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ABSTRACT

The renin-angiotensin system (RAS) plays a pivotal role in the pathogenesis of
hypertension, myocardial infarction, stroke, renal failure, and diabetic vascular
complications. Besides the classical regulatory effects on blood pressure, sodium
excretion, and aldosterone secretion, evidence is now accumulating supporting the
notion that RAS may also induce an inflammatory response and oxidative stress in the
vascular wall by non-hemodynamic mechanisms. The present series of studies was
conducted to investigate the mechanisms of angiotensin 1l (Ang Il)-induced inflammation
and vascular dysfunction, focusing especially on the role of oxidative stress and

cyclooxygenase (COX) in the pathogenesis.

Two transgenic rats with increased local RAS activity: namely double transgenic rats
harboring human renin and human angiotensinogen genes (dTGRs) (4 weeks old), and
transgenic rats harboring the mouse renin-2 gene (MREN2 rats) (8 weeks old), as well
as spontaneously diabetic Goto-Kakizaki (GK) rats (5-6 weeks old), were used as
experimental animal models. The effects of prolonged treatment with the AT, receptor
antagonists valsartan and losartan, a high-sodium (HS) diet, the selective
cyclooxygenase-2 (COX-2) inhibitor MF-tricyclic, and the non-selective COX-1/COX-2
inhibitor sulindac were evaluated in the pathogenesis of Ang ll-induced inflammation and
vascular injury. Blood pressure was recorded either indirectly by the tail-cuff method or
directly by radiotelemetry. Arterial contractile and relaxation responses were examined
ex vivo by use of mesenteric, renal, or aortic rings. Inflammatory response in the kidney
and heart was evaluated by immunohistochemistry. COX mRNA and protein
expressions were quantified by RT-PCR and immunohistochemistry, respectively. As
indirect markers of oxidative stress, serum 8-isoprostaglandin F,q concentrations, as well

as tissue xanthine oxidoreductase (XOR) activity were measured.

Ang Il induced endothelial dysfunction via AT; receptor stimulation. This Ang ll-induced
endothelial dysfunction was associated with increased oxidative stress, which was
partially mediated via XOR in dTGRs. In GK rats, increased RAS activity was also
involved in the pathogenesis of endothelial dysfunction and vascular inflammation. An

HS diet in these rats elevated blood pressure, and aggravated cardiac hypertrophy,



endothelial dysfunction, inflammatory response, vascular injury, and oxidative stress.
The AT; receptor antagonist valsartan prevented the salt-induced inflammatory
response and oxidative stress in GK rats by blood pressure-independent mechanisms.
In mMREN2 rats, renal COX-2 mRNA and protein expressions were down-regulated.
Neither MF-tricyclic nor sulindac prevented an Ang ll-induced inflammatory response,
endothelial dysfunction, or vascular/tissue injury in these rats. In contrast, both drugs
raised blood pressure and albuminuria to a similar extent in mREN2 rats. However, the
therapeutic effects of the AT; receptor antagonist losartan on Ang ll-induced
hypertension, inflammatory response, endothelial dysfunction, and tissue morphology,

were not interfered with by concurrent COX inhibition.

Taken together, our findings indicate that (1) oxidative stress is involved in the
pathogenesis of Ang ll-induced vascular dysfunction and inflammatory response, (2) the
detrimental effects of Ang Il on vascular function and tissue morphology are mediated
via the AT, receptor, and (3) COX does not play a central role in the pathogenesis of

Ang ll-induced inflammation and vascular injury.



1. INTRODUCTION

Hypertension is one of the most important risk factors for arteriosclerosis, myocardial
infarction, stroke, and renal failure (Collins et al., 1990; MacMahon et al., 1990; Perry et
al., 1995). Approximately 24% of the population in industrialized countries and more
than half the population aged over 65 years suffers from hypertension (Ruoff, 1998).
Despite the enormous amount of work carried out in past decades to explore the
mechanisms involved in the pathogenesis of hypertension, the cause of high blood

pressure in 95% of the patients remains unknown.

Some epidemiological evidence exists that hypertensive patients with activated RAS
have a higher risk for myocardial infarction than other forms of hypertension (Alderman
et al., 1991; Meade et al., 1993; Alderman, 1995; Laragh, 1995). Furthermore, treatment
of hypertensive patients with angiotensin-converting enzyme (ACE) inhibitors and Ang Il
type | (AT;) receptor antagonists reduces the incidence of myocardial infarctions and
mortality (Yusuf et al., 1992; Pitt, 1994; Timmermans & Smith, 1996; Gavras, 1997),
indicating the central role of RAS in the pathogenesis of hypertension and in its

complications.

Historically, Ang Il, the key effector of RAS, was considered to be a circulating hormone
that regulates blood pressure, aldosterone secretion, and salt reabsorption. At the
present, it is generally accepted that Ang Il is also formed locally in several tissues, such
as vascular wall, heart, kidney, and brain (for review, see Bader et al., 2001). Ang Il
regulates cellular growth, proliferation, and inflammatory responses. The production of
Ang Il within the arterial wall is also important in the regulation of arterial tone. The
presence of an inflammatory response in the arterial wall has been described in different
vascular diseases, including hypertension and atherosclerosis (Ross, 1999), and in

hypertensive end-organ damage (Mervaala et al., 1999b).

Non-insulin-dependent diabetes mellitus (NIDDM, type Il DM) is also a prevalent disease
in the western world, commonly accompanied by hypertension, dyslipidemia, and
vascular complications (Grundy et al., 1999). About 80% of the patients with NIDDM are

hypertensive at the time of diagnosis (Grundy et al., 1999). Most diabetic patients die
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from macrovascular complications. The mechanisms of the pathogenesis of diabetic
vascular disease, however, still remain unclear (for review, see Semenkovich &
Heinecke, 1997). Recent clinical studies have revealed that both ACE inhibitors and AT,
receptor antagonists prevent the development of diabetic complications, indicating the
importance of RAS in the pathogenesis (Mogyorosi & Sonkodi, 1999; Brenner et al.,
2001).

The present study was designed to explore the underlying mechanisms of Ang II-
induced vascular dysfunction and inflammation in three animal models: double
transgenic rats harboring human renin and human angiotensinogen genes (dTGRs),
mouse transgenic rats harboring the mouse renin-2 gene (MREN2 rats), and
spontaneously diabetic Goto-Kakizaki (GK) rats. Prolonged treatment with AT, receptor
antagonists, or selective and non-selective COX inhibitors or both was used to clarify the

pathophysiological role of Ang Il and COX isoenzymes.
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2. REVIEW OF THE LITERATURE

2.1. Renin-angiotensin system (RAS)

In past decades, RAS has been extensively studied as an important mediator of
hypertension and hypertensive cardiac and renal damage. Originally, RAS was regarded
as a circulating hormone system. Recent studies, however, have demonstrated the
existence of local RAS in many tissues including the brain, kidney, adrenal cortex, heart,
and blood vessel wall (for review, see Bader et al., 2001). Here, RAS acts through
paracrine-autocrine mechanisms (Rothermund & Paul, 1998). Tissue RAS is activated in
pathophysiological situations, and local synthesis of Ang Il appears to contribute to
altered tissue function and morphology (Hirsch et al., 1990). According to the original
view, when the kidneys sense diminished effective arterial blood flow, renin is released
from the macula densa of the juxtaglomerular apparatus. Once in the circulation, renin
catalyzes the conversion of angiotensinogen which is synthesized in the liver, to
angiotensin | (Ang I). Ang | is further converted to octapeptide Ang Il, a key effector of
RAS, by angiotensin-converting enzyme (ACE). ACE is primarily an endothelial-bound
enzyme with particularly high concentrations in the lung (for review, see Bader et al.,
2001).

Non-ACE pathways have been suggested as catalyzing the production of Ang Il within
tissues, including cathepsin G, chymostatin-sensitive angiotensin ll-generating enzyme
(CAGE), chymase, tonin, and tissue plasminogen activator (t-PA) (Dzau, 1988; Dzau et
al., 1993; Gibbons, 1993; Gibbons & Dzau, 1994). Non-ACE pathways are functionally
important in human blood vessels, as recently demonstrated in large and small
resistance arteries from healthy human volunteers (Padmanabhan et al., 1999). In
humans, at least 40% of total Ang Il is formed by non-ACE pathways (for review, see
Hollenberg et al., 1998), suggesting that full suppression of the RAS cannot be achieved
by ACE inhibition alone (Petrie et al., 2001). However, in rats, ACE seems to be the

most important enzyme for Ang Il formation (Okunishi et al., 1993) (Figure 1).
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Angiotensinogen

Renin —» * o
Angiotensin | <« :_(lfj;f;:psm G
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* Chymase
Angiotensin |l <«

ACE = angiotensin-converting enzyme
CAGE = chymostatin-sensitive angiotensin ll-generating enzyme
t-PA  =tissue plasminogen activaton

Figure 1. Angiotensin Il formation.

Ang 1l exerts its effects via binding to specific receptors on the cell surface. Ang Il
receptors of the cardiovascular system are divided into two main subtypes: Ang Il type 1
(AT,) and 2 (AT,) receptors, which are specifically blocked by AT; receptor antagonists,
e.g., losartan and valsartan (for review, see de Gasparo et al., 2000). In rodents, AT;
receptors are further divided into two subtypes, AT, and ATy, (Kakar et al., 1992). The
AT, receptor is a G-protein-coupled receptor. The molecular and cellular actions of Ang
Il in cardiovascular and renal tissues are almost exclusively mediated by AT; receptors
(Kim & lwao, 2000). AT, is also a G-protein-coupled receptor (Hayashida et al., 1996).
Unlike AT, receptors, the role of the AT, receptor in cardiovascular and renal tissues is
inconsistent and remains to be defined. Recent studies have suggested that the AT,
receptor may play a counterregulatory role against the actions of Ang Il mediated via the
AT, receptor (Horiuchi et al., 1999; Siragy et al., 1999). Recently, the AT, receptor also

has been identified (for review, see de Gasparo et al., 2000).

The mechanism of RAS-induced hypertension has generally been attributed to the direct

vasoconstrictor effects of Ang Il and the mineralocorticoid effects of aldosterone. Ang Il
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enhances sodium reabsorption and water retention through stimulation of aldosterone
release from the adrenal gland. Ang Il can also elevate blood pressure by augmenting
noradrenaline release from sympathetic nerve endings in the vasculature (Sealey &
Laragh, 1990), by increasing secretion of potent vasoconstrictor ET-1 and antidiuretic
hormone vasopressin, and by reducing baroreceptor activity in the vascular smooth
muscle, by enhancing of the Ca?" sensitivity of the contractile apparatus of the smooth
muscle. Ang Il is also the most potent dipsogen (Sealey & Laragh, 1990), which could

induce an increase in blood volume.

Although the effectiveness of ACE inhibitors and AT, receptor antagonists in reducing
blood pressure in experimental models and among hypertensive patients strongly
suggests that RAS plays an important role in the pathogenesis of essential hypertension
(Timmermans & Smith, 1996; Gavras, 1997), the mechanisms in the development and
maintenance of hypertension are still incompletely understood. Increased plasma RAS
activity is not a consistent feature in hypertensive rats and patients (Paran et al., 1995).
On the other hand, arterial wall ACE activity has been reported in rats to correlate
positively with blood pressure (Nakata et al., 1987; Cockcroft et al., 1994), and elevated
tissue levels of Ang Il have been described in pathological conditions. The studies have
demonstrated that local RAS is of importance in the pathogenesis of many diseases,
including hypertension, other cardiovascular diseases, and kidney diseases,

independent of the presence of hypertension (Egido, 1996).

It is important that Ang Il is not only a vasoactive hormone which regulates blood
pressure and electrolyte homeostasis by hemodynamic effects, but it is also a growth
factor and immunomodulator influencing cell proliferation/apoptosis and fibrosis and
participating in inflammatory responses in a non-hemodynamic manner (for review, see
Wolf, 1998; Luft, 2001; Ruiz-Ortega et al., 2001b). Evidence is accumulating that non-
hemodynamic effects of Ang Il are essential in hypertensive end-organ damages (for
review, see Wolf, 1998; Luft, 2001; Ruiz-Ortega et al., 2001b).

Ang 1l is metabolized enzymatically (aminopeptidase A and N) to Ang Il and Ang IV.
Ang IlI stimulates the release of aldosterone secretion. In addition, Ang Il is also
involved in the feeling of thirst via AT1- and AT,- receptor stimulation. Ang IV has distinct

actions, probably via AT, including release of plasminogen activator inhibitor-1 from the
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endothelium (Kerins et al., 1995; Mehta et al., 2002). In addition, Ang (1-7) is generated
from Ang Il and Ang I. The biological functions of Ang Ill, Ang IV, and Ang (1-7) seem to
be less important than those of Ang Il (Riordan, 1995; Wright et al., 1995; Ardaillou,
1997).

In summary, RAS plays an important role in the regulation of blood pressure. It appears
that non-hemodynamic effects of locally formed Ang Il are even more important than
circulating Ang Il in the pathogenesis of hypertension and other cardiovascular and renal

diseases, yet the underlying mechanisms are still incompletely understood.

2.1.1. RAS in the kidney

Local renal RAS

The RAS is highly active locally in the kidney. In addition to the classical pathway, in the
kidney Ang 1l is also formed locally (Erdos, 1990). Ang Il is formed from systemically
delivered angiotensinogen and Ang | as well as from locally formed angiotensinogen and
Ang I. Angiotensinogen and its mRNA are localized in the proximal tubular cells (Gomez
et al., 1990; Ingelfinger et al., 1990; Darby & Sernia, 1995), whereas ACE is found in
endothelial cells of the renal vasculature and in proximal tubular brush-border
membranes (Schulz et al., 1988). AT; receptors are present on the luminal and
basolateral membranes of tubules and in the blood vessels (Allen et al., 1999). In
various rat models of hypertension, including two-kidney/one-clip, Ang Il infusion,
MRENZ2 rat, and dTGR, total intrarenal Ang Il concentration has been found to be much
higher than circulating Ang Il levels (Mullins et al., 1990; Lippoldt et al., 1996).

Effects of Ang Il on the kidney

Ang 1l plays an important part in regulation of electrolyte homeostasis and fluid balance.
It increases salt reabsorption both in proximal and distal tubules by increased secretion
of aldosterone, and it regulates the glomerular filtration rate by the constriction of

efferent arterioles, together with prostaglandin-induced vasodilation of the afferent
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arterioles (for review, see Dzau et al., 2001). Ang Il likely plays a primary role in
progressive deterioration of renal function in patients with hypertension, diabetes, or
primary renal diseases (for review, see Weir & Dzau, 1999). Abnormalities of the
systemic blood pressure, and glomerular hemodynamics influenced by Ang Il involve a
number of these processes and thereby influence the rate of progression of renal
disease (Anderson et al., 1986; Zatz et al., 1986; Norman et al., 1987; Nakamura et al.,
1995).

The accumulation of extracellular matrix (e.g., collagen IV, collagen 1, laminin,
fibronectin) in the mesangial region and collapse of the glomerular capillary are critical
factors in progressive renal dysfunction (lkoma et al., 1991; Riser et al., 1992; Arai et al.,
1995). Ang Il not only upregulates extracellular matrix production, but it also inhibits its
degradation (Norman et al., 1987; Arai et al., 1995; Nakamura et al., 1995). In addition,
Ang ll-induced renal perivascular and peritubular inflammatory cell infiltration by blood
pressure-independent mechanisms plays an important role in Ang ll-induced glomerular

injury and glomerulosclerosis (Kim & Iwao, 2000).

Taken together, It appears that besides the regulation of blood pressure, electrolyte
homeostasis, and fluid balance, renal Ang llI-induced accumulation of extracellular matrix
as well as the inflammatory response both also play a critical role in hypertensive

glomerular injury and glomerulosclerosis.

2.1.2. RAS in the heart

Local cardiac RAS

All components of the RAS are expressed in the heart (for review, see Bader et al.,
2001). Renin and its MRNA are present in atria, ventricles, and isolated cardiomyocytes
of various species including humans, but the levels are very low (Dzau et al., 19873;
Paul et al., 1988; Endo-Mochizuki et al., 1995; Zhang et al., 1995). A recent study has
suggested that circulating renin and prorenin are efficiently taken up by the cardiac
circulation and may be the major source of Ang I-generating activity (van Kesteren et al.,

1997; Muller et al., 1998). Angiotensinogen is expressed in all parts of the heart and in
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cultured cardiac myocytes and fibroblasts (Campbell & Habener, 1986; Dzau et al.,
1987b; Hellmann et al., 1988; Lindpaintner et al., 1990; Dostal et al., 1992; Sawa et al.,
1992; Sadoshima et al., 1993). ACE is produced in cardiac tissue and is mainly localized
in fibroblasts and in the endothelium (Hirsch et al., 1990; Katwa et al., 1995). In the
human heart, chymase may also convert Ang | to Ang Il (Urata et al., 1990). AT, and
AT,, are about equally expressed in the heart and in isolated cardiomyocytes (Regitz-
Zagrosek et al., 1995; Booz & Baker, 1996; Rogg et al., 1996). Cardiac fibroblasts
express only AT; receptors under normal conditions (Crabos et al., 1994; Matsubara et
al., 1994), but their number is increased in such conditions as heart failure ( Haywood et
al., 1997; Ohkubo et al., 1997).

Effects of Ang Il on the heart

The role of the cardiac RAS differs from that of the renal RAS, which requires Ang Il for
normal kidney development (Esther et al.,, 1996). Ang Il is not required for the
development or the maintenance of normal cardiac function (Holubarsch et al., 1993).
The highly important pathogenetic effect of Ang Il on cardiomyocytes is a hypertrophic
effect (for review, see Bader et al., 2001). Ang Il can also induce hyperplasia of cardiac
fibroblasts, which thus can develop into cardiac fibrosis (Weber & Brilla, 1991). An intact
cardiac RAS appears to be a requirement for local proliferation of fibroblasts and the
consequent development of fibrosis (Matsusaka et al., 1999). Another important
pathogenetic effect of Ang Il on cardiomyocytes is inotropic actions on the heart (Fukuta
et al., 1996). The inotropic effects of Ang Il are apparently mediated by its influence on
calcium homeostasis and transmembrance conductance. Ang Il also has been shown to

induce apoptosis of cardiac myocytes (Leri et al., 1998).

Taken together, it seems that despite the fact that intact RAS exists in the heart, Ang Il
is not necessary for the maintenance of normal cardiac function; however, increased
generation of cardiac Ang Il plays an important role in the development of cardiac

hypertrophy.

17



2.1.3. RAS in the vasculature

Local vascular RAS

The existence of renin, Ang Il, ACE, and Ang Il receptors in blood vessels has been well
documented. Renin mRNA exists in the endothelial and smooth muscle cells, and renin
can be locally synthesized in the vessel wall (Samani et al., 1987) and in cultured
smooth muscle cells (Re et al., 1982). In addition, renin can be taken up directly from the
circulating blood into the vessel wall (Loudon et al., 1983). Northern blot and in situ
hybridization studies have shown that angiotensinogen mRNA exists in the arteries
(Campbell & Habener, 1987; Cassis et al., 1988; Naftilan et al., 1991). ACE exists in
vascular endothelial cells and vascular smooth muscle cells (VSMCs), and also exists in
inflammatory cells (for review, see Dzau et al., 2001). Increased vascular ACE activity
appears to be responsible for the increased vasoconstrictor response to Ang | infusion
(Okamura et al., 1986). Ang Il receptors are present in the medial VSMCs as well as in
endothelial cells. In the adult rat, the AT, receptor isoform is mainly expressed, while in
fetal rats, the AT, isoform is the predominant receptor (Viswanathan et al., 1991). AT2
receptors may serve an important role during stages of rapid growth of the artery, and

also have a significant function in the adult vasculature (Viswanathan et al., 1991).

Effects of Ang Il on the artery

Ang 1l has several effects on the vascular system (Figure 2). Its main is mediated
through its binding to AT, receptors. One of the important effects of Ang Il is its induction
of vasoconstriction by stimulating phospholipase C and adrenergic nerves directly or
indirectly, resulting in elevation of intracellular [Ca®*"] (for review, see Palatini, 2001),

thus increasing systemic and renal blood pressure and impairing vascular function.

Ang Il induces vascular remodeling including growth, apoptosis, inflammation, and
fibrosis (for review, see Intengan & Schiffrin, 2001), mainly by increasing activation of
protein kinase C (Smith & Timmermans, 1994; Timmermans & Smith, 1994; Brasier et
al., 2000; Muller et al., 2001c). Ang Il increases the expression of several growth factors,

e.g., fibroblast growth factor, transforming growth factor -1, platelet-derived growth
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factor, and insulin-like growth factor in the vascular wall, thus resulting in hypertrophy
and fibrosis (Dzau, 1988; Daemen et al., 1991; Gibbons, 1993; Gibbons & Dzau, 1994,
Noble & Border, 1997). Ang ll-induced VSMC growth has been seen in human vascular
diseases and experimentally in rats (Dzau, 1988; Geisterfer et al., 1988; Daemen et al.,
1991; Gibbons, 1993; Gibbons & Dzau, 1994).

Dysfunction Inflammation Apoptosis
T Angiotgnsin I —

Growth Thrombosis Fibrosis

Figure 2. Effects of angiotensin Il on an artery.

Ang Il induces vascular inflammatory responses by activating macrophages and
increasing their ability to attach to and invade into the vascular cells (Pratt, 1996). It is
also a potential trigger of apoptosis (Yamada et al., 1996; Tea et al., 2000). Ang I
induces thrombosis by increasing platelet aggregation, stimulating plasminogen activator
inhibitor-1, and promoting endothelial dysfunction and oxidative stress of blood vessels
(Dzau et al., 1991; Griendling et al., 1993; Feener et al., 1995; Vaughan et al., 1995). All
these Ang ll-induced vascular injurious effects can be explained as being closely related

to hypertensive end-organ damage.

Taken together, Ang llI-induced vasoconstriction plays a primary role in hypertension and
vascular dysfunction. In addition, Ang Il also induces vascular injuries, including vascular
hypertrophy, apoptosis, inflammation, and fibrosis, which appear to be closely related to

hypertensive end-organ damage.
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2.2. Arterial tone

Arterial tone, one of the most important regulators of blood pressure in response to
changes in transmural pressure (Meininger & Davis, 1992; Karibe et al., 1997), is
determined by both the endothelium and the smooth muscle. Human essential
hypertension and animal models of hypertension are characterized by increased
peripheral resistance (Shepherd, 1990). Since peripheral resistance can increase as a
result of either enhanced contractility or impaired relaxation of resistance arteries,
functional changes in arterial smooth muscle and endothelium are important in the
pathogenesis of hypertension and its complications (Luscher & Vanhoutte, 1986;
Moncada et al., 1991; Cohen & Vanhoutte, 1995; Kahonen et al., 1996; Harrison, 1997;
Kojda & Harrison, 1999; Mcintyre et al., 1999).

The endothelium regulates vasomotor tone, local homeostasis, and proliferation
processes by releasing vasodilator substances (e.g., nitric oxide, prostacyclin, or
endothelium-derived hyperpolarizing factor) and vasoconstrictor substances (e.g.,

angiotensin Il, endothelin-1, prostaglandin F», prostaglandin H, thromboxane A,, or free

radicals) (Figure 3) in response to physiological or pathophysiological stimuli (Luscher &
Vanhoutte, 1986; Moncada et al., 1991; Cohen & Vanhoutte, 1995; Kahonen et al.,
1996; Harrison, 1997; Kojda & Harrison, 1999; Mclntyre et al., 1999).

Endothelial dysfunction has been associated with several cardiovascular diseases or
risk factors including hypertension, hypercholesterolemia, smoking, and congestive
heart failure (Kojda & Harrison, 1999). Maintaining endothelial integrity is critical for the
preservation of blood flow and the prevention of thrombosis. An imbalance between
endothelium-derived constricting and relaxing factors contributes to increased peripheral
resistance, as well as to hypertension-related end-organ damage. Endothelial
dysfunction in hypertension may be due to impaired NO synthesis and/or inactivation of
endothelium-derived NO by reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide, and peroxynitrite (Harrison, 1997; Kojda & Harrison, 1999; Mcintyre
et al., 1999). Recent studies support the notion that the balance between nitric oxide and

superoxide may be even more important than the absolute levels of either alone
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REVIEW OF THE LITERATURE

Physiological and pathological stimuli

Ang | Ang Il AA PGH,

TXA,
PGF,,

ENDOTHELIUM

Eil'-l Big-ET-1

K* channels

SMOOTH MUSCLE

Ang | =angiotensin | GC = guanylate cyclase

Ang Il = angiotensin Il IP = prostaglandin I, receptor
AT1 = angiotensin Il type | receptor 1P3 = inositol triphosphate
ATP = adenosine triphosphate L-Arg = L-arginine

cAMP = cyclic adenosine 3',5'-monophosphate NO = nitric oxide

cGMP = cyclic guanosine 3',5’-monophosphate NOS = nitric oxide synthase
COX = cyclooxygenase Oy = superoxide

ECE = endothelin-converting enzyme PC = phospholipase C

EDHF = endothelium-derived hyperpolarizing factor PG = prostaglandin

ET = endothelin PGl, = prostacyclin

ETa = endothelin-1 receptor A PI = phosphoinositol

FP = prostaglandin Fq receptor TP = thromboxane A,-prostaglandin H; receptor

TXA;  =thromboxane A;

Figure 3. Endothelium-derived vasodilatory factors and contractile factors
(Luscher & Vanhoutte, 1986; Moncada et al., 1991; Cohen & Vanhoultte,
1995; Kahonen et al.,, 1996; Harrison, 1997; Kojda & Harrison, 1999;
Mclintyre et al., 1999).
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(MclIntyre et al., 1999). The other vasodilator products are probably of less importance
than NO.

2.2.1. Vascular contractile responses
2.2.1.1. Angiotensin Il

The vascular contractile response to Ang Il is mediated via AT; receptors. The
stimulation of AT; receptors in VSMCs leads to the activation of phospholipase A;, C,
and D, activation of voltage-dependent Ca?* channels, inhibition of adenylate cyclase,
and subsequently to an increase in intracellular [Ca®'] (de Gasparo et al., 1995; Orlov et
al.,, 1993; Timmermans et al, 1993). Ang Il induces VSMC contraction also by
stimulating the sympathetic nervous system centrally and peripherally through activation
of the presynaptic AT, receptors (Palatini, 2001). In addition, because Ang Il is a
powerful stimulator of the potent vasoconstrictor endothelin-1 (ET-1) formation in
VSMCs and endothelial cells (Imai et al., 1992; Crawford et al., 1994; Sung et al., 1994),

it can further increase vascular contractile response to Ang ll.

2.2.1.2. Endothelin-1

Endothelins (ETs), including ET-1, ET-2, and ET-3, are peptides that possess
characteristically sustained vasoconstrictor properties (for review, see Schiffrin, 2001).
The predominant member of the ET family appears to be ET-1. ET-1 is a peptide
containing 21 amino acids; it is synthesized from larger precursor, preproendothelin, via
the formation of proendothelin, which is cleaved to big endothelin and then catalyzed by
endothelin-converting enzyme, and then further converted to an active peptide (for
review, see Schiffrin, 2001). Ang Il is a powerful stimulator of endothelin-1 (ET-1)
formation in VSMCs and endothelial cells (Imai et al., 1992; Crawford et al., 1994; Sung
et al., 1994). Moreover, production and release of ET-1 also occurs in response to many
other stimuli, including adrenaline, cytokines, free radical, and physical factors such as
stretch, hypoxia, and low shear stress (Kuchan & Frangos, 1993; Luscher & Noll, 1995;
Haynes & Webb, 1998; Rothermund & Paul, 1998). Eighty percent of ET-1 is secreted
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on the basal side of endothelial cells, resulting in concentrations within the vascular wall
100-fold more than the levels in plasma (Wagner et al., 1992). ET-1 is one of the most
active pressor substances discovered (for review, see Masaki, 1995). The role of ET-1 in
the regulation of blood pressure in Ang ll-induced hypertension is still unclear (Li et al.,
1996; d'Uscio et al., 1997; Rajagopalan et al., 1997; Hocher et al., 1999; Andreis et al.,
2000). However, clinically, the fact that the endothelin receptor antagonist bosentan
significantly lowers blood pressure in patients with essential hypertension suggests that
endothelin may contribute to elevated blood pressure in such patients (Krum et al.,
1998). Endothelin antagonists even provide a therapeutic approach beyond mere blood
pressure lowering in hypertensive animals with cardiovascular diseases (for review, see
Schiffrin, 2001).

The vascular effects of ET-1 are mediated through two G-protein receptor subtypes,
namely ETa and ETg. The ETa receptor has a high affinity for ET-1, is present in smooth
muscle cells and cardiomyocytes, and predominantly mediates contraction (Rothermund
& Paul, 1998). Activation of ETa receptors on VSMCs increases intracellular calcium
levels by activation of phospholipase C, leading to prolonged vasoconstriction. The ETg
receptor is equally sensitive to the three ET isoforms, and is present both in the
endothelial cells, where it induces the release of NO, PGI,, and perhaps other
vasodilators—resulting in vasodilatation, and in VSMCs, where it mediates
vasoconstriction (Clozel et al., 1992; Luscher et al., 1993a; Masaki, 1998). The majority

of endothelin receptors are of the ET, subtype and are localized in the VSMCs.

Besides its direct vasocontractiie properties, ET-1 can also potentiate the
vasocontractile response to other vasoconstrictors such as NA, and it may also provoke
the release of free radicals and COX-derived vasoconstrictor factors (Luscher et al.,
1993b; De Artinano & Gonzalez, 1999). In addition, ET-1 also has inotropic, trophic, and
mitogenic properties, influences the homeostasis of salt and water, alters central and
peripheral sympathetic activity, and stimulates the RAS and the sympathetic nervous
system (Yamamoto et al., 1992; Haynes & Webb, 1998; Moreau, 1998).

In short, ET-1 appears to be a predominant member of the ET family, and it has a potent
direct or indirect vasoconstrictive property via the ETa receptor in VSMCs. Ang Il is a

powerful stimulator of ET-1 formation in the vascular wall.
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2.2.1.3. Noradrenaline

Noradrenaline (NA) is often used as a preconstricting agent in the study of endothelial-
dependent and -independent vascular relaxation responses. NA induces smooth muscle
cell contraction by stimulating a;-adrenoceptors, which causes a rapid calcium release
from the sarcoplasmic reticulum and prevents calcium reuptake. NA also depolarizes the
arterial smooth muscle cells and consequently activates voltage-operated Ca?*channels
in the plasma membrane of the smooth muscle, leading to an increased influx of Ca*
(Nelson et al., 1990). The sustained contractions result from calcium influx through the

receptor-operated calcium channels (Johns et al., 1987; Karaki & Weiss, 1988).

2.2.1.4. Potassium chloride

Any increase in extracellular potassium chloride (KCI) causes vascular contraction
mainly by inhibition of Na*, K*-ATPase, leading to sodium leakage to the smooth muscle
cells, which in turn causes membrane depolarization with influx of Ca®* via the voltage-
dependent Ca®* channels (Mulvany, 1985; Karaki & Weiss, 1988). Thus the inconsistent
arterial contraction in response to KCI in different forms in experimental hypertension
(Bohr & Webb, 1984) may reflect the functional changes in Na’, K'-ATPase.
Furthermore, VSMC depolarization liberates endogenous noradrenaline from vascular
sympathetic nerve endings, which also participates in the contractile response (Fouda et
al., 1991).

2.2.2. Vascular relaxation responses
2.2.2.1. Endothelium-dependent vascular relaxation

Acetylcholine (ACh) is the endogenous neurotransmitter at cholinergic synapses and
neuroeffector junctions in the central and peripheral nervous system. Its actions are
mediated through nicotinic and muscarinic cholinergic receptors, which transduce
signals via distinct mechanisms. Acetylcholine dilates vascular beds by stimulation of

muscarinic receptors, primarily of the M3z subtype (Bruning et al., 1994; Caulfield &
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Birdsall, 1998), despite the lack of apparent cholinergic innervation of most arteries. The
muscarinic receptors responsible for relaxation are located on the endothelial cells of the
vasculature. When these receptors are stimulated, the endothelial cells release several
endothelium-derived factors, the most prominent of these being NO, prostacyclin (PGI,),
and the endothelium-derived hyperpolarizing factor (EDHF) (Busse R & Fleming I,
1993).

Nitric oxide

In 1980, Furchgott and Zawadzki first reported the endothelium-derived relaxing factor.
Later, endothelium-derived relaxing factor was recognized as NO (Ignarro et al., 1987;
Palmer et al.,, 1987). NO is a small, gaseous, easily diffusible, biologically extremely
active compound which plays a critical role in control of vascular tone. A normal
endothelium constantly releases small amounts of NO. Extra NO is released in response
to physiological stimuli such as increased shear stress and oxidative stress, and to
substances such as ACh, bradykinin, histamine, thrombin, ADP, ATP, and the

substance P.

NO is constantly synthesized from the endothelial cells by NO synthases (NOS) in
response to ACh via muscarinic-receptor stimulation (for review, see Stuehr, 1999).
Three isoforms of NOS have been isolated: constitutive NOS, which includes endothelial
NOS (eNOS, also called NOS IIl) and neuronal NOS (nNOS, also called NOS 1), and
inducible NOS (iNOS, called NOS 11). eNOS plays a central role in the regulation of
blood pressure (Ohashi et al., 1998). NO is mainly synthesized from L-arginine by
eNOS, which is competitively inhibited by L-arginine analogues such as N®-nitro-L-
arginine methyl ester (L-NAME) (for review, see Hobbs et al., 1999). However, in the
absence of the substrate L-arginine or the cofactor tetrahydrobiopterin, eNOS and iNOS
may produce O, instead of NO and thereby directly contribute to oxidative stress

(Vasquez-Vivar et al., 1998; Xia et al., 1998; Vasquez-Vivar & Kalyanaraman, 2000).

NO is unstable but can form more stable nitrosothiols, particularly with a cysteine
residue in globin; this allows red cells to perform in the same way as endothelial cells.

NO is inactivated by combination with the heme of hemoglobin or by oxidation to nitrite
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and nitrate, which are excreted in the urine. Under oxidative stress, NO rapidly reacts
with O, to produce the toxic peroxynitrite anion (ONOQO") and other reactive nitrogen
species. The reaction between NO and O, occurs more rapidly than does Oy
neutralization by superoxide dismutase (SOD) (Pryor & Squadrito, 1995). NO relaxes
vascular smooth muscle by activation of guanylate cyclase, which leads to the increased
production of cyclic guanosine 3',5-monophosphate (cGMP), and further reduces
concentration of intracellular calcium. In vivo, NO is destroyed mainly by superoxide

anion, and extremely reactive peroxynitrite is formed (for review, see Stuehr, 1999).

In summary, NO plays a critical role in the regulation of vascular tone. Endothelial
dysfunction in hypertension is mainly due to impaired NO synthesis and/or inactivation of
endothelium-derived NO by ROS. It appears that the balance between nitric oxide and

superoxide is even more important than the absolute levels of either alone.

Prostacyclin and other prostanoids

Prostacyclin (PGl,), the major vasodilatory prostanoid produced in endothelial cells, is
released in response to shear stress, hypoxia, or to substances that stimulate NO
formation (Gryglewski, 1995; Luscher & Noll, 1995). Prostacyclin relaxes vascular
smooth muscle by activation of adenylate cyclase, and thus leads to increased
production of cyclic adenosine monophosphate (cAMP). Prostacyclin is synthesized
from arachidonic acid by COX Recently, it has been argued that in endothelium COX-2
is mainly responsible for prostacyclin production (Kosonen et al., 1998; FitzGerald &
Patrono, 2001). The synthesis of PGl; is inhibited by non-steroidal anti-inflammatory
drugs (Smith & Willis, 1971; Vane, 1971; Hawkey, 2001).

In addition to the vasodilatory prostanoids, endothelial cells also produce
vasoconstrictive prostanoids such as prostaglandin Fpq (PGFyq), prostaglandin H;
(PGHy), or thromboxane A, (TXAz) (Matrougui et al., 1997; Kagota et al., 1999; Zhou et
al., 1999). It has been proposed that in hypertensive rat endothelium, the production of a
lipoxygenase can inhibit the conversion of vasoconstrictor PGH, to PGI,, resulting in the
accumulation of vasoconstrictor PGH, (Cohen, 1995). Hypertension therefore seems

also to be associated with an imbalance in the endothelial production of COX-derived
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vasodilators and vasoconstrictors in favor of vasoconstriction. Interestingly, in contrast to
the inhibition of NO synthase, the blockade of COX by non-steroidal anti-inflammatory
drugs did not lower but even increased systolic blood pressure (Busse R & Fleming I,
1993; Muscara et al., 2000). Therefore, contractile prostanoids synthesized by COX do

not appear to participate in the development of hypertension (Taddei et al., 1997).

Taken together, It appears that hypertension involves an imbalance in the endothelial

production of vasodilatory and contractile prostanoids in favor of contractile prostanoids.

Endothelium-derived hyperpolarizing factor (EDHF)

The endothelium-mediated relaxation that remains resistant to NOS and COX inhibition
is thought to be mediated by EDHF (Cohen & Vanhoutte, 1995). The nature of EDHF
remains, however, unclear. It may be a cytochrome P450-derived arachidonic acid
epoxide, e.g., 11,12 EET (Fisslthaler et al., 1999). Current data support the concept that
the vascular relaxation elicited by EDHF is mediated by the opening of Ca®*-regulated
K" channels in the VSMCs (for review, see Feletou & Vanhoutte, 1999). The action of
EDHF can be inhibited by the K*-channel blocker tetraethylammonium (TEA) or by a
family of venom-derived peptides such as charybdotoxin and iberiotoxin, or by
depolarization of the smooth muscle cell membrane with high potassium concentrations
(Adeagbo & Triggle, 1993).

NO has been shown to inhibit both the production and action of EDHF (Bauersachs et
al., 1996; McCulloch et al., 1997). In physiological conditions, the contribution of EDHF
to endothelium-dependent vasodilation is difficult to assess; EDHF-mediated dilatation
can be observed only after inhibition of NO synthase (Bauersachs et al., 1996).
Therefore, in the presence of impaired NO availability, a hyperpolarizing factor seems to
act as a compensatory pathway to sustain endothelium-dependent relaxation (for

review, see Taddei et al., 2001).

2.2.2.2. Endothelium-independent vascular relaxation
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NO donors, e.g., nitroglycerin, sodium nitroprusside (SNP), S-nitroso-N-acetyl-D,L-
penicillamine (SNAP), 3-morpholinosydnonimine (SIN-1), mesoionic 3-aryl substituted
oxatriazole-5-imine derivatives (GEA compounds), share a common feature in producing
NO-related activity when applied to biological systems. They mimic an endogenous NO
response by generating NO or related N-oxide species in a controlled manner and thus
offer a useful tool for pharmacological studies related to NO (for review, see Feelisch,
1998). Clinically, NO donors are used in hypertensive emergencies and angina. They
induce vascular smooth muscle relaxation by stimulating soluble guanylate cyclase to
produce cGMP in the smooth muscle cells—even when endothelium is absent—or in the
presence of L-NAME, an eNOS inhibitor. NO donors also show the capacity to
hyperpolarize vascular smooth muscle of the guinea pig or rat (Tare et al., 1990).
Endothelium-independent relaxation by SNP is used to reflect the sensitivity of vascular

smooth muscle to exogenous NO.

2.2.3. Arterial tone in angiotensin ll-induced hypertension

In Ang ll-induced hypertension, impaired endothelial function is a major change in
vascular tone (Harrison, 1997). Ang ll-induced endothelial dysfunction has been shown
to be primarily related to increased superoxide formation within the endothelium, the
media, and/or adventitial layer (Harrison, 1997; Kojda & Harrison, 1999; Mclintyre et al.,
1999). Impaired endothelium-dependent vascular relaxation in Ang ll-induced
hypertension has been partially improved by preincubation with SOD (Rajagopalan et
al., 1996; Wattanapitayakul et al., 2000). Reaction between NO and superoxide (O),
resulting in highly active peroxynitrate (OONQ") anions, may be one of the major causes

of impaired endothelium-dependent relaxation in Ang ll-induced hypertension.

Endothelium (Suzuki et al., 1995; White et al., 1996; Swei et al., 1997) and the smooth
muscle cells (Rajagopalan et al., 1996) are the predominant sources of vascular Oy
production in several disease states. The serum level of 8-isoprostaglandin F5,, a potent
vasoconstrictor and antinatriuretic arachidonic acid metabolite, provides the index of
oxidative stress in vivo (for review, see Romero & Reckelhoff, 1999). The O, formation
induced by Ang Il is mainly mediated by NADPH oxidase (Laursen et al., 1997; Di Wang
et al., 1999). Ang Il induces the components of NADPH oxidase at mRNA level. Ang I
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stimulates superoxide generation by enhancing the activity of the NADPH oxidase in

vitro (Griendling et al., 1994) and in vivo (Rajagopalan et al., 1996).

Besides NADPH oxidase, uncoupled NOS is also involved in Ang ll-induced oxidative
stress. It is clear that in both eNOS and nNOS, in the absence of the substrate L-
arginine or the cofactor tetrahydrobiopterin, heme reduction in the enzyme uncouples
NOS, thereby producing O,  rather than NO (Vasquez-Vivar et al., 1998; Xia et al.,
1998). In atherosclerosis (Oelze et al., 2000) and diabetes (Hink et al., 2001), increased
oxidative stress and endothelial dysfunction are associated with upregulated but
dysfunctional uncoupled eNOS. NADPH oxidase-induced O, by Ang Il may trigger
eNOS uncoupling, leading to impaired NO/cGMP signaling and to endothelial
dysfunction (Mollnau et al., 2002).

ROS generated by the inflammatory cells are also able to reduce the bioactivity of
endothelium-derived NO (Mcintyre et al., 1999; Romero & Reckelhoff, 1999). Ang II-
induced vascular inflammatory response is therefore one of the explanations for Ang II-
induced endothelial dysfunction. Endothelial dysfunction is an important factor in the
relationship between inflammation and cardiovascular diseases (for review, see Blake &
Ridker, 2001).

In addition, evidence is accumulating to indicate that increased vasocontractile
prostaglandins, e.g., prostaglandin H, is involved in Ang ll-induced impaired
endothelium-dependent vascular relaxation by ACh (Didion et al., 2000). However,
whether or not impaired EDHF is involved in Ang ll-induced endothelial dysfunction
remains to be clarified. Ang Il induces endothelial dysfunction differently in different

vessels, species, and under differing experimental conditions.

Endothelium-independent relaxation by SNP in Ang ll-induced hypertension is normally
unaltered, indicating that the sensitivity of VSMCs to exogenous NO is not impaired
(Arnet et al., 1999). The vascular responses to Ang Il, ET-1, and NA in Ang llI-induced
hypertensive rats are inconsistent and depend on experimental conditions, and on the
animal model and the vascular bed studied. In general, attenuated responses to Ang Il

and ET-1 have been reported in aortic arteries of mMREN2 rats and Ang ll-infused
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hypertensive rats (d'Uscio et al., 1997; Arnet et al., 1999), suggesting downregulation of

AT, and ETx receptors expression or of their signal transduction mechanisms or of both.

It seems, therefore, that endothelial dysfunction resulting predominantly from the
reaction between NO and O, plays an important role in Ang ll-related vascular
dysfunction. The increased O, caused by Ang Il is mainly produced by NADPH oxidase
and by uncoupled eNOS. In addition, ROS generated by the inflammatory cells and
increased contractile prostaglandins are also involved. However, the contractile

responses to Ang Il, ET-1, and NA are inconsistent in Ang ll-induced hypertension.

2.3. Vascular inflammatory response

The Inflammatory process is a reaction of blood vessels leading to the accumulation of
fluid and leukocytes in extravascular tissues. It has been divided into acute and
prolonged phases. Acute inflammation is a stereotypical response to all forms of injury,
and prolonged inflammation is due to persistent stimuli such as repeated infection or
self-perpetuating immunological responses. Inflammation universally occurs in three
steps: 1) increase in vascular permeability, 2) infiltration of blood cells, 3) tissue
reconstitution and cell growth. The persistent recruitment of leukocytes is critical for the
pathogenesis of the inflammatory response, which is considered to contribute to the

vascular and tissue injury.

2.3.1. Recruitment of leukocytes

Leukocytes, e.g., granulocytes, monocytes/macrophages, and lymphocytes, are bone-
marrow-derived cells, which circulate in the blood in a low adhesive state before
migrating into tissues. Leukocytes are important in the defense against invading
microbes and participate in immune functions and wound repair. Adhesion to other cells
and to the extracellular matrix is a fundamental feature of leukocyte physiology. An
important prerequisite for an inflammatory response is the trafficking of leukocytes from

the blood to the site of inflammation, including three steps; rolling, adhesion, and
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transmigration. Many factors responsible for leukocyte adhesion and concurrent
extravasation have been characterized, e.g., cellular adhesion molecules, cytokines,

transcription factor NF-kB, and oxidative stress.

2.3.1.1. Cellular adhesion molecules

Leukocyte adhesion molecules play a critical role in facilitating migration of leukocytes
from the blood to extravascular sites of inflammation. Three major families of leukocyte
adhesion molecules exist, namely selectins, immunoglobulin superfamilies, and
integrins. Other adhesion molecules are also involved in this process, e.g., cadherins

and mucin-like molecules (Carlos & Harlan, 1994; Dianzani & Malavasi, 1995).

The migration of leukocytes into an inflammatory site involves a series of interdependent
and closely regulated adhesive interactions between leukocytes and the vascular
endothelium (Ley & Tedder, 1995). The first of these interactions is mediated
predominantly by the selectins, which are specialized in capturing free-flowing
leukocytes from the blood (Tedder et al., 1995). The integrins are expressed in
leukocytes and bind to the immunoglobulin superfamily, e.g., intercellular adhesion
molecule-1 (ICAM-1) or vascular cell adhesion molecule-1 (VCAM-1), which are located
on endothelial cells and thus mediate leukocyte firm adherence and also transduce
signals from the extracellular matrix and the cell membrane to the inside of the cell (for
review, see Springer, 1990). Leukocytes adhere tightly but reversibly to endothelium and

transmigrate through the endothelium to the sites of inflammation.

2.3.1.2. Cytokines

Cytokines are peptides released from inflammatory tissue, connective tissue, and
immune system cells; they act by autocrine and paracrine mechanisms. More than 50
cytokines have been identified. The cytokine superfamily includes interleukins,
chemokines, colony-stimulating factors, growth factors, interferons, and the transforming

growth factor (TGF) and tumor necrosis factor (TNF) families. The biologic responses to
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cytokines result from cytokine ligation on specific cytokine receptors in target cells (Rang
et al., 1999).

Cytokines are important in recruiting leukocytes to sites of inflammation. They can
activate and stimulate the generation of leukocyte adhesion molecules in endothelial
cells. The primary pro-inflammatory cytokines are TNF-a and interleukin (IL)-1, which
are released from macrophages and many other cells. IL-1 synergizes with TNF-a for
many of the latter's actions, and its synthesis is stimulated by TNF-a. In addition,
chemokine IL-8 is predominantly involved in an acute inflammatory response. The
chemokine monocyte chemoattractant protein-1 (MCP-1) is involved predominantly in

prolonged inflammatory responses (Rang et al., 1999).

2.3.1.3. Nuclear factor kappa-B

Nuclear factor kappa-B (NF-kB), a transcription factor responsible for the regulation of
inflammatory genes, resides as inactive and binds to the inhibitory protein I-kB in the
cytoplasm of T lymphocytes, monocytes, macrophages, endothelial cells, and smooth

muscle cells (Barnes & Karin, 1997).

NF-kB is a pivotal transcription factor in prolonged immune responses and inflammatory
disease (Barnes & Karin, 1997). NF-kB activation has been associated with vascular
inflammation and cell survival (Baichwal & Baeuerle, 1997). Increased NF-kB activation
is associated with vascular inflammation and cell survival (Baichwal & Baeuerle, 1997;
Muller et al., 2000c). NF-kB is activated by numerous stimuli including cytokines, protein
kinase C activators, viruses, immune stimuli, and above all, ROS. The activation of NF-
kB involves the phosphorylation and subsequent proteolytic degradation of the inhibitory
protein I-kB by specific I-kB kinases. The free NF-kB, a heterodimer consisting of 2
proteins, p50 and p65, passes into the nucleus, where it binds to kB sites in the

promoter region of numerous genes involved in inflammation.

2.3.1.4. Oxidative stress
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In addition to the modulation of vascular tone mentioned above, oxidative stress is also
related to cellular growth, hypertrophy, remodeling, lipid oxidation, and inflammation
(Alexander, 1995; Kunsch & Medford, 1999; Griendling et al., 2000a). Reactive oxygen
species (ROS) can act as intracellular signaling molecules in vascular cells controlling
growth, survival, and apoptosis (Mervaala et al., 2000b). The specific response is
dictated by the intracellular targets involved. The potential targets of ROS in endothelial
and smooth muscle cells are extracellular signal-related kinases, stress-activated protein

kinases, caspases, NF-kB, and Akt kinase.

2.3.1.5. Nitric oxide

Nitric oxide (NO) is not only a main regulator of vascular tone, but also an important
autoregulatory inhibitor of vascular inflammation (Collins, 1993; Peng et al., 1998). It is a
potent inhibitor of leukocyte adhesion to the microvascular endothelium and of
thrombocyte aggregation (Gaboury et al., 1993; Kosonen et al., 1999; Kosonen et al.,
2000). The NO released by exogenous NO donors can reduce cytokine-induced
endothelial cell activation (De Caterina et al., 1995; Khan et al., 1996), inhibit
endothelial-leukocyte interaction (Kubes et al., 1991; Gauthier et al., 1994; Tsao et al.,
1997), and attenuate vascular inflammation (Marks et al., 1995). NO inhibition of NF-kB
occurs, in part, via the induction and nuclear translocation of the NF-kB inhibitor IkB
(Spiecker et al., 1997). NO inhibits oxidative stress in the microvasculature, through its
ability to scavenge O, (Miles et al.,, 1996). However, under oxidative stress, excess
generation of NO contributes to the inflammatory response, in part by reacting with O3
to form a potent oxidant, peroxynitrite (ONOQO?)/peroxynitric acid (ONOOH) (Beckman et
al., 1990).

Endothelial-derived endogenous NO attenuates inflammatory processes (Garg &
Hassid, 1989; Radomski et al., 1990; Moncada et al., 1991). Overexpression of eNOS
attenuates smooth muscle proliferation and vascular inflammation in the injured rat
carotid artery (von der et al., 1995). In eNOS- and nNOS-deficient mice, basal leukocyte
rolling and adhesion were elevated (Lefer et al., 1999; Hickey et al., 2001), suggesting
that eNOS and nNOS has beneficial effects in ameliorating vascular inflammatory

responses.
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The precise role of INOS in the vascular inflammatory response is still poorly
understood. Mainly, INOS increases leukocyte recruitment by modulating leukocyte
function but not by regulating endothelial adhesion molecules (for review, see Hickey et
al., 2001). NO attenuates iINOS expression in macrophages, and VCAM-1 expression in

endothelial cells and inhibits monocyte adhesion to endothelial cells (Peng et al., 1998).

2.3.1.6. Prostanoids

Eicosanoids are implicated in the control of many physiological processes and are
among the most important mediators and modulators of the inflammatory reaction. The
principal eicosanoids are the prostanoids, e.g., prostaglandins and thromboxanes, and
the leukotrienes. Eicosanoids are synthesized mainly from arachidonic acid, which is
released from cell membrane phospholipids through the action of phospholipidase A;
and phospholipidase C (Rang et al., 1999). The free arachidonic acid is metabolized by
several pathways—by one of two fatty acid cyclooxygenases which initiate the
biosynthesis of the prostanoids, and by various lipoxygenases which initiate the
synthesis of the leukotrienes, and by other pathways, such as the cyp 450 catalyzed
pathway which initiates the synthesis of other compounds, for example, 11,12-, 14,15-

epoxyeicosatetraenoic acids (EETSs) (for review, see Capdevila et al., 1992).

Prostanoids are local mediators of inflammation and modulators of physiological
functions, including the maintenance of gastric mucosal integrity, the regulation of renal
microvascular hemodynamics, renin release, and tubular electrolyte and water
reabsorption (Moncada et al., 1973; Velo et al., 1973; Harris, 2000; Breyer & Hatrris,
2001). PGI,; and TXA; are the major prostanoids in vascular endothelium and in
platelets, respectively (Hamberg & Samuelsson, 1974; Gryglewski, 1995). The balance
between PGI, and TXA; regulates interactions between platelets and vessel wall in vivo
(Moncada et al., 1976), whereas an imbalance between PGI, and TXA; may lead to

vascular injury and thrombotic complications.

Two isoforms of COX exist, namely COX-1 and COX-2. COX-1 is a constitutive isoform
constantly expressed in most tissues under physiological conditions. COX-1-derived

prostanoids regulate mucosal integrity of the gastrointestinal tract, arterial tone, platelet
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aggregation, and maintenance of perfusion in the kidneys (Eberhart & DuBois, 1995;
DuBois et al., 1998; Vane et al., 1998). The other isoform, COX-2, is not constitutively
expressed in most tissues but can be induced in endothelial cells, fibroblasts, smooth
muscle cells, and macrophages by proinflammatory cytokines, endotoxin, tumor
promoters, mitogens, and hypoxia (Mitchell et al., 1995; Wu, 1995). However, COX-2
may be expressed constitutively in some tissues, e.g., the kidneys and central nervous
system, vascular endothelium, and the female reproductive organs. At these sites, COX-
2 activity and abundant prostanoids production is required for homeostatic and
physiological processes (DuBois et al., 1998; Harris, 2000; Breyer & Harris, 2001; Funk,
2001; Hinz & Brune, 2002). It still remains to be established whether COX-2
overexpression in the vasculature is deleterious or protective. As mentioned previously,
induction of COX-2 in macrophages and fibroblasts may contribute significantly to
vascular inflammation, injury, and development of fibrosis, whereas COX-2
overexpression in endothelial cells, leading to increased synthesis of vasoprotective
prostacyclin, may represent a compensatory mechanism to defend against vascular
injury (Wu, 1998a; FitzGerald et al., 2001). It is suggested that in the early stage of
inflammatory response, prostanoids are mainly produced by the constitutive COX-1
(Smith et al., 2000). Later on, the induced COX-2 is the principle contributor to the
production of inflammatory prostanoids (DuBois et al., 1998; Herschman, 1999). The
effects of prostanoids are mediated through stimulation of their respective receptors.
The balance between different prostanoids is crucial for their physiological and

pathological effects.

2.3.2. Inflammation caused by angiotensin I

Hypertension, smoking, diabetes, or elevated levels of low-density lipoprotein
cholesterol are risk factors for vascular endothelial cell injury, and this injury initiates the
inflammatory process (for review, see Ismail et al., 1999). Vascular injury occurring
during inflammation is a major contributing factor in the development of organ

dysfunction.

The mechanisms of Ang Il-induced vascular inflammation are not completely

understood. Recent studies have demonstrated that Ang Il may participate in the
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inflammatory response by a direct activation of inflammatory cells or by the regulation of
adhesion molecule and cytokine expression, via redox mechanisms and the NF-kB
pathway, contributing to the recruitment of inflammatory cells into the lesion (for review,
see Ruiz-Ortega et al., 2001b) (Figure 4).

Ang 1l induces the adhesion of monocytes and neutrophils to endothelial cells (Kim et
al., 1996; Krejcy et al., 1996) through upregulation of P-selectin, ICAM-1, and VCAM-1
in vascular endothelial cells and through VSMCs in vivo and in vitro (Kim et al., 1996;
Tayeh & Scicli, 1998; Pastore et al., 1999; Tummala et al., 1999). Infusion of Ang Il into
rats causes hypertension accompanied by marked monocyte infilitration as well as
VCAM-1 and MCP-1 expression in the aorta (Capers et al., 1997; Tummala et al., 1999).
In VSMCs and in endothelial and mononuclear cells, Ang Il increases MCP-1
(Hernandez-Presa et al., 1997; Chen et al., 1998; Ruiz-Ortega et al., 1998), the main
chemokine for monocyte/macrophages and interleukin-8 (IL-8) (Hernandez-Presa et al.,
1998; Ortego et al., 1999), which are potent chemoattractants and activators of
neutrophils. Ang Il increases IL-6 production in vascular cells and in macrophages, and
Ang Il upregulates TNF-a and IL-6 gene expression (Han et al., 1999; Nakamura et al.,
1999). ACE inhibitor and AT; antagonists diminish inflammatory cells, adhesion
molecules, and also cytokine expression (Ruiz-Ortega et al., 2001d). These data show
that Ang Il activates vascular and inflammatory cells to secrete proinflammtory
mediators that help to recruit new mononuclear cells and can thus result in additional

inflammatory response contributing to the progression of vascular damage.
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Figure 4. Mechanisms of angiotensin ll-induced vascular inflammation (modified
from Ruiz-Ortega et al., 2001b).

Ang llI-induced vascular inflammation is associated with increased formation of ROS in
the VSMCs and myocytes (Romero & Reckelhoff, 1999; Griendling et al., 2000b). In
VSMCs, the induction of MCP-1 and IL-6 by Ang Il is dependent on the activation of
NADPH (Chen et al., 1998; Kranzhofer et al., 1999b). Ang Il increases VCAM-1 and
MCP-1 expression by redox-related mechanisms. ROS contribute to TNF-a production
and release in part via activation of COX (Guo et al., 2001). ROS may act as signal
transduction messengers for several important transcription factors, including NF-kB and

activator protein-1 (Sen & Packer, 1996).

NF-kB, one of the most important targets of ROS in endothelial and VSMCs, is

associated with vascular inflammation and cell survival (Baichwal & Baeuerle, 1997).
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Emerging data suggest the potential role of NF-kB as a mediator of the Ang Il-induced
inflammatory process. Earlier, Brasier et al (1990, 1994, 1996) showed that the
angiotensiogen gene was transcriptionally activated during activation of NF-kB. A later
study showed that Ang Il is responsible for directing monocyte infiltration by promoting
NF-kB activation and MCP-1 expression in a model of accelerated atherosclerosis in
rabbits (Hernandez-Presa et al., 1997). Infusion of Ang Il into normal rats increases NF-
kB activity in the vessels and kidneys (Ruiz-Ortega et al., 2000b). Ang Il activates NF-kB
in several cell types, including VSMCs, and in endothelial, glomerular, tubular, and
mononuclear cells (Ruiz-Ortega et al., 2001a; Ruiz-Ortega et al., 2001d). Ang Il
enhances MCP-1 mRNA expression and NF-kB activity (Ruiz-Ortega et al., 2000a).
Several reports have indicated that ACE-inhibition and AT, receptor blockage reduce
NF-kB activity (Sen & Packer, 1996; Ruiz-Ortega et al., 1998). The Ang Il degradation
product Ang Il is also capable of activating NF-kB in renal and mononuclear cells (Ruiz-
Ortega et al., 2000a; Ruiz-Ortega et al., 2000b). Furthermore, Ang Il activates NF-kB
through both the AT; and AT, receptors in VSMCs (Ruiz-Ortega et al., 2000b; Wolf et
al.,, 2002), implying that Ang ll-mediated proinflammatory renal and cardiovascular
effects may not be totally antagonized by the currently increased clinical use of AT,
receptor antagonists. Possible factors of Ang ll-induced inflammatory responses are

summarized in Table 1.

The interaction between Ang Il and prostanoids still remains unclear. Ang Il elevates the
production of prostanoids in the kidney (Navar et al., 1996; Purdy & Arendshorst, 1999),
which buffer the Ang Il-mediated decrease in renal blood flow (Chatziantoniou &
Arendshorst, 1992a; Chatziantoniou & Arendshorst, 1992b; Jackson & Herzer, 1993). In
contrast, ACE inhibitors and AT; receptor antagonists enhance the expression of COX-2
in animals kept on a low-salt diet (Wolf et al., 1999). Ang Il downregulates COX-2

expression in macula densa (Harris et al., 2000).
Ang Il also induces generation of INOS (Mervaala et al., 2000a; Park et al., 2000).

However, the role of iINOS in the Ang ll-induced inflammatory response is still not

completely understood.
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Table 1. Potential proinflammatory factors of angiotensin Il -induced vascular inflammation.

Proinflammatory factors References

ICAM-1, VCAM-1, and P-selectin (Kim et al., 1996; Grafe et al., 1997; Mervaala et al., 1999b; Pastore et al., 1999; Tummala et al., 1999; Park et al., 2000; Piqueras et
al., 2000; Muller et al., 2000c; Muller et al., 2001b; Theuer et al., 2002)

a Bzand a 4f 1integrins (Mervaala et al., 1999b)

MCP-1 (Hernandez-Presa et al., 1997; Chen et al., 1998; Hernandez-Presa et al., 1998; Ruiz-Ortega et al., 1998; Ortego et al., 1999; Wu et
al., 2001; Theuer et al., 2002)

IL-1 (Wu et al., 2001)

IL-6 (Han et al., 1999; Kranzhofer et al., 1999b; Nakamura et al., 1999; Mervaala et al., 2000a; Schieffer et al., 2000; Wu et al., 2001)

LTA (4) (Ishizaka et al., 1999)

TNF-a, TNF-B (Ruiz-Ortega et al., 1998; Nakamura et al., 1999; Wu et al., 2001)

PAI-1 (Theuer et al., 2002)

RhoA (Piqueras et al., 2000)

NF-kB, p65 (Kranzhofer et al., 1999a; Kranzhofer et al., 1999b; Muller et al., 2000a; Park et al., 2000; Dechend et al., 2001; Ruiz-Ortega et al.,
2001a; Ruiz-Ortega et al., 2001c; Theuer et al., 2002)

AP-1 (Park et al., 2000; Piqueras et al., 2000; Dechend et al., 2001; Haxsen et al., 2001; Ruiz-Ortega et al., 2001a)

p-ERK (Park et al., 2000)

kB (Muller et al., 2001b)

c-fos and c-jun (Muller et al., 2000a)

ROS (Griendling et al., 1994)

iINOS (Mervaala et al., 2000a)

AP-1 = activator protein-1 p65 = NF-kB subunit TNF-B = necrosis factor-beta

ICAM-1 = intracellular adhesion molecule-1 PAI-1 = plasminogen activator inhibitor-1 VCAM-1= vascular cellular adhesion molecule

IL = interleukin p-ERK = phosphorylated extracellular signal-

kB = inhibitory protein of kappa B regulated kinase

LTA (4) = leukotriene A (4) Rho  =small GTPase

MCP-1 = monocyte chemoattractant protein ROS = reactive oxygen species

NF-kB = nuclear factor kappa B TNF-a = tumor necrosis factor-alpha



To date, several compounds have been shown to be effective in inhibiting Ang II-

induced inflammation and vascular injury (Table 2).

2.4. General characteristics of experimental models used in this study

A double transgenic rat (dTGR) harboring human renin and human angiotensinogen
genes was generated by Ganten and Murakami in the early 1990's (Ganten et al., 1992).
In this model, the human RAS components do not interact with the endogenous rat RAS
in vivo (Ganten et al., 1992). These animals are very suitable for studying human renin
inhibitors that do not influence rat renin. Hypertension and vascular damage in this
model are dependent on local Ang Il formation (Ganten et al., 1992; Bohlender et al.,
1997). Endothelial adhesion molecule activation and perivascular leukocyte infiltration
play a central role in the pathogenesis of Ang llI-induced myocardial and renal damage in
dTGRs (Luft et al., 1999; Mervaala et al., 1999b). Ang Il induces perivascular
inflammation in dTGRs even by blood pressure-independent mechanisms (Mervaala et
al., 1999b). Heterozygous dTGRs die of end-organ cardiac and renal damage by week 7
(Luft et al., 1999).

The mREN2 rat, which harbors the mouse renin-2 gene, was developed in 1990 by
Mullins et al (1990). It is the first animal model of hypertension with the advantage of a
defined genetic basis. In this model, mouse renin converts rat angiotensinogen with a
10-fold higher facility than does rat renin (Bohlender et al., 1998).

Unlike dTGRs, the survival rate of heterozygous mREN2 rats is almost 100% at the age
of 25 weeks. Fulminating hypertension in the presence of suppressed plasma RAS and
high renin expression in extrarenal tissues suggests that activated extrarenal RAS may
be responsible for the hypertensive phenotype (for review, see Lee et al., 1996). The
recruitment and infiltration of leukocytes into the subendothelium in mMREN2 rats are in

part mediated by pressure-independent AT; receptor pathways (Strawn et al., 1999).
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Table 2. Some drugs protecting against Ang ll-induced inflammatory response.

Drugs Pharmacological class Animal model or cell type where tested Reference

RO-65-7219 Human renin inhibitor dTGRs (Mervaala et al., 1999b)

Cilazapril ACE inhibitor dTGRs (Mervaala et al., 1999b)

Losartan AT; receptor antagonist SD rats infused by Ang Il, human monocytic (Kranzhofer et al., 1999b;Mervaala et al., 1999a; Kiarash
cells, human endothelial cells. dTGRs et al., 2001; Kramer et al., 2002)

Valsartan AT receptor antagonist dTGRs, Ang Il infused rats, VSMCs of mouse,  (Mervaala et al., 1999a; Muller et al., 2000b; Hilgers et

Spironolactone

Bosentan
Acetylsalicylic acid
NS-398

PDTC

Cyclosporin
Cerivastatin

Pioglitazone and

rosiglitazone

Aldosterone receptor antagonist

ETA/ETg receptor antagonist
COX-1/COX-2 inhibitor
COX-2 inhibitor

NF-kB inhibitor
Immunosuppressive agent
HMG-CoA inhibitor

PPARYy agonist

two-kidney, 1-clip rats
dTGRs

dTGRs
dTGRs
Human cardiac fibroblasts
dTGRs
dTGRs
dTGRs

SD rats infused by Ang Il

al., 2001; Wu et al., 2001; Wolf et al., 2002)
(Fiebeler et al., 2001)

(Muller et al., 2000c)

(Muller et al., 2001b)

(Scheuren et al., 2002)

(Muller et al., 2000a; Theuer et al., 2002)
(Mervaala et al., 2000a)

(Park et al., 2000; Dechend et al., 2001)

(Diep et al., 2002)

Retinoids RXR agonist VSMCs of rats (Haxsen et al., 2001)

ACE = angiotensin-converting enzyme PPARYy = peroxisome proliferator-activated receptor gamma
Ang Il = angiotensin Il RXR = retinoid X receptor

ATy = angiotensin Il type 1 receptor SD = Sprague-Dawley rat

COX = cyclooxygenase VSMCs = vascular smooth muscle cells

dTGR = double transgenic rat harboring human renin and human angiotensinogen genes

ETa = endothelin receptor A

ETs = endothelin receptor B

HMG-CoA= 3-hydroxy-3-methylglutaryl-CoA
NF-kB = nuclear factor kappa B
PDTC = pyrrolidine dithiocarbamate



In 1976, the Goto-Kakizaki (GK) rat, a non-obese type Il diabetic rat model, was
developed by repeated inbreeding of glucose-intolerant Wistar rats (Goto et al., 1976). It
is an extensively studied model for type Il diabetes, but not considered as a model for
hypertension. The phenotype of GK is well characterized and exhibits several features
typical of types Il diabetes, such as impaired ontogenetic development of islet cells,
abnormal insulin release after a glucose load, insulin resistance, a basal
hyperinsulinemia, and abnormal glucose metabolism (Galli et al., 1999; Janssen et al.,
1999). Recent studies have demonstrated that GK rats show several structural changes
in the kidney similar to those observed in type Il diabetes patients without overt kidney
disease. These changes include thickening of the glomerular and tubular basement
membranes, glomerular hypertrophy, and early podocyte damage, but not
glomerulosclerosis or interstitial fibrosis (Galli et al., 1999; Janssen et al., 1999; Riley et
al., 1999).

2.5. General characteristics of drugs for prolonged treatment in this

study

Angiotensin receptor antagonists

Losartan and valsartan are highly selective and potent AT; antagonists. Losartan is the
prototype of this class of drugs, and was synthesized in 1990 (Nicholls et al., 1994).
Since then, numerous mainly pharmacokinetically different AT; receptor antagonists
have been developed, and the literature about the cardiovascular effects of these

compounds has expanded rapidly.

AT, receptor antagonists dose-dependently attenuate the pressor response to
intravenous Ang Il (Fierens et al., 1999) and reduce blood pressure in animal models of
hypertension. They also reduce cardiac hypertrophy and improve hemodynamics in
animal models of heart failure (Mizuno et al., 1994; Goa & Wagstaff, 1996; Hayashi et
al., 1997; Spinale et al., 1997). They induce diuresis, increase salt excretion, reduce

blood pressure, and reduce glomerulosclerosis in rats with prolonged renal failure
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(Mackenzie et al., 1997; Remuzzi et al., 1998). Preliminary studies suggest that AT;
receptor antagonists are at least as effective as ACE inhibitors but with a more favorable
adverse-effect profile. AT, receptor antagonists reduce filtration and urinary albumin
excretion (Gansevoort et al.,, 1994; Remuzzi et al., 1999). AT; receptor antagonists
ameliorate Ang ll-induced inflammatory response and end-organ damage by blood

pressure-independent mechanisms (Mervaala et al., 1999a; Mervaala et al., 2000a).

The beneficial effect of AT, receptor antagonists is mainly attributed to the inhibition of
the binding of Ang Il to AT, receptor. Furthermore, any interference with the negative
feedback control of renin release by AT; receptor antagonists results in the
accumulation of Ang Il (Bunkenburg et al., 1991; Goldberg et al., 1993). This elevates
the stimulation of unopposed Ang Il receptors such as the AT, receptor (Chung et al.,
1996). The stimulation of AT, receptors has been suggested to enhance the vascular
production of NO (Wiemer et al., 1993; Seyedi et al., 1995). In addition, Ang (1-7), which
is generated endogenously from Ang Il and Ang I, has been found to release NO and
vasodilatory PGs from the endothelium (Jaiswal et al., 1992; Porsti et al., 1994,
Brosnihan et al., 1996). The anti-inflammatory action of AT; receptor antagonists may be
mediated via the NF-kB pathway (Muller et al., 2000c).

Cyclooxygenase inhibitors

Sulindac, a non-selective COX-1/COX-2 inhibitor, and MF-tricyclic (3-(3,4-
difluorophenyl)-4-(4-(methylsulfonyl)phenyl)-2(5H)-furanone), a selective COX-2
inhibitor, are non-steroidal anti-inflammatory agents. Sulindac is a pro-drug whose
metabolite, sulindac sulfide, is a fairly potent inhibitor of both COX-1 and COX-2. (Myers
et al., 2001).

Unlike other COX-2 inhibitors, MF-tricyclic, a novel selective COX-2 inhibitor, does not
affect renal blood flow in volume-depleted dogs (Black et al., 1998). Selective COX-2
inhibitors have been shown to cause fewer gastrointestinal adverse events than do the
previous traditional non-selective COX inhibitors (FitzGerald & Patrono, 2001). However,
only limited information is available on the cardiovascular effects and the mechanism of

these compounds and their interference with cardiovascular drugs at the
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pharmacodynamic level. In fact, it has been claimed that the use of selective COX-2
inhibitors may be associated even with increased risk for cardiovascular events
(myocardial infarction, stroke, death) (Mukherjee et al., 2001). A recent study suggests
that combination treatment with a COX-2 inhibitor and an AT, receptor antagonist may
reduce COX-2 inhibitor-induced renal adverse effects (Kistler & Ambuhl, 2001). To date,
few studies have been published on the effect of COX inhibitors in Ang ll-induced
inflammation. The non-selective COX-1/COX-2 inhibitor acetylsalicylic acid reduces Ang

[I-induced inflammatory response in dTGRs via the NF-kB pathway (Muller et al., 2001b).

The pharmacological classes and structural formulae of the drugs used for prolonged

treatment in the present study are presented in Table 3.



Table 3. Pharmacological classes and structural formulas of drugs used for

prolonged treatment.

Drug Pharmacological class Structural formula
Losartan AT, receptor antagonist
Valsartan AT, receptor antagonist Q I
\/\/ILN COOH
W
‘\N—NH
HO. F
Sulindac Non-selective COX-1/COX-2
inhibitor HiC
e
]
o
F
MF-tricyclic Selective COX-2 inhibitor 9
o
i ~
AT, =angiotensin |l type | receptor

COX =cyclooxygenase
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3. AIMS OF THE STUDY

Originally, Ang Il, the key effector of RAS, was considered to be a circulating vasoactive
hormone playing a central role in the regulation of blood pressure, aldosterone
secretion, and salt reabsorption. In the past few years, this view has been modified; Ang
Il is now considered to be a growth factor that can also regulate cellular growth and cell
proliferation. Recently, studies support the notion that Ang Il may act as an
immunomodulator capable of inducing inflammatory responses and vascular injury even

by non-hemodynamic mechanisms.

In the present study, poorly understood mechanisms of Ang ll-induced inflammation and
vascular dysfunction were investigated, with concentration specifically on investigation of

the following:

1. The mechanisms of Ang ll-induced vascular dysfunction.

2. The involvement of increased RAS activity in the pathogenesis of hypertension,
endothelial dysfunction, and vascular inflammation in spontaneously diabetic
Goto-Kakizaki rats.

3. The role of COX-1/COX-2 in the pathogenesis of Ang ll-induced inflammation and

vascular dysfunction.
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4. MATERIALS AND METHODS

4.1. Experimental animals

In Study I, 40 double transgenic rats harboring human renin and human
angiotensinogen genes (dTGRs) and 10 age-matched normotensive Sprague-Dawley

(SD) rats (Max Delbriick Center for Molecular Medicine, Berlin, Germany) were used.

Study Il included 50 spontaneously diabetic Goto-Kakizaki (GK) rats and 20 age-
matched nondiabetic Wistar rats purchased from Mgllegaards Breeding Centre (Ejby,

Lille Skensved, Denmark).

For Studies Il and IV, 60 heterozygous transgenic rats harboring the mouse renin-2
gene (MREN2) rats and 10 age-matched normotensive SD rats were purchased from

Mgllegaards Breeding Centre (Ejby).

A summary of experimental animals and the design of the studies is presented in Table
4,

The rats were housed five animals per cage in a standard experimental animal
laboratory (illuminated from 6.30 a.m. until 6.30 p.m.; temperature 22+1°C). They had

free access to tap water and rat chow during the experiment.

4.2. Drug treatments

Commercially available standard rat chow served as the control diet (I-1V). In Study |, the
AT, receptor antagonist valsartan was dissolved in 0.5% carboxymethyl cellulose and
administered by gavage once a day for 3 weeks; control dTGRs and SD rats received

the same volume of vehicle.
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Table 4. Experimental animals and experimental design of the studies.

Study Strain and Age at the Experimental group and number Treatment Major measurements
gender beginning (weeks) of animals in each group period (weeks)
| dTGRs 4 dTGRs (n=25) 3 SBP, vascular function in the renal artery, cardiac
SD rats dTGRs+valsartan (n=15) hypertrophy, proteinuria, renal XOR activity, serum
Male SD rats (n=10) prostaglandin Fyq, urinary NOy
1] GK rats 8 GK rats (n=20) 8 SBP, DBP, MAP, oral blood glucose test, cardiac hypertrophy
Wistar rats GK rats+6% NaCl (n=10) endothelial function in the mesenteric artery, albuminuria,
Male GK rats+valsartan (n=10) serum prostaglandin Fy, urinary NO,, ICAM-1 and ED:-
GK rats+6% NaCl+valsartan (n=10) positive cell expression, and morphological changes in the
Wistar rats (n=20) kidneys
n mMREN2 rats 5-6 mMREN2 rats (n=10) 8 SBP, cardiac hypertrophy, serum LDH, albuminuria, ED;-
SD rats mMREN2 rats+MF-tricyclic (n=10) positive cell and COX-1 and COX-2 expression, and
Male mMREN2 rats+sulindac (n=10) morphological changes in the heart and the kidneys
mREN2 rats+losartan (n=10)
mMREN2 rats+MF-tricyclic+losartan (n=10)
mMREN?2 rats+sulindac+losartan (n=10)
SD rats (n=10)
\% MREN2 5-6 mREN2 rats (n=10) 8 SBP, endothelial function in the aortic and renal arteries,
SD rats mMREN2 rats+MF-tricyclic (n=10) urinary NO,, ET,a, and ETg receptors expression in the aorta
Male mMREN2 rats+sulindac (n=10)
mMREN2 rats+losartan (n=10)
SD rats (n=10)
COX = cyclooxygenase ETg = endothelin-1 receptor B NOx = nitrite plus nitrate
dTGR = double transgenic rat harboring human renin GK = Goto-Kakizaki rat SBP = systolic blood pressure
and human angiotensinogen genes ICAM-1 = intracellular adhesion molecule-1 SD = Sprague-Dawley rat
DBP = diastolic blood pressure LDH = serum lactate dehydrogenase XOR = xanthine oxidoreductase
ED; = monoclonal antibody recognizing rat monocytes mREN2 = mouse transgenic rat harboring the mouse
and macrophages renin-2 gene
ETa = endothelin-1 receptor A MAP = mean arterial blood pressure



In Study II-1V, compounds for oral administration were mixed directly with food. An HS
diet (NaCl 6%) (ll) was made by adding sodium chloride (Sigma-Aldrich Corp. St.
Louis, MO, USA) to the control diet. Drug concentration in the rat chow was calculated
based on the fact that food consumption in adult rats is usually 20-25 g/day. The route

of administration and doses of drugs are given in Table 5.

Table 5. Route of administration and doses of drugs.

Study Drug Administration  Concentration in the Estimated daily
rat chow (mg/kg) dose (mg/kg)

I Valsartan Gavage 0 30

I Valsartan Mixed with diet 117 10

-1v Losartan Mixed with diet 467 40

-1v MF-tricyclic ~ Mixed with diet 163 14

-1v Sulindac Mixed with diet 163 14

4.3. Measurement of blood pressure and heart rate

Tail-cuff method

Systolic blood pressure and heart rate of the pretrained rats were measured with a tail-
cuff analyzer (I-1V) (Apollo-2AB, Blood Pressure Analyzer, Model 179-2AB, IITC Life
Science, Woodland Hills, CA, USA). Before measurement, each rat was warmed at 29°C
for 30 minutes to get detectable pulsations from its tail artery. Systolic blood pressure
was determined by the arithmetic mean of the three consecutive results without
disturbances of the signal. The heart rate was obtained during blood pressure

measurement.

Radiotelemetric method
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In Study Il, systolic blood pressure, diastolic blood pressure, and mean arterial blood
pressure of control rats were measured by radiotelemetry also (Dataquest IV telemetry
system, Data Sciences International, St. Paul, MN, USA), as described previously
(Vaskonen et al., 2002). Briefly, 12-week-old rats were anesthetized with midazolam (5
mg/kg i.p.), fentanyl (0.3 mg/kg, i.p.), and fluanisone (10 mg/kg i.p.), and the flexible
catheter of the transmitter was surgically secured in the abdominal aorta just below the
renal arteries, aimed against the blood flow. The transmitter was sutured to the
abdominal wall. The rats were given buprenorfin (0.1 mg/kg s.c.) for the first two
postoperative days. They were housed individually after the implantation and were
allowed to stabilize for 2 weeks, unrestrained and free to move in their cages. The data
were collected every 5 minutes for 10 seconds for each rat. The values were calculated

with the Dataquest software.

4.4. Metabolic studies

The rats (during the last week of Study I, and every second week of Study II-IV) were
housed individually in metabolic cages where they had free access to tap water and
chow. Food intake and consumption of water were recorded, and urine was collected
over 24-h periods. Urine volumes were measured and samples stored at -80 °C until the

biochemical determinations were performed.

4.5. Collection of blood and tissue samples

At the end of the experiment, the rats were anesthetized with CO,/O; (70/30%) (AGA,
Riihimaki, Finland) and then decapitated. Blood samples were taken into chilled tubes
with or without ethylenediaminetetraacetic acid (EDTA) (4.5 mM) as anticoagulant and
centrifuged at +4°C for 15 minutes; then plasma and serum were stored at -80°C. The
heart and kidneys were removed, washed with ice-cold saline, blotted dry, and weighed.
The ratio of the heart weight to body weight was calculated as an index of cardiac

hypertrophy. Tissue samples were snap-frozen in liquid nitrogen, and samples for
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immunohistochemistry (Ill) and autoradiography (I, 1V) in isopentane (-35°C), then all
were stored at -80°C until assayed. Tissue samples for morphology were fixed in 4%

buffered paraformaldehyde (|, Il) or 10% formaline (lll) at room temperature.

4.6. Arterial responses

The superior mesenteric artery, abdominal aorta, and renal artery were carefully
excised and cleaned of adherent connective tissue. Three-mm sections of mesenteric
(1) and abdominal aortic (IV), and 2 to 3-mm section of renal arteries (I, IV) were used.
The endothelium-intact arterial rings were stretched on stainless steel hooks and
mounted in an organ bath chamber in Krebs-Ringer buffer (pH 7.4) of the following
composition (mM): NaCl (119.0), NaHCO3; (25.0), glucose (11.1), CaCl,.2H,0 (1.6),
KCI (4.7), KH2PO4 (1.2), MgS04.7H,0 (1.2), which was aerated with 95% O, and 5%
CO,. The rings were equilibrated for one hour at +37°C at a resting tension of 1.5 g.
The force of contraction was measured with an isometric force-displacement
transducer and registered with a polygraph (FTO3C transducer, Model 7C8
Polygraph; Grass Instrument Co., Quincy, MA, USA).

The presence of intact endothelium in the vascular preparation was confirmed by
observing the relaxation response to 1 uM acetylcholine (ACh) in rings precontracted
by 1 uM noradrenaline (NA) or by 0.1uM NA (renal artery in Study I). Cumulative
concentration contractile response curves were determined for NA and endothelin-1
(ET-1). Because of the rapid development of tachyphylaxis (Khairallah et al., 1966),
Ang Il was given only as a single concentration (0.1 uM). Cumulative relaxation
responses to ACh and sodium nitroprusside (SNP) were examined after
precontraction with 1 uM NA for mesenteric and aortic arteries, and 0.1uM NA for the
renal artery. To analyze the components of endothelium-dependent vascular
relaxation, COX and /or NOS were inhibited with diclofenac (3uM) and/or L-NAME
(0.1mM), respectively.
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4.7. Morphology

The samples for histology were fixed with 4% buffered paraformaldehyde (I, 11) or 10%
formaline (lll) for 24 hours then dehydrated and embedded in paraffin. Sections (2-3
pm) were cut with a microtome (Leitz 1512). The sections were deparaffinized and
rehydrated before being stained with Masson's trichrome. The slides were examined
in a blinded fashion.

4.8. Immunohistochemistry

For tissue ED; (Il, 1) and ICAM-1 (II) expression, frozen kidneys (Il), or formalin-fixed
kidneys and hearts (6 um) were processed and semiquantitative scoring was
performed as described in detail previously (Mervaala et al., 1999b). Monoclonal
antibodies: anti- ED; (Serotec, Oxford, England) and ICAM-1 (1A29, R&D Systems,
Inc. Minneapolis, MN, USA) were used. The sections were counterstained with

hematoxylin-eosin before being examined under a light microscope.

4.9. Autoradiography

Frozen kidney sections (I, Il) or aorta sections (IV) (20pm thick) were cut with a
cryostat at -17°C, thaw-mounted onto Super Frost Plus slides, dried in a desiccator
under reduced pressure at 4°C overnight, and stored at -80°C in silica gel until further
processing for autoradiographic studies. ACE, angiotensin receptors (AT; and AT>),
neutral endopeptidase (NEP), and ETa and ETg receptors were quantified by in vitro
autoradiography as described previously (Kohzuki et al., 1991).

4.10. Reverse transcription-polymerase chain reaction (RT-PCR)
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Frozen hearts and kidneys were used for the measurement of gene expression. Renal
AT; receptor mRNA (I) was measured by real time-RT-PCR (ABI's Prism 7700
Sequence Detection System, Perkin EImer, Corporation, Wellesley, MA, USA) according
to the instructions of the TagMan EZ RT-PCR TagMan kit protocol. The following RT-
PCR primers and TagMan-probe for GAPDH (housekeeping gene) and AT, receptor
were used: GAPDH forward, AAGCTGGTCATCAATGGGAAAC; GAPDH reverse,
ACCCCATTTGATGTTAGCGG; GAPDH probe, CATCACCATCTTCCAGGAGCGCGC-
GAT, FAM (6-carboxytetrafluorescein) and TAMRA (quencher) labeled; AT; receptor
forward, CCATCGTCCACCCAATGAAG; AT: receptor reverse, TGCAGGTG-
ACTTTGGCCAC; and AT, receptor probe, FAM-TCGCCTTCGCCGCACGATG-TAMRA.

COX-1 and COX-2 mRNA in the heart and kidneys (ll) were also measured by RT-PCR.
Total RNA was extracted from the kidneys and heart with Trizol (Gibco Life
Technologies, Invitrogen Corporation, Paisley, UK) reagent, according to the
instructions of the manufacture. After extraction and quantitation with spectrophotometry,
a 2-ug aliquot of total RNA was reverse-transcribed to cDNA by incubation for 50 min at
45°C in the presence of reverse trascriptase (Enhanced Avian RT-PCR kit, Sigma
Chemical Co., USA). Subsequently, 4 pl of cDNA was subjected to PCR for the detection
of COX-1 mRNA, COX-2 mRNA, and the GAPDH mRNA. The following RT-PCR
primers for GAPDH, COX-1, and COX-2 were used: GAPDH forward, TGGG-
GCAGCCCAGAACATCA; GAPDH reverse, GCCGCCTGCTTCACCACCTT; COX-1
forward, CCCATCTGTTCCCCAGAGTA; COX-1 reverse, GTGAGACCCCAAGTTCC-
AAA; COX-2 forward, AGTGCCTCCCACTCCAGACT; COX-2 reverse, CACT-
GGCTTATGCCGAAAAA (Sigma Genosys, London, UK). The reaction products were
run simultaneously on a 2% agarose gel. The intensity of the resulting bands was
measured by a computer-based imaging analysis system (Genetools, Syngene, London,
UK). COX-1 and COX-2 densities of COX-1 and COX-2 bands were expressed as
relative to the density obtained for GAPDH. The intensity of the resulting bands was

measured by a computer-based imaging analysis system (Syngene).

4.11. Biochemical determinations

Albuminuria
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Urinary albumin (albuminuria) was measured by ELISA with rat albumin as a standard

(Celltrend, GmbH, Lickenwalde, Germany).

Serum 8-isoprostaglandin Faq

Serum 8-isoprostaglandin F,q concentration was determined by ELISA according to

the instructions of the manufacture (Cayman Chemical, Ann Arbor, MI, USA).

Urinary nitrate plus nitrite

Urinary nitrate and nitrite (NOy) concentrations were assessed with a commercially

available NOy colorimetric assay kit (Cayman).

Renal xanthine oxidoreductase activity

Renal xanthine oxidoreductase (XOR) activity was measured fluorometrically as

described in detail previously (Laakso et al., 1998).

Plasma atrial natriuretic peptide and B-type natriuretic peptide

Plasma atrial natriuretic peptide and B-type natriuretic peptide levels were measured

by radioimmunoassay as described in detail earlier (Kinnunen et al., 1993).

Blood glucose and serum insulin

Blood glucose was measured with an automatic analyzer (Reflotron, Boehringer-

Mannheim, Mannheim, Germany). Serum insulin was determined by

radioimmunoassay (Linco Research Inc. St. Charles, MO, USA) according the

instructions of the manufacture.



Serum lactate dehydrogenase

Serum lactate dehydrogenase (LDH) concentration was measured enzymatically

(United Laboratories, Helsinki, Finland).

4.12. Compounds

The following compounds were used: sodium chloride, potassium chloride (Sigma-
Aldrich Co.), acetylcholine chloride, angiotensin 1l acetate, N®-nitro-L-arginine methyl
ester hydrochloride, diclofenac, oxypurinol, superoxide dismutase, noradrenaline
bitartrate, endothelin-1, sodium nitroprusside dihydrate, carboxymethyl cellulose
(Sigma), losartan, MF-tricyclic and sulindac (Merck & Co. Inc., Rahway, NJ, USA),
valsartan (Novartis Ltd, Basel, Switzerland), buprenorphin (Temgesic®, Reckitt &
Colman, Hull, UK), fentanyl-fluanisone (Hypnorm®, Janssen Pharmaceutica, Beerse,

Belgium), and midazolam (Dormicum®, Hoffmann-La Roche, Basel, Switzerland).

Compounds to be given to animals intraperitoneally were dissolved in physiological
saline (0.9% NaCl). Compounds for in vitro vascular response studies were dissolved
in distilled water, except oxypurinol, which was dissolved in dimethylsulfoxide (DMSOQO)
(96%); the final concentration of DMSO in the buffer liquid was limited to less than 5%.

All solutions were freshly prepared before use and protected from light.

4.13. Statistical analysis

Statistical analysis was carried out by one-way analysis of variance (ANOVA)
supported by Tukey's (I) and LSD's (ll-IV) test. ANOVA for repeated measurements
was applied for data consisting of repeated observations at successive time-points.
The difference was considered significant at p<0.05. The sensitivity of the artery to
each cumulative relaxation response is presented as pD, values, which are calculated
as the negative log of the dose required to produce the 50% maximal response (IV).

Data are presented as means+SEM.
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4.14. Ethics

These studies were approved by the Animal Experimentation Committee of the

University of Helsinki, Finland.
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5. RESULTS

5.1. Blood pressure, cardiac hypertrophy and heart rate

In dTGRs, systolic blood pressure and the heart weight-to-body weight were higher
than those of age-matched normotensive SD rats. Valsartan treatment completely

normalized blood pressure, cardiac hypertrophy in dTGRs (1).

In GK rats, systolic blood pressure measured by both tail cuff and radiotelemetry
methods were higher than in Wistar control rats. By radiotelemetry diastolic blood
pressure was similar between GK rats and Wistar controls (Figure 5). The heart
weight-to-body weight ratio was higher in GK rats than in Wistar rats. Valsartan
significantly reduced blood pressure in GK rats on a low-sodium (LS) diet. The HS diet
for 8 weeks raised systolic blood pressure by 24 mmHg, and induced cardiac
hypertrophy. Valsartan did not reduce blood pressure or prevent the development of

cardiac hypertrophy in GK rats during the HS diet (II).

In MREN2 rats, systolic blood pressure was markedly higher than in normotensive SD
rats. These rats showed cardiac hypertrophy, estimated as absolute heart weights or
heart weight-to-body weight ratios. Both the selective COX-2 inhibitor MF-tricyclic and
the non-selective COX-1/COX-2 inhibitor sulindac further increased blood pressure
and the absolute heart weight similarly. Losartan completely normalized blood
pressure and prevented the development of cardiac hypertrophy, both in the presence
and in the absence of COX inhibitors. There was a close correlation between systolic

blood pressure and degree of cardiac hypertrophy (p<0.001, R=0.881, n=60) (llI, IV).

No differences appeared in the heart rate between the experimental rats and control

rats. None of the treatments influenced the heart rate of the rats (I-1V).
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Figure 5. 24-hour blood pressure profile of Goto-Kakizaki (GK) rats and Wistar

rats. Values are presented as means+SEM, n=10 in each group.

5.2. Renal function

Proteinuria (I) or albuminuria (Il, 1ll) was measured as an index of renal dysfunction in
the present study. In dTGRs, proteinuria was 14-fold higher than in SD control rats.

Valsartan treatment completely normalized renal function in dTGRs (1).

In GK rats, albuminuria was markedly higher than in Wistar rats. The HS diet
increased albuminuria by 350% in GK rats. Valsartan treatment did not significantly
change albuminuria during the LS diet, but it markedly reduced high-salt-induced

albuminuria (II).
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In MREN2 rats, 24-hour urine volume and urinary albumin excretion rate were
markedly higher than in SD rats. MF-tricyclic and sulindac further increased
albuminuria in mMREN2 rats, but did not significantly influence urine volume. Losartan,
both in the absence and presence of COX inhibitors, completely prevented the
development of albuminuria in mMREN2 rats, as well as any Ang ll-induced increase in

urinary output (111).

5.3. Arterial tone

In dTGRs, the endothelium-dependent vascular relaxation by ACh was markedly
impaired compared with that in SD controls. Preincubation of the dTGR renal arteries
with  SOD and oxypurinol markedly improved endothelium-dependent vascular
relaxation by ACh. Endothelial-independent vascular relaxation by SNP was similar
between dTGRs and SD rats. Contractions following a single dose of Ang Il (0.1
pmol/L) and a cumulative dose of ET-1, or NA were markedly impaired in dTGRs.
Valsartan treatment completely normalized vascular tone in these rats (l). Detailed
data on maximal relaxations, contractions, and PD,-values are summarized in Table
6.

In GK rats, endothelium-mediated vascular relaxation of noradrenaline-precontracted
mesenteric arterial rings in response to ACh was markedly impaired compared with
Wistar rats, but the endothelium-independent relaxations to SNP were similar in both
strains. Preincubation of the arterial rings with the NOS inhibitor L-NAME and the
cyclooxygenase inhibitor diclofenac abolished relaxation by ACh almost completely in
GK rats but not in Wistar rats. The HS diet impaired vascular relaxation in response to
ACh and also to SNP. Valsartan treatment improved endothelium-dependent vascular
relaxation during the LS diet, but had no effect on endothelium-dependent and -
independent vascular relaxation responses during the HS diet. The improvement of
endothelium-dependent vascular relaxation by valsartan treatment during low salt
intake was also found after preincubation of the arterial rings with the combination of
L-NAME and diclofenc (I). Detailed data on maximal relaxations and PD,-values are

summarized in Table 7.
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Table 6. Maximal relaxation and contraction responses (%) and PD, (-log ECx) in isolated renal
arteries from double transgenic rats harboring human renin and angiotensiongen
genes (dTGRs), from valsartan-treated dTGRs, and from Sprague-Dawley (SD) rats, all

aged 7 weeks.

dTGRs dTGRs+Valsartan SD rats ANOVA (p-value)
Relaxation responses to:
Acetylcholine
PD, 7.61+0.19 7.38+0.10 <0.001
Maximal relaxation (%)  43.07+13.43% 93.92+2.01 93.46+2.16 <0.001
Sodium nitroprusside
PD, 7.85+0.26" 9.04+0.16 8.47+0.28 0.005
Maximal relaxation (%) 91.38+2.38"% 98.24+0.37 97.904+0.49 0.003
Contraction responses to:
Endothelin-1
PD, 8.621+0.18 8.83+0.11 8.59+0.26 0.835
Maximal contraction (g) 0.81+0.33% 1.86+0.16 2.00+0.17 0.006
Noradrenaline
PD, 6.404+0.13 7.12+0.17 7.28+0.11 0.018
Maximal contraction (g) 1.2840.13"% 1.874+0.24 1.934+0.23 0.021

Values are meansz*s.e.; n=8 in each group; ECs, values are presented as the negative logarithm (PD,)
of concentration of the agonist. ‘p<0.05 versus SD rats group, "p<0.05 versus valsartan-treated dTGRs
group.

Table 7. Maximal relaxation responses (%) and PD; (-log ECsp) in isolated mesenteric arteries of
16-week-old variously treated spontaneously diabetic Goto-kakizaki (GK) rats and age-

matched non-diabetic Wistar rats.

GK GK+salt GK+valsartan GK+valsartan ~ Wistar rats ANOVA
+salt (p-value)
Acetylcholine . .
PD, 8.0£0.2 7.4£0.3" X 8.0£0.2 7.3£0.3" X 8.0+0.1 0.006
Maximal relaxation (%) 79.4+4.6 62.2+5.4™ 83.36.0 55.1+5.1" 97.0£1.1 <0.001
Acetylcholine preincubated
with L-NAME+diclofenac
PD, - X - - X - 6.2+0.2
Maximal relaxation (%) 23.1+6.0" 18.249.6" 48.2+11.2 1.2+¢3.2" 67.4+4.6 <0.001
Sodium nitroprusside . .
PD, 8.4+0.0 7.540.2" 8.1+0.1 7.3£0.3" X 8.1+0.3 0.003
Maximal relaxation (%) 97.3+0.6 92.0+1.8" 97.8+1.0 86.2+3.7"" 96.2+0.7 0.003

Values are means + s.e.; n=8 in each group. ECs, values are presented as the negative logarithm (PD,)
of concentration of the agonist. "p<0.05 vs. Wistar rats group, p'<0.05 vs. GK controls group, p?<0.05 vs.
valsartan-treated GK rats group.
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In mMREN2 rats, the endothelium-dependent vascular relaxation by ACh and
endothelium-independent vascular relaxation by SNP were markedly impaired in the
aorta but not in the renal arteries when compared to SD controls. The endothelium-
dependent relaxation by ACh was improved by preincubation of the aortic rings with
diclofenac, and was completely abolished by preincubation with either L-NAME alone or
the combination of diclofenac and L-NAME. The tendency toward contractile responses
with the highest ACh concentration (10uM) disappeared totally in the presence of
diclofenac. Both in the aorta and renal arteries, the contractions caused by a single dose
of Ang Il (0.1 ymol/L) were slightly more pronounced in mREN2 rats than in SD controls.

The contractile responses to ET-1 were attenuated in the aorta, but not in the renal
arteries. No differences occurred in contractile response to NA in either strain. Losartan
treatment of mMREN2 rats completely normalized endothelium-dependent vascular
relaxation by ACh and endothelium-independent vascular relaxation by SNP. In
losartan-treated mREN2 rats, 20% relaxation by ACh remained in the presence of the
combination of diclofenac and L-NAME, indicating that losartan improves endothelial
function in mMREN2 rats through the EDHF pathway. In addition, losartan treatment
attenuated Ang ll-induced contractions both in the aorta and in the renal arteries, and
normalized ET-1-induced contractions in the aorta. Neither In vivo treatment with MF-
tricyclic nor sulindac showed any clearly protective effect on vascular tone in mREN2
rats (IV).

5.4. Inflammation

Tissue morphology

In dTGRs, the media-to-lumen ratio of mesenteric arteries was slightly increased
compared to that of SD rats (0.20£0.04 versus 0.14+0.09, p<0.05) (1).

In GK rats, the kidneys on the HS diet showed some mesangial thickening and slight

thickening of the media of the afferent arteriols, but with no clear signs of

glomerulosclerosis or interstitial fibrosis (I1).
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In mMREN2 rats, the myocardium showed severe histopathological changes. In the
larger epicardial arteries appeared notable adventitial fibrosis and medial hypertrophy.
There was an increase in inflammatory cells in the perivascular area. Smaller, mostly
intramuscular arteries were even more severely damaged, and showed concentric
hypertrophy occluding the vessel lumens. Neither MF-tricyclic nor sulindac had any
clearly beneficial or detrimental effects on cardiac morphology. In contrast, losartan
completely prevented the Ang llI-induced morphological changes in mREN2 rats, both

in the presence and in the absence of COX inhibitors (llI).

In mMREN2 rats, the kidneys showed focal glomeruloscerosis with mesangial
expansion, and apparent tubular atrophy with mild peritubular/interstitial fibrosis. The
mid-sized arteries showed notable adventitial and medial thickening, whereas the
smaller arteries also had intimal hyperplasia, leading to narrowing of the luminal
space. Inflammatory cells appeared in periarterial and peritubular areas. Neither MF-
tricyclic nor sulindac was able to prevent Ang Ill-induced changes in renal morphology.
In contrast, some samples of the selective COX-2 or non-selective COX-1/COX-2
inhibitor groups showed necrosis of the tubular epithelium. Renal morphology in

MRENZ2 rats treated with losartan was indistinguishable from that of SD rats (lll).

Leukocyte accumulation and adhesion molecule expression

GK rats during the LS diet already had significant monocyte/macrophage infiltration
(ED;-positive cells) in the renal perivascular space and increased expression of ICAM-
1 in the interstitium, intima, and adventitia of the small renal vessels. The HS diet
aggravated their inflammatory response. Valsartan treatment reduced the number of

ED;-positive cells and ICAM-1 expression during both LS and HS diets (l1).

In mMREN2 rats, ED;-positive cells appeared both in the heart and kidneys. Neither
MF-tricyclic nor sulindac ameliorated the inflammatory response in these mREN2 rats,

and losartan completely prevented leukocyte infiltration (111).

COX expression
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In MREN2 and SD rats, only minimal COX-2 protein expression appeared in
endothelial cells in the heart (data not shown). Weak COX-2 immunopositive staining
was also found in the cortex and medullary interstitial cells. Renal COX-2 expression

was clearly lower in mREN2 rats than in SD rats (llI).

COX-2 mRNA expression in the heart and kidneys was also lower compared that into
SD rats. MF-tricyclic, sulindac, and losartan significantly increased myocardial and
renal COX-2 mRNA expression in mMRENZ2 rats. No difference existed in COX-1 mRNA
expression in the heart or kidneys between mREN2 and SD rats. Sulindac enhanced
COX-1 mRNA expression, but not MF-tricyclic. Losartan did not influence COX-1 gene

expression when given alone or in combination with COX inhibitors (l11).

Excretion of NO metabolites

Urinary nitrate plus nitrite (NOx), the main NO metabolites, was measured in the
present study. In dTGRs, urinary NOx excretion was reduced by 85% compared to
SD control rats. Valsartan treatment markedly improved urinary NOx excretion in

these rats (I).

In GK rats, urinary NOx excretion was similar to that in Wistar controls, but was
markedly increased during the HS diet. Increased NOx excretion in GK rats during the

HS diet was normalized by prolonged treatment with valsartan (Il).

In mMREN2 rats, urinary NOx excretion was lower than in SD controls, and was
completely normalized by losartan treatment. In contrast, both MF-tricyclic and

sulindac slightly reduced (p<0.05) or tended to reduce their urinary NOx excretion (IV).

5.5. Oxidative stress

In the present study, serum 8-isoprostaglandin Fyq level and renal xanthine
oxidoreductase activity, the indirect markers of oxidative stress in vivo (for review, see

Romero & Reckelhoff, 1999), were measured.
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Serum 8-isoprostaglandin Faq

In dTGRs, serum 8-isoprostaglandin Fy4 levels were 100% higher than in SD control

rats. Valsartan treatment completely normalized serum 8-isoprostaglandin Fy, levels

().

In GK rats, serum 8-isoprostaglandin Fp4 levels tended to be higher than in Wistar
rats, but not significantly. The HS diet raised serum 8-isoprostaglandin Fy, levels by

400% in GK rats; this was prevented by prolonged treatment with valsartan (Il).

Renal xanthine oxidoreductase activity

In dTGRs, the activity of XOR in the kidney was 40% higher than in SD control rats.

Vasartan treatment completely normalized their renal XOR activity (I).

5.6. Blood glucose and serum insulin

In GK rats, blood glucose and serum insulin levels were higher than in Wistar rats, but

were not markedly influenced by the HS diet or by valsartan treatment (II).

5.7. Plasma atrial natriuretic peptide and B-type natriuretic peptide

In GK rats, plasma atrial natriuretic peptide and B-type natriuretic peptide
concentrations were similar to those in Wistar controls. Neither the HS diet nor
valsartan treatment affected plasma atrial natriuretic peptide concentrations. Plasma
B-type natriuretic peptide levels were elevated by the HS diet both in the presence

and in the absence of valsartan treatment (l1).



5.8. Serum lactate dehydrogenase

In mMREN2 rats, serum LDH concentrations were similar to those in SD controls, and

no drugs used had any influence on this (lll).

5.9. Angiotensin receptors, angiotensin-converting enzyme, neutral endo-

peptidase, and endothelin receptors expression

In dTGRs, renal AT; mRNA expression was markedly lower than in SD rats. Valsartan
treatment raised renal AT; mRNA expression to the levels found in SD rats. In
dTGRs, AT, and AT, receptor expression in the cortex and medulla were also
markedly reduced, whereas ACE expression remained unchanged. Valsartan slightly
elevated cortical AT; receptor expression but did not influence AT; receptor
expression in the medulla; similarly, AT, receptor and ACE expression were both

unchanged (1).

In GK rats, AT, receptor expression in the medulla was lower than in Wistar rats,
whereas cortical AT; receptor expression, medullary and cortical AT, receptor
expression, and renal ACE and NEP expressions were unchanged. The HS diet did
not influence renal AT, AT,, ACE, or NEP expression. In valsartan-treated GK rats,
the cortical and medullary AT, receptor expression were lower in the presence and in
the absence of the HS diet (lI).

In MREN2 rats, ETa and ETg receptor expressions in the aorta did not differ from
those in SD rats. None of the drugs significantly influenced ETA and ETg receptor
expressions. In the aorta, ETa receptor expression was 7 to 20 times as high as ETg

receptor expression (1V).

5.10. Body weight, food intake, and drug dosages

In Studies Il and 1V, final body weight in untreated mMREN2 and SD rats (41248 vs.
392414 g, p=0.27) was similar. At the end of the experimental period body weight of
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sulindac-treated (455+17 @), losartan-treated (45219 g), and MF-tricyclic+losartan-
treated (457+15 g) rats were slightly, but significantly higher than of untreated mREN2
rats (p<0.05). No difference existed between the treatment groups in the 24-hour food

intake at 2, 4, 6, and 8 weeks.

During the 8-week experimental period, the daily dosage of selective COX-2 inhibitor
MF-tricyclic varied from 22 to 9 mg/kg, that of non-selective COX-1/COX-2 inhibitor
sulindac from 25 to 9 mg/kg, and that of losartan from 67 to 27 mg/kg during the 8

weeks’ experiment (ll1, V).

The main findings in the animals and the effects of compounds in corresponding

animals are summarized in Table 8.
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Table 8. Main findings in the rats and effects of prolonged treatment with different compounds in corresponding animals (k

V).

Study Strain Treatment SBP Cardiac Proteinuria NOx Serum 8- Renal XOR activity
hypertrophy isoprostaglandin Faq

| SD Vehicle - - - - - -

I dTGR Vehicle 18 1@ 18 12 18 18

[ dTGR  Valsartan 1° 1° 1° 1P 1° 1°

Study Strain Treatment SBP Cardiac Albuminuria NOXx Serum 8- Renal ED;- Renal
hypertrophy isoprostaglandin Faq positive cells ICAM-1

Il Wistar  Vehicle - - - - - - -

I GK Vehicle 1€ 1° 1° «° «° 1° 1°

I GK High salt 14 14 14 14 14 1 1

Il GK Valsartan 1 _— o _— _— 1 1

I GK High salt+valsartan 19 19 191" o0 o0 14 140"

Study Strain Treatment SBP Cardiac Albuminuria NOx Cardiac ED;-postive Renal ED;-positive cells
hypertrophy cells

n, Iv.. sb Vehicle - - - - - -

I,V mREN2 Vehicle 1 1 1° 1¢ 1 ¢

M,V mREN2 MF-tricyclic 19 19 19 19 9 9

I, V. mREN2 Sulindac 19 19 19 9 9 9

I,V  mREN2 Losartan ! 1° 19 19 1° 19

N, IV  mREN2 MF- 19 19 19 19 19

tricyclic+losartan
I, IV mREN2 Sulindac+losartan 19 19 19" 19 19

- normal; 1 increased; | decreased; <> no changes; a compared to SD rats in Study | (I); b compared to untreated dTGRs (I); ¢ compared to Wistar rats (Il); d
compared to untreated GK rats (Il); # compared to GK rats with high-sodium diet (Il); e compared to SD rats in Studies Ill and IV; g compared to untreated
mREN2 rats (l1I-1V); * compared to MF-tricyclic- and sulindac-treated mRENZ2 rats.

dTGR = double transgenic rat harboring human renin and human angiotensinogen mREN2 = mouse transgenic rat harboring the mouse renin-2 gene
genes NOx = nitrite plus nitrate

ED1 = monoclonal antibody recognizing rat monocytes and macrophages SBP = systolic blood pressure

GK = Goto-Kakizaki rat SD = Sprague-Dawley rat

ICAM-1 = intracellular adhesion molecule-1 XOR = xanthine oxidoreductase



6. DISCUSSION

RAS plays a central role in the regulation of blood pressure, sodium excretion, and
aldosterone secretion. Ang Il is a key effector of RAS, and recent studies have
demonstrated that Ang ll-induced inflammation and vascular injury are involved in the
pathogenesis of Ang llI-induced hypertension and other cardiovascular diseases. The
exact mechanisms, however, still remain unclear. In the present study, the role of
oxidative stress and COX isoenzymes in the Ang ll-induced inflammatory response
and vascular dysfunction were evaluated by the use of two transgenic models with

increased local RAS: dTGRs and mRENZ2 rats, and spontanously diabetic GK rats.

6.1. Methodology

Rat strains

The three models chosen, i.e., the dTGR, and the mREN2 and GK rat, were especially
suitable for answering the questions concerning the mechanisms and prevention of
Ang ll-induced vascular injury and inflammatory response. In dTGRs, the rat and
human RAS do not interact, so the pathogenesis in this rat is the result of the
overexpression of the human RAS (Muller et al., 2000a; Muller et al., 2000b), thus, the
dTGR can be regarded as a good animal model for studying the mechanisms of Ang
ll-induced pathogenesis and the effect of ACE inhibitors and AT, antagonists in man.
As compared to that of dTGRs, the pathogenesis of heterozygous mREN2 rats is
moderate, and the survival rate of heterozygous mREN2 rats is also much longer.
Therefore, the effects of 3 weeks’' treatment of dTGRs and 8 weeks’ treatment of

MREN2 rats could be determined without loss of animals.

In the present study, that spontaneously diabetic GK rats are salt- sensitive and show
several structural changes in the kidney similar to those observed in type Il diabetic
patients, implies that these rats may be a good animal model for studying the

pathogenesis of type Il diabetes in man.
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Blood pressure measurements

In the present study, blood pressure was measured by the tail cuff method. In Study II,
blood pressure was also measured by the radiotelemetry method. Blood pressure
measured by the tail cuff method has shown a good correlation with direct recordings
by using intra-arterial catheters (Bunag & Butterfield, 1982). The advantages of this
method are its low cost and simplicity. The limitations, on the other hand, are
overestimation of blood pressure by stressful stimuli from the environment, e.g.,
people, noise, high temperatures, tail-cuffs, and holders. Stress-induced influences
can be minimized by pre-training the animals, and by having the same person

regularly perform the measurements in a peaceful environment.

The radiotelemetry method offers the possibility for providing accurate, reliable, and
continuous recordings in unrestrained, untethered animals for a relatively long time-
period. The main limitations of the method are the process of telemeter setting and the

expensive devices operation for telemeter setting and the expensive device.

In the present study, systolic blood pressure measured by the tail cuff and
radiotelemetry method in GK rats was similar. In accordance with our previous pilot
study in diabetic Zucker rats (data not shown), the present results indicate that the

telemetric and tail cuff values are also comparable in GK rats.

Arterial ring preparations

The major complications of hypertension result from injury to relatively large arteries
(Safar et al., 1998). Regional differences in the vascular effects of increased RAS have
also been described in spontaneously hypertensive rats (Clozel et al., 1991). In the
present study, we used the superior mesenteric artery, renal artery, and aorta in
different experiments. The mesenteric artery served as a model of a resistance artery
and is suitable for the experimental setting, which required stable precontractions and
reproducible relaxation responses. The aorta does not contribute to peripheral
vascular resistance, but may serve as a model of conduit arteries, which are most

prone to vascular diseases and responsible for the clinical consequences of
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hypertension. Renal failure is a common complication of hypertension. Functional
changes in renal arteries may play an important role in the regulation of renal
hemodynamics and renal function. It is noteworthy that Ang Il may affect arterial

function differently in different parts of the vasculature.

Dosage selection of COX inhibitors

Dosage choices for the selective COX-2 inhibitor MF-tricyclic and non-selective COX-
1/COX-2 inhibitor sulindac were based on in vivo studies performed in mice (Oshima
et al., 1996), and male SD rats (Buttar et al., 2002). Using a mouse model of human
familial adenomatous polyposis, Oshima et al. (1996) reported that treating the mice
with MF-tricyclic suppresses polyp formation in a dose-dependent manner. MF-
tricyclic, when given at daily dosages of 14 mg/kg and 3.5 mg/kg (mixed in the chow),
reduced the number of polyps by 62% and 50%, respectively. In contrast, sulindac (12
mg/kg mixed in chow) did not influence polyp formation. In that experiment, the drug
concentration in mice receiving MF-tricyclic at a daily dosage of 14 mg/kg was 0.45
pg/ml (corresponding approximately to 1.3 ymol/l), and that of sulindac sulfide, the
active form of sulindac, in mice receiving sulindac (12 mg/kg) 0.54 ug/mi

(corresponding approximately to 1-2 pmol/l).

Buttar et al. (2002) reported recently that MF-tricyclic, when given orally to SD rats for
28 weeks at a daily dosage of 10 mg/kg (mixed in the chow), inhibits inflammation,
COX-2 activity, and the development of adenocarcinoma. In that study, high-dose
sulindac (30 mg/kg mixed in the chow) also exerted a pronounced anti-inflammatory
effect and protected against development of adenocarcinoma. The serum drug
concentration in rats receiving MF-tricyclic at a daily dose of 10 mg/kg was about 0.8
pg/ml, which, according to the authors, is approximately double the amount that can

be achieved with 25 mg of rofecoxib (a MF-tricyclic derivative) in humans.
Studies in male SD rats have revealed that MF-tricyclic exerts the following in vivo

activities after drug administration: rat paw edema inhibitory dose (IDsp): 2.8 mg/kg,

antipyretic IDsg: 0.22 mg/kg, rat paw hyperalgesia 1Dso: 1.3 mg/kg, adjuvant arthritis:
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about 1 mg/kg. The bioavailability of this drug is high (Pauline Luk, Merck Frost

Canada, personal communication).

Cell culture studies using recombinant human COX-1 and COX-2 proteins have
revealed that MF-tricyclic inhibits COX-2 at nanomolar concentration (ICso: 16.4
nmol/l) and COX-1 at high micromolar concentration (ICso > 50 000 nmol/l) (Oshima et
al., 1996). In contrast, sulindac sulfide inhibits both COX-1 and COX-2 at nanomolar
concentration (ICso for COX-1 47.9 nmol/l; ICso for COX-2 1.2 nmol/l) (Oshima et al.,
1996). In human whole blood assays, MF-tricyclic inhibits COX-2 at low micromolar
concentration (ICsp: 0.82 umol/l), and COX-1 at high micromolar concentration (ICsq:

35 umol/l) (Pauline Luk, Merck Frost Canada, personal communication).

In the present study, food consumption in mMREN2 rats was recorded every second
week by using metabolic cages, and the average drug dosages of MF-tricyclic and
sulindac from the metabolic data were calculated. In our 8-week experiment, the daily
dosage of MF-tricyclic varied from 22 to 9 mg/kg, and that of sulindac from 25 to 9
mg/kg. Taking into consideration the data from these in vivo and in vitro studies, it is
likely that MF tricyclic, as well as sulindac, produced COX inhibition also in our
experiment. The drug-induced increases in blood pressure and the 24-hour
albuminuria, as well as the drug-induced changes in renal COX mRNA and protein

expressions, also support this notion.

6.2. Increased RAS activity genetically and vascular dysfunction

In the present study, as an indication of endothelial dysfunction, endothelium-
dependent relaxation responses to ACh were impaired in dTGRs and mREN2 rats (I,
IV). However, the endothelium-independent relaxation responses to SNP and the
vascular contractile responses to Ang IlI, ET-1, and NA were inconsistent. These
results suggest that Ang ll-induced vascular dysfunction is mainly due to endothelial

dysfunction.
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Ang Il, when infused into normotensive rats, induces pronounced endothelial
dysfunction (Rajagopalan et al., 1996; Wattanapitayakul et al., 2000). Ang lI-induced
endothelial dysfunction is secondary to increased superoxide formation within the
endothelium, the media, and/or adventitial layer (Harrison, 1997; Kojda & Harrison,
1999; Mcintyre et al., 1999). Endothelial dysfunction in Ang ll-infused rats can be
corrected by SOD and by AT, receptor blockade (Rajagopalan et al., 1996). Even a
subpressor dose of Ang Il causes oxidative stress, as measured by the production of
serum 8-isoprostaglandin F,4 level, a noncyclooxygenase-produced metabolite of
arachidonic acid (Romero & Reckelhoff, 1999). In agreement with this, the present
study showed that the serum 8-isoprostaglandin F5, level was about 100% higher in
untreated dTGRs, and that preincubation of the renal arteries with SOD normalized
ACh-mediated, endothelium-dependent vascular relaxation completely. Furthermore,
urinary NOx, a marker of total body NO generation, was decreased in dTGRs and
MREN2 rats. These support the previous finding that Ang Il selectively reduces
vascular NO bioactivity (Wattanapitayakul et al., 2000) by increased oxidative stress
(Romero & Reckelhoff, 1999; Haas et al., 1999). However, whether or not endothelial
dysfunction in dTGRs and mREN2 rats is due to the direct effects of Ang Il on
endothelial cells or whether Ang ll-induced hypertension is capable of impairing

endothelial function indirectly, or both, remains to be determined.

Previous studies by us and others have shown that spontaneously hypertensive rats
and Dahl salt-sensitive rats have higher XOR activities in the kidney and other tissues
than Wistar controls (Suzuki et al., 1998; Laakso et al., 1998), and that prolonged
inhibition of NOS by L-NAME induces renal XOR in spontaneously hypertensive rats
(Laakso et al., 1999). The increased renal XOR activity in dTGRs speaks for the
involvement of XOR in the renal pathogenesis induced by Ang Il. The moderate
improvement, however, of the endothelium-dependent relaxation response by
preincubation of the vascular rings with the XOR inhibitor oxypurinol in dTGRs
suggests only partial involvement of XOR in ROS generation. It is therefore very likely
that, compared to XOR, other enzyme systems capable of producing ROS (e.g.,
NADH/NADPH oxidase and uncoupled endothelial NO synthase) play a more
important role in the onset of Ang ll-induced vascular dysfunction in dTGRs (Fukui et
al., 1997; Laursen et al., 1997).
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In the present study, prolonged treatment with AT, receptor antagonists effectively
normalized endothelium-dependent vascular relaxation responses to ACh and
improved endothelial-independent vascular relaxation responses to SNP both in
dTGRs and mREN2 rats, indicating that Ang Il impairs endothelial function and

sensitivity of VSMCs to NO via stimulation of the AT; receptor.

Ang Il induces a vascular contractile response via the AT, receptor in VSMCs. In
dTGRs, the contractile response to Ang Il was less prominent than in SD rats.
Previously we have demonstrated that Ang Il concentrations in the plasma and kidney
are 4- to 5-fold higher in dTGRs than in SD rats (Mervaala et al., 2000b). In the
present study, AT, receptor protein expression and AT; mRNA were both lower in
dTGR kidneys. The present findings clearly indicate that high circulating Ang Il and
tissue Ang Il concentrations induce agonist-dependent AT, receptor downregulation in
dTGRs. Furthermore, vascular responses to ET-1 and NA were also attenuated and
normalized by valsartan treatment in dTGRs, suggesting that down-regulated ETa
receptors and a-adrenoceptors may also be involved in Ang ll-induced vascular

dysfunction in dTGRs.

In contrast to dTGRs, vascular contractile responses to Ang Il were slightly more
prominent in aortic and renal arteries in mMREN2 rats than in SD rats. Noll et al (1997)
have also demonstrated an enhanced contractile response to Ang Il in the mesenteric
artery of mREN2 rats. These results indicate that high tissue Ang Il concentrations do
not induce agonist-dependent down-regulation of the AT, receptor in mREN rats. In
the present study, the vascular contractile responses to ET-1 in mREN2 rats were
attenuated in the aorta, but not in the renal arteries. However, ET5 and ETg receptors
were not down-regulated in mREN2 rats. In contrast to our findings in dTGRs, the
vascular contractile responses to NA in mREN2 rats were not attenuated, neither in
the aorta nor in the renal artery, suggesting that hypertension in mREN2 rats is not
associated with agonist-dependent down-regulation of the a-adrenoceptors. The AT,
receptor antagonist valsartan completely normalized vascular responses in mREN2

rats.

In summary, endothelial dysfunction is the major change in Ang Il-induced vascular

dysfunction which is mainly related to Ang ll-induced oxidative stress. Increased XOR
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activity is partially involved in the generation of O,” by Ang Il. The vascular contractile
response to Ang I, ET-1, and NA depends upon differences in animal species and
vasculature. AT, receptor antagonists are able to normalize Ang ll-induced oxidative
stress and vascular dysfunction completely, indicating Ang Il-induced vascular

dysfunction via stimulation of the AT, receptor.

6.3. Increased RAS activity in spontaneously diabetic Goto-Kakizaki

rats

In the present study, spontaneously diabetic GK rats showed higher blood glucose
and serum insulin levels, and impaired blood glucose tolerance, than did Wistar
controls. GK rats were also moderately hypertensive and showed markedly impaired
endothelial function, pronounced perivascular monocyte/macrophage infiltration, and

overexpression of adhesion molecules in the kidneys.

Long-term treatment with the AT; receptor antagonist valsartan normalized blood
pressure and improved endothelial dysfunction and perivascular inflammatory
response in GK rats during the LS diet, indicating the involvement of increased RAS
activity. The improvement of endothelium-dependent vascular relaxation by valsartan
treatment also occurred when production of NO and prostacyclin were blocked,
suggesting that endothelial dysfunction in GK rats may be attributed, at least in part, to
reduced relaxation via EDHF in the vascular smooth muscle (Cohen & Vanhoutte,
1995). However, the improvement in endothelium-dependent vascular relaxation by
valsartan may also have been, at least in part, due to stimulation of the AT, receptor,
leading to increased production of bradykinin and further, of NO (Siragy et al., 2000).
No difference appeared in NOx excretion between GK and Wistar controls, suggesting
that endothelial NO production in GK rats is unaltered. Because the serum 8-
isoprostaglandin F,, level only tended to be increased in GK rats on the LS diet, the
increased oxidative stress in contrast to the case of dTGRs and mREN2 rats was
probably not the crucial cause of the endothelial dysfunction in spontaneously diabetic
GK rats.
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A long-term HS diet in GK rats caused a marked increase in blood pressure
associated with the development of cardiac hypertrophy. The HS diet also induced
renal damage and aggravated inflammation and endothelial dysfunction, indicating
that GK rats are sensitive to the deleterious effect of salt. This agrees with the studies
in human beings which have demonstrated that hypertension in diabetic patients is
often volume-dependent and salt-sensitive (Ritz & Orth, 1999). The increased urinary
8-isoprostaglandin F,4 excretion in GK rats during the HS diet supports the theory that
in GK rats the detrimental effects of high salt are associated with increased oxidative
stress. Valsartan normalized salt-induced oxidative stress in these rats, suggesting
that Ang Il is involved in salt-induced oxidative stress in GK rats. Valsartan also
effectively prevented a salt-induced inflammatory response by blood-pressure-
independent mechanisms. Surprisingly, valsartan did not abolish high-salt-induced
hypertension, endothelial dysfunction, or cardiac hypertrophy. The present findings
suggest that the harmful effect of the HS diet in this animal model of type Il diabetes

may be, at least partially, due to increased RAS activity.

In summary, increased RAS activity is involved in the pathogenesis of hypertension
and renal failure in the spontaneously diabetic GK rat. Hypertension in this rat is salt-
sensitive. The deleterious effects of salt in GK rats are related to Ang ll-induced
oxidative stress. Valsartan prevented the salt-induced inflammatory response and

oxidative stress in GK rats by blood-pressure-independent mechanisms.

6.4. COX in the pathogenesis of Ang Ill-induced vascular

inflammation

The mREN2 rat with increased local RAS activity is characterized by hypertension and
Ang ll-induced tissue injury in the brain, heart, kidney, and vasculature (Mullins et al.,
1990; Bohm et al., 1995; Lee et al., 1996). Evidence is accumulating to indicate that the
inflammatory response plays an important role in the pathogenesis of Ang ll-induced
vascular/tissue damage. Prostanoids are major mediators of the inflammatory response
and are synthesized by COX from arachidonic acid. However, whether COX-synthesized

prostanoids are involved in Ang ll-induced inflammation and vascular injury is still
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unclear. In the present study, neither the selective COX-2 inhibitor MF-tricyclic nor the
non-selective COX-1/COX-2 inhibitor sulindac was capable of preventing Ang ll-induced
inflammatory responses or tissue damage. In contrast, both compounds showed clear
blood-pressure-increasing effects and further aggravated Ang ll-induced renal damage.
Furthermore, RT-PCR gene-expression analysis revealed that COX-2 mRNA expression
was down-regulated by Ang Il both in the kidney and heart. Although COX inhibitors
exerted detrimental cardiovascular and renal effects in mREN2 rats, they did not

attenuate the therapeutic effects of the AT, receptor antagonist losartan.

The present study supports the recent clinical finding that COX-2 inhibitors may increase
risk for cardiovascular events, for instance, through increased blood pressure (FitzGerald
& Patrono, 2001; Mukherjee et al., 2001). An important finding of the present study was
the close correlation between systolic blood pressure and degree of cardiac hypertrophy
in MREN2 rats, suggesting that the development of cardiac hypertrophy in these rats is
primarily mediated by increased pressure overload. However, the present study could
provide no evidence for further aggravation of Ang ll-induced myocardial or vascular

lesions by COX inhibition.

Although the kidneys exhibit abundant constitutive expression of COX-2 (Harris, 2000;
Breyer & Harris, 2001), the physiological role of COX-2 in the kidney is not fully
understood. Several studies support the notion that the renal COX-2 may regulate renin
release as well as renal microcirculation in response to environmental factors such as
salt and water depletion (Harris, 2000; Breyer & Harris, 2001). Recent studies have
provided compelling evidence that endothelial- and VSMC-derived vasodilatory
prostanoids attenuate the renal vascular response to Ang Il (Imig, 2000). In the present
study, the blood-pressure-increasing effect of COX inhibitors in mREN?2 rats is likely to

be due to derangement in the renal microcirculation and to tissue damage.

COX-2 is almost exclusively expressed in the renal macula densa cells (Harris et al.,
1994; Vio et al., 1997; Hartner et al., 1998). The macula densa is directly adjoined to
the renin-producing cells of the afferent arterioles. Macula densa-derived prostaglandins
(Gerber et al., 1981; Greenberg et al., 1993) are well-known stimulators of renin
synthesis and of renin secretion. However, to the best of our knowledge, the influence of

the RAS on COX-2 expression is still unclear. In the present study, COX-2 mRNA
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expression both in the heart and kidneys were down-regulated, whereas AT, receptor
blockade by losartan increased COX-2 gene expression. Regulation of COX-2 protein
expression by RAS was also noted with COX-2 immunohistochemistry. Our findings are
thus in good agreement with those of previous studies (Cheng et al., 1999; Harris, 2000;
Breyer & Harris, 2001) and further support the suggestion that inhibition of COX-2 by
Ang Il could form novel indirect negative feedback control of the renin system (Wolf et
al., 1999; Zhang et al., 1999) (Figure 6). The mechanisms by which Ang Il inhibits

COX-2 expression should be investigated in further experiments.

Due to increased Ang Il formation in tissues, mMREN2 rats develop hypertension, cardiac
hypertrophy, and renal damage (Mullins et al., 1990; Bohm et al., 1995; Lee et al., 1996).
We showed recently that Ang Il induces tissue damage even by blood pressure-
independent mechanisms (Mervaala et al., 2000b). Ang Il generates ROS, activates the
redox-sensitive transcription factors NF-kB and activator protein-1, and induces severe
perivascular inflammation through AT; receptor stimulation (Luft et al., 1999). Both COX-
1 and COX-2-derived prostanoids play important roles in mediating and terminating the
inflammatory response (Mitchell et al., 1995; Harris, 2000; Imig, 2000; Breyer & Harris,
2001). COX-2 can be induced in endothelial cells, fibroblasts, smooth muscle cells, and
macrophages by proinflammatory cytokines, endotoxin, prostanoids, tumor promoters,
mitogens, and hypoxia (Mitchell et al., 1995; Wu, 1995). Intriguingly, treatment with
COX-2 selective inhibitors like NS398 and celecoxib, but not with the non-selective COX-
1/COX-2 inhibitor indomethacin, severely diminished early and late events of T cell
activation, partly through NF-kB and NF-AT-transcription pathways, supporting the notion
that selective COX-2 inhibitors may act as modulators of the immune system (Iniguez et
al., 1999). Anti-inflammatory effects of COX-2-derived prostanoids have, however, also
been described (Gilroy et al., 1999). It has also been claimed that COX-2 induction in
endothelial cells may represent an important compensatory mechanism to defend
against vascular injury (Wu, 1998b). In the present study, Ang Il induced a marked
monocyte/macrophage infiltration both in the heart and the kidneys. That the COX
inhibitors had no detectable anti-inflammatory effects suggests that COX does not play a

central role in the pathogenesis of the Ang Il-induced inflammatory response.
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Figure 6. Possible interaction between renin-angiotensin system, cyclo-

oxygenease and aldosterone (modified from Wolf et al., 1999).

In conclusion, in MREN2 rats, COX-2 mRNA and protein expression in the heart and
the kidneys were downregulated. Neither the selective COX-2 inhibitor MF-tricyclic nor
the non-selective COX-1/COX-2 inhibitor sulindac had a beneficial effect on Ang II-
induced inflammation. In fact, they even further increased blood pressure and
aggravated renal damage; however, neither COX inhibitor influenced the therapeutic

effects of losartan in MREN2 rats.
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6.5. COXin the pathogenesis of Ang ll-induced vascular dysfunction

Prostanoids converted by COX from arachidonic acid are also critical modulators of
vascular tone in both physiological and pathophysiological conditions. Under normal
physiological conditions, prostanoids produced by the COX pathway generally induce
vasorelaxation. However, in vascular pathologies, there may be an imbalance in which
where COX-dependent vasoconstrictors become more predominant (for review, see
Davidge, 2001).

The present study investigated the role of COX-synthesized eicosanoids in Ang II-
induced vascular dysfunction in mREN2 rats. An important finding of the present study
was that hypertension in mREN2 rats is associated with impaired vascular
endothelium-dependent and endothelium-independent vascular relaxation in the aorta,

whereas the renal arterial function remained largely unchanged. Urinary NOyx

excretion, a commonly used marker of total body NO generation, was markedly
decreased in mMREN2 rats. Both MF-tricyclic and sulindac slightly reduced urinary NOx
excretion in mMREN2 rats. However, neither treatment with the COX-2 selective MF-
tricyclic nor with the non-selective COX-1/COX-2 inhibitor sulindac was capable of
preventing Ang ll-induced vascular dysfunction in mMREN2 rats. Previous study
demonstrated that contractile prostanoids synthesized by COX does not play a role in
the depelopment of hypertension (Taddei et al., 1997). These results further indicate
that COX also does not appear to participate in the development of Ang ll-induced

vascular dysfunction in mRENZ2 rats.

COX-2-deficient mice developed ductus arteriosus, and 35% of the mice have died
within 48 hours after birth (Loftin et al., 2001). Moreover, 100% of the mice deficient in
both COX-1 and COX-2 have died with a patent ductus arteriosus within 12 hours of
birth, indicating that both COX-2 and COX-1 have physiological roles in vessel
development. Moreover, a recent study demonstrated that COX-2 induction in
endothelial cells may represent an important compensatory mechanism to defend
against vascular injury (Wu, 1998b). In mREN2 rats, both COX-2 protein and mRNA
expression were downregulated in the heart and the kidneys. Neither MF-tricyclic nor

sulindac provides beneficial effects in Ang ll-induced pathogenesis in MTRN2 rats. The
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present study supports the above findings and suggests that COX is not involved in Ang

[l-induced vascular injury in mMREN2 rats.

The relationship between increased blood pressure and vascular dysfunction in different
forms of hypertension has been widely argued. In the present study, treatment with both
the selective COX-2 inhibitor MF-tricyclic and the non-selective COX-1/COX-2 inhibitor
sulindac elevated blood pressure similarly, but did not affect endothelial function in
MREN2 rats. These results support the previous suggestion that endothelial dysfunction
may be secondary to the hypertension (Mcintyre et al., 1999; Vapaatalo et al., 2000).
The present study also supports the recent notion that the role of COX-dependent
modulation of vascular function in hypertension may depend on animal models and

type of vessels (for review, see Davidge, 2001).
In summary, neither prolonged treatment with the selective COX-2 inhibitor MF-

tricyclic nor with the non-selective COX-1/COX-2 inhibitor sulindac affected Ang II-

induced vascular dysfunction in mREN2 rats.
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7. SUMMARY AND CONCLUSIONS

The present study aimed at exploring the mechanisms of Ang ll-induced inflammatory
response and vascular injury, and especially the role of oxidative stress and COX-
1/COX-2 in this pathogenesis. Two transgenic strains with increased local RAS activity
(dTGRs, mRENZ2 rats) as well as spontaneously diabetic Goto-Kakizaki rats served as

experimental animals.

The major conclusions are as follows:

1. Ang Il induces vascular dysfunction via AT, receptor stimulation. Ang ll-induced
vascular dysfunction is mainly due to endothelial dysfunction and is associated
with increased oxidative stress. XOR is responsible, at least in part, for Ang II-

induced ROS formation.

2. In spontaneously diabetic Goto-Kakizaki rats, increased RAS activity is involved

in the pathogenesis of endothelial dysfunction and vascular inflammation.

3. The pathological changes in GK rats are salt-sensitive. AT, receptor blockade
prevents the salt-induced inflammatory response and oxidative stress in GK

rats by blood pressure-independent mechanisms.

4. Ang Il downregulates COX-2 mRNA and protein expression. COX does not
play a central role in the pathogenesis of Ang ll-induced inflammatory response

and vascular injury.
5. Prolonged treatment with the selective COX-2 inhibitor MF-tricyclic and the

non-selective COX-1/COX-2 inhibitor sulindac aggravates Ang ll-induced

hypertension and renal damage.

81



ACKNOWLEDGEMENTS

The present study was performed at the Institute of Biomedicine, Pharmacology, of the
University of Helsinki during 1999 to 2002.

First, and above all, | wish to express my deepest gratitude to my supervisor Professor Heikki
Vapaatalo, Head of the Department of Pharmacology, for providing me the opportunity to work
in the field of pharmacology. Without his encouragement, excellent advice, and timely

discussions, | would never have succeeded in accomplishing this work.

My warmest thanks also go to my other supervisor Assistant Professor Eero Mervaala, who
kindly welcomed me into his group to study cardiovascular pharmacology. His inexhaustible
interest in science, unique knowledge in cardiovascular research, real scientific attitude, and
excellent ideas motivated me throughout this project. Without his invaluable support and

perfect guidance, this work would not have been possible.

I owe my respectful thanks to Professor Raimo Tuominen and Professor Eeva Moilanen for
the careful review of this thesis and constructive comments. | am also grateful to Carol Norris

for author-editing the language of this thesis.

| am deeply grateful to Kirsi Vaali, my first tutor in Pharmacology research, for her excellent
support and patience from the time | came through the door, and for her friendship. My special
gratitude also extends to my dear friend Riikka Nevala, for her kind help in drawing some
figures and for profound conversations over the years. | am also extremely grateful to my
friend Anneli von Behr for teaching me the techniques and for her excellent and skillful

technical assistance, and also her kindest help in everyday life.

I would like to thank Timo Vaskonen for solving computer problems and teaching me the
operation of the radiotelemetric method. My thanks are also due to Esko Kankuri for his kind

help in using computers.

| express my appreciation to my co-authors and co-workers Docent llkka Tikkanen, Professor
Heikki Karppanen, Professor Heikki Ruskoaho, Risto Lapatto, Kaisa Nurminen, Saara
Merasto, and Marjut Louhelainen for wonderful collaboration, and in particular, Piet

Finckenberg for his excellent techniques in morphological and pathological measurement. |

82



ACKNOWLEDGEMENTS

am also grateful to Professor Friedrich C. Luft and his group in Berlin for offering the animal

model in Study | and immunohistochemistry measurements for Study Il

Thanks are also due to Sari Laakkonen and Toini Siiskonen for their excellent technical
assistance. | also extend my thanks to Eeva Harju, Esa Oja, Eino Ruusula, and Erkka
Solatunturi for helping me in various practical tasks. | am indebted to Marja-Liisa Rédsénen and

other members of the staff of the experimental animal house for their kind help.

| am grateful to Professor Pekka Rauhala, Professor llari Paakkari, Marika Sipola, Pere Anna-
Kaisa, Teemu Helkamaa, Pertteli Salmenpera, and Antti Ohvanainen, for their kind help and
good collaboration. My special thanks go to Reetta Holma for her kind help and for sharing a

lot of happy moments during this dissertation time.

My friends Cao Ying, Xie Shujuan, Liu Yan, Li Huibo, and Shi Jian are thanked for their
unconditional trust and love, even we are so far and so long apart. Thanks are also due to my
Chinese colleagues and friends in Finland for their help, support, and friendship.

| am deeply grateful to my sister’s family, especially to my niece, Xiaoxiao. You have given me
so much love and joy. My warm thanks also due to my parents in law, sister-in-law and brother
in law, and my other relatives for their endless support and encouraging attitude towards my

studies.

Last but not least, my warmest thanks go to my husband Liping Fei; without his love and

support, this book would never have existed.

This work was supported financially by the Sigrid Juselius Foundation, Helsinki, Finland.
Helsinki, October 2002

Z_hm\j J lan C‘w«g

Yok @

Zhong Jian Cheng

83



REFERENCES

Adeagbo AS & Triggle CR (1993) Varying extracellular [K+]: a functional approach to separating EDHF- and
EDNO-related mechanisms in perfused rat mesenteric arterial bed. J Cardiovasc Pharmacol 21: 423-429.

Alderman MH (1995) Plasma renin activity and coronary heart disease: are they related? Curr Opin Nephrol
Hypertens 4: 201-203.

Alderman MH, Madhavan S, Ooi WL, Cohen H, Sealey JE and Laragh JH (1991) Association of the renin-sodium
profile with the risk of myocardial infarction in patients with hypertension. N Engl J Med 324: 1098-1104.

Alexander RW (1995) Theodore Cooper Memorial Lecture. Hypertension and the pathogenesis of atherosclerosis.
Oxidative stress and the mediation of arterial inflammatory response: a new perspective. Hypertension 25:
155-161.

Allen AM, Zhuo J and Mendelsohn FA (1999) Localization of angiotensin AT1 and AT2 receptors. J Am Soc
Nephrol 10 Suppl 11: S23-S29

Anderson S, Rennke HG and Brenner BM (1986) Therapeutic advantage of converting enzyme inhibitors in
arresting progressive renal disease associated with systemic hypertension in the rat. J Clin Invest 77:
1993-2000.

Andreis PG, Rebuffat P, Neri G, Rossi GP and Nussdorfer GG (2000) Effects of irbesartan and bosentan on the
blood pressure and adrenal zona glomerulosa function in heterozygous transgenic TGR[MREN2]27 rats.
Life Sci 67: 543-547.

Arai M, Wada A, Isaka Y, Akagi Y, Sugiura T, Miyazaki M, Moriyama T, Kaneda Y, Naruse K and Naruse M (1995)
In vivo transfection of genes for renin and angiotensinogen into the glomerular cells induced phenotypic
change of the mesangial cells and glomerular sclerosis. Biochem Biophys Res Commun 206: 525-532.

Ardaillou R (1997) Active fragments of angiotensin Il: enzymatic pathways of synthesis and biological effects. Curr
Opin Nephrol Hypertens 6: 28-34.

Arnet UA, Novosel D, Barton M, Noll G, Ganten D and Luscher TF (1999) Endothelial dysfunction in the aorta of
transgenic rats harboring the mouse Ren-2 gene. Endothelium 6: 175-184.

Bader M, Peters J, Baltatu O, Muller DN, Luft FC and Ganten D (2001) Tissue renin-angiotensin systems: new
insights from experimental animal models in hypertension research. J Mol Med 79: 76-102.

Baichwal VR & Baeuerle PA (1997) Activate NF-kappa B or die? Curr Biol 7: R94-R96

Barnes PJ & Karin M (1997) Nuclear factor-kappaB: a pivotal transcription factor in chronic inflammatory diseases.
N Engl J Med 336: 1066-1071.

Bauersachs J, Popp R, Hecker M, Sauer E, Fleming | and Busse R (1996) Nitric oxide attenuates the release of
endothelium-derived hyperpolarizing factor. Circulation 94: 3341-3347.

Beckman JS, Beckman TW, Chen J, Marshall PA and Freeman BA (1990) Apparent hydroxyl radical production by
peroxynitrite: implications for endothelial injury from nitric oxide and superoxide. Proc Natl Acad SciU S A
87:1620-1624.

Black SC, Brideau C, Cirino M, Belley M, Bosquet J, Chan CC and Rodger IW (1998) Differential effect of a
selective cyclooxygenase-2 inhibitor versus indomethacin on renal blood flow in conscious volume-
depleted dogs. J Cardiovasc Pharmacol 32: 686-694.

Blake GJ & Ridker PM (2001) Novel clinical markers of vascular wall inflammation. Circ Res 89: 763-771.

Bohlender J, Fukamizu A, Lippoldt A, Nomura T, Dietz R, Menard J, Murakami K, Luft FC and Ganten D (1997)
High human renin hypertension in transgenic rats. Hypertension 29: 428-434.

Bohlender J, Menard J, Edling O, Ganten D and Luft FC (1998) Mouse and rat plasma renin concentration and
gene expression in (mMRen2)27 transgenic rats. Am J Physiol 274: H1450-H1456

84



Bohm M, Lee M, Kreutz R, Kim S, Schinke M, Djavidani B, Wagner J, Kaling M, Wienen W and Bader M (1995)
Angiotensin Il receptor blockade in TGR(MREN2)27: effects of renin-angiotensin-system gene expression
and cardiovascular functions. J Hypertens 13: 891-899.

Bohr DF & Webb RC (1984) Vascular smooth muscle function and its changes in hypertension. Am J Med 77: 3-
16.

Booz GW & Baker KM (1996) Role of type 1 and type 2 angiotensin receptors in angiotensin ll-induced
cardiomyocyte hypertrophy. Hypertension 28: 635-640.

Brasier AR, Jamaluddin M, Han Y, Patterson C and Runge MS (2000) Angiotensin Il induces gene transcription
through cell-type-dependent effects on the nuclear factor-kappaB (NF-kappaB) transcription factor. Mol
Cell Biochem 212: 155-169.

Brasier AR, Li J and Copland A (1994) Transcription factors modulating angiotensinogen gene expression in
hepatocytes. Kidney Int 46: 1564-1566.

Brasier AR, Li J and Wimbish KA (1996) Tumor necrosis factor activates angiotensinogen gene expression by the
Rel A transactivator. Hypertension 27: 1009-1017.

Brasier AR, Ron D, Tate JE and Habener JF (1990) A family of constitutive C/EBP-like DNA binding proteins
attenuate the IL-1 alpha induced, NF kappa B mediated trans-activation of the angiotensinogen gene
acute-phase response element. EMBO J 9: 3933-3944.

Brenner BM, Cooper ME, de Zeeuw D, Keane WF, Mitch WE, Parving HH, Remuzzi G, Snapinn SM, Zhang Z and
Shahinfar S (2001) Effects of losartan on renal and cardiovascular outcomes in patients with type 2
diabetes and nephropathy. N Engl J Med 345: 861-869.

Breyer MD & Harris RC (2001) Cyclooxygenase 2 and the kidney. Curr Opin Nephrol Hypertens 10: 89-98.

Brosnihan KB, Li P and Ferrario CM (1996) Angiotensin-(1-7) dilates canine coronary arteries through kinins and
nitric oxide. Hypertension 27: 523-528.

Bruning TA, Hendriks MG, Chang PC, Kuypers EA and van Zwieten PA (1994) In vivo characterization of
vasodilating muscarinic-receptor subtypes in humans. Circ Res 74: 912-919.

Bunag RD & Butterfield J (1982) Tail-cuff blood pressure measurement without external preheating in awake rats.
Hypertension 4: 898-903.

Bunkenburg B, Schnell C, Baum HP, Cumin F and Wood JM (1991) Prolonged angiotensin Il antagonism in
spontaneously hypertensive rats. Hemodynamic and biochemical consequences. Hypertension 18: 278-
288.

Busse R & Fleming | (1993) The endothelial organ. Curr Opin Cardiol 8: 719-727.

Buttar NS, Wang KK, Leontovich O, Westcott JY, Pacifico RJ, Anderson MA, Krishnadath KK, Lutzke LS and
Burgart LJ (2002) Chemoprevention of esophageal adenocarcinoma by COX-2 inhibitors in an animal

model of Barrett's esophagus. Gastroenterology 122: 1101-1112.

Campbell DJ & Habener JF (1986) Angiotensinogen gene is expressed and differentially regulated in multiple
tissues of the rat. J Clin Invest 78: 31-39.

Campbell DJ & Habener JF (1987) Cellular localization of angiotensinogen gene expression in brown adipose
tissue and mesentery: quantification of messenger ribonucleic acid abundance using hybridization in situ.
Endocrinology 121: 1616-1626.

Capdevila JH, Falck JR and Estabrook RW (1992) Cytochrome P450 and the arachidonate cascade. FASEB J 6:
731-736.

Capers Q, Alexander RW, Lou P, de Leon H, Wilcox JN, Ishizaka N, Howard AB and Taylor WR (1997) Monocyte
chemoattractant protein-1 expression in aortic tissues of hypertensive rats. Hypertension 30: 1397-1402.

Carlos TM & Harlan JM (1994) Leukocyte-endothelial adhesion molecules. Blood 84: 2068-2101.

Cassis LA, Lynch KR and Peach MJ (1988) Localization of angiotensinogen messenger RNA in rat aorta. Circ Res
62: 1259-1262.

85



Caulfield MP & Birdsall NJ (1998) International Union of Pharmacology. XVII. Classification of muscarinic
acetylcholine receptors. Pharmacol Rev 50: 279-290.

Chatziantoniou C & Arendshorst WJ (1992a) Prostaglandin interactions with angiotensin, norepinephrine, and
thromboxane in rat renal vasculature. Am J Physiol 262: F68-F76

Chatziantoniou C & Arendshorst WJ (1992b) Renal vascular reactivity to vasodilator prostaglandins in genetically
hypertensive rats. Am J Physiol 262: F124-F130

Chen XL, Tummala PE, Olbrych MT, Alexander RW and Medford RM (1998) Angiotensin Il induces monocyte
chemoattractant protein-1 gene expression in rat vascular smooth muscle cells. Circ Res 83: 952-959.

Cheng HF, Wang JL, Zhang MZ, Miyazaki Y, Ichikawa |, McKanna JA and Harris RC (1999) Angiotensin Il
attenuates renal cortical cyclooxygenase-2 expression. J Clin Invest 103: 953-961.

Chung O, Stoll M and Unger T (1996) Physiologic and pharmacologic implications of AT1 versus AT2 receptors.
Blood Press 2 Suppl: 47-52.

Clozel M, Gray GA, Breu V, Loffler BM and Osterwalder R (1992) The endothelin ETB receptor mediates both
vasodilation and vasoconstriction in vivo. Biochem Biophys Res Commun 186 : 867-873.

Clozel M, Kuhn H, Hefti F and Baumgartner HR (1991) Endothelial dysfunction and subendothelial monocyte
macrophages in hypertension. Effect of angiotensin converting enzyme inhibition. Hypertension 18: 132-
141.

Cockceroft JR, Chowienczyk PJ, Benjamin N and Ritter JM (1994) Preserved endothelium-dependent vasodilatation
in patients with essential hypertension. N Engl J Med 330: 1036-1040.

Cohen RA (1995) The role of nitric oxide and other endothelium-derived vasoactive substances in vascular
disease. Prog Cardiovasc Dis 38: 105-128.

Cohen RA & Vanhoutte PM (1995) Endothelium-dependent hyperpolarization. Beyond nitric oxide and cyclic GMP.
Circulation 92: 3337-3349.

Collins R, Peto R, MacMahon S, Hebert P, Fiebach NH, Eberlein KA, Godwin J, Qizilbash N, Taylor JO and
Hennekens CH (1990) Blood pressure, stroke, and coronary heart disease. Part 2, Short-term reductions
in blood pressure: overview of randomised drug trials in their epidemiological context. Lancet 335: 827-
838.

Collins T (1993) Endothelial nuclear factor-kappa B and the initiation of the atherosclerotic lesion. Lab Invest 68:
499-508.

Crabos M, Roth M, Hahn AW and Erne P (1994) Characterization of angiotensin Il receptors in cultured adult rat
cardiac fibroblasts. Coupling to signaling systems and gene expression. J Clin Invest 93: 2372-2378.

Crawford DC, Chobanian AV and Brecher P (1994) Angiotensin Il induces fibronectin expression associated with
cardiac fibrosis in the rat. Circ Res 74: 727-739.

d'Uscio LV, Moreau P, Shaw S, Takase H, Barton M and Luscher TF (1997) Effects of chronic ETA-receptor
blockade in angiotensin Il-induced hypertension. Hypertension 29: 435-441.

Daemen MJ, Lombardi DM, Bosman FT and Schwartz SM (1991) Angiotensin Il induces smooth muscle cell
proliferation in the normal and injured rat arterial wall. Circ Res 68: 450-456.

Darby IA & Sernia C (1995) In situ hybridization and immunohistochemistry of renal angiotensinogen in neonatal
and adult rat kidneys. Cell Tissue Res 281: 197-206.

Davidge ST (2001) Prostaglandin H synthase and vascular function. Circ Res 89: 650-660.

De Artinano AA & Gonzalez VL (1999) Endothelial dysfunction and hypertensive vasoconstriction. Pharmacol Res
40: 113-124.

De Caterina R, Libby P, Peng HB, Thannickal VJ, Rajavashisth TB, Gimbrone MAJ, Shin WS and Liao JK (1995)
Nitric oxide decreases cytokine-induced endothelial activation. Nitric oxide selectively reduces endothelial
expression of adhesion molecules and proinflammatory cytokines. J Clin Invest 96: 60-68.

86



de Gasparo M, Catt KJ, Inagami T, Wright JW and Unger T (2000) International union of pharmacology. XXIIl. The
angiotensin |l receptors. Pharmacol Rev 52: 415-472.

de Gasparo M, Husain A, Alexander W, Catt KJ, Chiu AT, Drew M, Goodfriend T, Harding JW, Inagami T and
Timmermans PB (1995) Proposed update of angiotensin receptor nomenclature. Hypertension 25: 924-
927.

Dechend R, Fiebeler A, Park JK, Muller DN, Theuer J, Mervaala E, Bieringer M, Gulba D, Dietz R, Luft FC and
Haller H (2001) Amelioration of angiotensin ll-induced cardiac injury by a 3-hydroxy-3-methylglutaryl
coenzyme a reductase inhibitor. Circulation 104: 576-581.

Di Wang H, Hope S, Du Y, Quinn MT, Cayatte A, Pagano PJ and Cohen RA (1999) Paracrine role of adventitial
superoxide anion in mediating spontaneous tone of the isolated rat aorta in angiotensin ll-induced
hypertension. Hypertension 33: 1225-1232.

Dianzani U & Malavasi F (1995) Lymphocyte adhesion to endothelium. Crit Rev Immunol 15: 167-200.

Didion SP, Sigmund CD and Faraci FM (2000) Impaired endothelial function in transgenic mice expressing both
human renin and human angiotensinogen. Stroke 31: 760-764.

Diep QN, El Mabrouk M, Cohn JS, Endemann D, Amiri F, Virdis A, Neves MF and Schiffrin EL (2002) Structure,
endothelial function, cell growth, and inflammation in blood vessels of angiotensin ll-infused rats: role of
peroxisome proliferator-activated receptor-gamma. Circulation 105: 2296-2302.

Dostal DE, Rothblum KN, Chernin MI, Cooper GR and Baker KM (1992) Intracardiac detection of angiotensinogen
and renin: a localized renin-angiotensin system in neonatal rat heart. Am J Physiol 263: C838-C850

DuBois RN, Abramson SB, Crofford L, Gupta RA, Simon LS, Van De Putte LB and Lipsky PE (1998)
Cyclooxygenase in biology and disease. FASEB J 12: 1063-1073.

Dzau VJ (1988) Evolving concepts of the renin-angiotensin system. Focus on renal and vascular mechanisms. Am
J Hypertens 1: 334S-337S.

Dzau VJ, Bernstein K, Celermajer D, Cohen J, Dahlof B, Deanfield J, Diez J, Drexler H, Ferrari R, van Gilst W,
Hansson L, Hornig B, Husain A, Johnston C, Lazar H, Lonn E, Luscher T, Mancini J, Mimran A, Pepine C,
Rabelink T, Remme W, Ruilope L, Ruzicka M, Schunkert H, Swedberg K, Unger T, Vaughan D and Weber
M (2001) The relevance of tissue angiotensin-converting enzyme: manifestations in mechanistic and
endpoint data. Am J Cardiol 88 Suppl 9: 1L-20L.

Dzau VJ, Brody T, Ellison KE, Pratt RE and Ingelfinger JR (1987a) Tissue-specific regulation of renin expression in
the mouse. Hypertension 9: 11136-11141

Dzau VJ, Ellison KE, Brody T, Ingelfinger J and Pratt RE (1987b) A comparative study of the distributions of renin
and angiotensinogen messenger ribonucleic acids in rat and mouse tissues. Endocrinology 120: 2334-
2338.

Dzau VJ, Gibbons GH and Pratt RE (1991) Molecular mechanisms of vascular renin-angiotensin system in
myointimal hyperplasia. Hypertension 18 Suppl 4: 11100-11105

Dzau VJ, Sasamura H and Hein L (1993) Heterogeneity of angiotensin synthetic pathways and receptor subtypes:
physiological and pharmacological implications. J Hypertens Suppl 11: S13-S18

Eberhart CE & DuBois RN (1995) Eicosanoids and the gastrointestinal tract. Gastroenterology 109: 285-301.

Egido J (1996) Vasoactive hormones and renal sclerosis. Kidney Int 49: 578-597.

Endo-Mochizuki Y, Mochizuki N, Sawa H, Takada A, Okamoto H, Kawaguchi H, Nagashima K and Kitabatake A
(1995) Expression of renin and angiotensin-converting enzyme in human hearts. Heart Vessels 10: 285-

293.

Erdos EG (1990) Angiotensin | converting enzyme and the changes in our concepts through the years. Lewis K.
Dahl memorial lecture. Hypertension 16: 363-370.

Esther CRJ, Howard TE, Marino EM, Goddard JM, Capecchi MR and Bernstein KE (1996) Mice lacking
angiotensin-converting enzyme have low blood pressure, renal pathology, and reduced male fertility. Lab
Invest 74: 953-965.

87



Feelisch M (1998) The use of nitric oxide donors in pharmacological studies. Naunyn Schmiedebergs Arch
Pharmacol 358: 113-122.

Feener EP, Northrup JM, Aiello LP and King GL (1995) Angiotensin Il induces plasminogen activator inhibitor-1
and -2 expression in vascular endothelial and smooth muscle cells. J Clin Invest 95: 1353-1362.

Feletou M & Vanhoutte PM (1999) The alternative: EDHF. J Mol Cell Cardiol 31: 15-22.

Fiebeler A, Schmidt F, Muller DN, Park JK, Dechend R, Bieringer M, Shagdarsuren E, Breu V, Haller H and Luft FC
(2001) Mineralocorticoid receptor affects AP-1 and nuclear factor-kappab activation in angiotensin II-
induced cardiac injury. Hypertension 37: 787-793.

Fierens F, Vanderheyden PM, De Backer JP and Vauquelin G (1999) Binding of the antagonist [3H]candesar tan to
angiotensin Il AT1 receptor-transfected [correction of tranfected] Chinese hamster ovary cells. Eur J
Pharmacol 367: 413-422.

Fisslthaler B, Popp R, Kiss L, Potente M, Harder DR, Fleming | and Busse R (1999) Cytochrome P450 2C is an
EDHF synthase in coronary arteries. Nature 401: 493-497.

FitzGerald GA, Austin S, Egan K, Cheng Y and Pratico D (2001) Cyclo-oxygenase products and atherothrombosis.
Ann Med 32 Suppl 1: 21-26.

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

Fouda AK, Kaufmann A, Thorin E, Henrion D, Capdeville-Atkinson C and Atkinson J (1991) The role of
endogenous norepinephrine release in potassium-evoked vasoconstriction of the rat tail artery. Eur J
Pharmacol 205: 63-72.

Fukui T, Ishizaka N, Rajagopalan S, Laursen JB, Capers Q, Taylor WR, Harrison DG, de Leon H, Wilcox JN and
Griendling KK (1997) p22phox mRNA expression and NADPH oxidase activity are increased in aortas
from hypertensive rats. Circ Res 80: 45-51.

Fukuta Y, Yoshizumi M, Kitagawa T, Hori T, Chikugo F, Kawahito T, Katoh I, Houchi H and Oka M (1996)
Angiotensin Il as a stimulator of Na(+)-dependent Ca2+ efflux from freshly isolated adult rat
cardiomyocytes. Neurosci Lett 213: 95-98.

Funk CD (2001) Prostaglandins and leukotrienes: advances in eicosanoid biology. Science 294: 1871-1875.

Gaboury J, Woodman RC, Granger DN, Reinhardt P and Kubes P (1993) Nitric oxide prevents leukocyte
adherence: role of superoxide. Am J Physiol 265: H862-H867

Galli J, Fakhrai-Rad H, Kamel A, Marcus C, Norgren S and Luthman H (1999) Pathophysiological and genetic
characterization of the major diabetes locus in GK rats. Diabetes 48: 2463-2470.

Gansevoort RT, de Zeeuw D and de Jong PE (1994) Is the antiproteinuric effect of ACE inhibition mediated by
interference in the renin-angiotensin system? Kidney Int 45: 861-867.

Ganten D, Wagner J, Zeh K, Bader M, Michel JB, Paul M, Zimmermann F, Ruf P, Hilgenfeldt U and Ganten U
(1992) Species specificity of renin kinetics in transgenic rats harboring the human renin and
angiotensinogen genes. Proc Natl Acad Sci U S A 89: 7806-7810.

Garg UC & Hassid A (1989) Nitric oxide-generating vasodilators and 8-bromo-cyclic guanosine monophosphate
inhibit mitogenesis and proliferation of cultured rat vascular smooth muscle cells. J Clin Invest 83: 1774-
1777.

Gauthier TW, Davenpeck KL and Lefer AM (1994) Nitric oxide attenuates leukocyte-endothelial interaction via P-
selectin in splanchnic ischemia-reperfusion. Am J Physiol 267: G562-G568

Gavras H (1997) Angiotensin Il antagonism: a new avenue of hypertension management. Blood Press 1 Suppl:
42-46.

Geisterfer AA, Peach MJ and Owens GK (1988) Angiotensin Il induces hypertrophy, not hyperplasia, of cultured rat
aortic smooth muscle cells. Circ Res 62: 749-756.

88



Gerber JG, Nies AS and Olsen RD (1981) Control of canine renin release: macula densa requires prostaglandin
synthesis. J Physiol 319:419-29.: 419-429.

Gibbons GH (1993) Autocrine-paracrine factors and vascular remodeling in hypertension. Curr Opin Nephrol
Hypertens 2: 291-298.

Gibbons GH & Dzau VJ (1994) The emerging concept of vascular remodeling. N Engl J Med 330: 1431-1438.

Gilroy DW, Colville-Nash PR, Willis D, Chivers J, Paul-Clark MJ and Willoughby DA (1999) Inducible
cyclooxygenase may have anti-inflammatory properties. Nat Med 5: 698-701.

Goa KL & Wagstaff AJ (1996) Losartan potassium: a review of its pharmacology, clinical efficacy and tolerability in
the management of hypertension. Drugs 51: 820-845.

Goldberg MR, Tanaka W, Barchowsky A, Bradstreet TE, McCrea J, Lo MW, McWilliams EJJ and Bjornsson TD
(1993) Effects of losartan on blood pressure, plasma renin activity, and angiotensin Il in volunteers.
Hypertension 21: 704-713.

Gomez RA, Chevalier RL, Everett AD, Elwood JP, Peach MJ, Lynch KR and Carey RM (1990) Recruitment of renin
gene-expressing cells in adult rat kidneys. Am J Physiol 259: F660-F665

Goto Y, Kakizaki M and Masaki N (1976) Production of spontaneous diabetic rats by repetition of selective
breeding. Tohoku J Exp Med 119: 85-90.

Grafe M, Auch-Schwelk W, Zakrzewicz A, Regitz-Zagrosek V, Bartsch P, Graf K, Loebe M, Gaehtgens P and Fleck
E (1997) Angiotensin ll-induced leukocyte adhesion on human coronary endothelial cells is mediated by
E-selectin. Circ Res 81: 804-811.

Greenberg SG, Lorenz JN, He XR, Schnermann JB and Briggs JP (1993) Effect of prostaglandin synthesis
inhibition on macula densa-stimulated renin secretion. Am J Physiol 265: F578-F583

Griendling KK, Minieri CA, Ollerenshaw JD and Alexander RW (1994) Angiotensin Il stimulates NADH and NADPH
oxidase activity in cultured vascular smooth muscle cells. Circ Res 74: 1141-1148.

Griendling KK, Murphy TJ and Alexander RW (1993) Molecular biology of the renin-angiotensin system. Circulation
87:1816-1828.

Griendling KK, Sorescu D, Lassegue B and Ushio-Fukai M (2000a) Modulation of protein kinase activity and gene
expression by reactive oxygen species and their role in vascular physiology and pathophysiology.
Arterioscler Thromb Vasc 20: 2175-2183.

Griendling KK, Sorescu D and Ushio-Fukai M (2000b) NADPH oxidase: role in cardiovascular biology and disease.
Circ Res 86: 494-501.

Grundy SM, Benjamin 1J, Burke GL, Chait A, Eckel RH, Howard BV, Mitch W, Smith SCJ and Sowers JR (1999)
Diabetes and cardiovascular disease: a statement for healthcare professionals from the American Heart
Association. Circulation 100: 1134-1146.

Gryglewski RJ (1995) Interactions between endothelial mediators. Pharmacol Toxicol 77: 1-9.

Guo G, Morrissey J, McCracken R, Tolley T, Liapis H and Klahr S (2001) Contributions of angiotensin Il and tumor
necrosis factor-alpha to the development of renal fibrosis. Am J Physiol Renal Physiol 280: F777-F785

Haas JA, Krier JD, Bolterman RJ, Juncos LA and Romero JC (1999) Low-dose angiotensin Il increases free
isoprostane levels in plasma. Hypertension 34: 983-986.

Hamberg M & Samuelsson B (1974) Prostaglandin endoperoxides. Novel transformations of arachidonic acid in
human platelets. Proc Natl Acad Sci U S A 71: 3400-3404.

Han Y, Runge MS and Brasier AR (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.

Harris RC (2000) Cyclooxygenase-2 in the kidney. J Am Soc Nephrol 11: 2387-2394.

89



Harris RC, Cheng H, Wang J, Zhang M and McKanna JA (2000) Interactions of the renin-angiotensin system and
neuronal nitric oxide synthase in regulation of cyclooxygenase-2 in the macula densa. Acta Physiol Scand
168: 47-51.

Harris RC, McKanna JA, Akai Y, Jacobson HR, DuBois RN and Breyer MD (1994) Cyclooxygenase-2 is associated
with the macula densa of rat kidney and increases with salt restriction. J Clin Invest 94: 2504-2510.

Harrison DG (1997) Cellular and molecular mechanisms of endothelial cell dysfunction. J Clin Invest 100: 2153-
2157.

Hartner A, Goppelt-Struebe M and Hilgers KF (1998) Coordinate expression of cyclooxygenase-2 and renin in the
rat kidney in renovascular hypertension. Hypertension 31: 201-205.

Hawkey CJ (2001) COX-1 and COX-2 inhibitors. Best Pract Res Clin Gastroenterol 15: 801-820.

Haxsen V, Adam-Stitah S, Ritz E and Wagner J (2001) Retinoids inhibit the actions of angiotensin Il on vascular
smooth muscle cells. Circ Res 88: 637-644.

Hayashi N, Fujimura Y, Yamamoto S, Kometani M and Nakao K (1997) Pharmacological profile of valsartan, a non-
peptide angiotensin Il type 1 receptor antagonist. 4th communication: improvement of heart failure of rats
with myocardial infarction by valasartan. Arzneimittelforschung 47: 625-629.

Hayashida W, Horiuchi M and Dzau VJ (1996) Intracellular third loop domain of angiotensin Il type-2 receptor. Role
in mediating signal transduction and cellular function. J Biol Chem 271: 21985-21992.

Haynes WG & Webb DJ (1998) Endothelin as a regulator of cardiovascular function in health and disease. J
Hypertens 16: 1081-1098.

Haywood GA, Gullestad L, Katsuya T, Hutchinson HG, Pratt RE, Horiuchi M and Fowler MB (1997) AT1 and AT2
angiotensin receptor gene expression in human heart failure. Circulation 95: 1201-1206.

Hellmann W, Suzuki F, Ohkubo H, Nakanishi S, Ludwig G and Ganten D (1988) Angiotensinogen gene expression
in extrahepatic rat tissues: application of a solution hybridization assay. Naunyn Schmiedebergs Arch
Pharmacol 338: 327-331.

Hernandez-Presa M, Bustos C, Ortego M, Tunon J, Renedo G, Ruiz-Ortega M and 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.

Hernandez-Presa MA, Bustos C, Ortego M, Tunon J, Ortega L and Egido J (1998) ACE inhibitor quinapril reduces
the arterial expression of NF-kappaB-dependent proinflammatory factors but not of collagen | in a rabbit
model of atherosclerosis. Am J Pathol 153: 1825-1837.

Herschman HR (1999) Function and regulation of prostaglandin synthase 2. Adv Exp Med Biol 469: 3-8.

Hickey MJ, Granger DN and Kubes P (2001) Inducible nitric oxide synthase (INOS) and regulation of
leucocyte/endothelial cell interactions: studies in INOS-deficient mice. Acta Physiol Scand 173: 119-126.

Hilgers KF, Hartner A, Porst M, Veelken R and Mann JF (2001) Angiotensin Il type 1 receptor blockade prevents
lethal malignant hypertension: relation to kidney inflammation. Circulation 104: 1436-1440.

Hink U, Li H, Mollnau H, Oelze M, Matheis E, Hartmann M, Skatchkov M, Thaiss F, Stahl RA, Warnholtz A,
Meinertz T, Griendling K, Harrison DG, Forstermann U and Munzel T (2001) Mechanisms underlying
endothelial dysfunction in diabetes mellitus. Circ Res 88: E14-E22

Hinz B & Brune K (2002) Cyclooxygenase-2--10 years later. J Pharmacol Exp Ther 300: 367-375.

Hirsch AT, Pinto YM, Schunkert H and Dzau VJ (1990) Potential role of the tissue renin-angiotensin system in the
pathophysiology of congestive heart failure. Am J Cardiol 66: 22D-30D.

Hobbs AJ, Higgs A and Moncada S (1999) Inhibition of nitric oxide synthase as a potential therapeutic target. Annu
Rev Pharmacol Toxicol 39: 191-220.

Hocher B, George |, Rebstock J, Bauch A, Schwarz A, Neumayer HH and Bauer C (1999) Endothelin system-
dependent cardiac remodeling in renovascular hypertension. Hypertension 33: 816-822.

90



Hollenberg NK, Fisher ND and Price DA (1998) Pathways for angiotensin Il generation in intact human tissue:
evidence from comparative pharmacological interruption of the renin system. Hypertension 32: 387-392.

Holubarsch C, Hasenfuss G, Schmidt-Schweda S, Knorr A, Pieske B, Ruf T, Fasol R and Just H (1993)
Angiotensin | and Il exert inotropic effects in atrial but not in ventricular human myocardium. An in vitro
study under physiological experimental conditions. Circulation 88: 1228-1237.

Horiuchi M, Akishita M and Dzau VJ (1999) Recent progress in angiotensin Il type 2 receptor research in the
cardiovascular system. Hypertension 33: 613-621.

Ignarro LJ, Buga GM, Wood KS, Byrns RE and Chaudhuri G (1987) Endothelium-derived relaxing factor produced
and released from artery and vein is nitric oxide. Proc Natl Acad Sci U S A 84: 9265-9269.

Ikoma M, Kawamura T, Kakinuma Y, Fogo A and Ichikawa | (1991) Cause of variable therapeutic efficiency of
angiotensin converting enzyme inhibitor on glomerular lesions. Kidney Int 40: 195-202.

Imai T, Hirata Y, Emori T, Yanagisawa M, Masaki T and Marumo F (1992) Induction of endothelin-1 gene by
angiotensin and vasopressin in endothelial cells. Hypertension 19: 753-757.

Imig JD (2000) Eicosanoid regulation of the renal vasculature. Am J Physiol Renal Physiol 279: F965-F981

Ingelfinger JR, Zuo WM, Fon EA, Ellison KE and Dzau VJ (1990) In situ hybridization evidence for angiotensinogen
messenger RNA in the rat proximal tubule. An hypothesis for the intrarenal renin angiotensin system. J
Clin Invest 85: 417-423.

Iniguez MA, Punzon C and Fresno M (1999) Induction of cyclooxygenase-2 on activated T lymphocytes: regulation
of T cell activation by cyclooxygenase-2 inhibitors. J Immunol 163: 111-119.

Intengan HD & Schiffrin EL (2001) Vascular remodeling in hypertension: roles of apoptosis, inflammation, and
fibrosis. Hypertension 38: 581-587.

Ishizaka N, Nakao A, Ohishi N, Suzuki M, Aizawa T, Taguchi J, Nagai R, Shimizu T and Ohno M (1999) Increased
leukotriene A(4) hydrolase expression in the heart of angiotensin ll-induced hypertensive rat. FEBS Lett
463: 155-159.

Ismail A, Khosravi H and Olson H (1999) The role of infection in atherosclerosis and coronary artery disease: a
new therapeutic target. Heart Dis 1: 233-240.

Jackson EK & Herzer WA (1993) Angiotensin ll/prostaglandin 12 interactions in spontaneously hypertensive rats.
Hypertension 22: 688-698.

Jaiswal N, Diz DI, Chappell MC, Khosla MC and Ferrario CM (1992) Stimulation of endothelial cell prostaglandin
production by angiotensin peptides. Characterization of receptors. Hypertension 19 Suppl 2: 1149-1155

Janssen U, Phillips AO and Floege J (1999) Rodent models of nephropathy associated with type |l diabetes. J
Nephrol 12: 159-172.

Johns A, Leijten P, Yamamoto H, Hwang K and van Breemen C (1987) Calcium regulation in vascular smooth
muscle contractility. Am J Cardiol 59: 18A-23A.

Kagota S, Tamashiro A, Yamaguchi Y, Nakamura K and Kunitomo M (1999) Excessive salt or cholesterol intake
alters the balance among endothelium-derived factors released from renal arteries in spontaneously
hypertensive rats. J Cardiovasc Pharmacol 34: 533-539.

Kahonen M, Arvola P, Makynen H and Porsti | (1996) Antihypertensive therapy and arterial function in experimental
hypertension. Gen Pharmacol 27: 221-238.

Kakar SS, Sellers JC, Devor DC, Musgrove LC and Neill JD (1992) Angiotensin Il type-1 receptor subtype cDNAs:
differential tissue expression and hormonal regulation. Biochem Biophys Res Commun 183: 1090-1096.

Karaki H & Weiss GB (1988) Calcium release in smooth muscle. Life Sci 42: 111-122.

Karibe A, Watanabe J, Horiguchi S, Takeuchi M, Suzuki S, Funakoshi M, Katoh H, Keitoku M, Satoh S and Shirato
K (1997) Role of cytosolic Ca2+ and protein kinase C in developing myogenic contraction in isolated rat
small arteries. Am J Physiol 272: H1165-H1172

91



Katwa LC, Ratajska A, Cleutjens JP, Sun 'Y, Zhou G, Lee SJ and Weber KT (1995) Angiotensin converting enzyme
and kininase-ll-like activities in cultured valvular interstitial cells of the rat heart. Cardiovasc Res 29: 57-64.

Kerins DM, Hao Q and Vaughan DE (1995) Angiotensin induction of PAI-1 expression in endothelial cells is
mediated by the hexapeptide angiotensin 1V. J Clin Invest 96: 2515-2520.

Khairallah PA, Page IH, Bumpus FM and Turker RK (1966) Angiotensin tachyphylaxis and its reversal. Circ Res
19: 247-254.

Khan BV, Harrison DG, Olbrych MT, Alexander RW and Medford RM (1996) Nitric oxide regulates vascular cell
adhesion molecule 1 gene expression and redox-sensitive transcriptional events in human vascular
endothelial cells. Proc Natl Acad Sci U S A 93: 9114-9119.

Kiarash A, Pagano PJ, Tayeh M, Rhaleb NE and Carretero OA (2001) Upregulated Expression of Rat Heart
Intercellular Adhesion Molecule-1 in Angiotensin II- but Not Phenylephrine- Induced Hypertension.
Hypertension 37: 58-65.

Kim JA, Berliner JA and Nadler JL (1996) Angiotensin Il increases monocyte binding to endothelial cells. Biochem
Biophys Res Commun 226: 862-868.

Kim S & lwao H (2000) Molecular and cellular mechanisms of angiotensin ll-mediated cardiovascular and renal
diseases. Pharmacol Rev 52: 11-34.

Kinnunen P, Vuolteenaho O and Ruskoaho H (1993) Mechanisms of atrial and brain natriuretic peptide release
from rat ventricular myocardium: effect of stretching. Endocrinology 132: 1961-1970.

Kistler T & Ambuhl PM (2001) Renal safety of combined cyclooxygenase 2 (COX-2) inhibitor and angiotensin I
receptor blocker administration in mild volume depletion. Swiss Med Wkly 131: 193-198.

Kohzuki M, Johnston CI, Chai SY, Jackson B, Perich R, Paxton D and Mendelsohn FA (1991) Measurement of
angiotensin converting enzyme induction and inhibition using quantitative in vitro autoradiography: tissue
selective induction after chronic lisinopril treatment. J Hypertens 9: 579-587.

Kojda G & Harrison D (1999) Interactions between NO and reactive oxygen species: pathophysiological importance
in atherosclerosis, hypertension, diabetes and heart failure. Cardiovasc Res 43: 562-571.

Kosonen O, Kankaanranta H, Malo-Ranta U and Moilanen E (1999) Nitric oxide-releasing compounds inhibit
neutrophil adhesion to endothelial cells. Eur J Pharmacol 382: 111-117.

Kosonen O, Kankaanranta H, Malo-Ranta U, Ristimaki A and Moilanen E (1998) Inhibition by nitric oxide-releasing
compounds of prostacyclin production in human endothelial cells. Br J Pharmacol 125: 247-254.

Kosonen O, Kankaanranta H, Uotila J and Moilanen E (2000) Inhibition by nitric oxide-releasing compounds of E-
selectin expression in and neutrophil adhesion to human endothelial cells. Eur J Pharmacol 394: 149-156.

Kramer C, Sunkomat J, Witte J, Luchtefeld M, Walden M, Schmidt B, Boger RH, Forssmann WG, Drexler H and
Schieffer B (2002) Angiotensin Il receptor-independent antiinflammatory and antiaggregatory properties of
losartan: role of the active metabolite EXP3179. Circ Res 90: 770-776.

Kranzhofer R, Browatzki M, Schmidt J and Kubler W (1999a) Angiotensin Il activates the proinflammatory
transcription factor nuclear factor-kappaB in human monocytes. Biochem Biophys Res Commun 257: 826-
828.

Kranzhofer R, Schmidt J, Pfeiffer CA, Hagl S, Libby P and Kubler W (1999b) Angiotensin induces inflammatory
activation of human vascular smooth muscle cells. Arterioscler Thromb Vasc Biol 19: 1623-1629.

Krejcy K, Eichler HG, Jilma B, Kapiotis S, Wolzt M, Zanaschka G, Gasic S, Schutz W and Wagner O (1996)
Influence of angiotensin Il on circulating adhesion molecules and blood leukocyte count in vivo. Can J
Physiol Pharmacol 74: 9-14.

Krum H, Viskoper RJ, Lacourciere Y, Budde M and Charlon V (1998) The effect of an endothelin-receptor
antagonist, bosentan, on blood pressure in patients with essential hypertension. Bosentan Hypertension
Investigators. N Engl J Med 338: 784-790.

Kubes P, Suzuki M and Granger DN (1991) Nitric oxide: an endogenous modulator of leukocyte adhesion. Proc
Natl Acad Sci U S A 88: 4651-4655.

92



Kuchan MJ & Frangos JA (1993) Shear stress regulates endothelin-1 release via protein kinase C and cGMP in
cultured endothelial cells. Am J Physiol 264: H150-H156

Kunsch C & Medford RM (1999) Oxidative stress as a regulator of gene expression in the vasculature. Circ Res 85:
753-766.

Laakso J, Mervaala E, Himberg JJ, Teravainen TL, Karppanen H, Vapaatalo H and Lapatto R (1998) Increased
kidney xanthine oxidoreductase activity in salt-induced experimental hypertension. Hypertension 32: 902-
906.

Laakso J, Vaskonen T, Mervaala E, Vapaatalo H and Lapatto R (1999) Inhibition of nitric oxide synthase induces
renal xanthine oxidoreductase activity in spontaneously hypertensive rats. Life Sci 65: 2679-2685.

Laragh JH (1995) Renin-angiotensin-aldosterone system for blood pressure and electrolyte homeostasis and its
involvement in hypertension, in congestive heart failure and in associated cardiovascular damage
(myocardial infarction and stroke). J Hum Hypertens 9: 385-390.

Laursen JB, Rajagopalan S, Galis Z, Tarpey M, Freeman BA and Harrison DG (1997) Role of superoxide in
angiotensin Il-induced but not catecholamine-induced hypertension. Circulation 95: 588-593.

Lee MA, Bohm M, Paul M, Bader M, Ganten U and Ganten D (1996) Physiological characterization of the
hypertensive transgenic rat TGR(MREN2)27. Am J Physiol 270: E919-E929

Lefer DJ, Jones SP, Girod WG, Baines A, Grisham MB, Cockrell AS, Huang PL and Scalia R (1999) Leukocyte-
endothelial cell interactions in nitric oxide synthase-deficient mice. Am J Physiol 276: H1943-H1950

Leri A, Claudio PP, Li Q, Wang X, Reiss K, Wang S, Malhotra A, Kajstura J and Anversa P (1998) Stretch-
mediated release of angiotensin Il induces myocyte apoptosis by activating p53 that enhances the local
renin-angiotensin system and decreases the Bcl-2-to-Bax protein ratio in the cell. J Clin Invest 101: 1326-
1342.

Ley K & Tedder TF (1995) Leukocyte interactions with vascular endothelium. New insights into selectin-mediated
attachment and rolling. J Immunol 155: 525-528.

Li JS, Knafo L, Turgeon A, Garcia R and Schiffrin EL (1996) Effect of endothelin antagonism on blood pressure and
vascular structure in renovascular hypertensive rats. Am J Physiol 271: H88-H93

Lindpaintner K, Jin MW, Niedermaier N, Wilhelm MJ and Ganten D (1990) Cardiac angiotensinogen and its local
activation in the isolated perfused beating heart. Circ Res 67: 564-573.

Lippoldt A, Gross V, Bohlender J, Ganten U and Luft FC (1996) Lifelong angiotensin-converting enzyme inhibition,
pressure natriuresis, and renin-angiotensin system gene expression in transgenic (mRen-2)27 rats. J Am
Soc Nephrol 7: 2119-2129.

Loftin CD, Trivedi DB, Tiano HF, Clark JA, Lee CA, Epstein JA, Morham SG, Breyer MD, Nguyen M, Hawkins BM,
Goulet JL, Smithies O, Koller BH and Langenbach R (2001) Failure of ductus arteriosus closure and
remodeling in neonatal mice deficient in cyclooxygenase-1 and cyclooxygenase-2. Proc Natl Acad SciU S
A 98: 1059-1064.

Loudon M, Bing RF, Thurston H and Swales JD (1983) Arterial wall uptake of renal renin and blood pressure
control. Hypertension 5: 629-634.

Luft FC (2001) Workshop: mechanisms and cardiovascular damage in hypertension. Hypertension 37: 594-598.

Luft FC, Mervaala E, Muller DN, Gross V, Schmidt F, Park JK, Schmitz C, Lippoldt A, Breu V, Dechend R, Dragun
D, Schneider W, Ganten D and Haller H (1999) Hypertension-induced end-organ damage : A new
transgenic approach to an old problem. Hypertension 33: 212-218.

Luscher TF & Noll G (1995) The pathogenesis of cardiovascular disease: role of the endothelium as a target and
mediator. Atherosclerosis 118 Suppl: S81-S90

Luscher TF, Oemar BS, Boulanger CM and Hahn AW (1993a) Molecular and cellular biology of endothelin and its
receptors--Part Il. J Hypertens 11: 121-126.

Luscher TF, Seo BG and Buhler FR (1993b) Potential role of endothelin in hypertension. Controversy on endothelin
in hypertension. Hypertension 21: 752-757.

93



Luscher TF & Vanhoutte PM (1986) Endothelium-dependent contractions to acetylcholine in the aorta of the
spontaneously hypertensive rat. Hypertension 8: 344-348.

Mackenzie HS, Ots M, Ziai F, Lee KW, Kato S and Brenner BM (1997) Angiotensin receptor antagonists in
experimental models of chronic renal failure. Kidney Int 63 Suppl: S140-S143

MacMahon S, Peto R, Cutler J, Collins R, Sorlie P, Neaton J, Abbott R, Godwin J, Dyer A and Stamler J (1990)
Blood pressure, stroke, and coronary heart disease. Part 1, Prolonged differences in blood pressure:
prospective observational studies corrected for the regression dilution bias. Lancet 335: 765-774.

Marks DS, Vita JA, Folts JD, Keaney JFJ, Welch GN and Loscalzo J (1995) Inhibition of neointimal proliferation in
rabbits after vascular injury by a single treatment with a protein adduct of nitric oxide. J Clin Invest 96:
2630-2638.

Masaki T (1995) Possible role of endothelin in endothelial regulation of vascular tone. Annu Rev Pharmacol Toxicol
35: 235-255.

Masaki T (1998) The discovery of endothelins. Cardiovasc Res 39: 530-533.

Matrougui K, Maclouf J, Levy Bl and Henrion D (1997) Impaired nitric oxide- and prostaglandin-mediated
responses to flow in resistance arteries of hypertensive rats. Hypertension 30: 942-947.

Matsubara H, Kanasaki M, Murasawa S, Tsukaguchi Y, Nio Y and Inada M (1994) Differential gene expression and
regulation of angiotensin Il receptor subtypes in rat cardiac fibroblasts and cardiomyocytes in culture. J
Clin Invest 93: 1592-1601.

Matsusaka T, Katori H, Inagami T, Fogo A and Ichikawa | (1999) Communication between myocytes and
fibroblasts in cardiac remodeling in angiotensin chimeric mice. J Clin Invest 103: 1451-1458.

McCulloch Al, Bottrill FE, Randall MD and Hiley CR (1997) Characterization and modulation of EDHF-mediated
relaxations in the rat isolated superior mesenteric arterial bed. Br J Pharmacol 120: 1431-1438.

Mclintyre M, Bohr DF and Dominiczak AF (1999) Endothelial function in hypertension: the role of superoxide anion.
Hypertension 34: 539-545.

Meade TW, Cooper JA and Peart WS (1993) Plasma renin activity and ischemic heart disease. N Engl J Med 329:
616-619.

Mehta JL, Li DY, Yang H and Raizada MK (2002) Angiotensin Il and IV Stimulate Expression and Release of
Plasminogen Activator Inhibitor-1 in Cultured Human Coronary Artery Endothelial Cells. J Cardiovasc
Pharmacol 39: 789-794.

Meininger GA & Davis MJ (1992) Cellular mechanisms involved in the vascular myogenic response. Am J Physiol
263: H647-H659

Mervaala E, Dehmel B, Gross V, Lippoldt A, Bohlender J, Milia AF, Ganten D and Luft FC (1999a) Angiotensin-
converting enzyme inhibition and AT1 receptor blockade modify the pressure-natriuresis relationship by
additive mechanisms in rats with human renin and angiotensinogen genes. J Am Soc Nephrol 10: 1669-
1680.

Mervaala E, Muller DN, Park JK, Dechend R, Schmidt F, Fiebeler A, Bieringer M, Breu V, Ganten D, Haller H and
Luft FC (2000a) Cyclosporin A protects against angiotensin Il-induced end-organ damage in double
transgenic rats harboring human renin and angiotensinogen genes. Hypertension 35: 360-366.

Mervaala E, Muller DN, Schmidt F, Park JK, Gross V, Bader M, Breu V, Ganten D, Haller H and Luft FC (2000b)
Blood pressure-independent effects in rats with human renin and angiotensinogen genes. Hypertension
35: 587-594.

Mervaala EM, Muller DN, Park JK, Schmidt F, Lohn M, Breu V, Dragun D, Ganten D, Haller H and Luft FC (1999b)
Monocyte infiltration and adhesion molecules in a rat model of high human renin hypertension.
Hypertension 33: 389-395.

Miles AM, Bohle DS, Glassbrenner PA, Hansert B, Wink DA and Grisham MB (1996) Modulation of superoxide-
dependent oxidation and hydroxylation reactions by nitric oxide. J Biol Chem 271: 40-47.

94



Mitchell JA, Larkin S and Williams TJ (1995) Cyclooxygenase-2: regulation and relevance in inflammation.
Biochem Pharmacol 50: 1535-1542.

Mizuno K, Niimura S, Katoh K and Fukuchi S (1994) TCV-116, a newly developed angiotensin Il receptor
antagonist, induces regression of cardiac hypertrophy through suppression of the tissue renin-angiotensin
system in spontaneously hypertensive rats. Life Sci 54: 1987-1994.

Mogyorosi A & Sonkodi S (1999) AT1 receptor antagonists: a challenge for ACE inhibitors in diabetic nephropathy.
Diabetes Metab Res Rev 15: 55-58.

Mollnau H, Wendt M, Szocs K, Lassegue B, Schulz E, Oelze M, Li H, Bodenschatz M, August M, Kleschyov AL,
Tsilimingas N, Walter U, Forstermann U, Meinertz T, Griendling K and Munzel T (2002) Effects of
angiotensin Il infusion on the expression and function of NADPH oxidase and components of nitric
oxide/cGMP signaling. Circ Res 90: E58-E65

Moncada S, Ferreira SH and Vane JR (1973) Prostaglandins, aspirin-like drugs and the oedema of inflammation.
Nature 246: 217-219.

Moncada S, Gryglewski R, Bunting S and Vane JR (1976) An enzyme isolated from arteries transforms
prostaglandin endoperoxides to an unstable substance that inhibits platelet aggregation. Nature 263: 663-
665.

Moncada S, Palmer RM and Higgs EA (1991) Nitric oxide: physiology, pathophysiology, and pharmacology.
Pharmacol Rev 43: 109-142.

Moreau P (1998) Endothelin in hypertension: a role for receptor antagonists? Cardiovasc Res 39: 534-542.

Mukherjee D, Nissen SE and Topol EJ (2001) Risk of cardiovascular events associated with selective COX-2
inhibitors. JAMA 286: 954-959.

Muller DN, Dechend R, Fiebeler A, Park JK, Haller H and Luft FC (2001a) Angiotensin-induced inflammation and
novel approaches to treatment. Adv Nephrol Necker 31: 89-103.

Muller DN, Dechend R, Mervaala EM, Park JK, Schmidt F, Fiebeler A, Theuer J, Breu V, Ganten D, Haller H and
Luft FC (2000a) NF-kappaB inhibition ameliorates angiotensin Il-induced inflammatory damage in rats.
Hypertension 35: 193-201.

Muller DN, Fischli W, Clozel JP, Hilgers KF, Bohlender J, Menard J, Busjahn A, Ganten D and Luft FC (1998) Local
angiotensin Il generation in the rat heart: role of renin uptake. Circ Res 82: 13-20.

Muller DN, Heissmeyer V, Dechend R, Hampich F, Park JK, Fiebeler A, Shagdarsuren E, Theuer J, Elger M, Pilz B,
Breu V, Schroer K, Ganten D, Dietz R, Haller H, Scheidereit C and Luft FC (2001b) Aspirin inhibits NF-
kappaB and protects from angiotensin Il-induced organ damage. FASEB J 15: 1822-1824.

Muller DN, Mervaala EM, Dechend R, Fiebeler A, Park JK, Schmidt F, Theuer J, Breu V, Mackman N, Luther T,
Schneider W, Gulba D, Ganten D, Haller H and Luft FC (2000b) Angiotensin Il (AT(1)) receptor blockade
reduces vascular tissue factor in angiotensin Il-induced cardiac vasculopathy. Am J Pathol 157: 111-122.

Muller DN, Mervaala EM, Schmidt F, Park JK, Dechend R, Genersch E, Breu V, Loffler BM, Ganten D, Schneider
W, Haller H and Luft FC (2000c) Effect of bosentan on NF-kappaB, inflammation, and tissue factor in
angiotensin Il-induced end-organ damage. Hypertension 36: 282-290.

Muller DN, Dechend R, Fiebeler A, Park JK, Haller H and Luft FC (2001c) Angiotensin-induced inflammation and
vascular injury. Contrib Nephrol 135: 138-152.

Mullins JJ, Peters J and Ganten D (1990) Fulminant hypertension in transgenic rats harboring the mouse Ren-2
gene. Nature 344: 541-544.

Mulvany MJ (1985) Changes in sodium pump activity and vascular contraction. J Hypertens 3: 429-436.

Muscara MN, Vergnolle N, Lovren F, Triggle CR, Elliott SN, Asfaha S and Wallace JL (2000) Selective cyclo-
oxygenase-2 inhibition with celecoxib elevates blood pressure and promotes leukocyte adherence. Br J
Pharmacol 129: 1423-1430.

95



Myers C, Koki A, Pamukcu R, Wechter W and Padley RJ (2001) Proapoptotic anti-inflammatory drugs. Urology 57
Suppl 1: 73-76.

Naftilan AJ, Zuo WM, Inglefinger J, Ryan TJJ, Pratt RE and Dzau VJ (1991) Localization and differential regulation
of angiotensinogen mRNA expression in the vessel wall. J Clin Invest 87: 1300-1311.

Nakamura A, Johns EJ, Imaizumi A, Yanagawa Y and Kohsaka T (1999) Effect of beta(2)-adrenoceptor activation
and angiotensin Il on tumour necrosis factor and interleukin 6 gene transcription in the rat renal resident
macrophage cells. Cytokine 11: 759-765.

Nakamura T, Takahashi T, Fukui M, Ebihara I, Osada S, Tomino Y and Koide H (1995) Enalapril attenuates
increased gene expression of extracellular matrix components in diabetic rats. J Am Soc Nephrol 5: 1492-
1497.

Nakata K, Nishimura K, Takada T, lkuse T, Yamauchi H and Iso T (1987) Effects of an angiotensin-converting
enzyme (ACE) inhibitor, SA446, on tissue ACE activity in normotensive, spontaneously hypertensive, and
renal hypertensive rats. J Cardiovasc Pharmacol 9: 305-310.

Navar LG, Inscho EW, Majid SA, Imig JD, Harrison-Bernard LM and Mitchell KD (1996) Paracrine regulation of the
renal microcirculation. Physiol Rev 76: 425-536.

Nelson MT, Patlak JB, Worley JF and Standen NB (1990) Calcium channels, potassium channels, and voltage
dependence of arterial smooth muscle tone. Am J Physiol 259: C3-18.

Nicholls MG, Charles CJ, Crozier |G, Espiner EA, Ikram H, Rademaker MJ, Richards AM and Yandle TG (1994)
Blockade of the renin-angiotensin system. J Hypertens 12 Suppl 10: S95-S103

Noble NA & Border WA (1997) Angiotensin Il in renal fibrosis: should TGF-beta rather than blood pressure be the
therapeutic target? Semin Nephrol 17: 455-466.

Noll G, Lang MG, Tschudi MR, Ganten D and Luscher TF (1997) Endothelial vasoconstrictor prostanoids modulate
contractions to acetylcholine and ANG Il in Ren-2 rats. Am J Physiol 272: H493-H500

Norman J, Badie-Dezfooly B, Nord EP, Kurtz I, Schlosser J, Chaudhari A and Fine LG (1987) EGF-induced
mitogenesis in proximal tubular cells: potentiation by angiotensin Il. Am J Physiol 253: F299-F309

Oelze M, Mollnau H, Hoffmann N, Warnholtz A, Bodenschatz M, Smolenski A, Walter U, Skatchkov M, Meinertz T
and Munzel T (2000) Vasodilator-stimulated phosphoprotein serine 239 phosphorylation as a sensitive
monitor of defective nitric oxide/cGMP signaling and endothelial dysfunction. Circ Res 87: 999-1005.

Ohashi Y, Kawashima S, Hirata K, Yamashita T, Ishida T, Inoue N, Sakoda T, Kurihara H, Yazaki Y and Yokoyama
M (1998) Hypotension and reduced nitric oxide-elicited vasorelaxation in transgenic mice overexpressing
endothelial nitric oxide synthase. J Clin Invest 102: 2061-2071.

Ohkubo N, Matsubara H, Nozawa Y, Mori Y, Murasawa S, Kijima K, Maruyama K, Masaki H, Tsutumi Y, Shibazaki
Y, lwasaka T and Inada M (1997) Angiotensin type 2 receptors are reexpressed by cardiac fibroblasts
from failing myopathic hamster hearts and inhibit cell growth and fibrillar collagen metabolism. Circulation
96: 3954-3962.

Okamura T, Miyazaki M, Inagami T and Toda N (1986) Vascular renin-angiotensin system in two-kidney, one clip
hypertensive rats. Hypertension 8: 560-565.

Okunishi H, Oka Y, Shiota N, Kawamoto T, Song K and Miyazaki M (1993) Marked species-difference in the
vascular angiotensin Il-forming pathways: humans versus rodents. Jpn J Pharmacol 62: 207-210.

Orlov S, Resink TJ, Bernhardt J, Ferracin F and Buhler FR (1993) Vascular smooth muscle cell calcium fluxes.
Regulation by angiotensin Il and lipoproteins. Hypertension 21: 195-203.

Ortego M, Bustos C, Hernandez-Presa MA, Tunon J, Diaz C, Hernandez G and Egido J (1999) Atorvastatin
reduces NF-kappaB activation and chemokine expression in vascular smooth muscle cells and
mononuclear cells. Atherosclerosis 147: 253-261.

Oshima M, Dinchuk JE, Kargman SL, Oshima H, Hancock B, Kwong E, Trzaskos JM, Evans JF and Taketo MM

(1996) Suppression of intestinal polyposis in Apc delta716 knockout mice by inhibition of cyclooxygenase
2 (COX-2). Cell 87: 803-809.

96



Padmanabhan N, Jardine AG, McGrath JC and Connell JM (1999) Angiotensin-converting enzyme-independent
contraction to angiotensin | in human resistance arteries. Circulation 99: 2914-2920.

Palatini P (2001) Sympathetic overactivity in hypertension: a risk factor for cardiovascular disease. Curr Hypertens
Rep 3 Suppl 1: S3-S9

Palmer RM, Ferrige AG and Moncada S (1987) Nitric oxide release accounts for the biological activity of
endothelium-derived relaxing factor. Nature 327: 524-526.

Paran E, Nemenoff RA and Schrier RW (1995) Role of the renin-angiotensin system in essential hypertension. Curr
Opin Nephrol Hypertens 4: 295-299.

Park JK, Muller DN, Mervaala EM, Dechend R, Fiebeler A, Schmidt F, Bieringer M, Schafer O, Lindschau C,
Schneider W, Ganten D, Luft FC and Haller H (2000) Cerivastatin prevents angiotensin Il-induced renal
injury independent of blood pressure- and cholesterol-lowering effects. Kidney Int 58: 1420-1430.

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

Paul M, Wagner D, Metzger R, Ganten D, Lang RE, Suzuki F, Murakami K, Burbach JH and Ludwig G (1988)
Quantification of renin mMRNA in various mouse tissues by a novel solution hybridization assay. J
Hypertens 6: 247-252.

Peng HB, Spiecker M and Liao JK (1998) Inducible nitric oxide: an autoregulatory feedback inhibitor of vascular
inflammation. J Immunol 161: 1970-1976.

Perry HMJ, Miller JP, Fornoff JR, Baty JD, Sambhi MP, Rutan G, Moskowitz DW and Carmody SE (1995) Early
predictors of 15-year end-stage renal disease in hypertensive patients. Hypertension 25: 587-594.

Petrie MC, Padmanabhan N, McDonald JE, Hillier C, Connell JM and McMurray JJ (2001) Angiotensin converting
enzyme (ACE) and non-ACE dependent angiotensin Il generation in resistance arteries from patients with
heart failure and coronary heart disease. J Am Coll Cardiol 37: 1056-1061.

Piqueras L, Kubes P, Alvarez A, O'Connor E, Issekutz AC, Esplugues JV and Sanz MJ (2000) Angiotensin Il
induces leukocyte-endothelial cell interactions in vivo via AT(1) and AT(2) receptor-mediated P-selectin
upregulation. Circulation 102: 2118-2123.

Pitt B (1994) Angiotensin-converting enzyme inhibitors in patients with coronary atherosclerosis. Am Heart J 128:
1328-1332.

Porsti |, Bara AT, Busse R and Hecker M (1994) Release of nitric oxide by angiotensin-(1-7) from porcine coronary
endothelium: implications for a novel angiotensin receptor. Br J Pharmacol 111: 652-654.

Pratt RE (1996) Regulation of vascular smooth-muscle cell growth by angiotensin II. Blood Press 2 Suppl: 6-9.

Pryor WA & Squadrito GL (1995) The chemistry of peroxynitrite: a product from the reaction of nitric oxide with
superoxide. Am J Physiol 268: L699-L722

Purdy KE & Arendshorst WJ (1999) Prostaglandins buffer ANG Il-mediated increases in cytosolic calcium in
preglomerular VSMC. Am J Physiol 277: F850-F858

Radomski MW, Palmer RM and Moncada S (1990) An L-arginine/nitric oxide pathway present in human platelets
regulates aggregation. Proc Natl Acad Sci U S A 87: 5193-5197.

Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman BA, Griendling KK and Harrison DG (1996) Angiotensin II-
mediated hypertension in the rat increases vascular superoxide production via membrane NADH/NADPH
oxidase activation. Contribution to alterations of vasomotor tone. J Clin Invest 97: 1916-1923.

Rajagopalan S, Laursen JB, Borthayre A, Kurz S, Keiser J, Haleen S, Giaid A and Harrison DG (1997) Role for
endothelin-1 in angiotensin ll-mediated hypertension. Hypertension 30: 29-34.

Rang HP, Daled MM & Ritter JM (1999) Pharmacology. 4th edition Ed. pp. 198-286.

Re R, Fallon JT, Dzau V, Ouay SC and Haber E (1982) Renin synthesis by canine aortic smooth muscle cells in
culture. Life Sci 30: 99-106.

97



Regitz-Zagrosek V, Friedel N, Heymann A, Bauer P, Neuss M, Rolfs A, Steffen C, Hildebrandt A, Hetzer R and
Fleck E (1995) Regulation, chamber localization, and subtype distribution of angiotensin Il receptors in
human hearts. Circulation 91: 1461-1471.

Remuzzi A, Fassi A, Sangalli F, Malanchini B, Mohamed ElI, Bertani T and Remuzzi G (1998) Prevention of renal
injury in diabetic MWF rats by angiotensin Il antagonism. Exp Nephrol 6: 28-38.

Remuzzi A, Perico N, Sangalli F, Vendramin G, Moriggi M, Ruggenenti P and Remuzzi G (1999) ACE inhibition
and ANG Il receptor blockade improve glomerular size-selectivity in IgA nephropathy. Am J Physiol 276:
FA57-F466

Riley SG, Steadman R, Williams JD, Floege J and Phillips AO (1999) Augmentation of kidney injury by basic
fibroblast growth factor or platelet-derived growth factor does not induce progressive diabetic nephropathy
in the Goto Kakizaki model of non-insulin-dependent diabetes. J Lab Clin Med 134: 304-312.

Riordan JF (1995) Angiotensin II: biosynthesis, molecular recognition, and signal transduction. Cell Mol Neurobiol
15: 637-651.

Riser BL, Cortes P, Zhao X, Bernstein J, Dumler F and Narins RG (1992) Intraglomerular pressure and mesangial
stretching stimulate extracellular matrix formation in the rat. J Clin Invest 90: 1932-1943.

Ritz E & Orth SR (1999) Nephropathy in patients with type 2 diabetes mellitus. N Engl J Med 341: 1127-1133.

Rogg H, de Gasparo M, Graedel E, Stulz P, Burkart F, Eberhard M and Erne P (1996) Angiotensin |l-receptor
subtypes in human atria and evidence for alterations in patients with cardiac dysfunction. Eur Heart J 17:
1112-1120.

Romero JC & Reckelhoff JF (1999) State-of-the-Art lecture. Role of angiotensin and oxidative stress in essential
hypertension. Hypertension 34: 943-949.

Ross R (1999) Atherosclerosis--an inflammatory disease. N Engl J Med 340: 115-126.

Rothermund L & Paul M (1998) Hypertension and the renin-angiotensin system--evidence from genetic and
transgenic studies. Basic Res Cardiol 93 Suppl 2:1-6.: 1-6.

Ruiz-Ortega M, Bustos C, Hernandez-Presa MA, Lorenzo O, Plaza JJ and Egido J (1998) Angiotensin Il
participates in mononuclear cell recruitment in experimental immune complex nephritis through nuclear
factor-kappa B activation and monocyte chemoattractant protein-1 synthesis. J Immunol 161: 430-439.

Ruiz-Ortega M, Lorenzo O and Egido J (2000a) Angiotensin Ill increases MCP-1 and activates NF-kappaB and AP-
1 in cultured mesangial and mononuclear cells. Kidney Int 57: 2285-2298.

Ruiz-Ortega M, Lorenzo O, Ruperez M, Blanco J and Egido J (2001a) Systemic infusion of angiotensin Il into
normal rats activates nuclear factor-kappaB and AP-1 in the kidney: role of AT(1) and AT(2) receptors. Am
J Pathol 158: 1743-1756.

Ruiz-Ortega M, Lorenzo O, Ruperez M, Esteban V, Suzuki Y, Mezzano S, Plaza JJ and Egido J (2001b) Role of
the renin-angiotensin system in vascular diseases: expanding the field. Hypertension 38: 1382-1387.

Ruiz-Ortega M, Lorenzo O, Ruperez M, Konig S, Wittig B and Egido J (2000b) Angiotensin Il activates nuclear
transcription factor kappaB through AT(1) and AT(2) in vascular smooth muscle cells: molecular
mechanisms. Circ Res 86: 1266-1272.

Ruiz-Ortega M, Lorenzo O, Ruperez M, Suzuki Y and Egido J (2001c) Angiotensin Il activates nuclear transcription
factor-kappaB in aorta of normal rats and in vascular smooth muscle cells of AT1 knockout mice. Nephrol
Dial Transplant 16 Suppl 1: 27-33.

Ruiz-Ortega M, Lorenzo O, Suzuki Y, Ruperez M and Egido J (2001d) Proinflammatory actions of angiotensins.
Curr Opin Nephrol Hypertens 10: 321-329.

Ruoff GE (1998) The impact of nonsteroidal anti-inflammatory drugs on hypertension: alternative analgesics for
patients at risk. Clin Ther 20: 376-387.

Sadoshima J, Xu Y, Slayter HS and Izumo S (1993) Autocrine release of angiotensin Il mediates stretch-induced
hypertrophy of cardiac myocytes in vitro. Cell 75: 977-984.

98



Safar ME, London GM, Asmar R and Frohlich ED (1998) Recent advances on large arteries in hypertension.
Hypertension 32: 156-161.

Samani NJ, Morgan K, Brammar WJ and Swales JD (1987) Detection of renin messenger RNA in rat tissues:
increased sensitivity using an RNAse protection technique. J Hypertens 5 Suppl 2: S19-S21

Sawa H, Tokuchi F, Mochizuki N, Endo Y, Furuta Y, Shinohara T, Takada A, Kawaguchi H, Yasuda H and
Nagashima K (1992) Expression of the angiotensinogen gene and localization of its protein in the human
heart. Circulation 86: 138-146.

Scheuren N, Jacobs M, Ertl G and Schorb W (2002) Cyclooxygenase-2 in myocardium stimulation by angiotensin-I|
in cultured cardiac fibroblasts and role at acute myocardial infarction. J Mol Cell Cardiol 34: 29-37.

Schieffer B, Schieffer E, Hilfiker-Kleiner D, Hilfiker A, Kovanen PT, Kaartinen M, Nussberger J, Harringer W and
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.

Schiffrin EL (2001) Role of endothelin-1 in hypertension and vascular disease. Am J Hypertens 14: 83S-89S.

Schulz WW, Hagler HK, Buja LM and Erdos EG (1988) Ultrastructural localization of angiotensin I-converting
enzyme (EC 3.4.15.1) and neutral metalloendopeptidase (EC 3.4.24.11) in the proximal tubule of the
human kidney. Lab Invest 59: 789-797.

Sealey JE & Laragh JH (1990) The renin-angiotensin-aldosterone system for normal regualtion of blood pressure
and sodium and potassium homeostasis. In Hypertension: Pthophysiology, Diagnosis, and Management.
Laragh JH, Brenner BM Ed. Eds Laragh JN & Brenner BM. New York: Raven Press. pp. 1287

Semenkovich CF & Heinecke JW (1997) The mystery of diabetes and atherosclerosis: time for a new plot.
Diabetes 46: 327-334.

Sen CK & Packer L (1996) Antioxidant and redox regulation of gene transcription. FASEB J 10: 709-720.

Seyedi N, Xu X, Nasjletti A and Hintze TH (1995) Coronary kinin generation mediates nitric oxide release after
angiotensin receptor stimulation. Hypertension 26: 164-170.

Shepherd JT (1990) Franz Volhard lecture. Increased systemic vascular resistance and primary hypertension: the
expanding complexity. J Hypertens Suppl 8: S15-S27

Siragy HM, de Gasparo M and Carey RM (2000) Angiotensin type 2 receptor mediates valsartan-induced
hypotension in conscious rats. Hypertension 35: 1074-1077.

Siragy HM, Inagami T, Ichiki T and Carey RM (1999) Sustained hypersensitivity to angiotensin Il and its
mechanism in mice lacking the subtype-2 (AT2) angiotensin receptor. Proc Natl Acad SciU S A 96: 6506-
6510.

Smith JB & Willis AL (1971) Aspirin selectively inhibits prostaglandin production in human platelets. Nat New Biol
231: 235-237.

Smith RD & Timmermans PB (1994) Human angiotensin receptor subtypes. Curr Opin Nephrol Hypertens 3 : 112-
122.

Smith WL, DeWitt DL and Garavito RM (2000) Cyclooxygenases: structural, cellular, and molecular biology. Annu
Rev Biochem 69: 145-182.

Spiecker M, Peng HB and Liao JK (1997) Inhibition of endothelial vascular cell adhesion molecule-1 expression by
nitric oxide involves the induction and nuclear translocation of IkappaBalpha. J Biol Chem 272: 30969-
30974.

Spinale FG, de Gasparo M, Whitebread S, Hebbar L, Clair MJ, Melton DM, Krombach RS, Mukherjee R, lannini JP
and SJ O (1997) Modulation of the renin-angiotensin pathway through enzyme inhibition and specific
receptor blockade in pacing-induced heart failure: I. Effects on left ventricular performance and
neurohormonal systems. Circulation 96: 2385-2396.

Springer TA (1990) Adhesion receptors of the immune system. Nature 346: 425-434.

99



Strawn WB, Gallagher PE, Tallant EA, Ganten D and Ferrario CM (1999) Angiotensin Il AT1-receptor blockade
inhibits monocyte activation and adherence in transgenic (mRen2)27 rats. J Cardiovasc Pharmacol 33:
341-351.

Stuehr DJ (1999) Mammalian nitric oxide synthases. Biochim Biophys Acta 1411: 217-230.

Sung CP, Arleth AJ, Storer BL and Ohlstein EH (1994) Angiotensin type 1 receptors mediate smooth muscle
proliferation and endothelin biosynthesis in rat vascular smooth muscle. J Pharmacol Exp Ther 271: 429-
437.

Suzuki H, DeLano FA, Parks DA, Jamshidi N, Granger DN, Ishii H, Suematsu M, Zweifach BW and Schmid-
Schonbein GW (1998) Xanthine oxidase activity associated with arterial blood pressure in spontaneously
hypertensive rats. Proc Natl Acad Sci U S A 95: 4754-4759.

Suzuki H, Swei A, Zweifach BW and Schmid-Schonbein GW (1995) In vivo evidence for microvascular oxidative
stress in spontaneously hypertensive rats. Hydroethidine microfluorography. Hypertension 25: 1083-1089.

Swei A, Lacy F, DeLano FA and Schmid-Schonbein GW (1997) Oxidative stress in the Dahl hypertensive rat.
Hypertension 30: 1628-1633.

Taddei S, Virdis A, Ghiadoni L, Magagna A and Salvetti A (1997) Cyclooxygenase inhibition restrores nitric oxide
activity in essential hypertension. Hypertension 29: 274-279.

Taddei S, Virdis A, Ghiadoni L, Sudano | and Salvetti A (2001) Endothelial dysfunction in hypertension. J
Cardiovasc Pharmacol 38 Suppl 2: S11-S14

Tare M, Parkington HC, Coleman HA, Neild TO and Dusting GJ (1990) Hyperpolarization and relaxation of arterial
smooth muscle caused by nitric oxide derived from the endothelium. Nature 346: 69-71.

Tayeh MA & Scicli AG (1998) Angiotensin Il and bradykinin regulate the expression of P-selectin on the surface of
endothelial cells in culture. Proc Assoc Am Physicians 110: 412-421.

Tea BS, Der SS, Touyz RM, Hamet P and deBlois D (2000) Proapoptotic and growth-inhibitory role of angiotensin
Il type 2 receptor in vascular smooth muscle cells of spontaneously hypertensive rats in vivo.
Hypertension 35: 1069-1073.

Tedder TF, Steeber DA, Chen A and Engel P (1995) The selectins: vascular adhesion molecules. FASEB J 9: 866-
873.

Theuer J, Dechend R, Muller DN, Park JK, Fiebeler A, Barta P, Ganten D, Haller H, Dietz R and Luft FC (2002)
Angiotensin Il induced inflammation in the kidney and in the heart of double transgenic rats. BMC
Cardiovasc Disord 2: 3

Timmermans PB & Smith RD (1994) Angiotensin Il receptor subtypes: selective antagonists and functional
correlates. Eur Heart J 15 Suppl D: 79-87.

Timmermans PB & Smith RD (1996) The diversified pharmacology of angiotensin II-receptor blockade. Blood
Press Suppl 2: 53-61.

Timmermans PB, Wong PC, Chiu AT, Herblin WF, Benfield P, Carini DJ, Lee RJ, Wexler RR, Saye JA and Smith
RD (1993) Angiotensin |l receptors and angiotensin Il receptor antagonists. Pharmacol Rev 45: 205-251.

Tsao PS, Wang B, Buitrago R, Shyy JY and Cooke JP (1997) Nitric oxide regulates monocyte chemotactic protein-
1. Circulation 96: 934-940.

Tummala PE, Chen XL, Sundell CL, Laursen JB, Hammes CP, Alexander RW, Harrison DG and Medford RM
(1999) Angiotensin Il induces vascular cell adhesion molecule-1 expression in rat vasculature: A potential
link between the renin-angiotensin system and atherosclerosis. Circulation 100: 1223-1229.

Urata H, Kinoshita A, Misono KS, Bumpus FM and Husain A (1990) Identification of a highly specific chymase as
the major angiotensin II-forming enzyme in the human heart. J Biol Chem 265: 22348-22357.

van Kesteren CA, Danser AH, Derkx FH, Dekkers DH, Lamers JM, Saxena PR and Schalekamp MA (1997)

Mannose 6-phosphate receptor-mediated internalization and activation of prorenin by cardiac cells.
Hypertension 30: 1389-1396.

100



Vane JR (1971) Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like drugs. Nat New Biol
231: 232-235.

Vane JR, Bakhle YS and Botting RM (1998) Cyclooxygenases 1 and 2. Annu Rev Pharmacol Toxicol 38: 97-120.

Vapaatalo H, Mervaala E and Nurminen ML (2000) Role of endothelium and nitric oxide in experimental
hypertension. Physiol Res 49: 1-10.

Vaskonen T, Mervaala E, Krogerus L and Karppanen H (2002) Supplementation of plant sterols and minerals
benefits obese Zucker rats fed an atherogenic diet. J Nutr 132: 231-237.

Vasquez-Vivar J & Kalyanaraman B (2000) Generation of superoxide from nitric oxide synthase. FEBS Lett 481:
305-306.

Vasquez-Vivar J, Kalyanaraman B, Martasek P, Hogg N, Masters BS, Karoui H, Tordo P and Pritchard KAJ (1998)
Superoxide generation by endothelial nitric oxide synthase: the influence of cofactors. Proc Natl Acad Sci
U S A 95: 9220-9225.

Vaughan DE, Lazos SA and Tong K (1995) Angiotensin Il regulates the expression of plasminogen activator
inhibitor-1 in cultured endothelial cells. A potential link between the renin-angiotensin system and
thrombosis. J Clin Invest 95: 995-1001.

Velo GP, Dunn CJ, Giroud JP, Timsit J and Willoughby DA (1973) Distribution of prostaglandins in inflammatory
exudate. J Pathol 111: 149-158.

Vio CP, Cespedes C, Gallardo P and Masferrer JL (1997) Renal identification of cyclooxygenase-2 in a subset of
thick ascending limb cells. Hypertension 30: 687-692.

Viswanathan M, Tsutsumi K, Correa FM and Saavedra JM (1991) Changes in expression of angiotensin receptor
subtypes in the rat aorta during development. Biochem Biophys Res Commun 179: 1361-1367.

von der L, Gibbons GH, Morishita R, Lewis NP, Zhang L, Nakajima M, Kaneda Y, Cooke JP and Dzau VJ (1995)
Gene therapy inhibiting neointimal vascular lesion: in vivo transfer of endothelial cell nitric oxide synthase
gene. Proc Natl Acad Sci U S A 92: 1137-1141.

Wagner OF, Christ G, Wojta J, Vierhapper H, Parzer S, Nowotny PJ, Schneider B, Waldhausl W and Binder BR
(1992) Polar secretion of endothelin-1 by cultured endothelial cells. J Biol Chem 267: 16066-16068.

Wattanapitayakul SK, Weinstein DM, Holycross BJ and Bauer JA (2000) Endothelial dysfunction and peroxynitrite
formation are early events in angiotensin-induced cardiovascular disorders. FASEB J 14: 271-278.

Weber KT & Brilla CG (1991) Pathological hypertrophy and cardiac interstitium. Fibrosis and renin-angiotensin-
aldosterone system. Circulation 83: 1849-1865.

Weir MR & Dzau VJ (1999) The renin-angiotensin-aldosterone system: a specific target for hypertension
management. Am J Hypertens 12: 205S-213S.

White CR, Darley-Usmar V, Berrington WR, McAdams M, Gore JZ, Thompson JA, Parks DA, Tarpey MM and
Freeman BA (1996) Circulating plasma xanthine oxidase contributes to vascular dysfunction in
hypercholesterolemic rabbits. Proc Natl Acad Sci U S A 93: 8745-8749.

Wiemer G, Scholkens BA, Wagner A, Heitsch H and Linz W (1993) The possible role of angiotensin Il subtype AT2
receptors in endothelial cells and isolated ischemic rat hearts. J Hypertens 11 Suppl 5: S234-S235

Wolf G (1998) Angiotensin Il is involved in the progression of renal disease: importance of non-hemodynamic
mechanisms. Nephrologie 19: 451-456.

Wolf G, Wenzel U, Burns KD, Harris RC, Stahl RA and Thaiss F (2002) Angiotensin Il activates nuclear
transcription factor-kappaB through AT1 and AT2 receptors. Kidney Int 61: 1986-1995.

Wolf K, Castrop H, Hartner A, Goppelt-Strube M, Hilgers KF and Kurtz A (1999) Inhibition of the renin-angiotensin
system upregulates cyclooxygenase-2 expression in the macula densa. Hypertension 34: 503-507.

Wright JW, Krebs LT, Stobb JW and Harding JW (1995) The angiotensin IV system: functional implications. Front
Neuroendocrinol 16: 23-52.

101



Wu KK (1995) Inducible cyclooxygenase and nitric oxide synthase. Adv Pharmacol 33: 179-207.
Wu KK (1998a) Cyclooxygenase-2 induction in congestive heart failure: friend or foe? Circulation 98: 95-96.

Wu KK (1998b) Injury-coupled induction of endothelial eNOS and COX-2 genes: a paradigm for thromboresistant
gene therapy. Proc Assoc Am Physicians 110: 163-170.

Wu L, Iwai M, Nakagami H, Li Z, Chen R, Suzuki J, Akishita M, de Gasparo M and Horiuchi M (2001) Roles of
angiotensin Il type 2 receptor stimulation associated with selective angiotensin Il type 1 receptor blockade
with valsartan in the improvement of inflammation-induced vascular injury. Circulation 104: 2716-2721.

Xia Y, Tsai AL, Berka V and Zweier JL (1998) Superoxide generation from endothelial nitric-oxide synthase. A
Ca2+/calmodulin-dependent and tetrahydrobiopterin regulatory process. J Biol Chem 273: 25804-25808.

Yamada T, Horiuchi M and Dzau VJ (1996) Angiotensin |l type 2 receptor mediates programmed cell death. Proc
Natl Acad Sci U S A 93: 156-160.

Yamamoto K, Chappell MC, Brosnihan KB and Ferrario CM (1992) In vivo metabolism of angiotensin | by neutral
endopeptidase (EC 3.4.24.11) in spontaneously hypertensive rats. Hypertension 19: 692-696.

Yusuf S, Pepine CJ, Garces C, Pouleur H, Salem D, Kostis J, Benedict C, Rousseau M, Bourassa M and Pitt B
(1992) Effect of enalapril on myocardial infarction and unstable angina in patients with low ejection
fractions. Lancet 340: 1173-1178.

Zatz R, Dunn BR, Meyer TW, Anderson S, Rennke HG and Brenner BM (1986) Prevention of diabetic
glomerulopathy by pharmacological amelioration of glomerular capillary hypertension. J Clin Invest 77:
1925-1930.

Zhang MZ, Harris RC and McKanna JA (1999) Regulation of cyclooxygenase-2 (COX-2) in rat renal cortex by
adrenal glucocorticoids and mineralocorticoids. Proc Natl Acad Sci U S A 96: 15280-15285.

Zhang X, Dostal DE, Reiss K, Cheng W, Kajstura J, Li P, Huang H, Sonnenblick EH, Meggs LG and Baker KM
(1995) Identification and activation of autocrine renin-angiotensin system in adult ventricular myocytes.
Am J Physiol 269: H1791-H1802

Zhou MS, Nishida Y, Chen QH and Kosaka H (1999) Endothelium-derived contracting factor in carotid artery of
hypertensive Dahl rats. Hypertension 34: 39-43.

102



	TABLE OF CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	ABSTRACT
	1. INTRODUCTION
	2. REVIEW OF THE LITERATURE
	3. AIMS OF THE STUDY
	4. MATERIALS AND METHODS
	5. RESULTS
	6. DISCUSSION
	7. SUMMARY AND CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

