Ang I, primary rat endothelial cells seeded on cover-slips
were incubated in 5 pmol/. DHE for 20 min at 37 °C. After a rinse in PBS,
fluorescence was observed under a confocal microscope (515-nm excitation;
985-nm long pass filter; Olympus Fluoview). DHE fluorescence intensity was
analyzed by Fluoview (version 1.5; FV10-ASW1.5). Data were expressed in fold

change compared with untreated control.

5.2.6 Suspension antibody array-based multiplex immunoassay
Conditioned medium from endothelial cells treated with Ang Il (100 nmol/L) for
24 h were harvested and the levels of IL-6, TNF-a and MCP-1 were measured
with MILLIPLEX MAP rodent Cytokine/Chemokine Panel (Millipore) using Bio-
plex Suspension Array System (Bio-Rad), according to manufacturer's
instructions.
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5.2.7 Ang H infusion in rats

Sprague-Dawley rats weighing ~250 g were infused with Ang Il at 0.7 mg/kg/day
or vehicle (normal saline) for 9 days using an osmotic pump (ALZET, model
2ML2, Alza Pharmaceutical, Palo Alto, CA, USA) implanted subcutaneously in
the dorsal region. Blood pressure was regularly monitored throughout the
infusion period with a tail-cuff electrosphygmomanometer system, after which
aortae and renal arteries were excised, dissected free from perivascular
connective tissue and preserved in 4%  paraformaldehyde for
immunohistchemical staining. Interiobal renal arteries were used for functional

evaluation of endothelium-dependent relaxations.

5.2.8 Tissue culture of human small mesenteric arteries

Human small mesenteric arteries were treated with Ang 11 (1 umol/L) for 24 h in
DMEM supplemented with 10% FBS and 1% P/S at 37 °C. Inhibitors were
added 30 min prior to the addition of Ang |l. Arteries were preserved for cryo-

sactioning and immunofluorescence localization of COX-2 and MCP-1.

5.2.9 Immunohistochemical staining

Localization of COX-2 or MCP-1 in the aortae and renal arteries from Ang IlI-
infused rats and human renal arteries were determined by
immunohistochemistry. The tissues were fixed overnight in 4%
paraformaldehyde, processed for embedding in wax and then cut into 5 pm-
sections. Following re-hydration and treatment with 1.4% hydrogen peroxide in
absolute methanol for 30 min at room temperature to inhibit endogenous
peroxidase activity, antigen retrieval was performed by boiling the sections in
0.01 mol/L sodium citrate buffer (pH 6) for 30-60 s. After rinsing in PBS, the
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sections were blocked with 5% donkey serum and incubated overnight with
primary antibodies against COX-2 (Cayman), MCP-1 (Santa Cruz) or Factor VI
(Abcam) diluted in PBS supplemented with 2% BSA in a humidified chamber at
4 °C. The sections were then incubated with corresponding biotinylated
secondary antibodies for 1 h at room temperature, followed by 1 h incubation
with peroxidase-conjugated streptavidin. DAB (Vector Laboratories, California,
USA) was used for color development according to the manufacturer’s
instruction. Counter-staining of the nucleus was performed with haematoxylin.
For rat aortae and renal arteries, counter-staining of cytoplasm was also carried
out using eosin to enhance the contrast between cell layers. Negative control

was performed in the absence of primary antibodies.

§.2.10 Immunofluorescence localization

Human small mesenteric arteries harvested after a 24 h-incubation protocol
were embedded in OCT compound (Sakura Finetek, the Netherlands) in
aluminium cryomolds, snap frozen in isopentane pre-cocled in liquid nitrogen
and cut into 10 um thick cryostat sections. The thawed sections were air-dried,
post-fixed in 4% paraformaldehyde for 30 min, and then briefly treated with
0.05% Triton X in PBS. The sections were blocked with 5% donkey serum for 1
h at room temperature. Primary antibodies against COX-2 or MCP-1 were
incubated overnight at 4 °C. The sections were then labeled with Alexa Fluor
546 donkey anti-goat IgG (Invitrogen, Molecular Probes, California, USA) for 1 h
at room temperature, The sections were cover-slipped in anti-fade mounting
medium (Vector Laboratories) and views under immunoflourescence

microscope {Nikon Eclipse Ti-U).
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5.2.11 Functional examination with myography

Endothelium-dependent relaxations of the interlobal renal arteries were
determined in myographs. After subjecting the rats to a 9 day-infusion of Ang I,
interiobal renal arteries were dissected and suspended in the myograph (Danish
Myo Technology, Aarhus, Denmark) with stainiess steel wires. Each chamber
was filled with § mL Krebs-Henseleit solution containing (mmol/L); NaCl 119,
NaHCQO; 25, MgCls 1, KCI 4.7, KH2PO,4 1.2, CaCl, 2.5, and D-glucose 11.1, and
aerated with 95% 0,-5% CO; at 37 °C to give a pH of ~7.4. The arterial rings
were stretched to a pre-determined optimal resting tension of 2 mN and allowed
to stabilize at this basal tone for 60 min before experiments began.
Acetylcholine  (ACh)-induced endothelium-dependent relaxations were
evaluated in arteries from control rats and Ang ll-infused rats with or without
concomitant oral administration of losartan (10 mg/kg/day). The acute effects of
celecoxib (3 umo/L) and sc-560 (0.3 umol/L) were tested on the relaxations in

renal arteries from Ang ll-infused rats.

5.2.12 Chemicals

Angiotensin 1|, losartan, PD 123319, actinomycin-D, SB 202190, PD 98059, SP
600125, L-NAME, AMT, GF109203X, Go 6976, NS 398 and phorbol 12-
myristate 13-acetate were purchased from Tocris (Avonmouth, UK). Rottlerin
was from Enzo Life Sciences (New York, USA) and &V1-2 from AnaSpec
(California, USA). Oxypurinol, tiron, tempol, DETCA, 4a-phorbol 12-myristate
13-acetate and s¢-560 were purchased from Sigma-Aldrich Chemical (St Louis,
MO, USA). Apocynin were from Calbiochem, EMD Biosciences (La Jolia, CA,
USA). Celecoxib was from Pfizer. Angiotensin Il, PD 123319, N®-nitro-L-arginine
methyl ester, AMT, tiron, tempol, DETCA and £V1-2 were dissolved in distilled
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water and the others in dimethyl sulphoxide (DMSQO, Sigma). DMSO served as

solvent control.

5.2.13 Data Analysis

Protein expression was normalized to GAPDH and relative to the controls
unless otherwise stated. Results represent means + SEM of n separate
experiments. Statistical significance was determined by two-tailed Student’s f-
test or one-way ANGOVA followed by Bonferroni post-tests when more than two
treatments were compared (GraphPad Software, San Diego, California). A P

value of less than 0.05 was regarded as statistically different.
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5.3 Results

5.3.1 Ang Il induces COX-2 expression in endothelial cells

COX-2 expression was undetectable in the untreated quiescent endothelial cells
and it was not induced by culturing in serum-deprived medium. Ang Il at 100
nmol/L increased COX-2 expression, reaching a maximum after an 8 h-
incubation and this effect was concentration-dependent (3-100 nmol/L) (Figure
9.2A & 5.3A). Treatment with actinomycin-D (10 pmol/L), an inhibitor of RNA
synthesis, prevented Ang ll-induced COX-2 expression (Figure 5.4A) without
affecting COX-1 expression (Figure 5.4B), indicating the inducible nature of
COX-2 in endothelial cells in response to Ang Il. By contrast, COX-1 was
constitutively expressed in endothelial cells and its level was unaffected by Ang

Il (Figure 5.2B & 5.3B}).

5.3.2 Ang Il up-regulates COX-2 expression via AT:R
Treatment with losartan (3 ymol/L}), an AT(R blocker, abolished Ang Il-induced
COX-2 expression, while PD 123319 (1 ymol/L), an AT,R blocker, was without

effect (Figure 5.4A).

5.3.3 p38 MAPK and ERK1/2 jointly mediate Ang ll-induced COX-2
expression

Of the three well-known kinase pathways, only p38 MAPK inhibitor (SB 202190,
10 ymol/L) and ERK1/2 inhibitor (PD 98059, 20 umol/L) reduced Ang ll-induced
COX-2 expression, each by ~50%, while SP 600125 (10 pmol/L), a ¢c-Jun-N-
terminal kinase (JNK) inhibitor, had no effect. Co-treatment with SB 202190 and
PD 98059 produced additive inhibition (Figure 5.5A), suggesting a paraliel
involvement of p38 MAPK and ERK1/2 kinases in mediating Ang ll-induced
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COX-2 expression. By contrast, these inhibitors did not alter the expression of
COX-1 (Figure 5.5B). When the time course of ERK1/2 and p38 MAPK
activation by Ang Il was examined, peak phosphorylation of both kinases was

noted ~ 5 min after the addition of 100 nmol/L Ang II (Figure 5.5C&D).

5.3.4 PKC activation is upstream of ERK1/2

Treatment with GF 109203X (GFX, 2 ymol/L), an inhibitor for a broad spectrum
of PKC isoforms, markedly reduced Ang ll-induced COX-2 expression. Rottlerin
(PKC; inhibitor, 10 pmol/L) but not Go 6976 (PKCgq inhibitor, 1 ymol/L) inhibited
COX-2 expression, indicating that PKCj is the mediator of Ang ll-induced COX-
2 expression (Figure 5.6A). Again, these inhibitors did not affect COX-1
expression (Figure 5.6B). Next, | determined the sequence of events involving
PKC, ERK1/2 and p38 MAPK upon Ang |l stimulation. PKC inhibition would be
expected to prevent the activation of ERK1/2 and p38 MAPK if PKC is upstream
regulator of the two latter pathways. ERK1/2 phosphorylation was inhibited by
GFX and rottlerin but not Go 6976, with PD 98059 serving as a positive control
for ERK1/2 inhibition (Figure 5.6C). By contrast, p38 MAPK phosphorylation
was prevented by losartan, but unaltered by GFX, Go 6976 and rottlerin (Figure
5.6D), indicating that unlike ERK1/2, activation of p38 MAPK was independent

of PKC5s regulation.

§.3.5 PKC; plays a key role with little involvement of other PKC isoforms

Studies with the pharmacological inhibitor of PKCs, rottlerin, implied the
participation of PKCs in Ang ll-induced COX-2 expression. To confirm the
involvement of PKCs a time-dependent phosphorylation of PKCs at the
activation site Tyr*!! was determined. PKCs was activated in less than 1 min
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after the addition of Ang Il {(Figure 5.7).

Cytoplasm to membrane translocation of varicus PKC isoforms was
examined by fractionating the cytosolic and membranous portion of total protein
from endothelial cells. | validated this method by a clear detection of large
amount of cytosolic GAPDH in the cytosol but minimal in the membranous
fraction, and vice versa for membrane-bound NOX-2 subunit of NADPH oxidase
(Figure 5.8A&B). The results showed that PKC5 and PKC; were activated upon
1-min stimulation with Ang Il, which was signified by their increased levels in
membranous fractions. By contrast, a, 8, and i isoforms did not increase in the
membranous portions of Ang ll-stimulated cells compared with that of control.
PKC; was minimally expressed in endothelial cells (Figure 5.8C & 5.9). PKCs
translocation was abolished by losartan (Figure 5.10A). SB 202190 and PD
98059 failed to inhibit Angll-induced PKCj translocation (Figure £.10B), again
confirming the notion that ERK1/2 ¢an only be downstream target of PKCs, but
not vice versa, while p38 MAPK and PKC; are independent of each other. Co-
treatment with SB 202190 and rottlerin produced additive effects in suppressing
the Ang ll-induced COX-2 expression, without affecting COX-1 expression
(Figure 5.11A&B).

Transfection with small interfering RNA targeting PKC;s (siPKCg) further
supports the key role of PKC;s. Western biot analysis confirmed that siPKCs
successfully knock-downed PKC; without affecting PKC, (Figure 5.12A,D&E). In
siPKCs-transfected cells, Ang ll-induced COX-2 expression was reduced by
~50% and the remaining portion could almost be abolished by co-treatment with
SB 202190, again indicating the operation of dual signal transduction pathways
involving PKC;5 and p38 MAPK. By contrast, scramble siRNA had no effect on
Ang ll-induced COX-2 expression, when compared with the non-transfected
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endothelial cells (Figure 5.12A-C).

As shown in the study of PKC translocation, PKC; was also activated by
Ang Il (Figure 5.8C & 5.9C). However, PKC; inhibitor peptide, £V1-2, did not
prevent Ang ll-induced COX-2 expression (Figure 5.11C). siPKCs did not
suppress PKC; levels (Figure 5.12A&E) but abolished COX-2 expression in
combination with p38 MAPK inhibitor, SB 202190 (Figure 5.12A&C), thus
suggesting that PKC; is unlikely to be one of the mediators of COX-2
expression.

The role of PKCs in COX-2 expression was also pinpointed using an
exogenous PKC activator, phorbol 12-myristate 13-acetate (PMA). PMA at 1
pmol/L time-dependently increased COX-2 expression while its negative analog,
4a-PMA had no effect (Figure 5.13A&B). Such increase in COX-2 expression
was again sensitive to inhibition by GFX and rottlerin, but not Go 6976 (Figure

5.13A&C).

5.3.6 Ang ll-induced release of MCP-1 is COX-2 dependent

The level of MCP-1 in the conditioned medium from endothelial cells treated
with 100 nmol/L Ang Il for 24 h increased (Figure 5.14), while the release of IL-6
and TNF-a fell below detectable levels (data not shown). The MCP-1 release
was inhibited by losartan and two structurally different COX-2 inhibitors,

celecoxib and NS 398 (both at 3 umol/L) (Figure 5.14).

5.3.7 Renovascular dysfunction and elevated endothelial COX-2
expression in Ang ll-infused rats

Systolic blood pressure of rats rose up from 104.3 £+ 4.6 mmHg to 1740 £ 9.6
mmHg during a 9-day period of Ang Il infusion, and this increase was prevented
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by the concomitant oral treatment of losartan (Figure 5.15A). Endothelium-
dependent relaxations were impaired in interlobal renal arteries from the Ang II-
infused rats and this impairment was abolished by losartan treatment (Figure
5.156B). The attenuated relaxations were restored by acute treatment with COX-
2 inhibitor celecoxib (3 pmol/L) (Figure 5.15C), but not by COX-1 inhibitor sc-
560 (data not shown). Immunohistochemical staining revealed that endothelial
COX-2 expression (indicated by red arrows) was augmented in both aortae
(Figure 5.16A) and renal arteries (Figure 5.16B) of Ang ll-infused rats and the

increased COX-2 staining was attenuated by losartan.

5.3.8 Ang lliinduced COX-2 expression and COX-2-dependent MCP-1
expression in human mesenteric arteries

The Ang li-induced expression of pro-inflammatory MCP-1 was also
demonstrated in the endothelial layer of human mesenteric arteries. The first
column of Figure 5.17A and B demonstrated the green autofluorescence from
elastin of the internal elastic lamina which delineated the artery into endothelial
and smooth muscle layers. The second column featured the fluorescence
emitted from Alexa fluor 546-conjugated secondary antibodies which were
tagged to primary antibodies against either COX-2 (Figure 5.17A) or MCP-1
(Figure 5.17B), appearing in reddish orange color together with the noise from
autofluorescence. In the overlay images on the third column, the
autofluorescence and noise appeared yellowish green, and the remaining
reddish orange signified the signals from COX-2 or MCP-1. Referring to the
third column of Figure 5.17A, endothelial COX-2 expression was remarkably
augmented after 24 h-exposure to Ang Il (1 pmol/L), which was prevented by
co-treatment with SB 202190 and rottlerin, but remained unaffected in solvent
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control exposed to DMSO. Noteworthy, this COX-2 expression may contribute
to the MCP-1 expression, as evidenced by an increase of endothelial MCP-1
expression in the same arteries treated with Ang I, which was inhibited by pre-

incubation with celecoxib but not the soivent DMSO (Figure 5.17B).

5.3.9 Co-expression of COX-2 and MCP-1 in renal arteries from patients
with hypertension or diabetes

Nine renal arterial samples were collected from patients undergoing renal
surgery for transitional cell carcinoma or renal cell carcinoma, among them
three were identified non-diabetic and non-hypertensive, three were diagnosed
diabetic (fasting plasma glucose level =z 7.0 mmol/L) and three were
hypertensive (systolic and diastolic blood pressure >140 mmHg and >80 mmHg
respectively). Two patients from the hypertensive group were female, and all
other patients were male. The average age of patients in each group is ~60
years old, ranging from ~ 40 to ~ 85 years old. Expressions of COX-2 (indicated
by red arrows) and MCP-1 {indicated by green arrows) were higher in renal
arteries from patients with hypertension or diabetes as demonstrated by the
dark brown DAB staining compared with those from non-diabetic and non-
hypertensive subjects (Figure 5.18). Factor VIl served as a specific marker for

endothelium which was stained dark brown.

5.3.10. Reactive oxygen species {ROS) do not mediate COX-2 up-
regulation

Based on the fact that Ang Il is well-documented to increase oxidative stress in
vascular cells and the signaling molecules p38 MAPK and ERK1/2 are redox-
sensitive (Costanze et al., 2003; Granger et al., 2004; Hu et al., 2002), 1 tested
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whether ROS play a role in Ang ll-induced COX-2 expression.

Dihydroethidium (DHE) fluorescence in endothelial cells showed that the
level of reactive oxygen species was raised in ~30 s after Ang |l addition, which
was prevented by losartan, NADPH oxidase inhibitor apocynin (100 umol/L) and
ROS scavengers, tiron (1 mmol/L} plus DETCA (100 pmol/L) (Figure 5.19).
Inhibitors of ROS-producing enzymes including apocynin (100 pmol/l),
oxypurinol {xanthine oxidase inhibitor, 100 umol/L), 2-amino-5,6-dihydro-6-
methyl-4H-1,3-thiazine hydrochloride (AMT, iINOS inhibitor, 30 umol/L), N-nitro-
L-arginine methyl ester (L-NAME, non-specific NOS inhibitor, 100 pmoliL), ROS
scavengers tempol, and tiron plus DETCA, however, did not decrease the Ang
ll-induced COX-2 expression (Figure 5.20A), thus ruling out the participation
from ROS. Indeed, exogenous H2O, only induced a small increase in COX-2

expression compared with the marked stimulation by Ang Il (Figure 5.21A).
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FIGURE 5.1.

Primary culture of cells from rat thoracic aortae were confirmed to be
endothelial cells, which were positively stained with an endothelial
cell-specific maker, PECAM-1. Fibroblasts served as a negative

control to the staining.
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FIGURE 5.2.
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(A) COX-2 expression in primary rat endothelial cells increased in
response to 100 nmol/L Ang [l in a time-dependent (1-8 h) manner,
while (B) COX-1 expression was not affected by Ang Il incubation
across time. Data are mean + SEM of 5-6 experiments. **P<0.01,
***P<0.001 versus control.
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FIGURE 5.3.

(A) Ang Il induced a concentration (0-100 nmol/L)-dependent
expression of COX-2 in 8 h-incubation. (B) COX-1 expression
remained unaffected by Ang Il incubation at different concentrations.
Data are mean + SEM of 5-6 experiments. ***P<0.001 versus
control; *P<0.05 between groups treated with Ang |I.
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FIGURE 5.4.

(A} Ang Hl (100 nmol/L)-induced COX-2 expression was prevented
by actinomycin-D (10 umol/Ll} and losartan (3 pmol/L), but
unaffected by the presence of PD 123319 (1 ymol/L) and the solvent
DMSO. (B) COX-1 expression was not affected by these inhibitors.
Data are mean + SEM of 5 experiments. ***P<0.001 versus control;
% p<0.001 between Ang Il and other groups co-treated with Ang I,
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(A) COX-2 expression was inhibited by SB 202190 (SB, 10 pymol/L)
or PD 98059 (PD, 20 pmol/L), but not by SP 600125 (SP, 10 umol/L).
Co-treatment of SB and PD further reduced the COX-2 expression.
(B) COX-1 expression was not affected by these inhibitors. (C&D)
Time course for phosphorylation of ERK1/2 and p38 MAPK in
response to Ang [l (100 nmol/L). Data are mean * SEM of 5
experiments. *P<0.05, **P<0.01, ***P<0.001 versus control;
#¥P<0.001 between Ang Il and other groups co-treated with Ang 1.
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(A) COX-2 expression was inhibited by GF 109203X (GFX, 2 pmol/L}
or rottlerin (10 pmol/L), but not Go 6976 (1 umol/L). (B) COX-1
expression remained unchanged with these inhibitors. (C)} ERK1/2
phosphoryation was inhibited by GF 109203X (GFX, 2 umol/L),
rottlerin (10 ymol/L) or PD 98059 (PD), but not Go 6976. (D)
Phosphorylation of p38 MAPK was inhibited by losartan (3 pmol/L)
but not PKC inhibitors. *P<0.05, **P<0.01, ***P<0.001 versus control;
#¥p<0.001 between Ang Il and other groups co-treated with Ang Il.
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FIGURE 5.7.

PKCs was phosphorylated at Tyr*"" within 1 min of Ang Il addition.
Data are mean + SEM of 5 experiments. ***P<0.001 versus control.
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FIGURE 5.8.

(A&B) Validation on the extraction method of cytosolic (cyto) and
membranous (mb) protein by detecting cytosolic GAPDH and
membrane-bound NOX-2. Data are mean + SEM of 6 experiments.
**P<0.01, ***P<0.001 versus cyto. (B) Representative immunoblots
of translocation of various PKC isoforms upon Ang Il (100 nmol/L)
and PMA (1 ymol/L) stimulation. C, cytosol; M, membrane.
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FIGURE 5.9.

Summarized data on the translocation of PKC isoforms (A) q, (B) d,
(C) g, (D)6, (E) pand (F) ¢ upon stimulation by Ang Il (100 nmol/L)
and PMA (1 ymol/L). Data are mean + SEM of 4-5 experiments.
**P<0.01 versus mb of the control. Cyto, cytosol, mb, membrane.
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Ang |l stimuiated PKC; to translocate to the membrane, which was
(A) prevented by losartan (3 pmol/L), but (B) not by SB 202190 (SB,
10 umol/L) and PD 98059 (PD, 20 ymol/L). Data are mean + SEM of
4-5 experiments. **P<0.01 versus mb of the control, *P<0.01 versus
mb of Ang Il. Cyto, cytosol; mb, membrane.
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FIGURE 5.11.

(A) Co-treatment of SB 202190 (SB, 10umol/L) and rottlerin (10
Mmol/L) abolished Ang !l-induced COX-2 expression, (B) while these
inhibitors did not affect COX-1 expression. (C) eV1-2 (10 ymol/L) did
not reduce COX-2 expression. Data are mean + SEM of 46
experiments. ***P<0.001 versus control, *P<0.05, *¥P<0.01 and
###P<0.001 versus Ang Il.
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FIGURE 5.12.

{A) Representative blot and (B&C) summarized data showing small
interfering RNA (siRNA) targeting PKCj; (siPKC;) significantly
reduced Ang Ill-induced COX-2 expression, which was further
abolished by SB 202190. (D&E) siPKC; abolished expression of
PKCs but not PKC,. Data are mean + SEM of 4 experiments.
**P<0.001 versus respective controls; *P<0.05 and **P<0.001
versus scramble siRNA-transfected group treated with Ang Il.
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FIGURE 5.13.

(A) Representative blot and (B) summarized data showing PMA (1
umol/L) induced COX-2 expression but not its negative analogue
40-PMA (1 pymol/L). (A&C) The COX-2 expression was inhibited by
GF 109203X (GFX, 2 umol/L) and rottlerin (10 umol/L), but not Go
6976 (1 umol/L). Data are mean + SEM of 4 experiments. **P<0.05
and ***P<0.001 versus control; *P<0.01 versus PMA-treated group.
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FIGURE 5.14.

MCP-1 release increased after 24 h-incubation with Ang 1l (100
nmol/L), which was prevented by losartan (3 ymol/L) and COX-2
inhibitors, celecoxib and NS 398 (each 3 pmol/L). Data are mean +
SEM of 4 experiments. ***P<0.001 versus control; ®P<0.01 versus
Ang ll-treated group.
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FIGURE 5.15.

(A) Systolic blood pressure increased markedly in Ang Il (0.7
mg/kg/day)-infused rats, which was prevented by oral administration
of losartan (10 mg/kg/day). (B) ACh-induced endothelium-dependent
relaxations were attenuated in the interlobal renal arteries from Ang
ll-infused rats but not in those orally administered with losartan. (C)
Celecoxib (3 umol/L) acutely restored the impaired endothelium-
dependent relaxations. Data are mean + SEM of 4 experiments.
*P<0.05 and **P<0.01 versus control; *P<0.05 and ™P<0.01 versus

Ang ll-infused group.
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Endothelial COX-2 expression (indicated by red arrows) was
augmented in the (A) aortae and (B) renal arteries of Ang ll-infused
rats (All). The expression was reduced in those from Ang ll-infused
rats orally-treated with losartan (L+All). Similar observations for
each group were made in arteries from 4 rats. CTL, control; Endo,

endothelium.
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FIGURE 5.17.
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FIGURE 5.17.

Autofluorescence (first column in green) signified the elastin from
internal elastic lamina (IEL) in the vessel wall. It delineated the
layers of endothelial cells (EC) and vascular smooth muscle cells
(VSMC). Detection for Alexa Fluor 546 {second column in reddish
orange) gave the signals from both the elastin and antibody-
fluorophore complex. Third column features the overlay images from
the first and second column, with the elastin appearing yellow. The
reddish orange color in the third column demonstrates the pure
signal from antibodies. (A) Ang Il (1 umol/L) induced endothelial
COX-2 expression (indicated by white arrows), which was sensitive
to SB 202190 (SB, 10 ymol/L) and rottlerin (ROT, 10 umolil). (B)
Ang Il elevated endothelial MCP-1 expression, which was inhibited
by celecoxib (3 pmol/L). DMSO did not affect the expressions of
both Ang ll-induced COX-2 and MCP-1. When primary antibody was
neglected (i.e. negative control), the signals were purely from the
elastin.
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FIGURE 5.18.

COX-2 (stained in brown, indicated by red arrows) and MCP-1
(stained in brown, indicated by green arrows) were elevated in renal
arteries from patients with diabetes (DM) or hypertension (HT),
compared with subjects without diabetes and hypertension (-DM, -
HT). Heavy brown color in the lowest right panel indicates factor VIi|
staining in the endothelium.
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FIGURE 5.19.

(A) Representative images of DHE fluorescence. The left panel of
each pair of images showed the DHE fluorescence signal (in red) on
the production of reactive oxygen species like superoxide anion,
while the right panel showed the brightfield images of the endothelial
cells. (B) Summarized data showed that there was about 2-fold
increase of oxidant production 30 s after Ang Il (100 nmol/L) addition,
which were inhibited by losartan (3 pmol/L), apocynin (100 umol/L)
and tiron {1 mmol/L) plus DETCA (100 umol/L). Data are mean %
SEM of 4 experiments. ***P<0.001 versus control: *P<0.05 versus
Ang ll-treated group.
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FIGURE 5.20.

Expression of neither Ang ll-induced (A) COX-2 nor (B) constitutive
COX-1 was affected in the presence of inhibitors against reactive
oxygen species (apocynin, oxypurinol, tempol, DETCA and L-NAME,
each at 100umol/L; Tiron, 1 mmol/L; AMT, 30 umol/L). Data are
mean + SEM of 3-4 experiments.
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FIGURE 5.21.

(A) HO, (100 umolL) only induced a very low level of COX-2
expression compared to Ang |l, (B) and COX-1 expression was not
altered with either H,O, or Ang ll treatment. Data are mean + SEM
of 4 experiments. *P<0.05 and ***P<0.001 versus control.
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5.4 Discussion

The present study shows for the first time, to my best knowledge, the up-
regulation of endothelial COX-2 expression by Ang Il and elucidates the
underlying sequence of intracellular events pinpointing a novel role of PKCs
activated at Tyr""" and joint contributions of ERK1/2 and p38 MAPK. | also
defined the Ang ll-induced release or expression of a COX-2 dependent pro-
atherosclerotic cytokine MCP-1. The present results were obtained not only
from primary culture of rat endothelial cells, but could also be confirmed in in
vivo animal model of Ang ll-infused hypertensive rats and extended to tissue
culture of human arteries. Results from renal arteries of patients with
hypertension or diabetes further point to the clinical relevance of the present
experimental findings.

Ang |, a potent vasoconstrictive peptide plays a central role in vascular
dysfunction associated with hypertension and diabetes, and AT.R blockers
represent a major class of anti-hypertensive drugs that interrupt Ang ll-initiated
intracellular signaling (Schmieder, 2005). While Ang Il serves as a powerful
ligand to trigger transcriptions of pro-atherosclerotic cytokines (Ando et al., 2004,
Cheng et al,, 2005; Costanzo et al., 2003; Pastore et al., 1999; Pueyo et al,,
2000), the role of the highly inducible pro-inflammatory enzyme COX-2 in
vascular diseases has recently gained attention as its over-expression is also
detected in human atherosclerotic plaques (Gomez-Hernandez et al., 2006).
However, the relationship between Ang Il and COX-2 remains elusive as to
whether COX-2 acts as a direct downstream effector of Ang Il to mediate
vascular inflammation, especially in endothelial cells which represent the first-
line initiation point of atherosclerosis. The present study first demonstrated that

Ang il could markedly up-regulate COX-2 expression in endothelial cells upon
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activation of ATiR. The COX-2 induction was jointly mediated by p38 MAPK-
and ERK1/2-dependent signaling pathways, as the inhibitor of either kinases,
SB 202190 or PD 98059, could only partially suppress the COX-2 expression
while their co-treatment resulted in additive inhibition that almost abolished
COX-2 expression. It appeared that JNK was unlikely to be involved as its
inhibitor did not alter Ang Il-induced COX-2 expression.

Since p38 MAPK and ERK1/2 are sensitive to redox triggers {Hsu et al.,
2004; Jaulmes et al., 2009; Matesanz et al., 2007}, | initially suspected that Ang
li-induced oxidative stress might contribute to the COX-2 expression. This
possibility, however, was excluded by two observations. First, Ang li-stimulated
superoxide anion production was prevented by NADPH oxidase inhibitor,
apocynin and ROS scavengers, tiron plus DETCA; however Ang ll-induced
COX-2 expression was unaltered by these inhibitors and by inhibitors against
xanthine oxidase, inducible NOS and NOS uncoupling. Second, H>0,, which
was reported to increase COX-2 expression in HUVEC (Eligini et al., 2009),
induced a very small increase in COX-2 expression. The present resulis
disagree with a previous report showing that in human saphenous vein
endothelial cells, IL-1a-induced COX-2 expression involves both NADPH
oxidase-derived superoxide anion and H;O, (Massaro et al., 2006).

PKC appears to be another possible upstream target since PKC is
associated with the G-protein-coupled AT1R. Herein | defined a novel role of
PKCs, activated at Tyr''!, to mediate COX-2 expression in Ang ll-treated rat
acortic endothelial cells. Pharmacologically, Ang 1l- and PMA (PKC activator)-
induced COX-2 expression were both sensitive to inhibition by GF 109203X (a
broad spectrum of PKC inhibitor) and rottierin (PKCs inhibitor). Of note, GF
109203X and rottlerin also inhibited Ang ll-induced ERK1/2 phosphorylation,
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indicating that PKC; is likely the upstream activator of ERK1/2. Activation of p38
MAPK was likely independent of PKC regulation because its phosphorylation
was unaffected by PKC inhibitors.

To address the concern over the specificity of pharmacological
inhibitors used, | studied the treatment-induced translocation of PKC; from the
cytoplasm to the plasma membrane and excluded the participation of other PKC
isoforms. Translocation of soluble cytosolic PKC to the particulated
membranous form is a key feature that signifies PKC activation (Salamanca and
Khalil, 2005). Comparing the portion of membranous PKC after Ang |l
stimulation with that of control, only PKC; and PKC; were found to be
responsive to Ang (. While PKC, was activated by PMA but not Ang I, PKCy
and PKC, remained unresponsive to either treatments and PKC; was not
expressed in endothelial ceils. Indeed, though PKC, was activated by PMA,
treatments with PKCqp inhibitor Go 6976 failed to suppress the PMA-induced
COX-2 expression, thus contrasting a complete abrogation by rottlerin. Likewise,
Ang |l activated both PKC; and PKC,, yet the role of PKC, in mediating COX-2
expression appears to be negligible as indicated by the following two
observations. First, PKC; inhibitor €V1-2 did not affect Ang ll-induced COX-2
expression. Second, siPKCy markedly suppressed COX-2 expression without
affecting PKC. expression. If PKC, were to be significantly involved in mediating
Ang !l action, its non-suppressed levels in siPKCs-transfected cells with or
without concomitant exposure to p38 MAPK inhibitor - SB2020190, would have
maintained the inducible response of COX-2 expression as in the control or
scramble siRNA-transfected cells. Taken together, these data indicate that even
a number of PKC isoforms might be activated upon Ang Il stimulation, PKCj3 is
probably the main isoform that is essentially coupled with endothelial COX-2

186



CHAPTER V — ANG Il AND ENDOTHELIAL COX-2

expression. Noteworthy, inhibition of p38 MAPK by SB 202190 in combination
with PKC;s knockdown cells prevented the induction of COX-2 expression, thus
proving a paralle! involvement of the PKCs-ERK1/2 and p38 MAPK pathways.
Since PKCj5 can posttranslationally modify the AU-rich element binding protein
HuR (Doller et al., 2008}, it is not impossible that PKC; also serve to stabilize
COX-2 mRNA and thereby increasing the COX-2 expression level. Such
findings contrast to Ang ll-induced COX-2 up-regulation in vascular smooth
muscle cells which mainly depends on the ERK1/2 activity without the
participation of PKC or p38 MAPK (Hu et al., 2002). Pre-ireatment by inhibitor of
either ERK1/2 or p38 MAPK did not affect Ang ll-induced PKC; translocation,
again confirming that PKC; is upstream of ERK1/2 activation and independent
of p38 MAPK regulation.

Up-regulation of endothelial COX-2 by Ang |l could be demonstrated
not only in cultured cells. Indeed, the present study clearly showed an
augmentation of endothelial COX-2 protein expression in the aorta and renal
arteries of Ang ll-infused rats, which was inhibited by concomitant oral treatment
of losartan. Impairment of endothelium-dependent relaxations was acutely
restored by the COX-2 inhibitor celecoxib, indicating COX-2-derived
vasoconstrictive prostanoids may contribute to vascular dysfunctions, as
documented in diabetic, hypertensive and aging animal models (Adeagbo et al.,
2005; Akamine et al., 2006; Wong et al., 2009).

Tissue culture experiments on human mesenteric arteries substantiate
the findings in cultured rat endothelial cells. Ang ll-induced endothelial COX-2
expression was prevented by co-treatment of SB 202190 and rottierin. More
importantly, increased COX-2 expression was accompanied by a concomitant
rise in MCP-1 expression with both proteins being immunolocalized to the
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endothelium. This MCP-1 increase was sensitive to COX-2 inhibition by
celecoxib, clearly suggesting a causal relationship between these two pro-
inflammatory and pro-atherosclerotic cytokines. Indeed, Ang Hl-induced MCP-1
release inte the conditioned medium of cultured rat endothelial cells was also
prevented by the two specific COX-2 inhibitors, celecoxib and NS 398. Taken
together, endothelial COX-2-dependent release of MCP-1 may represent a new
concept in our understanding of the Ang ll-induced vascular inflammation and
atherosclerotic plaque formation involving macrophages.

Co-localization of COX-2 and MCP-1 does not solely appear in current
experimental seftings. In renal arteries from patients with hypertension or
diabetes, expressions of both COX-2 and MCP-1 were clearly detected in the
endothelium, which was in sharp contrast to the non-existence of both proteins
in arteries from non-diabetic and non-hypertensive subjects.

Assembling the time course of maximal activation of signaling proteins,
and studies using pharmacological inhibitors and siRNA, | propose the following
cellular pathways of Ang ll-induced endothelial COX-2 expression (Figure 8).
Ang |l stimulates AT1R to activate PKC; in <1 min and subsequently ERK1/2 in
~5 min, along with maximal PKC-independent p38 MAPK activation in ~5 min.
COX-2 expression was detected at 1 h and reaches the maximum at 8 h. MCP-

1 release detected at 24 h is COX-2 dependent.

Significance of the findings

Clinical use of COX-2 inhibitors in suppressing inflammatory responses remains
a hot topic in recent years due to their reported adverse cardiovascular effects.
While COX-2 inhibition was shown to increase blood pressure and thrombotic
events (Bresalier et al., 2005; Capone et al., 2008), it also produces benefits in
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patients with hypertension and coronary artery disease (Chenevard et al., 2003;
Widlansky et al., 2003). These seemingly contradictory findings between animal
and human studies may suggest that COX-2 may take up a janus role in
producing different types of metabolites probably depending on the nature of
triggers under physiological and pathological states. COX-2 can release either
vasoprotective prostacyclin or deleterious vasoconstrictors. While the exact role
of COX-2 remains unresclved and preferentially targeting COX-2 in particular
systems is a challenging task, the present study provides a novel insight into
how COX-2 action can be modulated by regulating its expression. In this study, |
demonstrate an important role of PKCs in mediating Ang il-induced COX-2
expression. Intriguingly, a recent study has shown that adiponectin, a
cardioprotective adipokine, up-regulates endothelial COX-2 expression by
activating calreticulin/CD81-PI3K/Akt and promotes revascularization after
ischemia (Ohashi et al.,, 2009). It is noteworthy that Ang ll-induced COX-2
expression does not involve PI3K pathways (data not shown), implying that
COX-2 expression can be mediated by different agonist-dependent pathways. If
we selectively target PKCp isoform in a strategic manner to suppress the up-
regulation of pro-inflammatory COX-2, the expression of protective COX-2 can
remain undisturbed and thus preventing the occurrence of the scenario in which
non-selective inhibition towards these functionally different COX-2 abrogates
the beneficial effects from the protective ones. Indeed, PKCg and PKCy are
preferentially activated in response to hyperglycemia and diabetes (Meier and
King, 2000) and PKC inhibitors such as ruboxistaurin targeting the B isoform
has been introduced in clinical trials (Geraldes and King, 2010). While there is
no available antagonist or neutralizer for MCP-1 over-production, inhibiting
COX-2 and subsequent down-regulation of MCP-1 release may offer an
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alternative to retard the initiation of atherosclerosis. With the advancement in
the development of phosphopeptide mimetics, specific peptide inhibitors of
PKCs may uncover novel therapeutic potential to combat vascular inflammatory

disease.
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FIGURE 5.22.

Postulated cellular mechanisms on Ang Ill-induced COX-2
expression in endothelial cells and time course of events. Ang Il acts
on angiotensin Il type 1 receptor (AT4R), which then activates PKC5;
in < 1 min. Activations of PKCs-dependent ERK1/2 and -independent
p38 MAPK occur at ~ 5 min. COX-2 begins to be expressed after ~1
h and reaches a maximal expression at ~ 8 h. COX-2-dependent
MCP-1 release was detected in 24 h.

191



RERERENCES

References

Abdeirahman, A.M., Al Suleimani, Y.M., 2008. Four-week administration of
nimesulide, a cyclooxygenase-2 inhibitor, improves endothelial dysfunction in
the hindlimb vasculature of streptozotocin-induced diabetic rats. Arch Pharm
Res 31, 1584-1589.

Abeywardena, M.Y., Jablonskis, L.T., Head, R.J., 2002. Age- and hypertension-
induced changes in abnormal contractions in rat aorta. J Cardiovasc Pharmacol
40, 930-937.

Adeagbo, A.S., Zhang, X., Patel, D., Joshua, .G, Wang, Y., Sun, X,, Igbo, I.N.,
Oriowo, M.A., 2005. Cyclo-oxygenase-2, endothelium and aortic reactivity
during deoxycorticosterone acetate salt-induced hypertension. J Hypertens 23,
1025-1036.

Akamine, E.H., Urakawa, T.A., de Oliveira, M.A., Nigro, D., de Carvalho, M.H.,
de Cassia, A T.R., Fortes, Z.B., 2006. Decreased endothelium-dependent
vasodilation in diabetic female rats: role of prostanoids. J Vasc Res 43, 401-410.

Aljofan, M., Ding, H., 2010. High glucose increases expression of
cyclooxygenase-2, increases oxidative stress and decreases the generation of
nitric oxide in mouse microvessel endothelial cells. J Cell Physiol 222, 669-675.

Alonso, D., Radomski, M.W., 2003. The nitric oxide-endothelin-1 connection.
Heart Fail Rev 8, 107-115.

Alvarez, A., Cerda-Nicolas, M., Naim Abu Nabah, Y., Mata, M., Issekutz, A.C.,
Panes, J., Lobb, R.R., Sanz, M.J., 2004. Direct evidence of leukocyte adhesion
in arterioles by angiotensin I1. Blood 104, 402-408.

Alvarez, Y., Briones, A.M., Balfagon, G., Alonso, M.J., Salaices, M., 2005.
Hypertension increases the participation of vasoconstrictor prostanoids from
cyclooxygenase-2 in phenylephrine responses. J Hypertens 23, 767-777.

An, G, Wang, H., Tang, R., Yago, T,, McDaniel, J.M., McGee, S., Huo, Y., Xia, L.,
2008. P-selectin glycoprotein ligand-1 is highly expressed on Ly-6Chi
monocytes and a major determinant for Ly-6Chi monocyte recruitment to sites
of atherosclerosis in mice. Circulation 117, 3227-3237.

Ando, H., Jezova, M., Zhou, J., Saavedra, J.M., 2004. Angiotensin |l AT1
receptor blockade decreases brain artery inflammation in a stress-prone rat

192



REFERENCES

strain. Ann N Y Acad Sci 1018, 345-350.

Arakawa, K., Urata, H., 2000. Hypothesis regarding the pathophysiological role
of alternative pathways of angiotensin 1l formation in atherosclerosis.
Hypertension 36, 638-641.

Arbeeny, C.M., Meyers, D.S., Bergquist, K.E., Gregg, R.E., 1992. Inhibition of
fatty acid synthesis decreases very low density lipoprotein secretion in the
hamster. J Lipid Res 33, 843-851.

Ardanaz, N., Yang, X.P., Cifuentes, M.E., Haurani, M.J., Jackson, KW., Liao,
T.D., Carretero, O.A., Pagano, PJ., 2010. Lack of glutathione peroxidase 1
accelerates cardiac-specific hypertrophy and dysfunction in angiotensin I
hypertension. Hypertension 55, 116-123.

Aronson, D., 2008. Hyperglycemia and the pathobiology of diabetic
complications. Adv Cardiol 45, 1-16.

Arribas, S., Marin, J., Ponte, A., Balfagon, G., Salaices, M., 1994.
Norepinephrine-induced relaxations in rat aorta mediated by endothelial beta

adrenoceptors. Impairment by ageing and hypertension. J Pharmacol Exp Ther
270, 520-527.

Auch-Schwelk, W., Katusic, Z.S., Vanhoutte, P.M., 1989. Contractions to
oxygen-derived free radicals are augmented in aorta of the spontaneously
hypertensive rat. Hypertension 13, 859-864.

Auch-Schwelk, W., Katusic, Z.S., Vanhoutte, PM., 1990. Thromboxane A2
receptor antagonists inhibit endothelium-dependent contractions. Hypertension
15, 699-703.

Auch-Schwelk, W., Vanhoutte, P.M., 1991. Endothelium-derived contracting
factor released by serotonin in the aorta of the spontaneously hypertensive rat.
Am J Hypertens 4, 769-772.

Aw, TJ., Haas, SJ. Liew, D. Krum, H. 2005. Meta-analysis of
cyclooxygenase-2 inhibitors and their effects on blood pressure. Arch Intern
Med 165, 490-496.

Ayajiki, K., Kindermann, M., Hecker, M., Fleming, |, Busse, R., 1996.
Intracellular pH and tyrosine phosphorylation but not calcium determine shear
stress-induced nitric oxide production in native endothelial cells. Circ Res 78,
750-758.

193



REFERENCES

Baber, S.R,, Champion, H.C., Bivalacqua, T.J., Hyman, A.L., Kadowitz, P.J.,
2003. Role of cyclooxygenase-2 in the generation of vasoactive prostanoids in
the rat pulmonary and systemic vascular beds. Circulation 108, 896-901.

Back, M., Ketelhuth, D.F., Agewall, S., 2010. Matrix metalloproteinases in
atherothrombosis. Prog Cardiovasc Dis 52, 410-428.

Badimon, L., 2001. Atherosclerosis and thrombosis: lessons from animal
models. Thromb Haemost 86, 356-365.

Bagi, Z., Erdei, N, Papp, Z., Edes, |., Koller, A., 2006. Up-regulation of vascular
cyclooxygenase-2 in diabetes mellitus. Pharmacol Rep 58 Suppl, 52-56.

Bagi, Z., Erdei, N., Toth, A_, Li, W., Hintze, T.H., Koller, A., Kaley, G., 2005. Type
2 diabetic mice have increased arteriolar tone and blood pressure: enhanced
release of COX-2-derived constrictor prostaglandins. Arterioscler Thromb Vasc
Biol 25, 1610-1616.

Barbieri, S.S., Eligini, S., Brambilla, M., Tremoli, E., Colli, S., 2003. Reactive
oxygen species mediate cyclooxygenase-2 induction during monocyte to
macrophage differentiation: critical role of NADPH oxidase. Cardiovasc Res 60,
187-197.

Barbieri, S.S., Weksler, B.B., 2007. Tobacco smoke cooperates with interleukin-
1beta to alter beta-catenin trafficking in vascular endothelium resulting in
increased permeability and induction of cyclooxygenase-2 expression in vitro
and in vivo. FASEB J 21, 1831-1843.

Barreiro, O., Yanez-Mo, M., Serrador, J.M., Montoya, M.C., Vicente-
Manzanares, M., Tejedor, R., Furthmayr, H., Sanchez-Madrid, F., 2002.
Dynamic interaction of VCAM-1 and ICAM-1 with moesin and ezrin in a novel
endothelial docking structure for adherent leukocytes. J Cell Biol 157, 1233-
1245.

Bawolak, M.T., Touzin, K., Moreau, M.E., Desormeaux, A., Adam, A., Marceau,
F., 2008. Cardiovascular expression of inflammatory signaling molecules, the
kinin B1 receptor and COX2, in the rabbit: effects of LPS, anti-inflammatory and
anti-hypertensive drugs. Regul Pept 1486, 157-168.

Beimin, J., Bernard, C., Corman, B., Merval, R., Esposito, B., Tedgui, A., 1995.
Increased production of tumor necrosis factor and interleukin-6 by arterial wall
of aged rats. Am J Physiol 268, H2288-2293.

194



REFERENCES

Berk, B.C., 2003. Angiotensin type 2 receptor (AT2R): a challenging twin. Sci
STKE 2003, PE18.

Biecker, E., Trebicka, J., Kang, A., Hennenberg, M., Sauerbruch, T., Heller, J.,
2008. Treatment of bile duct-ligated rats with the nitric oxide synthase
transcription enhancer AVE 9488 ameliorates portal hypertension. Liver Int 28,
331-338.

Bolego, C., Buccellati, C., Radaelli, T., Cetin, I., Puglisi, L., Folco, G., Sala, A.,
2006. eNOS, COX-2, and prostacyclin production are impaired in endothelial
cells from diabetics. Biochem Biophys Res Commun 338, 188-180.

Brandes, R.P., Fleming, I., Busse, R., 2005. Endothelial aging. Cardiovasc Res
66, 286-294.

Brasier, A.R., Jamaluddin, M., Han, Y., Patterson, C., Runge, M.S., 2000.
Angiotensin li induces gene transcription through cell-type-dependent effects on
the nuclear factor-kappaB (NF-kappaB) transcription factor. Mol Cell Biochem
212, 155-169.

Braun, M., Hohlfeld, T., Kienbaum, P., Weber, A.A., Sarbia, M., Schror, K., 1993.
Antiatherosclerotic  effects of  oral cicaprost in experimental
hypercholesterolemia in rabbits. Atherosclerosis 103, 93-105.

Bresalier, R.S., Sandler, R.S., Quan, H., Bolegnese, J. A., Oxenius, B., Horgan,
K., Lines, C., Riddell, R., Morton, D., Lanas, A., Konstam, M.A., Baron, J.A,,
Adenomatous Polyp Prevention on Vioxx Trial, 1., 2005, Cardiovascular events
associated with rofecoxib in a colorectal adenoma chemoprevention trial. N
Engl J Med 352, 1092-1102.

Brew, K., Nagase, H., 2010. The tissue inhibitors of metalloproteinases (TIMPs):
an ancient family with structural and functional diversity. Biochim Biophys Acta
1803, 55-71.

Briones, A.M., Montoya, N., Giraldo, J., Vila, E., 2005. Ageing affects nitric oxide
synthase, cyclooxygenase and oxidative stress enzymes expression differently
in mesenteric resistance arteries. Auton Autaceoid Pharmacol 25, 155-162.

Brown, K.A., Chu, Y., Lund, D.D., Heistad, D.D., Faraci, F.M., 2006. Gene
transfer of extracellular superoxide dismutase protects against vascular
dysfunction with aging. Am J Physiol Heart Circ Physiol 280, H2600-2605.

Bruunsgaard, H., Skinhoj, P., Pedersen, A.N., Schroll, M., Pedersen, B.K., 2000.
Ageing, tumour necrosis factor-alpha (TNF-alpha) and atherosclerosis. Clin Exp

195



REFERENCES

Immunol 121, 255-260.

Bu, D.X., Erl, W,, de Martin, R., Hansson, GK., Yan, Z.Q., 2005. IKKbeta-
dependent NF-kappaB pathway controls vascular inflammation and intimal
hyperplasia. FASEB J 19, 1293-1295.

Bubici, C., Papa, S., Dean, K., Franzoso, G., 2006. Mutual cross-talk between
reactive oxygen species and nuclear factor-kappa B: molecular basis and
biological significance. Oncogene 25, 6731-6748.

Buccellati, C., Ciceri, P., Ballerio, R., Casagrande, C., Folco, G., Nicosia, S.,
2002. Evaluation of the effects of anti-thromboxane agents in platelet-vessel
wall interaction. Eur J Pharmacol 443, 133-141.

Bukoski, R.D., Bergmann, C., Gairard, A., Stoclet, J.C., 1989. Intracellular Ca2+
and force determined simultaneously in isolated resistance arteriess. Am J
Physiol 257, H1728-1735.

Burleigh, M.E., Babaev, V.R., Yancey, P.G., Major, A.S., McCaleb, J.L., Oates,
J.A., Morrow, J.D., Fazio, S., Linton, M.F., 2005. Cyclooxygenase-2 promotes
early atherosclerotic lesion formation in ApoE-deficient and C57BL/6 mice. J
Mol Cell Cardiol 39, 443-452.

Caivano, M., Cohen, P., 2000. Role of mitogen-activated protein kinase
cascades in mediating lipopolysaccharide-stimulated induction  of
cyclooxygenase-2 and IL-1 beta in RAW264 macrophages. J Immunol 164,
3018-3025.

Campbell, W.B., Gebremedhin, D., Pratt, P.F., Harder, D.R., 1996. Identification
of epoxyeicosatrienoic acids as endothelium-derived hyperpolarizing factors.
Circ Res 78, 415-423,

Capone, M.L., Tacconelli, S., Francesco, L.D., Petrelli, M., Patrignani, P., 2008.
Cardiovascular effects of valdecoxib: transducing human pharmacology results
into clinical read-outs. Expert Opin Drug Saf 7, 29-42.

Cardillo, C., Campia, U., Bryant, M.B., Panza, J.A., 2002. Increased activity of
endogenous endothelin in patients with type Il diabetes mellitus. Circulation 106,
1783-1787.

Carman, C.V., Springer, T.A., 2004. A transmigratory cup in leukocyte
diapedesis both through individual vascular endothelial cells and between them.
J Cell Biol 167, 377-388.

196



REFERENCES

Castro, C.H., Santos, R.A,, Ferreira, A.J., Bader, M., Alenina, N., Aimeida, A.P,,
2005. Evidence for a functional interaction of the angiotensin-(1-7) receptor Mas
with AT1 and ATZ receptors in the mouse heart. Hypertension 46, 937-942.

Cernadas, M.R., Sanchez de WMiguel, L, Garcia-Duran, M., Gonzalez-
Fernandez, F., Millas, |., Monton, M., Reodrigo, J., Rico, L., Fernandez, P, de
Frutos, T., Rodriguez-Feo, J.A., Guerra, J., Caramelo, C., Casado, S., Lopez, F.,
1998. Expression of constitutive and inducible nitric oxide synthases in the
vascular wall of young and aging rats. Circ Res 83, 279-286.

Chen, D.D., Chen, A F., 2006. CuZn superoxide dismutase deficiency: culprit of
accelerated vascular aging process. Hypertension 48, 1026-1028.

Chen, J., Li, D., Schaefer, R.F., Mehta, J.L., 2004. Inhibitory effect of
candesartan and rosuvastatin on CD40 and MMPs expression in apo-E
knockout mice: novel insights into the role of RAS and dyslipidemia in
atherogenesis. J Cardiovasc Pharmacol 44, 446-452.

Chenevard, R., Hurlimann, D., Bechir, M., Enseleit, F., Spieker, L., Hermann, M.,
Riesen, W., Gay, S., Gay, R.E., Neidhart, M., Michel, B., Luscher, T.F.,, Noll, G,
Ruschitzka, F., 2003. Selective COX-2 inhibition improves endothelial function
in coronary artery disease. Circulation 107, 405-409.

Cheng, H.F., Wang, C.J., Moeckel, GW., Zhang, M.Z., McKanna, J.A., Harris,
R.C., 2002. Cyclooxygenase-2 inhibitor blocks expression of mediators of renal
injury in a model of diabetes and hypertension. Kidney Int 62, 929-939.

Cheng, Z.J., Vapaatalo, H., Mervaala, E., 2005. Angiotensin Il and vascular
inflammation. Med Sci Monit 11, RA194-205.

Cho, J., Cooke, C.E., Proveaux, W., 2003. A retrospective review of the effect of
COX-2 inhibitors on blood pressure change. Am J Ther 10, 311-317.

Choi, H., Leto, T.L., Hunyady, L., Calt, KJ., Bae, Y.5.,, Rhee, S.G., 2008.
Mechanism of angiotensin Il-induced superoxide production in cells
reconstituted with angiotensin type 1 receptor and the components of NADPH
oxidase. J Biol Chem 283, 255-267.

Chun, K.S., Surh, YJ., 2004. Signal transduction pathways regulating
cyclooxygenase-2 expression: potential molecular targets for chemoprevention.
Biochem Pharmacol 68, 1089-1100.

Cipollone, F., Fazia, M., lezzi, A., Pini, B., Cuccurullo, C., Zucchelli, M., de
Cesare, D., Ucchino, 8., Spigonardo, F., De Luca, M., Muraro, R., Bei, R., Bucci,

197



REFERENCES

M., Cuccurutio, F., Mezzetti, A., 2004. Blockade of the angiotensin Il type 1
receptor stabilizes atherosclerotic plagques in humans by inhibiting prostaglandin
E2-dependent matrix metalloproteinase activity. Circulation 109, 1482-1488.

Cipollone, F., Fazia, M.L., 2006. COX-2 and atherosclerosis. J Cardiovasc
Pharmacol 47 Supp! 1, $26-36.

Cipollone, F., Prontera, C., Pini, B., Marini, M., Fazia, M., De Cesare, D., lezzi,
A., Ucchino, S., Boccoli, G., Saba, V., Chiarelli, F., Cuccurullo, F., Mezzetti, A.,
2001. Overexpression of functionally coupled cyclooxygenase-2 and
prostaglandin E synthase in symptomatic atherosclerotic plaques as a basis of
prostaglandin E(2)-dependent plaque instability. Circulation 104, 821-927.

Cipollone, F., Rocca, B., Patrono, C., 2004. Cyclooxygenase-2 expression and
inhibition in atherothrombosis. Arterioscler Thromb Vasc Biol 24, 246-255.

Cizek, S.M., Bedri, S., Talusan, P, Silva, N., Lee, H., Stone, J.R., 2007. Risk
factors for atherosclerosis and the development of preatherosclerotic intimal
hyperplasia. Cardiovasc Pathol 16, 344-350.

Coleman, R.A., Smith, W.L., Narumiya, S., 1894. international Union of
Pharmacology classification of prostanoid receptors: properties, distribution,
and structure of the receptors and their subtypes. Pharmacol Rev 46, 205-229.

Collins, T., Cybulsky, M.l., 2001. NF-kappaB: pivotal mediator or innocent
bystander in athercgenesis? J Clin Invest 107, 255-264.

Cosentino, F., Eto, M., De Paolis, P., van der Loo, B., Bachschmid, M., Ulirich,
V., Kouroedov, A., Delli Gatti, C., Joch, H., Volpe, M., Luscher, T.F., 2003. High
glucose causes upregulation of cyclooxygenase-2 and alters prostanoid profile
in human endothelial cells: role of protein kinase C and reactive oxygen species.
Circulation 107, 1017-1023.

Costanzo, A., Moretti, F., Burgio, V.L., Bravi, C., Guido, F., Levrero, M., Puri, P.L.,
2003. Endothelial activation by angiotensin Il through NFkappaB and p38
pathways: iInvolvement of NFkappaB-inducible kinase (NIK), free oxygen
radicals, and selective inhibition by aspirin. J Cell Physiol 195, 402-410.

Cracowski, J.L., Devillier, P.,, Durand, T., Stanke-Labesque, F., Bessard, G,
2001. Vascular biology of the isoprostanes. J Vasc Res 38, 93-103.

Crofford, L.J., 19987. COX-1 and COX-2 tissue expression: implications and
predictions. J Rheumato! Suppl 49, 15-19.

198



REFERENCES

Csiszar, A., Labinskyy, N., Smith, K., Rivera, A., Orosz, Z., Ungvari, Z., 2007.
Vasculoprotective effects of anti-tumor necrosis factor-alpha treatment in aging.
Am J Pathol 170, 388-398.

Csiszar, A., Ungvari, Z., Koller, A., Edwards, J.G., Kaley, G, 2003. Aging-
induced proinflammatory shift in cytokine expression profile in coronary arteries.
FASEB J 17, 1183-1185.

Csiszar, A., Ungvari, Z., Koller, A, Edwards, J.G., Kaley, G, 2004.
Proinflammatory phenotype of coronary arteries promotes endothelial apoptosis
in aging. Physiol Genomics 17, 21-30.

Cui, L., Chan, W., Wu, JL., Jiang, ZH., Chan, K., Cai, Z., 2008. High
performance liquid chromatography-mass spectrometry analysis for rat
metabolism and pharmacokinetic studies of lithospermic acid B from danshen.
Talanta 75, 1002-1007.

Cybulsky, M.I, Won, D., Haidari, M., 2004. Leukocyte recruitment to
atherosclerotic lesions. Can J Cardiol 20 Suppl B, 24B-28B.

da Cunha, V., Martin-McNulty, B., Vincelette, J., Choy, D.F., Li, WW., Schroeder,
M., Mahmoudi, M., Halks-Miller, M., Wilson, D.W,, Vergona, R., Sullivan, M.E,
Wang, Y.X., 2006. Angiotensin Il induces histomorphologic features of unstable
plaque in a murine model of accelerated atherosclerosis. J Vasc Surg 44, 364-
371.

Daray, F.M., Colombo, J.R., Kibrik, J.R., Errasti, A.E., Pelorosso, F.G., Nowak,
W., Cracowski, J.L., Rothlin, R.P, 2006. Involvement of endothelial
thromboxane A2 in the vasoconstrictor response induced by 15-E2t-isoprostane
in isolated human umbilical vein. Naunyn Schmiedebergs Arch Pharmacol 373,
367-375.

Davi, G., Alessandrini, P., Mezzetti, A., Minotti, G., Bucciarelli, T., Costantini, F,,
Cipollone, F., Bon, G.B., Ciabattoni, G, Patrono, C., 1997. In vivo formation of 8-
Epi-prostaglandin F2 alpha is increased in hypercholesterolemia. Arterioscler
Thromb Vasc Biol 17, 3230-3235.

Davi, G., Ciabattoni, G., Consoli, A., Mezzetti, A., Falco, A., Santarone, S.,
Pennese, E., Vitacolonna, E., Bucciarelli, T., Costantini, F., Capani, F., Patrono,
C., 1999. In vivo formation of 8-iso-prostaglandin f2alpha and platelet activation
in diabetes mellitus: effects of improved metabolic control and vitamin E
supplementation. Circulation 99, 224-229.

198



REFERENCES

De Martin, R., Hoeth, M., Hofer-Warbinek, R., Schmid, J.A., 2000. The
transcription factor NF-kappa B and the regulation of vascular cell function.
Arterioscler Thromb Vasc Biol 20, E83-88.

Deisher, T.A., Haddix, T.L., Montgomery, K.F., Pohiman, T.H., Kaushansky, K.,
Harlan, J.M., 1993. The role of protein kinase C in the induction of VCAM-1
expression on human umbilical vein endothelial cells. FEBS Lett 331, 285-290.

Delpy, E., Coste, H., Gouville, A.C., 1996. Effects of cyclic GMP elevation on
isoprenaline-induced increase in cyclic AMP and relaxation in rat aortic smooth
muscle: role of phosphodiesterase 3. Br J Pharmacol 119, 471-478.

Dianzani, C., Brucato, L., Gallicchio, M., Rosa, A.C., Collino, M., Fantozzi, R.,
2008. Celecoxib modulates adhesion of HT29 colon cancer cells to vascular
endothelial cells by inhibiting ICAM-1 and VCAM-1 expression. Br J Pharmacol
153, 1153-1161.

Dianzant, C., Brucato, L., Gallicchio, M., Rosa, A.C., Collino, M., Fantozzi, R.,
2008. Celecoxib modulates adhesion of HT29 colon cancer cells to vascular
endothelial cells by inhibiting ICAM-1 and VCAM-1 expression. Br J Pharmacol
153, 1153-1161.

Diaz-Munoz, M.D., Osma-Garcia, |.C., Cacheiro-Llaguno, C., Fresno, M,
Iniguez, M.A., 2010. Coordinated up- regulation of cyclooxygenase-2 and
microsomal prostaglandin E synthase 1 transcription by nuclear factor kappa B
and early growth response-1 in macrophages. Cell Signal. [Epub ahead of print]

Didion, S.P., Kinzenbaw, D.A., Schrader, L.l., Faraci, F.M., 2006. Heterozygous
CuZn superoxide dismutase deficiency produces a vascular phenotype with
aging. Hypertension 48, 1072-1079.

Diet, F., Pratt, R.E., Berry, G.J., Momose, N., Gibbons, GH., Dzau, V.J., 1996.
Increased accumulation of tissue ACE in human atherosclerotic coronary artery
disease. Circulation 94, 2756-2767.

Dikalov, S., Kirilyuk, |., Grigor'ev, I., 1996. Spin trapping of O-, C-, and S-
centered radicals and peroxynitrite by 2H-imidazole-1-oxides. Biochem Biophys
Res Commun 218, 616-622.

Dikalova, A.E., Bikineyeva, A.T., Budzyn, K., Nazarewicz, R.R., McCann, L.,
Lewis, W., Harrison, D.G, Dikalov, S.!., 2010. Therapeutic Targeting of
Mitochondrial Superoxide in Hypertension. Circ Res. [Epub ahead of print]

200



REFERENCES

Doller, A., Akool el, S., Huwiler, A., Muller, R., Radeke, H.H., Pfeilschifter, J.,
Eberhardt, W., 2008. Postiranslational modification of the AU-rich element
binding protein HuR by protein kinase Cdelta elicits angiotensin ll-induced
stabilization and nuclear export of cyclooxygenase 2 mRNA. Mol Cell Biol 28,
2608-2625.

Donato, A.J., Gano, L.B., Eskurza, l., Silver, AE., Gates, P.E., Jablonski, K.,
Seals, D.R., 2009. Vascular endothelial dysfunction with aging: endothelin-1
and endothelial nitric oxide synthase. Am J Physiol Heart Circ Physiol 297,
H425-432.

Dzau, VJ., 2001. Theodore Cooper Lecture: Tissue angiotensin and
pathobiology of vascular disease: a unifying hypothesis. Hypertension 37, 1047-
1052.

Edwards, G, Dora, K.A., Gardener, M.J., Garland, C.J., Weston, A H., 1998. K+
is an endothelium-derived hyperpolarizing factor in rat arteries. Nature 396,
269-272.

Eligini, S., Arenagz, I., Barbieri, S.S., Faleri, M.L., Crisci, M., Tremoli, E., Colli, S.,
2009. Cyclooxygenase-2 mediates hydrogen peroxide-induced wound repair in
human endothelial cells. Free Radic Biol Med 46, 1428-1436.

Eligini, S., Barbieri, $.S., Cavalca, V., Camera, M., Brambilla, M., De Franceschi,
M., Tremoli, E., Colli, S., 2005. Diversity and similarity in signaling events
leading to rapid Cox-2 induction by tumor necrosis factor-alpha and phorbol
ester in human endothelial cells. Cardiovasc Res 65, 683-693.

Faraci, F.M., Didion, S.P., 2004. Vascular protection: superoxide dismutase
isoforms in the vessel wall. Arterioscler Thromb Vasc Biol 24, 1367-1373.

Feng, L., Xia, Y., Garcia, GE., Hwang, D., Wiison, C.B., 1995. Involvement of
reactive oxygen intermediates in cyclooxygenase-2 expression induced by
interleukin-1, tumor necrosis factor-alpha, and lipopolysaccharide. J Clin Invest
95, 1669-1675.

Fernandez-Patron, C., Radomski, M.W., Davidge, S.T., 1999. Vascular matrix
metalioproteinase-2 cleaves big endothelin-1 yielding a novel vasoconstrictor.
Circ Res 85, 906-911.

Ferrari, A.U., Radaelli, A., Centola, M., 2003. Invited review: aging and the
cardiovascular system. J Appl Physiol 95, 2591-2597.

201



REFERENCES

FitzGerald, GA., Patrono, C., 2001. The coxibs, selective inhibitors of
cyclooxygenase-2. N Engl J Med 345, 433-442.

Flavahan, N.A., 2007. Balancing prostanocid activity in the human vascular
system. Trends Pharmaco! Sci 28, 106-110.

Florez, A., de Haro, J., Martinez, E., Varela, C., Bleda, S., Acin, F., 2009.
Selective cyclooxygenase-2 inhibition reduces endothelial dysfunction and

improves inflammatory status in patients with intermittent claudication. Rev Esp
Cardiol 62, 851-857.

Frantz, S., Adamek, A., Fraccaroilo, D., Tillmanns, J., Widder, J.D., Dienesch, C.,
Schafer, A., Podolskaya, A., Held, M., Ruetten, H., Erti, G., Bauersachs, J., 2009.
The eNOS enhancer AVE 9488: a novel cardioprotectant against ischemia
reperfusion injury. Basic Res Cardiol 104, 773-779.

Fries, S., Grosser, T., 2005. The cardiovascular pharmacology of COX-2
inhibition. Hematology Am Soc Hematol Educ Program, 445-451.

Fujii, K., Ohmori, S., Tominaga, M., Abe, |., Takata, Y., Ohya, Y., Kobayashi, K.,
Fujishima, M., 1993. Age-related changes in endothelium-dependent
hyperpolarization in the rat mesenteric artery. Am J Physiol 265, H509-516.

Fujiwara, K., Sato, H., Bannai, S., 1998. Involvement of endotoxins or tumor
necrosis factor-alpha in macrophage-mediated oxidation of low density
lipoprotein. FEBS Lett 431, 116-120.

Fukuda, D., Sata, M., Ishizaka, N., Nagai, R., 2008. Critical role of bone marrow
angiotensin Il type 1 receptor in the pathogenesis of atherosclerosis in
apolipoprotein E deficient mice. Arterioscler Thromb Vasc Biol 28, 90-96.

Fukunaga, M., Yura, T., Badr, K.F., 1995. Stimulatory effect of 8-Epi-PGF2 alpha,
an F2-isoprostane, on endothelin-1 release. J Cardiovasc Pharmacol 26 Suppl
3, §51-52.

Furchgott, R.F., Vanhoutte, PM., 1989. Endothelium-derived relaxing and
contracting factors. FASEB J 3, 2007-2018.

Galis, Z.S., Khatri, J.J., 2002. Matrix metailoproteinases in vascular remodeling
and atherogenesis: the good, the bad, and the ugly. Circ Res 90, 251-262.

Galis, Z.S., Sukhova, G.K., Lark, M\W., Libby, P., 1894. increased expression of
matrix metalloproteinases and matrix degrading activity in vulnerable regions of
human atherosclerotic plagues. J Clin Invest 84, 2493-2503.

202



REFERENCES

Garcia-Cohen, E.C., Marin, J., Diez-Picazo, L.D., Baena, A.B., Salaices, M.,
Rodriguez-Martinez, M.A., 2000. Oxidative stress induced by tert-butyt
hydroperoxide causes vasoconstriction in the aorta from hypertensive and aged
rats: role of cyclooxygenase-2 isoform. J Pharmacol Exp Ther 293, 75-81.

Ge, T, Hughes, H., Junquero, D.C., Wu, K.K,, Vanhoutte, P.M., Boulanger, C.M.,
1985. Endothelium-dependent contractions are associated with both augmented
expression of prostaglandin H synthase-1 and hypersensitivity to prostaglandin
HZ iy the SHR aorta. Circ Res 76, 1003-1010.

Gearing, A.J., Beckett, P., Christodoulou, M., Churchill, M., Clements, J.,
Davidson, A.H., Drummond, A H., Galloway, WA., Gilbert, R., Gordon, J.L,, et
al., 1994. Processing of tumour necrosis factor-alpha precursor by
metalloproteinases. Nature 370, 555-557.

Gebremedhin, D., Ma, Y.H., Faick, J.R., Roman, R.J., VanRollins, M., Harder,
D.R, 1892. Mechanism of action of cerebral epoxyeicosatrienoic acids on
cerebral arterial smooth muscle. Am J Physiol 263, H519-525.

Geraldes, P., King, GL., 2010. Activation of protein kinase C isoforms and its
impact on diabetic complications. Circ Res 106, 1319-1331.

Gimbrone, M.A., Jr., 1999. Endcthelial dysfunction, hemodynamic forces, and
atherosclerosis. Thromb Haemost 82, 722-726.

Gimson, A.E., Langley, P.G., Hughes, R.D., Canalese, J., Mellon, P.J., Williams,
R., Woods, H.F., Weston, M.J., 1980. Prostacyclin to prevent platelet activation
during charcoal haemoperfusion in fulminant hepatic failure. Lancet 1, 173-175.

Gloire, G., Legrand-Poels, S., Piette, J., 2006. NF-kappaB activation by reactive
oxygen species: fifteen years later. Biochem Pharmacol 72, 1493-1505.

Gluais, P., Lonchampt, M., Morrow, J.D., Vanhoutte, P.M., Feletou, M., 2005.
Acetylcholine-induced endothelium-dependent contractions in the SHR aorta:
the Janus face of prostacyclin. Br J Pharmacol 146, 834-845.

Gluais, P., Paysant, J., Badier-Commander, C., Verbeuren, T., Vanhoutte, PM,
Feletou, M., 2006. In SHR aorta, calcium ionophore A-23187 releases
prostacyclin and thromboxane A2 as endothelium-derived contracting factors.
Am J Physiol Heart Circ Physiol 281, H2255-2264.

Gluais, P., Vanhoutte, P.M., Feletou, M., 2007. Mechanisms underlying ATP-
induced endothelium-dependent contractions in the SHR aorta. Eur J
Pharmacol 556, 107-114.

203



REFERENCES

Goldstein, L.A., Strieter, R.M., Evanoff, H.L., Kunkel, S.L., Lukacs, NW., 1996,
TNF-induced IL-8 and MCP-1 production in the eosinophilic cell line, EOL-1.
Mediators Inflamm 5, 218-223.

Gollasch, M., 2002. Endothelium-derived contracting factor: a new way of
looking at endothelial function in obesity. J Hypertens 20, 2147-21489.

Gomez-Hernandez, A., Martin-Ventura, J.L., Sanchez-Galan, E., Vidal, C.,
Ortego, M., Blanco-Colio, L.M., Ortega, L., Tunon, J., Egido, J., 2006.
Overexpression of COX-2, Prostaglandin E synthase-1 and prostaglandin E
receptors in biood mononuclear cells and plaque of patients with carotid
atherosclerosis: regulation by nuclear factor-kappaB. Atherosclerosis 187, 139-
149.

Goodfriend, T.L., Elliott, M.E., Catt, K.J., 1996. Angiotensin receptors and their
antagonists. N Engl J Med 334, 1649-1654.

Graham, DA, Rush, JW,, 2009. Cyclooxygenase and
thromboxane/prostaglandin receptor contribute to aortic endothelium-dependent

dysfunction in aging female spontaneously hypertensive rats. J Appl Physiol
107, 1059-1067.

Granger, D.N., Vowinkel, T, Petnehazy, T., 2004. Modulation of the
inflammatory response in cardiovascular disease. Hypertension 43, 924-931.

Griffoni, C., Spisni, E., Strillacci, A., Toni, M., Bachschmid, M.M., Tomasi, V.,
2007. Selective inhibition of prostacyclin synthase acftivity by rofecoxib. J Cell
Mol Med 11, 327-338.

Gu, L., Okada, Y., Clinton, S.K., Gerard, C., Sukhova, G.K,, Libby, P., Rollins,
B.J., 1998. Absence of monocyte chemoattractant protein-1 reduces
atherosclerosis in low density lipoprotein receptor-deficient mice. Mol Cell 2,
275-281.

Halper, 1., Sires, U.l., Roby, J.D., Potter-Perigo, S., Wight, TN., Shapiro, S.D.,
Welgus, H.G,, Wickline, S.A., Parks, W.C., 1996. Matrilysin is expressed by
lipid-laden macrophages at sites of potential rupture in atherosclerotic lesions
and localizes to areas of versican deposition, a proteoglycan substrate for the
enzyme. Proc Natl Acad Sci U S A 93, 9748-9753.

Halushka, PV,, Mais, D.E., Mayeux, P.R., Morinelli, TA., 1989. Thromboxane,
prostaglandin and leukotriene receptors. Annu Rev Pharmacol Toxicol 29, 213-
239.

204



REFERENCES

Hamilton, C.A., Brosnan, M.J., Mcintyre, M., Graham, D., Dominiczak, A.F.,
2001. Superoxide excess in hypertension and aging: a common cause of
endothelial dysfunction. Hypertension 37, 529-534.

Han, Y., Runge, M.S., Brasier, A.R., 1999. Angiotensin Il induces interleukin-6
transcription in vascular smooth muscle cells through pleiotropic activation of
nuclear factor-kappa B transcription factors. Circ Res 84, 695-703.

Hanemaaijer, R., Koolwijk, P., le Clercq, L., de Vree, W.J., van Hinsbergh, VW,
1993. Regulation of matrix metalloproteinase expression in human vein and
microvascular endothelial cells. Effects of tumour necrosis factor alpha,
interleukin 1 and phorbol ester. Biochem J 296 (Pt 3), 803-809.

Hartner, A., Cordasic, N., Goppelt-Struebe, M., Veelken, R., Hilgers, K.F., 2003.
Role of macula densa cyclooxygenase-2 in renovascular hypertension. Am J
Physiol Renal Physiol 284, F498-502.

Hashimoto, M., Akishita, M., Eto, M., Kozaki, K., Ako, J., Sugimoto, N.,
Yoshizumi, M., Toba, K., Ouchi, Y., 1998. The impairment of flow-mediated
vasodilatation in obese men with visceral fat accumulation. Int J Obes Relat
Metab Disord 22, 477-484.

Haudek, S.B., Cheng, J., Du, J., Wang, Y., Hermosillo-Rodriguez, J., Trial, J.,
Taffet, G.E., Entman, M.L., 2010. Monocytic fibroblast precursors mediate
fibrosis in angiotensin-ll-induced cardiac hypertrophy. J Mol Cell Cardiol. [Epub
ahead of print]

Hempel, A., Maasch, C., Heinize, U., Lindschau, C., Dietz, R., Luft, F.C., Haller,
H., 1997. High glucose concentrations increase endothelial cell permeability via
activation of protein kinase C alpha. Circ Res 81, 363-371.

Hendrickson, R.J., Cappadona, C., Yankah, E.N., Sitzmann, J.V., Cahill, PA.,
Redmond, E.M., 1999. Sustained pulsatile flow regulates endothelial nitric oxide
synthase and cyclooxygenase expression in co-cultured vascular endothelial
and smooth muscle cells. J Mol Cell Cardiol 31, 619-629.

Hennan, J.K., Huang, J., Barrett, T.D., Driscoll, E.M., Willens, D.E., Park, A.M.,
Crofford, L.J., Lucchesi, B.R., 2001. Effects of selective cyclooxygenase-2
inhibition on vascular responses and thrombosis in canine coronary arteries.
Circulation 104, 820-825.

Hermann, M., Camici, G,, Fratton, A., Hurlimann, D., Tanner, F.C., Hellermann,
J.P., Fiedler, M., Thiery, J., Neidhart, M., Gay, R.E., Gay, S., Luscher, TF,

205



REFERENCES

Ruschitzka, F., 2003. Differential effects of selective cyclooxygenase-2 inhibitors
on endothelial function in salt-induced hypertension. Circulation 108, 2308-2311.

Hernandez-Presa, M., Bustos, C., Ortego, M., Tunon, J., Renedo, G, Ruiz-
Ortega, M., Egido, J., 1997. Angiotensin-converting enzyme inhibition prevents
arterial nuclear factor-kappa B activation, monocyte chemoattractant protein-1
expression, and macrophage infiltration in a rabbit model of early accelerated
atherosclerosis. Circulation 95, 1532-1541.

Higashikata, T., Yamagishi, M., Higashi, T., Nagata, |., lihara, K., Miyamoto, S.,
Ishibashi-Ueda, H., Nagaya, N., lwase, T., Tomoike, H., Sakamoto, A., 2006.
Altered expression balance of matrix metalloproteinases and their inhibitors in
human carotid plaque disruption: results of quantitative tissue analysis using
real-time RT-PCR method. Atherosclerosis 185, 165-172.

Hink, U., Li, H., Mollnau, H., Oelze, M., Matheis, E., Hartmann, M., Skatchkov,
M., Thaiss, F., Stahl, R.A., Warnholtz, A., Meineriz, T., Griendling, K., Harrison,
D.G., Forstermann, U., Munzel, T., 2001. Mechanisms underlying endothelial
dysfunction in diabetes mellitus. Circ Res 88, E14-22.

Hinz, B., Brune, K., 2002. Cyclooxygenase-2--10 years later. J Pharmacol Exp
Ther 300, 367-375.

Hla, T., Neilson, K., 1882. Human cyclooxygenase-2 ¢cDNA. Proc Natl Acad Sci
U S A89, 7384-7388.

Hohlfeld, T., Weber, A., Schror, K., 1992. Oral cicaprost reduces platelet and
neutrophil activation in experimental hypercholesterolemia. Agents Actions
Suppl 37, 289-296.

Hoshida, S., Kato, J., Nishino, M., Egami, Y., Takeda, T., Kawabata, M.,
Tanouchi, J., Yamada, Y., Kamada, T., 2001. Increased angiotensin-converting
enzyme activity in coronary artery specimens from patients with acute coronary
syndrome. Circulation 103, 630-633.

Hsu, Y.H., Chen, J.J., Chang, N.C., Chen, C.H., Liu, J.C., Chen, TH., Jeng, C.J,,
Chao, H.H., Cheng, TH., 2004. Role of reactive oxygen species-sensitive
extracellular signal-regulated kinase pathway in angiotensin ll-induced
endothelin-1 gene expression in vascular endothelial cells. J Vasc Res 41, 64-
74.

Hu, J.H., Du, L., Chu, T., Otsuka, G, Dronadula, N., Jaffe, M., Gill, S.E., Parks,
W.C.. Dichek, D.A., 2010. Overexpression of urokinase by plaque macrophages

206



REFERENGCES

causes histological features of plaque rupture and increases vascular matrix
metalloproteinase activity in aged apolipoprotein e-null mice. Circulation 121,
1637-1644.

Hu, S., Kim, H.S., 1893. Activation of K+ channel in vascular smooth muscles
by cytochrome P450 metabolites of arachidonic acid. Eur J Pharmacol 230,
215-221.

Hu, ZW.,, Kerb, R., Shi, X.Y., Wei-Lavery, T., Hoffman, B.B., 2002. Angiotensin Il
increases expression of cyclooxygenase-2: implications for the function of
vascular smooth muscle cells. J Pharmacol Exp Ther 303, 563-573.

Huang, Y., Chan, N.W.,, Lau, CW, Yao, X.Q., Chan, F.L., Chen, 2Y,, 1999.
Involvement of endothelium/nitric oxide in vasorelaxation induced by purified
green tea (-)epicatechin. Biochim Biophys Acta 1427, 322-328.

Huo, Y., Xia, L., 2009. P-selectin glycoprotein ligand-1 plays a crucial role in the
selective recruitment of leukocytes into the atherosclerotic arterial wall. Trends
Cardiovasc Med 19, 140-145.

Ibarra, M., Lopez-Guerrero, J.J., Mejia-Zepeda, R., Villalobos-Molina, R., 2006.
Endothelium-dependent inhibition of the contractile response is decreased in
aorta from aged and spontaneously hypertensive rats. Arch Med Res 37, 334-
341.

lhliemann, N., Stokholm, K.H., Eskildsen, P.C., 2002. Impaired vascular
reactivity is present despite normal leveis of von Willebrand factor in patients
with uncomplicated Type 2 diabetes. Diabet Med 19, 476-481.

lkeda, M., Ikeda, U., Takahashi, M., Shimada, K., Minota, S., Kano, S., 1996.
Nitric oxide inhibits intracellular adhesion molecule-1 expression in rat
mesangial cells. J Am Soc Nephrol 7, 2213-2218.

to, T., Kato, T., lwama, Y., Muramatsu, M., Shimizu, K., Asano, H., Okumura, K.,
Hashimoto, H., Satake, T., 1991. Prostaglandin H2 as an endothelium-derived
contracting factor and its interaction with endothelium-derived nitric oxide. J
Hypertens 9, 729-736.

ltoh, H., Mukoyama, M., Pratt, R.E., Gibbons, GH., Dzau, V.J., 1983. Multiple
autocrine growth factors modulate vascular smooth muscle cell growth
response to angiotensin ll. J Clin Invest 91, 2268-2274.

Jaimes, E.A., Zhou, M.S., Pearse, D.D., Puzis, L., Raij, L., 2008. Upregulation
of cortical COX-2 in salt-sensitive hypertension: role of angiotensin |l and

207



REFERENCES

reactive oxygen species. Am J Physiol Renal Physiol 294, F385-392,

Jaken, S., 1996. Protein kinase C isozymes and substrates. Curr Opin Cell Biol
8, 168-173.

Jaulmes, A., Sansilvestri-Morel, P., Rolland-Valognes, G., Bernhardt, F,
Gaertner, R., Lockhart, B.P., Cordi, A., Wierzbicki, M., Rupin, A., Verbeuren, T.J.,
2009. Nox4 mediates the expression of plasminogen activator inhibitor-1 via
p38 MAPK pathway in cultured human endothelial cells. Thromb Res 124, 439-
448,

Jiang, X., Yang, F.,, Tan, H,, Liao, D., Bryan, R.M., Jr., Randhawa, J K., Rumbaut,
R.Ee., Ourante, W. Schafer, Al, Yang, X, Wang, H.. 2005
Hyperhomocystinemia impairs endothelial function and eNOS activity via PKC
activation. Arterioscler Thromb Vasc Biol 25, 2515-2521.

Johnson, F., Giulivi, €., 2005. Superoxide dismutases and their impact upon
human health. Mol Aspects Med 26, 340-352.

Jones, C.l, 3rd, Han, Z., Presley, T., Varadharaj, S., Zweier, J.L., llangovan, G,
Alevriadou, B.R., 2008. Endothelial cell respiration is affected by the oxygen
tension during shear exposure: role of mitochondrial peroxynitrite. Am J Physiol
Cell Physiol 295, C180-191.

Kamgar, M., Nobakhthaghighi, N., Shamshirsaz, A.A., Estacio, R.O., McFann,
K.K., Schrier, RW.,, 2006. Impaired fibrinolytic activity in type Il diabetes:
correlation with urinary albumin excretion and progression of renal disease.
Kidney Int 69, 1899-1903.

Kampoli, A.M., Tousoulis, D., Antoniades, C., Siasos, G., Stefanadis, C., 2009.
Biomarkers of premature atherosclerosis. Trends Mol Med 15, 323-332.

Katusic, Z.S., Shepherd, J.T., Vanhoutte, P.M., 1988. Endothelium-dependent
contractions to calcium ionophore A23187, arachidonic acid, and acetyicholine
in canine basilar arteries. Stroke 19, 476479,

Kerins, D.M., Hao, Q., Vaughan, D.E., 1995. Angiotensin induction of PAl-1
expression in endothelial cells is mediated by the hexapeptide angiotensin IV. J
Cliin Invest 96, 2515-2520.

Kieffer, P., Giummelly, P., Schjoth, B., Carteaux, J.P., Villemot, J.P., Hornebeck,
W., Atkinson, J., 2001. Activation of metalloproteinase-2, loss of matrix
scleroprotein content and coronary artery calcification. Atherosclerosis 157,
251-254,

208



REFERENCES

Kim, E.K., Choi, E.J., 2010. Pathological roles of MAPK signaling pathways in
human diseases. Biochim Biophys Acta 1802, 386-405.

Kimmel, S.E., Berlin, J.A., Reilly, M., Jaskowiak, J., Kishel, L., Chittams, J.,
Strom, B.L., 2005. Patients exposed to rofecoxib and celecoxib have different
odds of nonfatal myocardial infarction. Ann Intern Med 142, 157-164.

King, N., Lin, H., Suieiman, M.S., 2010. Cysieine protects freshly isoclated
cardiomyocytes against oxidative stress by stimulating glutathione peroxidase.
Mol Cell Biochem. [Epub ahead of print]

Kloss, S., Bouloumie, A., Mulsch, A, 2000. Aging and chronic hypertension
decrease expression of rat aortic soluble guanylyl cyclase. Hypertension 35, 43-
47.

Klumpp, G., Schildknecht, S., Nastainczyk, W., Ulirich, V., Bachschmid, M.,
2005. Prostacyclin in the cardiovascular system: new aspects and open
questions. Pharmacol Rep 57 Suppl, 120-126.

Komers, R., Lindsley, J.N., Oyama, T.T,, Schutzer, W.E., Reed, J.F., Mader, S.L,
Anderson, S., 2001. Immunchistochemical and functional correlations of renal
cyclooxygenase-2 in experimental diabetes. J Clin invest 107, 889-898.

Komers, R., Zdychaova, J., Cahova, M., Kazdova, L., Lindsley, J.N., Anderson,
S., 2005. Renal cyclooxygenase-2 in obese Zucker (fatty) rats. Kidney Int 67,
2151-2158.

Kris-Etherton, PM., Dietschy, J., 1997. Design criteria for studies examining
individual fatty acid effects on cardiovascular disease risk factors: human and
animal studies. Am J Clin Nutr 65, 15805-1596S.

Kukovetz, W.R., Halzmann, S., Wurm, A, Poch, G, 1979. Prostacyclin
increases cAMP in coronary arteries. J Cyclic Nucleotide Res 5, 468-476.

Kung, C.F., Luscher, T.F., 1995. Different mechanisms of endothelial dysfunction
with aging and hypertension in rat aorta. Hypertension 25, 194-200.

Lagaud, G.J., Masih-Khan, E., Kai, S., van Breemen, C., Dube, G.P., 2001.
Influence of type Il diabetes on arterial tone and endothelial function in murine
mesenteric resistance arteries. J Vasc Res 38, 578-589.

Landmesser, U., Spiekermann, S., Preuss, C., Sorrentino, S., Fischer, D.,
Manes, C., Mueller, M., Drexler, H., 2007. Angiotensin Il induces endotheliat
xanthine oxidase activation: role for endothelial dysfunction in patients with

209



REFERENCES

coronary disease. Arterioscler Thromb Vasc Biol 27, 943-948.

Laursen, J.B., Somers, M., Kurz, S., McCann, L., Warnholtz, A., Freeman, B.A.,
Tarpey, M., Fukai, T., Harrison, D.G,, 2001. Endothelial regulation of vasomotion
in apoE-deficient mice: implications for interactions between peroxynitrite and
tetrahydrobiopterin. Circulation 103, 1282-1288.

Lee, S.C., Han, J.S,, Seo, J.K,, Cha, Y.N., 2003. Modulation of cyclooxygenase-
2 expression by phosphatidylcholine specific phospholipase C and D in
macrophages stimulated with lipopolysaccharide. Moi Celis 15, 320-326.

Lee, S.K, Kim, C.8,, Yang, W.S,, Kim, S.B., Park, SK., Park, J.S., 2002.
Exogenous nitric oxide inhibits tumor necrosis factor-alpha- or interleukin-1-
beta-induced monocyte chemoattractant protein-1 expression in human
mesangial cells. Role of IkappaB-alpha and cyclic GMP. Nephron 92, 780-787.

Leung, H.S., Yao, X, Leung, F.P.,, Ko, W.H., Chen, Z.Y,, Gollasch, M., Huang, Y.,
2006. Cilnidipine, a slow-acting Ca2+ channel blocker, induces relaxation in
porcine coronary artery: role of endothelial nitric oxide and [CaZ2+]i. Br J
Pharmacol 147, 55-63.

Li, DY, Zhang, Y.C., Philips, M.., Sawamura, T., Mehta, J.L., 1999.
Upregulation of endothelial receptor for oxidized low-density lipoprotein (LOX-1)
in cultured human coronary artery endothelial cells by angiotensin Il type 1
receptor activation. Circ Res 84, 1043-1049.

Li, L., Yi-Ming, W,, Li, Z.Z., Zhao, L., Yu, Y.S8., Li, D.J,, Xia, C.Y, Liu, J.G, Su,
D.F., 2008. Local RAS and inflammatory factors are involved in cardiovascuiar
hypertrophy in spontaneously hypertensive rats. Pharmacol Res 58, 196-201.

Li, T, Liu, G.L., Duan, M.X., Liu, J.Y., 2008. Radish phospholipid hydroperoxide
glutathione peroxidase provides protection against hydroperoxide-mediated
injury in mouse 373 fibroblasts. BMB Rep 42, 648-654.

Li, Z., Li, L., Zielke, HR., Cheng, L., Xiao, R., Crow, M.T., Stetler-Stevenson,
W.G, Froehlich, J., Lakatta, E.G., 1996. Increased expression of 72-kd type 1V
collagenase {(MMP-2) in human aortic atherosclerotic lesions. Am J Pathol 148,
121-128.

Libby, P., 2000. Changing concepts of atherogenesis. J Intern Med 247, 349-
358.

Libby, P., Geng, Y.J., Aikawa, M., Schoenbeck, U., Mach, F., Clinton, S.K.,
Sukhova, GK., Lee, R.T, 1996. Macrophages and atherosclerotic plaque

210



REFERENCES

stability. Curr Opin Lipidol 7, 330-335.

Lijnen, H.R., Silence, J., Van Hoef, B., Collen, D., 1998. Stromelysin-1 (MMP-3)-
independent gelatinase expression and activation in mice. Blood 91, 2045-2053.

Lincoln, TM., Komalavilas, P., Cornweil, T.L., 1984. Pleiotropic regulation of
vascular smooth muscle tone by cyclic GMP-dependent protein kinase.
Hypertension 23, 1141-1147.

Linton, M.F., Fazio, S., 2004. Cyclooxygenase-2 and inflammation in
atherosclerosis. Curr Opin Pharmacol 4, 116-123.

Lo, I.C., Shih, d.M,, Jiang, M.J., 2005. Reactive oxygen species and ERK 1/2
mediate monocyte chemotactic protein-1-stimulated smooth muscle cell
migration. J Biomed Sci 12, 377-388.

Luchtefeld, M., Grote, K., Grothusen, C., Bley, S., Bandlow, N., Selle, T., Struber,
M., Haverich, A., Bavendiek, U., Drexler, H., Schieffer, B., 2005. Angiotensin Il
induces MMP-2 in a p47phox-dependent manner. Biochem Biophys Res
Commun 328, 183-188.

Luscher, T.F.,, Aarhus, L.L., Vanhoutte, P.M., 1990. Indomethacin improves the
impaired endothelium-dependent relaxations in small mesenteric arteries of the
spontaneously hypertensive rat. Am J Hypertens 3, 55-58.

Luscher, T.F., Vanhoutte, P.M., 1986. Endothelium-dependent contractions to
acetylcholine in the aorta of the spontaneously hypertensive rat. Hypertension 8,
344-348,

Lynch, J.J., Ferro, T.J., Blumenstock, F.A., Brockenauer, A.M., Malik, A.B., 1990.
Increased endothelial albumin permeability mediated by protein kinase C
activation. J Clin Invest 85, 1991-1998.

Ma, Q., Kinneer, K., Ye, J., Chen, B.J., 2003. Inhibition of nuclear factor kappaB
by phenolic antioxidants: interplay between antioxidant signaling and
inflammatory cytokine expression. Mol Pharmacol 64, 211-219.

Madge, L.A., Pober, J.8., 2001. TNF signaling in vascular endothelial cells. Exp
Mol Pathol 70, 317-325.

Marnett, L.J., 2009. The COXIB experience: a look in the rearview mirror. Annu
Rev Pharmacol Toxicol 43, 265-290.

Massaro, M., Habib, A., Lubrano, L., Del Turco, S., Lazzerini, G., Bourcier, T.,
Weksler, B.B., De Caterina, R., 2006. The omega-3 fatty acid

21



REFERENCES

docosahexaenoate attenuates endothelial cyclooxygenase-2 induction through
both NADP(H) oxidase and PKC epsilon inhibition. Proc Nati Acad Sci U S A
103, 15184-15189.

Mateo, T., Abu Nabah, Y.N., Abu Taha, M., Mata, M., Cerda-Nicolas, M.,
Proudfoot, A.E., Stahl, R.A., Issekutz, A.C., Cortijo, J., Morcillo, E.J., Jose, P.J.,
Sanz, M.J., 2006. Angiotensin ll-induced mononuclear leukocyte interactions
with arteriolar and venular endothelium are mediated by the release of different
CC chemokines. J Immunol 176, 5577-5586.

Matesanz, N., Lafuente, N., Azcutia, V., Martin, D., Cuadrado, A., Nevado, J.,
Rodriguez-Manas, L., Sanchez-Ferrer, C.F., Peiro, C., 2007. Xanthine oxidase-
derived extracellular superoxide anions stimulate activator protein 1 activity and
hypertrophy in human vascular smooth muscle via ¢c-Jun N-terminal kinase and
p38 mitogen-activated protein kinases. J Hypertens 25, 609-618.

Matoba, T., Shimokawa, H., Kubota, H., Morikawa, K., Fuijiki, T., Kunihiro, I.,
Mukai, Y., Hirakawa, Y., Takeshita, A., 2002. Hydrogen peroxide is an
endothelium-derived hyperpolarizing factor in human mesenteric arteries.
Biochem Biophys Res Commun 290, 909-913.

Matoba, T., Shimokawa, H., Nakashima, M., Hirakawa, Y., Mukai, Y., Hirano, K.,
Kanaide, H., Takeshita, A., 2000. Hydrogen peroxide is an endothelium-derived
hyperpolarizing factor in mice. J Clin Invest 106, 1521-1530.

Matsumoto, T., Ishida, K., Kobayashi, T., Kamata, K., 2009a. Pyrrolidine
dithiocarbamate reduces vascular prostanoid-induced responses in aged type 2
diabetic rat model. J Pharmacol Sci 110, 326-333.

Matsumoto, T., Kakami, M., Noguchi, E., Kobayashi, T., Kamata, K., 2007.
Imbalance between endothelium-derived relaxing and contracting factors in
mesenteric arteries from aged OLETF rats, a model of Type 2 diabetes. Am J
Physiol Heart Circ Physiol 293, H1480-1490.

Matsumoto, T., Nakayama, N., Ishida, K., Kobayashi, T., Kamata, K., 2009b.
Eicosapentaenoic acid improves imbalance between vasodilator and
vasoconstrictor actions of endothelium-derived factors in mesenteric arteries
from rats at chronic stage of type 2 diabetes. J Pharmacol Exp Ther 329, 324-
334.

Matsumoto, T., Noguchi, E., Ishida, K., Kobayashi, T., Yamada, N., Kamata, K,
2008. Metformin normalizes endothelial function by suppressing vasoconstrictor
prostanoids in mesenteric arteries from OLETF rats, a model of type 2 diabetes.

212



REFERENCES

Am J Physiol Heart Circ Physiol 295, H1165-H1176.

Matsumoto, T., Takaoka, E., Ishida, K., Nakayama, N., Noguchi, E., Kobayashi,
T.,, Kamata, K., 2009c. Abnormalities of endothelium-dependent responses in
mesenteric arteries from Otsuka Long-Evans Tokushima Fatty (OLETF) rats are
improved by chronic treatment with thromboxane A2 synthase inhibitor.
Atherosclerosis 205, 87-95.

Matz, R.L., Andriantsitohaina, R., 2003. Age-related endothelial dysfunction :
potential implications for pharmacotherapy. Drugs Aging 20, 527-550.

Matz, R.L., de Sotomayor, M.A., Schott, C., Stoclet, J.C., Andriantsitohaina, R.,
2000. Vascular bed heterogeneity in age-related endothelial dysfunction with
respect to NO and eicosanoids. Br J Pharmacol 131, 303-311.

McAdam, B.F., Catella-Lawson, F., Mardini, |.A., Kapoor, S., Lawson, J.A,,
FitzGerald, GA., 1999. Systemic biosynthesis of prostacyclin by
cyclooxygenase (COX)-2: the human pharmacology of a selective inhibitor of
COX-2. Proc Natl Acad Sci U S A 96, 272-277.

McEver, R.P., Cummings, R.D., 1997. Role of PSGL-1 binding to selectins in
leukocyte recruitment. J Clin Invest 100, S97-103.

McGettigan, P.,, Henry, D., 2006. Cardiovascular risk and inhibition of
cyclooxygenase: a systematic review of the observational studies of selective
and nonselective inhibitors of cyclooxygenase 2. JAMA 296, 1633-1644.

Meier, M., King, G.L., 2000. Protein kinase C activation and its pharmacological
inhibition in vascular disease. Vasc Med 5, 173-185.

Miller, J., Knorr, R., Ferrone, M., Houdei, R., Carron, C.P.,, Dustin, M.L., 1995.
Intercellular adhesion molecule-1 dimerization and its consequences for
adhesion mediated by lymphocyte function associated-1. J Exp Med 182, 1231-
1241.

Miralpeix, M., Camacho, M., Lopez-Belmonte, J., Canalias, F., Beleta, J.,
Palacios, J.M., Vila, L., 1997. Selective induction of cyclo-oxygenase-2 activity
in the permanent human endothelial cell line HUV-EC-C: biochemical and
pharmacological characterization. Br J Pharmacol 121, 171-180.

Mogensen, C.E., Schmitz, O., 1988. The diabetic kidney: from hyperfiltration
and microalbuminuria to end-stage renal failure. Med Clin North Am 72, 1465-
1492.

213



REFERENCES

Mollnau, H., Wendt, M., Szocs, K., Lassegue, B., Schulz, E., Oelze, M., Li, H.,
Bodenschatz, M., August, M., Kleschyov, A.L., Tsilimingas, N., Walter, U.,
Forstermann, U., Meinertz, T., Griendling, K., Munzel, T., 2002. Effects of
angiotensin |l infusion on the expression and function of NAD(P)H oxidase and
components of nitric oxide/cGMP signaling. Circ Res 90, E58-65.

Mombouli, J.V., Vanhoutte, P.M., 1993. Purinergic endothelium-dependent and -
independent contractions in rat acrta. Hypertension 22, 577-583.

Mombouli, J.V., Vanhoutte, P.M., 1999. Endothelial dysfunction: from physiology
to therapy. J Mol Celi Cardiol 31, 61-74.

Moncada, S., Palmer, R.M., Higgs, E.A., 1991. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol Rev 43, 109-142,

Moritoki, H., Yoshikawa, T., Hisayama, T., Takeuchi, S., 1992. Possible
mechanisms of age-associated reduction of vascular relaxation caused by atrial
natriuretic peptide. Eur J Pharmacol 210, 61-68.

Morrow, J.D., 2006. The isoprostanes - unique products of arachidonate
peroxidation: their role as mediators of oxidant stress. Curr Pharm Des 12, 895-
902.

Morrow, J.D., Hill, K.E., Burk, R.F., Nammour, T.M., Badr, K.F., Roberis, L.J.,
2nd, 1990. A series of prostaglandin F2-like compounds are produced in vivo in
humans by a non-cyclooxygenase, free radical-catalyzed mechanism. Proc Natl
Acad Sci U S A 87, 9383-9387.

Nabel, E.G., 1991. Biology of the impaired endothelium. Am J Cardiol 68, 6C-8C.

Naftilan, A.J., Pratt, R.E., Dzau, V.J., 1989. Induction of platelet-derived growth
factor A-chain and c-myc gene expressions by angiotensin Il in cultured rat
vascular smooth muscle cells. J Clin Invest 83, 1419-1424.

Nagpala, P.G., Malik, A.B., Vuong, P.T., Lum, H., 1996. Protein kinase C beta 1
overexpression augments phorbol ester-induced increase in endothelial
permeability. J Cell Physiol 166, 249-255.

Nakamura, H., Fuijii, Y., Chuchi, E., Yamamoto, E., Ckada, Y., 1998. Activation
of the precursor of human stromelysin 2 and its interactions with other matrix
metalloproteinases. Eur J Biochem 253, 67-75.

Nakashima, Y., Fujii, H., Sumiyoshi, S., Wight, T.N., Sueishi, K., 2007. Early
human atherosclerosis: accumulation of lipid and protecglycans in intimal

214



REFERENCES

thickenings followed by macrophage infiltration. Arterioscler Thromb Vasc Biol
27, 1159-1165.

Nelken, N.A., Coughlin, S.R., Gordon, D., Wilcox, J.N., 1991. Monocyte
chemoattractant protein-1 in human atheromatous plaques. J Clin Invest 88,
1121-1127.

Newby, A.C., 2005. Dual role of matrix metalloproteinases (matrixing) in intimal
thickening and atherosclerotic plaque rupture. Physiol Rev 85, 1-31.

Nicholis, P., 1972. Contributions of catalase and glutathione peroxidase to red
cell peroxide removal. Biochim Biophys Acta 279, 306-3089.

Nicolosi, R.J., 1997. Dietary fat saturation effects on low-density-lipoprotein
concentrations and metabolism in various animal models. Am J Clin Nutr 65,
16175-1627S.

Nikkari, S.T., O'Brien, K.D., Ferguson, M., Hatsukami, T., Welgus, H.G., Alpers,
C.E., Clowes, AW., 1995. Interstitial collagenase (MMP-1) expression in human
carotid atherosclerosis. Circulation 92, 1393-1398.

Nishida, M., Maruyama, Y., Tanaka, R., Kontani, K., Nagao, T., Kurose, H., 2000.
G alpha(i) and G alpha({o) are target proteins of reactive oxygen species. Nature
408, 492-495.

Nishikawa, M., Hashida, M., Takakura, Y., 2009. Catalase delivery for inhibiting
ROS-mediated tissue injury and tumor metastasis. Adv Drug Deliv Rev 61, 319-
326.

Ogawa, M., Suzuki, J., Hirata, Y., Nagai, R., Isobe, M., 2008. A critical role of
COX-2 in the progression of neointimal formation after wire injury in mice.
Expert Opin Ther Targets 13, 505-511.

Ohashi, K., Ouchi, N., Sato, K., Higuchi, A., Ishikawa, T.0., Herschman, H.R,,
Kihara, S., Waish, K., 2009. Adiponectin promotes revascularization of ischemic
muscle through a cyclooxygenase 2-dependent mechanism. Mol Cell Biol 29,
3487-3499.

Okada, S., Kita, H., George, T.J., Gleich, G.J., Leiferman, K.M., 1997. Migration
of eosinophils through basement membrane components in vitro: role of matrix
metalloproteinase-9. Am J Respir Cell Mol Biol 17, 519-528.

Oliveira-Marques, V., Marinho, H.S., Cyrne, L., Antunes, F., 2009. Role of
hydrogen peroxide in NF-kappaB activation: from inducer to modulator. Antioxid

215



REFERENCES

Redox Signal 11, 2223-2243.

Olukman, M., Orhan, C.E., Celenk, F.G., Ulker, S., 2010. Apocynin restores
endothelial dysfunction in streptozotocin diabetic rats through regulation of nitric
oxide synthase and NADPH oxidase expressions. J Diabetes Complications.

Oparil, S., Haber, E., 1974a. The renin-angiotensin system (first of two parts). N
Engl J Med 291, 389-401.

Oparil, S., Haber, E., 1974b. The renin-angiotensin system (second of two
parts). N Engl J Med 291, 446-457.

Page-McCaw, A., Ewald, A.J., Werb, Z., 2007. Matrix metalloproteinases and
the regulation of tissue remodelling. Nat Rev Mol Celi Biol 8, 221-233.

Paimer, R.M., Ashton, D.S., Moncada, S., 1988. Vascular endothelial cells
synthesize nitric oxide from L-arginine. Nature 333, 664-666.

Park, Y.S., Kim, J., Misonou, Y., Takamiya, R., Takahashi, M., Freeman, M.R.,
Taniguchi, N., 2007. Acrolein induces cyclooxygenase-2 and prostaglandin
production in human umbilical vein endothelial cells: roles of p38 MAP kinase.
Arterioscler Thromb Vasc Biol 27, 1319-1325.

Parkington, H.C., Coleman, H.A., Tare, M., 2004. Prostacyclin and endothelium-
dependent hyperpolarization. Pharmacol Res 48, 509-514.

Parmentier, J.H., Zhang, C., Estes, A., Schaefer, S., Malik, K.U., 2006. Essential
role of PKC-zeta in normal and angiotensin ll-accelerated neointimal growth
after vascular injury. Am J Physiocl Heart Circ Physiol 291, H1602-1613.

Pastore, L., Tessitore, A., Martinotti, S., Toniato, E., Alesse, E., Bravi, M.C., Ferri,
C., Desideri, G, Gulino, A., Santucci, A., 1999. Angiotensin Il stimulates
intercellular adhesion molecule-1 {ICAM-1) expression by human vascular
endothetial cells and increases soluble ICAM-1 release in vivo. Circulation 100,
1646-1652.

Paszkowiak, J.J., Dardik, A., 2003. Arterial wall shear stress: observations from
the bench to the bedside. Vasc Endovascular Surg 37, 47-57.

Pauly, R.R., Passaniti, A., Bilato, C., Monticone, R., Cheng, L., Papadopoulos,
N., Gluzband, Y.A., Smith, L., Weinstein, C., Lakatta, E.G, et al, 1894
Migration of cultured vascular smooth muscle cells through a basement
membrane barrier requires type IV collagenase activity and is inhibited by
cellular differentiation. Circ Res 75, 41-54.

216



REFERENCES

Peredo, H.A., Rodriguez, R., Susemihl, M.C., Villarreal, 1., Filinger, E., 2006.
Long-term streptozotocin-induced diabetes alters prostanoid production in rat
aorta and mesenteric bed. Auton Autacoid Pharmacol 26, 355-360.

Pueyo, M.E., Gonzalez, W., Nicoletti, A., Savoie, F., Arnal, J.F., Michel, J.B,,
2000. Angiotensin |l stimuiates endothelial vascular cell adhesion molecule-1
via nuclear factor-kappaB activation induced by intracellular oxidative stress.
Arterioscler Thromb Vasc Biol 20, 645-651.

Quagliaro, L., Piconi, L., Assaloni, R., Martinelli, L., Motz, E., Ceriello, A., 2003.
Intermittent high glucose enhances apoptosis related to oxidative stress in
human umbilical vein endothelial celis: the role of protein kinase C and
NAD{P)H-oxidase activation. Diabetes 52, 2795-2804.

Radogna, F., Sestili, P., Martinelli, C., Paolillo, M., Paternoster, L., Albertini, M.C.,
Accorsi, A., Gualandi, G., Ghibelli, L., 2009. Lipoxygenase-mediated pro-radical
effect of melatonin via stimulation of arachidonic acid metabolism. Toxicol Appl
Pharmacol 238, 170-177.

Radomski, M.W., Palmer, R.M., Moncada, S., 1990. An L-arginine/nitric oxide
pathway present in human platelets regulates aggregation. Proc Natl Acad Sci
USA87 5193-5197.

Raffetto, J.D., Khalil, R.A., 2008. Matrix metalloproteinases and their inhibitors
in vascular remodeling and vascular disease. Biochem Pharmacoil 75, 346-359.

Rajagopalan, S., Meng, X.P.,, Ramasamy, S., Harrison, D.G, Galis, Z.S., 1996.
Reactive oxygen species produced by macrophage-derived foam cells regulate
the activity of vascular matrix metalloproteinases in vitro. Implications for
atherosclerotic plague stability. J Clin Invest 98, 2572-2579.

Rao, GN., Glasgow, W.C., Eling, TE., Runge, M.S., 1996. Role of
hydroperoxyeicosatetraenoic acids in oxidative stress-induced activating protein
1 (AP-1) activity. J Biol Chem 271, 27760-27764.

Rao, R.M., Yang, L., Garcia-Cardena, G., Luscinskas, FW., 2007. Endothelial-
dependent mechanisms of leukocyte recruitment to the vascular wall. Circ Res
101, 234-247.

Rapoport, R.M., Murad, F., 1983. Agonist-induced endothelium-dependent
relaxation in rat thoracic aorta may be mediated through ¢cGMP. Circ Res 52,
352-357.

217



REFERENCES

Rauch, B.H., Bretschneider, E., Braun, M., Schror, K., 2002. Factor Xa releases
matrix metalloproteinase-2 (MMP-2) from human vascular smooth muscle cells
and stimulates the conversion of pro-MMP-2 to MMP-2: role of MMP-2 in factor
Xa-induced DNA synthesis and matrix invasion. Circ Res 90, 1122-1127.

Rhee, S.G,, Bae, Y8, Lee, S.R,, Kwon, J., 2000. Hydrogen peroxide: a key
messenger that modulates protein phosphorylation through cysteine oxidation.
Sci STKE 2000, pe1.

Rikitake, Y., Hirata, K., Kawashima, S., Takeuchi, S., Shimokawa, Y., Kojima, Y.,
Inoue, N., Yokoyama, M., 2001. Signaling mechanism underlying COX-2
induction by lysophosphatidylcholine. Biochem Biophys Res Commun 281,
1291-1297.

Rimarachin, J.A., Jacobson, J.A., Szabo, P., Maclouf, J., Creminon, C., Weksler,
B.B., 1994. Regulation of cyclooxygenase-2 expression in aortic smooth muscie
cells. Arterioscler Thromb 14, 1021-1031.

Rutkai, 1., Feher, A., Erdei, N., Henrion, D, Papp, Z., Edes, |., Koller, A., Kaley,
G., Bagi, Z., 2009. Activation of prostaglandin E2 EP1 receptor increases
arteriolar tone and blood pressure in mice with type 2 diabetes. Cardiovasc Res
83, 148-154,

Saito, H., Sherwood, E.R., Varma, TK,, Evers, B.M., 2003. Effects of aging on
mortality, hypothermia, and cytokine induction in mice with endotoxemia or
sepsis. Mech Ageing Dev 124, 1047-1058.

Salamanca, D.A., Khalil, R.A., 2005. Protein kinase C isoforms as specific
targets for modulation of vascular smooth muscle function in hypertension.
Biochem Pharmacol 70, 1637-1547.

Santos, R.A., Simoes e Silva, A.C., Maric, C., Silva, D.M., Machado, R.P, de
Bubr, 1., Heringer-Walther, S., Pinheiro, S.V., Lopes, M.T., Bader, M., Mendes,
E.P., Lemos, V.S., Campagnole-Santos, M.J., Schultheiss, H.P., Speth, R,
Walther, T., 2003. Angiotensin-(1-7) is an endogenous ligand for the G protein-
coupled receptor Mas. Proc Natl Acad Sci U S A 100, 8258-8263.

Satoh, M., Ishikawa, Y., ltoch, T., Minami, Y., Takahashi, Y., Nakamura, M., 2008.
The expression of TNF-alpha converting enzyme at the site of ruptured plaques
in patients with acute myocardial infarction. Eur J Clin Invest 38, 97-105.

Savoia, C., Schiffrin, E.L., 2007. Vascular inflammation in hypertension and
diabetes: molecular mechanisms and therapeutic interventions. Clin Sci (Lond)

218



REFERENCES

112, 375-384.

Schieffer, B., Schieffer, E., Hilfiker-Kleiner, D., Hilfiker, A., Kovanen, P.T.,
Kaartinen, M., Nussberger, J., Harringer, W., Drexler, H., 2000. Expression of
angiotensin Il and interleukin 6 in human coronary atherosclerotic plaques:
potential implications for inflammation and plaque instability. Circulation 101,
1372-1378.

Schmieder, R.E., 2005. Mechanisms for the clinical benefits of angiotensin ||
receptor blockers. Am J Hypertens 18, 720-730.

Schober, A., Zernecke, A., Liehn, E.A., von Hundelshausen, P, Knarren, S.,
Kuziel, W.A., Weber, C., 2004. Crucial role of the CCL2/CCR2 axis in neointimal
hyperplasia after arterial injury in hyperlipidemic mice involves early monocyte
recruitment and CCL2 presentation on platelets. Circ Res 95, 1125-1133.

Schonbeck, U., Mach, F., Libby, P., 1998. Generation of biologically active IL-1
beta by matrix metalloproteinases: a novel caspase-1-independent pathway of
IL-1 beta processing. J Immunol 161, 3340-3346.

Schonbeck, U., Sukhova, G.K., Graber, P, Coulter, S., Libby, P, 1999.
Augmented expression of cyclooxygenase-2 in human atherosclerotic lesions.
Am J Pathol 155, 1281-1291.

Schror, K., Mehta, P., Mehta, J.L., 2005. Cardiovascular risk of selective
cyclooxygenase-2 inhibitors. J Cardiovasc Pharmacol Ther 10, 95-101.

Schuett, H., Luchtefeld, M., Grothusen, C., Grote, K., Schieffer, B., 2009. How
much is too much? Interleukin-6 and its signalling in atherosclerosis. Thromb
Haemost 102, 215-222.

Schwab, J.M., Beiter, T., Linder, J.U., Laufer, S., Schulz, J.E., Meyermann, R.,
Schluesener, H.J., 2003. COX-3--a virtual pain target in humans? FASEB J 17,
2174-2175.

Shapiro, S.D., Senior, R.M., 1999. Matrix metalloproteinases. Matrix
degradation and more. Am J Respir Cell Mol Biol 20, 1100-1102.

Shaw, S.K., Ma, S., Kim, M.B., Rao, R.M., Hartman, C.U., Froio, R.M., Yang, L.,
Jones, T, Liu, Y., Nusrat, A., Parkos, C.A., Luscinskas, FW., 2004. Coordinated
redistribution of leukocyte LFA-1 and endothelial cell ICAM-1 accompany
neutrophil transmigration. J Exp Med 200, 1571-1580.

219



REFERENCES

Shi, Y, Feletou, M., Ku, D.D., Man, R.Y.,, Vanhoutte, PM., 2007. The calcium
ionophore A23187 induces endothelium-dependent contractions in femoral

arteries from rats with streptozotocin-induced diabetes. Br J Phamaco! 150,
624-632.

Shi, Y., Man, R.Y., Vanhoutte, PM., 2008. Two isoforms of cyclooxygenase
contribute to augmented endothelium-dependent contractions in femoral
arteries of 1-year-old rats. Acta Pharmacol Sin 29, 185-192.

Shi, Y, So, K.F., Man, R.Y,, Vanhoutte, P.M., 2007. Oxygen-derived free radicals
mediate endothelium-dependent contractions in fermoral arteries of rats with
streptozotocin-induced diabetes. Br J Pharmacol 152, 1033-1041.

Shimizu, S., Ishii, M., Yamamoto, T., Kawanishi, T., Momose, K., Kuroiwa, Y.,
1984. Bradykinin induces generation of reactive oxygen species in bovine aortic
endothelial cells. Res Commun Chem Pathol Pharmacol 84, 301-314.

Shimokawa, H., Yasutake, H., Fujii, K., Owada, M.K., Nakaike, R., Fukumoto, Y.,
Takayanagi, T., Nagao, T., Egashira, K., Fujishima, M., Takeshita, A., 1996. The
importance of the hyperpolarizing mechanism increases as the vessel size
decreases in endothelium-dependent relaxations in rat mesenteric circulation. J
Cardiovasc Pharmacol 28, 703-711.

Shirahase, H., Usui, H., Kurahashi, K., Fujiwara, M., Fukui, K., 1988.
Endothelium-dependent contraction induced by nicotine in isolated canine
basilar artery--possible involvement of a thromboxane A2 (TXA2) like substance.
Life Sci 42, 437-445.

Silverstein, F.E., Faich, G, Goldstein, J.L., Simon, L.S., Pincus, T., Whelton, A.,
Makuch, R., Eisen, G, Agrawal, N.M., Stenson, W.F., Burr, A M., Zhao, WW,,
Kent, J.D., Lefkowith, J.B., Verburg, KM., Geis, G.S., 2000. Gastrointestinal
toxicity with celecoxib vs nonsteroidal anti-inflammatory drugs for osteoarthritis
and rheumatoid arthritis; the CLASS study: A randomized controlled trial.
Celecoxib Long-term Arthritis Safety Study. JAMA 284, 1247-1255.

Simmons, D.L.,, Botting, R.M., Hla, T., 2004, Cyclooxygenase isozymes: the
biology of prostaglandin synthesis and inhibition. Pharmacol Rev 56, 387-437.

Smith, AR., Visioli, F., Hagen, T.M., 2006. Plasma membrane-associated
endothelial nitric oxide synthase and activity in aging rat aortic vascular
endothelia markedly decline with age. Arch Biochem Biophys 454, 100-105.

220



REFERENCES

Smith, W.L., DeWitt, D.L., Garavito, R.M., 2000. Cyclooxygenases: structural,
cellular, and molecular biology. Annu Rev Biochem 69, 145-182.

Smith, W.L., Garavito, R.M., DeWitt, D.L., 1996. Prostaglandin endoperoxide H
synthases (cyclooxygenases)-1 and -2. J Biol Chem 271, 33157-33160.

Solari, V., Piotrowska, A.P., Cascio, S., Unemoto, K., Chertin, B., Puri, P., 2003.
Cyclooxygenase-2 up-regulation in reflux nephropathy. J Urol 170, 1624-1627.

Soucy, K.G., Ryoo, S, Benjo, A., Lim, H.K., Gupta, G., Schi, J.S., Elser, J., Aon,
M.A., Nyhan, D., Shoukas, A A., Berkowitz, D.E., 2006. Impaired shear stress-
induced nitric oxide production through decreased NOS phosphorylation
contributes to age-related vascular stiffness. J Appl Physiol 101, 1751-1759,

Southgate, K.M., Fisher, M., Banning, A.P., Thurston, V.J., Baker, A H., Fabunmi,
R.P., Groves, PH., Davies, M., Newby, A.C., 1996. Upregulation of basement
membrane-degrading metalloproteinase secretion after balloon injury of pig
carotid arteries. Circ Res 79, 1177-1187.

Sprague, AH., Khalil, R.A., 2009. Inflammatory cytokines in vascular
dysfunction and vascular disease. Biochem Pharmacol 78, 539-552.

Springer, T.A., 1990. Adhesion receptors of the immune system. Nature 346,
425-434.

Straub, R.H., Cutolo, M., Zietz, B., Scholmerich, J., 2001. The process of aging
changes the interplay of the immune, endocrine and nervous systems. Mech
Ageing Dev 122, 1691-1611.

Sugiyama, T., Yoshimoto, T., Sato, R., Fukai, N., Ozawa, N., Shichiri, M., Hirata,
Y., 2004. Endothelin-1 induces cyclooxygenase-2 expression and generation of
reactive oxygen species in endothelial cells. J Cardiovasc Pharmacol 44 Suppl
1, 8332-335.

Sukhova, GK., Schonbeck, U., Rabkin, E., Schoen, FJ., Poole, AR,
Bilinghurst, R.C., Libby, P.,, 1999. Evidence for increased collagenolysis by
interstitial collagenases-1 and -3 in vulnerable human atheromatous plaques.
Circulation 99, 2503-2509.

Sukumaran, V., Watanabe, K., Veeraveedu, P.T., Thandavarayan, R.A,
Gurusamy, N., Ma, M., Yamaguchi, K., Suzuki, K., Koedama, M., Aizawa, Y,
2010. Telmisartan, an angiotensin-ll receptor blocker ameliorates cardiac
remodeling in rats with dilated cardiomyopathy. Hypertens Res. [Epub ahead of
print)

221



REFERENCES

Suzuki, Y.J., Ford, G.D., 1992. Superoxide stimulates IP3-induced Ca2+ release
from vascular smooth muscle sarcoplasmic reticulum. Am J Physiol 262, H114-
116.

Syeda, F., Grosjean, J., Houliston, R.A., Keogh, R.J., Carter, T.D., Paleolog, E.,
Wheeler-Jones, C.P., 2006. Cyclooxygenase-2 induction and prostacyclin
release by protease-activated receptors in endothelial cells require cooperation
between mitogen-activated protein kinase and NF-kappaB pathways. J Biol
Chem 281, 11792-11804.

Szabo, C., Ischiropoulos, H., Radi, R., 2007. Peroxynitrite: biochemistry,
pathophysiology and development of therapeutics. Nat Rev Drug Discov 6, 662-
680.

Taddei, S., Vanhoutte, PM., 1993. Endothelium-dependent contractions to
endothelin in the rat aorta are mediated by thromboxane A2. J Cardiovasc
Pharmacol 22 Suppl 8, $S328-331.

Taddei, S., Virdis, A., Ghiadoni, L., Magagna, A., Salvetti, A., 1997a.
Cyclooxygenase inhibition restores nitric oxide activity in essential hypertension.
Hypertension 29, 274-279.

Taddei, S., Virdis, A., Mattei, P., Ghiadoni, L., Fasolo, C.B., Sudano, |., Salvetti,
A., 1997b. Hypertension causes premature aging of endothelial function in
humans. Hypertension 29, 736-743.

Takagishi, T., Murahashi, N., Azagami, S., Morimatsu, M., Sasaguri, Y., 1995.
Effect of angiotensin Il and thromboxane A2 on the production of matrix
metalloproteinase by human aortic smooth muscle cells. Biochem Mol Biol Int
35, 265-273.

Tang, E.H., Leung, F.P., Huang, Y., Feletou, M., So, K.F., Man, R.Y., Vanhoutte,
P.M., 2007. Calcium and reactive oxygen species increase in endothelial cells in
response to releasers of endothelium-derived contracting factor. Br J Pharmacol
151, 15-23.

Tang, E.H., Vanhoutte, P.M., 2008. Gene expression changes of prostanoid
synthases in endothelial cells and prostanoid receptors in vascular smooth
muscle cells caused by aging and hypertension. Physiol Genomics 32, 409-418.

Tazawa, R., Xu, X.M., Wu, KK, Wang, L H., 1994. Characterization of the
genomic structure, chromosomal location and promoter of human prostaglandin
H synthase-2 gene. Biochem Biophys Res Commun 203, 190-199.

222



REFERENCES

Tentolouris, C., Tousoulis, D., Antoniades, C., Bosinakou, E., Kotsopoulou, M.,
Trikas, A., Toutouzas, P., Stefanadis, C., 2004. Endothelial function and
proinflammatory cytokines in patients with ischemic heart disease and dilated
cardiomyopathy. Int J Cardiol 84, 301-305.

Terashima, M., Inocue, N., Ohashi, Y., Yokoyama, M., 2007. Relationship
between coronary plaque formation and NAD(P)H oxidase-derived reactive
oxygen species - comparison of intravascular ultrasound finding of
atherosclerctic lesions with histochemical characteristics. Kobe J Med Sci 53,
107-117.

Tesfamariam, B., Brown, M.L., Cohen, R.A., 1995, 15-Hydroxyeicosatetraenoic
acid and diabetic endothelial dysfunction in rabbit aorta. J Cardiovasc
Pharmacol 25, 748-755.

Tesfamariam, B., Brown, M.L., Deykin, D., Cohen, R.A., 1990. Elevated glucose
promotes generation of endothelium-derived vasoconstrictor prostanocids in
rabbit aorta. J Clin Invest 85, 929-832.

Tesfamariam, B., Jakubowski, J.A., Cohen, R.A., 1989. Contraction of diabetic
rabbit aorta caused by endothelium-derived PGH2-TxA2. Am J Physiol 257,
H1327-1333.

Therland, K.L., Stubbe, J., Thiesson, H.C., Ottosen, P.D., Walter, S., Sorensen,
GL., Skott, O., Jensen, B.L., 2004. Cycloxygenase-2 is expressed in
vasculature of normal and ischemic aduit human kidney and is colocalized with
vascular prostaglandin E2 EP4 receptors. J Am Soc Nephrol 15, 1189-1198.

Toborek, M., Hennig, B., 1993. Vitamin E attenuates induction of elastase-like
activity by tumor necrosis factor-alpha, cholestan-3 beta,5 alpha,6 beta-triol and
linoleic acid in cultured endothelial cells. Clin Chim Acta 215, 201-211.

Topper, J.N., Cai, J., Falb, D., Gimbrone, M.A., Jr., 1996. Identification of
vascular endothelial genes differentially responsive to fluid mechanical stimuli:
cyclooxygenase-2, manganese superoxide dismutase, and endothelial cell nitric
oxide synthase are selectively up-regulated by steady laminar shear stress.
Proc Natl Acad Sci U S A 93, 10417-10422.

Traupe, T., Lang, M., Goettsch, W., Munter, K., Morawietz, H., Vetter, W., Barton,
M., 2002. Obesity increases prostancid-mediated vasoconstriction and vascular
thromboxane receptor gene expression. J Hypertens 20, 2239-2245.

223



REFERENCES

Tsatsanis, C., Androulidaki, A., Venihaki, M., Margioris, A.N., 2008. Signalling
networks regulating cyclooxygenase-2. Int J Biochem Cell Biol 38, 1654-1661.

Tschudi, M.R., Barton, M., Bersinger, N.A., Moreau, P., Cosentino, F., Noll, G,
Malinski, T., Luscher, T.F., 1996. Effect of age on kinetics of nitric oxide release
in rat aorta and pulmonary artery. J Clin Invest 98, 899-905.

Tsutsumi, Y., Matsubara, H., Masaki, H., Kurihara, H., Murasawa, S., Takai, S.,
Miyazaki, M., Nozawa, Y., Ozono, R., Nakagawa, K., Miwa, T., Kawada, N., Mori,
Y., Shibasaki, Y., Tanaka, Y., Fujiyama, S., Koyama, Y., Fujiyama, A., Takahashi,
H., lwasaka, T., 1999. Angiotensin Il type 2 receptor overexpression activates
the vascular kinin system and causes vasodilation. J Clin Invest 104, 925-935.

Tummala, P.E., Chen, XL., Sundell, C.L., Laursen, J.B., Hammes, C.P,
Alexander, R.W., Harrison, D.G, Medford, R.M., 1999, Angiotensin |l induces
vascular cell adhesion molecule-1 expression in rat vasculature: A potential link
between the renin-angiotensin system and atherosclerosis. Circulation 100,
1223-1229.

Ushio-Fukai, M., Zafari, A.M., Fukui, T., Ishizaka, N., Griendling, K.K., 1996,
p22phox is a critical component of the superoxide-generating NADH/NADPH
oxidase system and regulates angiotensin ll-induced hypertrophy in vascular
smooth muscle cells. J Biol Chem 271, 23317-23321.

Valdivia, A., Perez-Alvarez, S., Aroca-Aguilar, J.D., lkuta, ., Jordan, J., 2009.
Superoxide dismutases: a physiopharmacological update. J Physiol Biochem 65,
195-208.

Valeille, K., Ferezou, J., Amsler, G, Quignard-Boulange, A., Parquet, M., Gripois,
D., Dorovska-Taran, V., Martin, J.C., 2005. A cis-8,tfrans-11-conjugated linoleic
acid-rich oil reduces the outcome of atherogenic process in hyperlipidemic
hamster. Am J Physiol Heart Circ Physiol 289, H652-659.

Van den Steen, P.E., Proost, P, Wuyts, A., Van Damme, J., Opdenakker, G,
2000. Neutrophil gelatinase B potentiates interleukin-8 tenfold by aminoterminal
processing, whereas it degrades CTAP-II, PF-4, and GRO-alpha and leaves
RANTES and MCP-2 intact. Blood 96, 2673-2681.

van der Loo, B., Labugger, R., Skepper, J.N., Bachschmid, M., Kilo, J., Powell,
J.M., Palacios-Callender, M., Erusalimsky, J.D., Quaschning, T., Malinski, T.,
Gygi, D., Ulirich, V., Luscher, T.F., 2000. Enhanced peroxynitrite formation is
associated with vascular aging. J Exp Med 192, 1731-1744.

224



REFERENCES

Van Rheen, Z., Fattman, C., Domarski, S., Majka, S., Klemm, D., Stenmark,
K.R., Nozik-Grayck, E., 2010. Lung EC-SOD Overexpression lessens
Bleomycin-Induced Pulmonary Hypertension and Vascular Remodeling. Am J
Respir Cell Mol Biol. [Epub ahead of print]

Vane, J.R., Bakhle, Y.S., Botting, R.M., 1998. Cyclooxygenases 1 and 2. Annu
Rev Pharmacol Toxicol 38, 97-120.

Vanhoutte, P.M., 2001. Endothelial adrenoceptors. J Cardiovasc Pharmacol 38,
796-808.

Vanhoutte, P.M., Feletou, M., Taddei, S., 2005. Endothelium-dependent
contractions in hypertension. Br J Pharmacol 144, 449-458.

Vasquez-Vivar, J., Kalyanaraman, B., Martasek, P., Hogg, N., Masters, B.S,,
Karoui, H., Tordo, P., Pritchard, K.A., Jr., 1998. Superoxide generation by
endothelial nitric oxide synthase: the influence of cofactors. Proc Natl Acad Sci
U SA95, 9220-9225.

Vaughan, D.E., Lazos, S.A., Tong, K., 1995. Angiotensin il regulates the
expression of plasminogen activator inhibitor-1 in culiured endothelial cells. A
potential link between the renin-angiotensin system and thrombosis. J Clin
Invest 95, 995-1001.

Victor, V.M., Apostolova, N., Herance, R., Hernandez-Mijares, A., Rocha, M.,
2009. Oxidative stress and mitochondrial dysfunction in atherosclerosis:
mitochondria-targeted antioxidants as potential therapy. Curr Med Chem 16,
4654-4667.

Virani, S.S., Polsani, V.R., Nambi, V., 2008. Novel markers of inflammation in
atherosclerosis. Curr Atheroscler Rep 10, 164-170.

von Knethen, A., Calisen, D., Brune, B., 1888, Superoxide attenuates
macrophage apoptosis by NF-kappa B and AP-1 activation that promotes
cyclooxygenase-2 expression. J Immunol 163, 2858-2866.

Wang, H., Zhang, W., Tang, R., Hebbel, R.P., Kowalska, M.A., Zhang, C., Marth,
J.D., Fukuda, M., Zhu, C., Huo, Y., 2009. Core2 1-8-N-glucosaminyltransferase-
| deficiency protects injured arteries from neointima formation in ApoE-deficient
mice. Arterioscler Thromb Vasc Biol 28, 1053-1059.

Weber, C., Schober, A., Zermecke, A., 2004. Chemokines: key regulators of
mononuclear cell recruitment in atherosclerotic vascuiar disease. Arterioscler
Thromb Vasc Biol 24, 1997-2008.

225



RFEFERENCES

Wei, J., Xu, H., Davies, J.L., Hemmings, G.P., 1992. Increase of plasma IL-6
concentration with age in healthy subjects. Life Sci 51, 1953-1956.

Wesselman, J.P., De Mey, J.G, 2002. Angiotensin and cytoskeletal proteins:
role in vascular remodeling. Curr Hypertens Rep 4, 63-70.

White, C.R., Darley-Usmar, V., Berrington, W.R., McAdams, M., Gore, J.Z.,
Thompson, J.A., Parks, D.A., Tarpey, M.M., Freeman, B.A., 1996. Circulating
plasma xanthine oxidase contributes to vascular dysfunction in
hypercholesterolemic rabbits. Proc Natl Acad Sci U S A 83, 8745-87489.

White, W.B., West, C.R., Borer, J.8., Gorelick, P.B., Lavange, L., Pan, S.X,,
Weiner, E., Verburg, K.M., 2007. Risk of cardiovascular events in patients
receiving celecoxib: a meta-analysis of randomized clinical trials. Am J Cardiol
89, 91-98.

Widlansky, M.E., Price, D.T., Gokce, N., Eberhardt, R.T., Duffy, S.J., Holbrook,
M., Maxwell, C., Palmisano, J., Keaney, J.F., Jr., Morrow, J.D., Vita, J.A., 2003.
Short- and long-term CQOX-2 inhibition reverses endothelial dysfunction in
patients with hypertension. Hypertension 42, 310-315.

Williams, C.S., Mann, M., DuBois, R.N., 1999. The role of cyclooxygenases in
inflammation, cancer, and development. Oncogene 18, 7908-7916.

Wong, M.S., Man, R.Y, Vanhoutte, PM., 2010a. Calcium-independent
phospholipase A(2) plays a key role in the endothelium-dependent contractions
to acetylcholine in the aorta of the spontaneously hypertensive rat. Am J Physiol
Heart Circ Physiol 298, H1260-1266.

Wong, S.L., Leung, F.P, Lau, CW, Au, C.L, Yung, L.M., Yao, X., Chen, Z.Y.,
Vanhoutte, P.M., Gollasch, M., Huang, Y., 2009. Cyclooxygenase-2-derived
prostaglandin F2alpha mediates endothelium-dependent contractions in the
aortae of hamsters with increased impact during aging. Circ Res 104, 228-235.

Wong, W.T, Tian, X.Y,, Xu, A., Ng, C.F,, Lee, HK_, Chen, ZY,, Au, C.L.,, Yao, X,
Huang, Y., 2010b. Angiotensin || Type 1 Receptor-Dependent Oxidative Stress
Mediates Endothelial Dysfunction in Type 2 Diabetic Mice. Antioxid Redox
Signal. [Epub ahead of print]

Wu, M.H., Wang, C.A., Lin, C.C., Chen, L.C., Chang, W.C,, Tsai, S.J., 2005,
Distinct regulation of cyclooxygenase-2 by interleukin-1beta in normal and
endometriotic stromal cells. J Clin Endocrinol Metab 90, 286-295.

226



REFERENCES

Xie, W.L., Chipman, J.G., Robertson, D.L., Eriksan, R.L., Simmons, D.L., 1891,
Expression of a mitogen-responsive gene encoding prostaglandin synthase is
regulated by mRNA splicing. Pro¢ Natl Acad Sci U S A 88, 2692-2696.

Xu, S.,Ying, J., Jiang, B., Guo, W., Adachi, T., Sharov, V., Lazar, H., Menzoian,
J., Knyushko, T.V., Bigelow, D., Schoneich, C., Cohen, R.A., 2006. Detection of
sequence-specific tyrosine nitration of manganese SOD and SERCA in
cardiovascular disease and aging. Am J Physiol Heart Circ Physiol 290, H2220-
2227.

Yaghini, F.A., Song, C.Y.,, Lavrentyev, E.N., Ghafoor, H.U., Fang, X.R., Estes,
AM. Campbell WB., Malk, K.U., 2010. Angiotensin ll-induced vascular
smooth muscle cell migration and growth are mediated by cytochrome P450
1B1-dependent superoxide generation. Hypertension 55, 1461-1467.

Yaghini, F.A., Zhang, C., Parmentier, J.H., Estes, A.M., Jafari, N., Schaefer, S.A.,
Malik, K.U., 2005. Contribution of arachidonic acid metabolites derived via
cytochrome P4504A to angiotensin ll-induced neointimal growth. Hypertension
45, 1182-1187.

Yamada, S., Wang, K.Y,, Tanimoto, A., Fan, J., Shimajiri, S., Kitajima, S.,
Morimoto, M., Tsutsui, M., Watanabe, T., Yasumoto, K., Sasaguri, Y., 2008.
Matrix metalloproteinase 12 accelerates the initiation of atherosclerosis and
stimulates the progression of fatty streaks to fibrous plagues in transgenic
rabbits. Am J Pathol 172, 1419-1429,

Yang, D., Feletou, M., Boulanger, C.M., Wu, H.F., Levens, N., Zhang, J.N,,
Vanhoutte, P.M., 2002. Oxygen-derived free radicals mediate endothelium-
dependent contractions to acetylcholine in aortas from spontaneously
hypertensive rats. Br J Pharmacol 136, 104-110.

Yang, D., Gluais, P., Zhang, J.N., Vanhoutte, PM., Feletou, M., 2004. Nitric
oxide and inactivation of the endothelium-dependent contracting factor released
by acetylcholine in spontaneously hypertensive rat. J Cardiovasc Pharmacol 43,
815-820.

Yla-Herttuala, S., Lipton, B.A., Rosenfeld, M.E., Sarkioja, T., Yoshimura, T,
Leonard, E.J., Witztum, J.L., Steinberg, D., 1991. Expression of monocyte
chemoattractant protein 1 in macrophage-rich areas of human and rabbit
atherosclerotic lesions. Proc Natl Acad Sci U S A 88, 5252-5256.

Yogi, A., Callera, GE., Tostes, R., Touyz, R.M., 2009. Bradykinin regulates
calpain and proinflammatory signaling through TRPM7-sensitive pathways in

227



REFERENCES

vascular smooth muscle cells. Am J Physiol Regul Integr Comp Physiol 296,
R201-207.

Yoshizumi, M., Perrella, M.A., Burmnett, J.C., Jr., Lee, M.E., 1993. Tumor
necrosis factor downregulates an endothelial nitric oxide synthase mRNA by
shortening its half-life. Circ Res 73, 205-209.

Yudkin, J.S., Kumari, M., Humphries, S.E., Mohamed-Ali, V., 2000. Inflammation,
obesity, stress and coronary heart disease: is interleukin-6 the link?
Atherosclerosis 148, 208-214,

Yura, T., Fukunaga, M., Khan, R., Nassar, GN., Badr, K.F., Montero, A., 1999.
Free-radical-generated FZ2-isoprostane stimulates cell proliferation and
endothelin-1 expression on endothelial cells. Kidney Int 56, 471-478.

Zhang, Y., Griendling, K.K., Dikalova, A., Owens, GK., Taylor, W.R., 2005.
Vascular hypertrophy in angiotensin [l-induced hypertension is mediated by
vascular smooth muscle cell-derived H202. Hypertension 46, 732-737.

Zhou, Y., Wang, Z.X., Tang, M.P, Yao, C.J., Xu, W.J., Wang, LY., Qiao, Z.D.,
2010. Nicotine induces cyclooxygenase-2 and prostaglandin E(2) expression in
human umbilical vein endothelial cells. Int iImmunopharmacol 10, 461-466.

228



