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Abstract

Background: Ang II plays a major role in cardiovascular regulation. Recently, it has

become apparent that vascular superoxide anion may play an important role in

hypertension development. Treatment with antisense NAD(P)H oxidase or SOD

decreased BP in Ang E-infused rats. Wang et al recently reported mice which lack one of

the subunits of NAD(P)H oxidase developed hypertension at a much lower extent when

compared to the wild type animals infused with Ang U, indicating that superoxide anion

contributes to elevation in BP in the Ang U-infused hypertensive model. In the Ang

Il-infused hypertensive model, altered reactivity of blood vessels is often associated with

the elevation of systolic blood pressure. We have observed abnormal tension

development and impaired endothelium-dependent relaxation in the isolated aorta of Ang

Il-infused and DOCA-salt hypertensive rats. Recently, several other cellular signal

molecules, including ERKl/2 and PI3K, have been determined to play important roles in

the regulation of smooth muscle contraction and relaxation. ERKl/2 and PI3K pathways

are also reported to contribute to Ang II induced cell growth, hypertrophy, remodeling

and contraction. Moreover, these signaling pathways have shown ROS-sensitive

properties. Therefore, the aim of the present study is to investigate the roles of ERKl/2

and PI3K in vascular oxidative stress, spontaneous tone and impaired endothelium

relaxation in Ang Il-infused hypertensive model.

Hypothesis: We hypothesize that the activation of ERKl/2 and PI3K are elevated in





response to an Ang 11 infusion for 6 days. The elevated activation of phospho-ERKl/2

and PI3K mediated the increased level of vascular superoxide anion, the abnormal

vascular contraction and impaired endothelium-dependent vascular relaxation in Ang

Il-infused hypertensive rats.

Methods: Vascular superoxide anion level is measured by lucigenin chemiluminescence.

Spontaneous tone and ACh-induced endothelium-dependent relaxation was measured by

isometric tension recording in organ chamber. The activity of ERK pathway will be

measured by its Western blot of phosphorylation of ERK. PI3K activity was evaluated

indirectly by Western blot of the phosphorylation of PDKl, a downstream protein of

PI3K signaling pathway. The role of each pathway was also addressed via comparing the

responses to the specific inhibitors.

Results: Superoxide anion was markedly increased in the isolated thoracic aorta from

Ang Il-infused rats. There was spontaneous tone developed in rings from Ang Il-induced

hypertensive but not sham-operated normotensive rats. ACh-induced

endothelium-dependent relaxation function is impaired in Ang Il-infused hypertensive

rats. Superoxide dismutase and NAD(P)H oxidase inhibitor, apocynin, inhibited the

abnormal spontaneous tone and ameliorated impaired endothelium-dependent relaxation.

The expression of phopho-ERKl/2 was enhanced in Ang Il-infused rats, indicating the

activity of ERKl/2 could be increased. MEKl/2 inhibitors, PD98059 and U126, but not

their inactive analogues, SB203580 and U124, significantly reduced the vascular

superoxide anion in aortas from Ang Il-infused rats. The MEKl/2 inhibitors reduced the
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spontaneous tone and improved the impaired endothelium-dependent relaxation in aorta

of hypertension. These findings supported the role of ERKl/2 signaling pathway in

vascular oxidative stress, spontaneous tone and impaired endothelium-dependent

relaxation in Ang Il-infused hypertensive rats.

The amount of phospho-PDK, a downstream protein of PI3K was increased in Ang 11 rats

indicating the activity of PI3K activity was elevated. Strikingly, PI3K significantly

inhibited the increase of superoxide anion level, abnormal spontaneous tone and restored

endothelium-dependent relaxation in Ang Il-infused hypertensive rats. These findings

indicated the important role of PI3K in Ang Il-infused hypertensive rats.

Conclusion: ERKl/2 and PI3K signaling pathways are sustained activated in Ang

n-infused hypertensive rats. The activated ERKl/2 and PI3K mediate the increase of

vascular superoxide anion level, vascular abnormal spontaneous tone and impaired

endothelium-dependent relaxation.
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Chapter I Introduction

Hypertension is a major health problem in North America. The pathogenesis of

hypertension development is still unclear to date. Angiotensin II (Ang II) is an important

physiological hormone in regulating blood pressure and homeostasis. Universal

acceptance that Ang II plays a critical role in the development of hypertension by

contributing to altered vascular tone, endothelial dysfunction, structural remodeling, and

vascular inflammation has been established in the literature (Touyz, 2004a). It has been

suggested that reactive oxygen species (ROS) and several signaling pathways such as the

extracellular responsive kinase (ERK) and the phosphoinositide 3-kinase (PI3K)

pathways are implicated in this pathological process. Also in hypertension, spontaneous

tone, an intrinsically initiated vasoconstriction, is increased which may lead to the

elevation of peripheral vascular resistance and the decrease of large vessel compliance.

Previous studies have demonstrated that the increase of oxidative stress mediates the

development of abnormal contractile responses (spontaneous tone) in hypertensive model.

Also the endothelium-dependent relaxation function is impaired by oxidative stress. The

present study examines The roles of ERKl/2 and PI3K on the vascular oxidative stress

and consequent abnormal contractile responses and endothelium-dependent relaxation in

Ang Il-infused hypertension. Methods are established to measure ROS production and

aortic responses in a 6 day Ang 11 infusion with respect to the activation of ERKl/2 and

PI3K signaling pathways. ERKl/2 and PI3K pathways, vascular oxidative stress,

spontaneous tone, endothelium dysfunction, and their relationship with Ang IT are

reviewed here.
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I. A. Cardiovascular action of Angiotensin II

Ang II is a multifunctional peptide that influences a series of cardiovascular

functions through multiple intracellular pathways. It has been reported to regulate

vascular tone, cell growth, apoptosis and proinflammatory responses as well as to

influence cell migration, extracellular matrix deposition and production of other growth

factors such as platelet-derived growth factor (PDGF) and endothelin-1 (ET-1) (Touyz &.

Schiffrin, 2000).

I. A. 1. Biosynthesis and metabolism of Angiotensin II

Ang n is an important physiological hormone produced by the renin-angiotensin

system (RAS), which plays a critical role in modulating blood pressure and plasma

volume. It has been found that Angll is produced via both the classical RAS and the local

tissue RAS. In the classical RAS, hepatic-derived angiotensinogen is cleaved by renal-

derived renin to form angiotensin I in circulation. Angiotensin I is converted to the active

Ang II by angiotensin-converting enzyme (ACE) in the lungs (Inagami, 1998). Ang II is

further metabolized by aminopeptidases yielding Ang III and Ang IV. Ang I can also be

degraded to Ang-(l-7), a natural inhibitor of Angll, by tissue endopeptidases: neutral

endopeptidase (NEP) 24.11, NEP 24.15, and NEP 24.26. Ang-(l-7) can stimulate the

release of vasodilators, which contributes to potent antihypertensive effects (Ferrario,

Chappell, Tallant, Brosnihan, & Diz, 1997).

In 1989, Dr. V. J. Dzau first reported the existence of a local tissue ACE (Dzau,

1989). Recently it has been found that all members of the classical RAS except renin are

produced in the vasculature. The function of local Angll remains unclear, but some

experiment in the human forearm has shown that the local Ang 11 is more important for
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vasoconstriction than circulating Angll (Saris, van Dijk, Kroon, Schalekamp, & Danser,

2000). In addition, chymotrypsin-like serine protease (chymase) presents a non-ACE

pathway to convert Ang I to Ang II in the human cardiovascular system and kidney,

which may play an important role in pathological states (HoUenberg, Fisher, & Price,

1998) (FIG. 1).

llg^Mij Classic RAS system

fg| Local RAS system

Non-ACE pattiways I ACE ^

Angioteiisiiiogen

Reiuu

(reiial-ileiived)

I
iit lociil tissne

ill ciixiilatioii

*" [Ang
ACE
inlmi]^

C!iiyniH5»

Cai boxypeptidase

Cathepsiii G

JAngin]

(aminopeptidases)

Ang IV]

Aiig(17)

NEP 24.11, NEP 24.15, NEP 24.26

FIG. 1 The prodacdon and metabolism of Angiotensin n

I. A. 2. Angiotensin II receptors

Ang II receptors belong to a seven transmembrane G protein-coupled receptor

family. Four subtypes of Angiotensin 11 receptors have been described: they are ATi, AT2,

AT3 and AT4. ATi and AT2 receptors are universally expressed in mammalian kidney,

adrenal gland, vasculature, heart and brain, while AT3 is only observed in cell lines and

AT4 is distributed in kidney, heart, brain, lung and liver, and only bind Ang IV (Touyz et
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al., 2000). However, the function of AT3 and AT4 receptors has not been well

characterized up to now.

AT] receptors are predominant in most physiological and pathological functions

mediated by Ang II. In the vasculature, the mRNA of ATi receptor has been detected in

both smooth muscle cells (SMCs) and adventitia, but not in endothelium cells (Allen,

2Uiuo, & Mendelsohn, 2000). ATi receptors control Ang H-infused vascular functions

including vasoconstriction, cell growth, inflammation, migration and production of

matrix components. AT2 receptors are normally highly expressed in fetal tissues and

quickly decrease after birth. Judging from present research, AT2 receptors function

oppositely to ATi receptors by mediating vasodilation, inducing apoptosis and inhibiting

cell growth (Touyz et al., 2000). The functions of AT3 and AT4 remain to be further

investigated.

I. A. 3. G-protein coupled receptor mediated signaling cascade

ATi receptors regulate diverse signaling cascades through G-protein coupled

receptor (GPCR) including the "classical" phospholipase C (PLC) pathways,

phospholipase A (FLA), Phospholipase D (PLD) and many receptor or non-receptor

tyrosine kinase pathways. ATi receptors activate the classic PLC pathway, hydrolyze

membrane phophatidylinositols to generate inositol trisphosphate (IP3) and diacylglycerol

(DAG) (Griendling, Tsuda, Berk, & Alexander, 1989) (FIG 2). IP3 induces mobilization

of Ca "^ from the sarcoplasmic/ endoplasmic reticular stores which lead to a rapid increase

of [Ca *]i and transient constriction of smooth muscle cells. Ang 11 can also lead to

sustained vasoconstriction, which is dependent on Ca^"^ influx and may be via L-type
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FIG. 2 Cellular signaling transduction of Ang 11 in vasculature
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voltage-operated Ca^^ channel (VOCC). DAG activates protein kinase C (PKC),

stimulating Na"^/H^ exchange, leading to intracellular alkalinization to induce

vasoconstriction and cell growth (Touyz et al., 2000). PKC also phosphorylates tyrosine

kinases such as Src family tyrosine kinases, and activates extracellularly responsive

kinasel/2 (ERKl/2) in VSMCs (vascular smooth muscle cells) (Liao, Monia, Dean, &

Berk, 1997). ATi receptor also directly activates Src by phosphorylating its tyrosine

residues. Activated Src plays an important role in IP3 dependent constriction and ERK

activation (Ishida, Ishida, Thomas, & Berk, 1998) (FIG. 2).

Ang n activates other tyrosine kinases including PI3K, PLC-y, Janus family

kinase (JAK), focal adhesion kinase (FAK) and pi 30^^ (a Crk-associated substrate).

Moreover, Ang II activates MAPK, Phospholipase A2 (PLA2), and PLDwhich is involved

in the generation of reactive oxygen species, expression of proto-oncogenes and

production of growth factors such as platelet-derived growth factor (PDGF), epidermal

growth factor (EGF) (Touyz et al., 2000) (FIG. 2).

I. A. 4. Ang Il-mediated activation of extracellular responsive kinase pathway

A novel pathway activated by ATi receptors in vascular cells is the mitogen-

activated protein kinase (MAPK) pathway. MAPK is a superfamily of serine/ theronine

protein kinases which mainly consists of three subfamilies: the extracellularly responsive

kinase (ERKs), the c-jun N-terminal kinases (JNKs) and the p38-MAPKs. MAPKs are

expressed in all eukaryotic cells and the basic assembly of the MAPK pathway is a three-

kinase module comprising of MAPK kinase kinase (MKKK, MEKK, MAP3K), MAPK

kinase (MKK, MEK, MAP2K) and MAPK, which establish a sequential activation

cascade (Widmann, Gibson, Jarpe, & Johnson, 1999) (FIG. 3).
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Activators

Growth Factors

Mitogens, Stress

Cytokines, GPCR

Modide

I
MAPK luiiase loiiase

\
MAPK Kinase

\
MAPK

i

Effects

Prolifei'ation
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FIG. 3 Tluee-kiiiase module of MAPKpatliway

Various stimuli from growth factors, neuro-transmitters, cytokines to cellular

stress can activate the MAPK pathway. The specific MKKK is activated by interaction

with a small GTP-binding protein of the Ras or Rho family, and then phosphorylate

MKK on their serine and threonine. The activated MKK is a dual-specificity kinase and

can recognize a tertiary structure of the specific MAPK and phosphorylates a Thr-X-Tyr

motif in the activation loop ofMAPK (Gartner, Nasmyth, & Ammerer, 1992). In contrast

with MKKK which can mix and match with different downstream MKK pathways,

MKK-MAPK combinations are much more specific in this three-component MAPK

module (Widmann et al., 1999). The substrates of activated MAPKs are transcription

factors, cytoskeleton-associated proteins, other protein kinases and phospholipases

(Widmann et al., 1999). It has been proved that MAPK pathways are involved in diverse
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cellular events such as proliferation, differentiation, apoptosis and adaptation to

environmental stress.

The ERK signaling pathway is the most thoroughly studied MAPK pathway in the

mammalian cells. In 1986, a 42-kDa insulin-stimulated serine-threonine protein kinase

was first reported by Sturgill and Ray, referred to as 'MAP-2 kinase' which

phosphorylated microtubule-associated protein 2 (MAP-2), a cytoskeletal protein

(Sturgill & Ray, 1986). Later, the cDNA of a 44-kDa isoform of this enzyme was

identified by Boulton et al. (1991), who termed it ERKl (extracellular signal regulated

kinase). As the enzymes can be activated by mitogens, their name changed to mitogen-

activated protein kinase (MAPK). Currently, there have been 8 ERKs (ERKl-8)

identified in mammalian cells. The most extensively studied ERKs are ERKl/2 which are

44- and 42-kDa isoforms respectively. In our preliminary study, we found that ERKl/2

signaling pathway was activated, while the activity of JNK was no changed and the

activity of p38 decreased in Ang Il-infused hypertension. For this reason, we focus on the

ERKl/2 signaling pathway in this thesis study.

I. A. 4. 1. The activation of ERKl/2

Activation of ERK seems to be an important step in signal transduction of several

growth factors, mitogens, neurotransmitters, and hormones, and finally contributes to

contraction, cellular proliferation, differentiation, apoptosis, and cell cycle regulation.

The receptors, which can induce the activation of the ERKl/2 pathway include: tyrosine

kinase receptors such as the insulin receptor, EGF receptor, PDGF receptor; cytokine

receptors such as T-cell receptors, B-cell receptors; integrins, a transmembrane receptor

family that binds to proteins of the extracellular matrix, such as collagen and
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fibronectin; G-protein coupled receptors (GPCR), including Gq/n-coupled receptors and

Gj-coupled receptors which activate ERKl/2 through Py-subunit complex in a PI3K -
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dependent manner(Lopez-Ilasaca, Crespo, Pellici, Gutkind, & Wetzker, 1997; Widmann

et al., 1999) (HG. 4).

Many receptors activate ERKl/2 through Ras • GTP. Ras • GTP has a high

affinity for RAF 1, which is characterized as a MKKK in the three-component ERKl/2

module. Binding to the GTP-bound Ras, RAF 1 will be recruited to the plasma

membrane where it becomes activated by tyrosine and/or serine phosphorylation by some

protein kinases such as c-Src, PKC (Marais, Light, Paterson, & Marshall, 1995; Kolch,

Heidecker, Lloyd, & Rapp, 1991). RAF 1 is a member of a serine-threonine protein

kinase family. Two additional RAF members are A-RAF and B-RAF (Storm, Cleveland,

& Rapp, 1990; Bogoyevitch, Marshall, & Sugden, 1995; Catling, Reuter, Cox, Parsons,

& Weber, 1994). A- RAF is involved in endothelin-1 induced MEK activation in cardiac

myocyte, while B-RAF seems to be the major ERK activator in the brain (Bogoyevitch et

al., 1995; Catling et al., 1994). All RAFs can phosphorylate and activate MKKl/2,

although the ability to catalyze this reaction is different (B-RAF>RAF-1>A-RAF) (Dent,

Yacoub, Fisher, Hagan, & Grant, 2003). Inactive MEKl/2 sequesters ERKl/2 in the

cytoplasm. The activation of MEKl/2 results in the activation of ERKl/2.

I. A. 4. 2. The downstream pathway of the activated ERK 1/2

Activated ERKl/2 dissociates from MEKl/2 and rapidly translocates to the

nucleus to regulate several different transcription factors including Elkl, Etsl, c-Myc, Tal,

and signal transducer and activator of transcription (STAT) proteins (Widmann et al.,

1999). In addition to transcription factors, activated ERKl/2 can act as a serine/threonine

kinase to phosphorylate downstream proteins including the S6 kinase p90"'', cytosolic

phospholipase A2, EGF receptor and several microtubule-associated protein (Seger &
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Krebs, 1995). When p90'^^'' is activated, it translocates to the nucleus, where it represses

the immediate-early gene product c-Fos. It can also indirectly regulate c-Jun and AP-1 by

inhibiting the activity of glycogen synthase kinaseS (GSK3) (Seger et al., 1995). ERKl/2

can activate cytosolic PLA2 to catalyze the release of arAChidonic acid (Lin et al., 1993).

ERKl/2 is also able to phosphorylate RAF 1 and MEK 1 hereby decreasing their activity

via a classic feedback inhibitory mechanism (Whitmarsh & Davis, 1996).

I. A. 4. 3. Other ERKs

ERK5 was first described as the 'big MARK' in 1995 (Zhou, Bao, & Dixon,

1995), with molecular weight of approximately 1 lOkDa. ERK5 pathway is activated by

oxidative stress and growth factors. The upstream activator of ERK5 is MEK5. In some

cell types, the MEK5-ERK5 pathway is dependent on RAS signaling (Kamakura,

Moriguchi, & Nishida, 1999). When ERK5 is activated, it translocates from the cytosol to

the nucleus to phosphorylate and activate transcription factors such as MEF2C, SAPla

and c-MYC to regulate cell growth and survival. Furthermore, the MEK5-ERK5 pathway

is also inhibited by MEKl/2 inhibitors PD98059, PD184352 and U126 (Dent et al., 2003).

Other ERK isoforms include: ERK3, which is mainly localized in the nucleus, is

phosphorylated by PKC isoforms; ERK4 has been reported to be activated through EOF

and nerve growth factor (NGF) (Widmann et al., 1999); ERK6 is highly expressed in

human skeletal muscle and appears to regulate cell differentiation (Lechner, Zahalka,

Giot, Moller, & Ullrich, 1996), and ERK7, another big MARK similar to ERK5, may

inhibit growth. Recently, ERKS has been screened as a new member of the ERK

subfamily, which may be activated by c-Src (Abe et al., 2002). Additional studies are

required to determine the cellular function of ERKS.
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I. A. 4. 4. Other members ofMAPK family

I. A. 4. 4. 1. The c-Jun NHi-terminal kinsae pathway (JNK pathway)

Another member of the MAPK family is the stress-activated c-Jun NH2-terminal

kinsae (JNKs). The JNK pathway was identified in 1991, which is different from the

ERK pathway because it phosphorylated c-Jun at its NH2-termial to activate it, opposed

to ERK 2 phosphorylation occurred at the COOH- terminal of c-Jun to inhibit it (Pulverer,

Kyriakis, Avruch, Nikolakaki, & Woodgett, 1991). JNK is activated by cell stress.

Therefore it is often called the stress-activated protein kinase (SAPK) pathway. Three

different genes of JNK have been isolated. The expression of the JNKl and the JNK2 are

ubiquitous, whereas the JNKS expression is limited to the brain (Yang et al., 1997).

I. A. 4. 4. 1. 1. The activation of the JNK signaUng pathway

The response of the JNK to stress has been widely studied. Multiple stresses

including UV- and y- irradiation, reactive oxygen species, heat shock and cytotoxic drugs

increase JNK activity. JNK has responded to several cell surface receptors such as the

receptor tyrosine kinase family tumor necrosis factor (TNF) receptor, GPCR and cytokine

receptors (Fanger, Gerwins, Widmann, Jarpe, & Johnson, 1997).

There are at least 10 known protein kinases playing a role ofMKKK in the three-

component JNK module, including MKKKl-4, ASKl, MUK, TAKl, MST, SPRK and

TPl 2 (Garrington & Johnson, 1999). Upstream of these MKKKs are small G proteins of

the Rho family such as Rac and Cdc42, Ste 20 homologs such as p21 -activated kinase,

germinal center kinase (GCK), GCK-like kinase (GLK), and Nck-interacting kinase (NIK)

(Widmann et al., 1999). When MKKKs are phosphorylated, the activation of MKK4 and
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MKK7 made JNKl/2 catalyzed and activated by dual threonine and tyrosine

phosphorylation (Derijard et al., 1995; Toumier, Whitmarsh, Cavanagh, Barrett, & Davis,

1999) (FIG. 5).

I. A. 4. 4. 1. 2. The downstream ofJNK signaling pathway

In contrast to the ERK pathway which has some substrates outside the nucleus, all

substrates of JNK are transcription factors. JNK can activate c-Jun and ATF-2 whereby

increasing the formation of Jun/Jun homodimers and Jun/ATF2 heterodimers. JNK not

only activates them but also stabilizes them, resulting in sufficient activation of a

downstream target gene (Gupta, Campbell, Derijard, & Davis, 1995). In addition,

transcription factors such as Elk-1, p53, NFAT4 and DPC4 are also regulated by JNK

(Widmann et al., 1999).

It has been reported that the JNK is necessary for apoptosis in response to cellular stress,

DNA damage, growth factor withdrawal, although it has never been proved to be

sufficient for this process (Dohlman & Thomer, 1997). However, other investigators have

suggested that the JNK is not involved in Fas- and TNF-a induced apoptosis, which may

not be mediated through a cellular stress regulated pathway (Liu, Hsu, Goeddel, & Karin,

1996). Interestingly, MKKKl, an upstream deregulator of JNK pathway,may regulate

apoptosis in a JNK-independent manner. The full-length 196-kDa MKKKl may induce

survival responses by activating ERK and NFkB pathways, while its 91-kDa fragment

has been proved to be a strong apoptotic inducer (Widmann, Gerwins, Johnson, Jarpe, &

Johnson, 1998). In addition, JNK may act to promote survival and growth in some cell

lines. For example, in BAF3 pre-B cells, JNK is involved in IL-3 mediated proliferation

(Smith, Ramos-Morales, Ashworth, & Collins, 1997).
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I. A. 4. 4. 2. The p38 MAPK pathway

The p38 MAPK is a third member of the MAPK family. The p38 MAPK family

consists of at least four different isoforms: p38 a, p, y and 6 (Kyriakis & Avruch, 2001).

Several cellular stressors including ultraviolet irradiation, heat shock, osmotic shock.
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protein synthesis inhibitors, lipopolysaccharide, and many cytokines such as TNF-a and

IL-1 could activate the p38 MAPK pathway (Whitmarsh et al., 1996). The activation of

small G proteins of the Rho family (Cdc 42 and Racl) regulates the MKKKs in the p38

MAPK pathway. These MKKKs include a p21 -activated kinase (PAK) which is a family

of serine and threonine kinase, TAKl which is activated by TGF-P signal transduction,

ASK and SPRK (Knaus, Morris, Dong, Chemoff, & Bokoch, 1995b; Wang, Zhou, Hu,

Yao, & Tan, 1997; Tibbies et al., 1996; Ichijo et al., 1997).

The downstream of MKKKs in the p38 MAPK pathway are MKK3 and MKK6,

which activate p38 by dual phosphorylation in Thr-X-Tyr motif (Lee et al., 2001).

Phosphorylated p38 can activate the MAPK-activated protein kinase 2 and 3 (MAPKAP-

K2, 3) which phosphorylates small heat-shock proteins such as HSP27, and MSKl/2

which identify and activate transcription factors ATF2, Elk-1, Chop and Max (Wiggin et

al., 2002). ATF2 and Chop are transcriptional activators, while Elk-1 represents a point

of convergence among ERK, JNK and p38. Max combines c-Myc, an ERK substrate, and

forms c-Myc/Max heterodimers to regulate gene transcription (Widmann et al., 1999).

The response to p38 MAPK signaling is diverse in different cell types and stimuli.

p38 MAPK is implicated in the production of cytokines in hematopoietic cells (Ward,

Parry, Matthews, & O'Neill, 1997), and also plays a role in cytokines-stimulated cellular

proliferation (Crawley et al., 1997). However, p38 MAPK is also involved in cellular

stresses induced apoptosis such as heat shock (Whitmarsh et al., 1996) (FIG. 6).
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I. A. 4. 5. MEK1/2-ERK1/2 inhibitors

PD98059 and U126 are two selective and cell-permeable inhibitors of MEKl and

MEK2 and used universally to study the ERKl/2 pathway. Recent reports also indicated

that both may inhibit MEK5 and consequently inactive ERK5. PD98059 selectively

blocks the activation of MEK, thus preventing its phosphotylation by cRaf or MEKK

with an in vitro 50% inhibitory concentration (IC50) of 2-7/iM (Waters et al., 1995;

Means, Pavlovich, Roca, Vermeulen, & Fenton, 2000). U126 is a specific noncompetitive
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inhibitor of MEK with respect to MEK substrates, ATP, and ERK with an IC50 of 58 nM

(DeSilva et al., 1998).

I. A. 4. 6. Ang II and ERKl/2 signaling pathway

Ang II has been reported to activate all three major members of the MAPK

superfamily: ERKs, JNKs and p38. The dual phosphorylation on threonine and tyrosine

residues is necessary for the activation of MAPK, but ATi belongs to protein-coupled

receptors which lack intrinsic tyrosine kinase activity. The activation of ERK may occur

through G protein Py subunits, by tyrosine phosphorylation of Src family proteins, which

can activate ERK via the Raf-Ras-MEKl/2-ERKl/2 pathway (Touyz & Berry, 2002).

Downstream signaling pathways of ERKl/2 include activation of transcription factors,

synthesis of special protein and regulation of contraction (Touyz et al., 2002). Recent

investigation demonstrated the activation of p38 by Ang II is related to inflammatory

responses and apoptosis (New & Han, 1998) and p38 could regulate the ERKl/2 pathway

negatively (Kusuhara et al., 1998)

I. A. 5. Ang Il-mediated activation of phosphoinositide 3-l(inase pathway

Phosphoinositide 3-kinase (PI3K) is characteristically associated with tyrosine

kinase receptors, and also activated by Ang 11 via ATj receptor (Touyz et al., 2002). PI3K

was first identified as a minor inositol Upid kinase in 1984, whose activity is associated

with immunoprecipitated oncogene product c-Src and present in activated PDGF receptor

complexs (Foster, Traer, Abraham, & Fry, 2003). Subsequently, it has been found that

this enzyme can phosphorylate phosphatidylinositol lipide at the D-3 position hydroxyl

group of the inositol ring, when cells are stimulated by growth factors and hormones
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(Cantley, 2002). It plays an important role in diverse cellular functions, such as cell

growth, proliferation, differentiation, survival, apoptosis, and intracellular trafficking.

I. A. 5. 1. Multiple isoforms of PI3K

Eight distinct mammalian PI3K isoforms have been reported to date, which can

be divided into three functional classes: the class I enzymes, pi 10a, pi lOp, pi lOy, pi 105;

the class n enzymes, PI3K-C2a, PI3K-C2P and PI3K-C2y; and the class III enzyme,

Vps34(Katso et al., 2001). The cDNA of pi 10a, pi lOp, PI3K-C2a, PI3K-C2p and

Vps34 are widely expressed in mammalian cells, while pi lOy is abundant in blood cells

and present at low concentration in endothelium cells, smooth muscle cells and

cardiomyocytes (Wymann, Zvelebil, & Laffargue, 2003b); pi 105 has been thought to

have restricted distribution in leukocytes, but Dr. Watts recently reported pi 105 is also

present in rat aorta and the level is raised in DOCA-salt hypertensive rats (Northcott,

Hayflick, & Watts, 2004); PI3K-C2y is only found in the liver (Vanhaesebroeck et al.,

2001). To add to this complexity, the class IV group of PI3K-related protein

serine/threonine kinases have been found in all eukaryotes (Foster et al., 2003).

Class I PI3Ks are the best characterized enzymes in the PI3K family, which

consists of a pi 10 catalytic subunit and a regulatory adapter subunit (p85a, p, y and p55

Y). In resting cells, class I PDKs are mainly resident in the cytoplasm. When they are

activated, class I PDKs is recruited to the plasma membrane via binding to

phosphorylated tyrosine residues of activated receptors or adaptor proteins

(Vanhaesebroeck et al., 2001). In addition, some reports show activated class I PI3K to

be associated with vesicular and nuclear membranes (Katso et al., 2001). This class is
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further subdivided into class lA and IB enzymes on the basis of the different mechanisms

of activation.

Class lA including pi 10a, pi lOp and pi 105, interacts with the p85 family adaptor

protein which has two Src homology 2 (SH2)-domain. All class lA enzymes are

preferentially activated by tyrosine kinase-mediated signals, while pi lOP may also be

induced by stimulation of GPCRs (Weiss, Daub, & Ullrich, 1997). Results have

illustrated that pi 10a may be important in cell survival, pi lOp may play a role in

promoting cell proliferation, while pi 106 may be more critical for full B- and T-cell

antigen receptor signaling (Okkenhaug et al., 2002).

The sole class IB member identified is pi lOy with its adaptor partner plOl.

Activation of pi lOy via Py subunits of G-proteins may be critical in modulation of

inflammation and allergy, and also in the regulation of cardiovascular function (Wymann

et al., 2003a; Crackower et al., 2002).

In contrast to class I PI3Ks which are largely present in the cytoplasm, class 11

PIBKs are mainly associated with membrane structures, including plasma membrane,

intracellular membrane and even nuclei (Fry, 2001). Class II enzyme is stimulated by

extracellular signals, including integrin engagement, growth factors (e.g. insulin, EGF,

SCF and HGF) and chemokines (Brown & Shepherd, 2001). The clear cellular role for

this class remains to be investigated. Class III PI3K is located mainly on intracellular

membranes and is involved in diverse intracellular trafficking events (Kihara, Noda,

Ishihara, & Ohsumi, 2001).
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I. A. 5. 2. PI3K signaling pathways

The metabolism of inositol phospholipids plays a critical role in intracellular

signal transduction. The best-described pathway is mediated by PLC, which hydrolyses

phosphatidylinositol (4,5) biphosphate (PI(4,5)P2) to produce inositol 1,4,5-triphosphate

(Ins (1,4,5)P3 or IP3) and DAG, and then increases intracellular Ca^"^ ([Ca^"^],), and

activates PKC respectively. A second metabolism route via POKs, phosphorylates the

inositol ring of inositol phospholipids to produce PI(3)P, PI(3,4)P2 and PI(3,4,5)P3

(Cantrell, 2001; Anderson & Jackson, 2003).

Class I PI3Ks are the best-defined members in the PI3K family. The main

substrate for class I PI3Ks is PI(4,5)P2, and hence the predominant production followed is

PI(3,4,5)P3 (Hawkins, Jackson, & Stephens, 1992). Class I POKs are activated by various

extracellular stimuli and have been involved in several cellular physiological and

pathological processes, such as cell growth, cell cycle, cell motility and survival, cell

adhension which may be implicated in cancer, metabolic, inflammatory and

cardiovascular diseases.

The prototypical model for PI3K activation was first found in fibroblasts. By

interaction with tyrosine kinase receptor complex via p85 Src homology 2 (SH2) domain,

p85 brings the pi 10 catalytic subunit to the plasma membrane, where pi 10 can

phosphorylate PI(4,5)P2to PI(3,4,5)P3 (Kazlauskas, 1994). Besides tyrosine receptors,

p85 can also combine with non-receptor tyrosine kinase such as the Janus kinases (JAKs),

and other adapters such as She, Grb2 and Gab2, G protein and Ras to activate PI3K

(Cantrell, 2001).
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There are two major ways to downregulate PI3K activity by degrading PI(3,4,5)P3

to PI(3,4)P2. One is via the phosphoinositide-Hpid 3-phosphatase PTEN (Cantley & Neel,

1999), the other is through the 145-kDa SH2-containing inositol (poly)phosphate 5-

phosphatase (SHIP) (Rohrschneider, Fuller, Wolf, Liu, & Lucas, 2000). PTEN is a tumor

suppressor, which is mutated in a variety of different human tumors while SHIP mediates

a critical negative feedback mechanism in immune cells (Cantrell, 2001) (FIG. 7).

PI(3,4,5)P3 produced by activated PI3Ks can regulate a diverse array of signaling

pathways through binding to the pleckstrin homology (PH) domains of downstream

signaling proteins. There are three major classes of signaling molecules controlled by

PI3K: the AGC superfamily of serines/threonine protein kinases, the TEC family tyrosine

kinases (Btk, Itk and Tec), and the GTPase Rac and Rho family (Cantrell, 2001).

Protein kinase B (PKB)/ Akt is a key serine/threonine kinase activated by PI3K.

The upstream kinase of PKB/Akt is a 67-kDa ubiquitously expressed phosphoinositide-

dependent protein kinase, PDKl (Stephens et al., 1998). Most target proteins of Akt

become inhibited by the phosphorylation event (Cantley, 2002). Akt can inactivate GSK3

which is constitutively active in resting cells and phosphorylates many proteins involving

glycogen synthase, c-Myc, and cyclin D to deregulate their activity, subsequently control

cell growth and proliferation (Cantley, 2002). GSK3 can also regulate the nuclear export

nuclear factor of activated T cells (NFAT) (Beals, Sheridan, Turck, Gardner, & Crabtree,

1997). Akt can directly phosphorylate the Forkhead family of transcription factors

FKHR-Ll, FKHR and AFX, which forms a complex with 14-3-3 protein and is retained

in the cytoplasm. As a result, expression of such target proteins include cyclin-dependent

kinase (CDK) inhibitors and the cell death receptor Fas will be inhibited,
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leading to cell proliferation (Medema, Kops, Bos, & Burgering, 2000). In addition, Akt

suppresses the initiation of the mitochondria-initiated apoptosis by activating nuclear

factor kB (NF-kB) and counteracting caspase-9. Bad and the pro-apoptotic Bcl-2 family

(Wymann et al., 2003b) (HG. 7).
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PDKl also phosphorylates and activates other protein kinases, including cytokine-

independent survival kinase (CISK) which mediates cell survival; protein kinase Cq that

is implicated in diverse cellular responses; and p70 S6K1, an important regulator of

protein sythesis and cell growth (Cantley, 2002). Moreover, the activity of an important

cell cycle regulator, transcription factor E2F is regulated by Akt and S6K1 (Brennan,

Babbage, Thomas, & Cantrell, 1999) (FIG. 7).

Other possible targets for the PI3K are the GTPases Rac and Rho, which are

stimulated by guanine-nucleotide-exchange factors (GEFs). RhoA regulates the

formation of actin stress fibers and focal adhesion, while Rac activates Rho-mediated

cytoskeletal changes (Cantrell, 2001). Interestingly, Reif et al. has reported that PI3K

activates a selective subset of Rac/Rho mediated pathways. They showed that PI3 K

contributes to the GTPases/Rac/Rho pathway mediated changes of the acin cytoskeleton,

but not the activity of MAP kinase p38 and JNKs which are activated by another subset

of Rac/Rho signaling pathway (Reif, Nobes, Thomas, Hall, & Cantrell, 1996).

Furthermore, through the TEC family of tyrosine kinases (Btk, Itk and Tec), PI3K can

control PLCyi/2 activity to regulate [Ca^"^]! and activate PKCs (Schaeffer & Schwartzberg,

2000).

I. A. 5. 3. PI3K inhibitors

Wortmannin and LY294002 are the two selective, chemically unrelated PI3K

inhibitors in current use. Both are cell-permeable and have low molecular weight.

Unfortunately, inhibitor use is limited because they inhibit all known PI3K. In

mammalian cells, wortmannin suppresses class I, class II PI3K-C2P and PI3K-C2y, and

class III PI3K activity by blocking their catalytic acitivity with an ICsoin the 1-lOnM
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range, while it inhibits the class II PI3K-C2a isoform with an approximate IC50 of 400

nM, and also inhibits PI3K-related enzymes (ATM, mTOR, DNA-PK, and PIPkins a and

p) in the 100-300nM range (Vanhaesebroeck et al., 2001; Foster et al., 2003).

The relatively short half-life of wortmannin yielded LY294002 as the most widely

used PI3K inhibitor, which inhibits all PI3K by acting on the ATP-binding site of the

enzyme, with an IC50 in the 1-50 |j,M range. Similarly, mTOR and DNA-PK are inhibited

by LY294002 as well. It has been demonstrated recently that LY294002 inhibits the

widely expressed protein casein kinase-2 (CK-2) with an IC50 of around 7uM

(Vanhaesebroeck et al., 2001; Foster et al., 2003).

I. A. 5. 4. Ang II and PI3K

Saward et. al. (1997) reported that Ang II stimulates the activity, phosphorylation,

and migration of PI3K and translocation of p85 subunit of PI3K in vascular SMCs. This

action peaks at 15 min and returns to a control level in 30 min (Touyz et al., 2000). The

mechanisms of ATi receptor mediated PI3K pathway is not fully understood, but it is

suggested that c-Src regulated tyrosine kinase receptor phosphorylation and ROS-

sensitive pathways are suggested to be implicated in this process (Seshiah et al., 2002a).

Protein targets of PI3K include the actin-binding-protein profiling, phosphoinositide-

dependent kinases, centaurin, PKCs, PLC-y, Racl, JNK and Akt (Touyz et al., 2002;

Leevers, Vanhaesebroeck, & Waterfield, 1999; Takahashi et al., 1999). Ang II induced

PI3K activation has been shown to play a role in Ang Il-activated Ca^"" responses, cell

growth, survival, metabolism, and cytoskeletal reorganization (Touyz et al., 2002;

Leevers et al., 1999).
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I. A. 5. 5. Crosstalk between PI3K and MAPK

Recently, several studies have shown PI3K is involved in the upstream regulation

of MAPK. In Gi-coupled receptor regulated MAPK pathway, the activation of the pi lOy

subunit of PI3K is necessary for Gp.y-mediated ERK stimulation through the Shc-Grb2-

Sos-Ras pathway (Lopez-Ilasaca et al., 1997; Dent et al., 2003). pi lOy can also activate

MAPK in a Ras-independent manner, which is thought to activate MEK through PKCq

(Yart, Chap, & Raynal, 2002). Furthermore, the PIP3 produced by activated PI3K may

Wortmanin

LY294002

SP600125

FIG. 8 Crosstalk and inhibitors ofMAPK and PBK signaling pathways
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regulate ERKl/2 by activation of Ras (Yart et al., 2002; Griendling, Sorescu, Lassegue,

& Ushio-Fukai, 2000a). In addition, PI3K and MAPK pathways are both ROS-sensitive

signaling pathways. PI3K may affect ERKl/2, JNK, p38 MAPK and ERK5 via

regulation of ROS production (Yart et al., 2002). The clear crosstalk among PI3K and

MAPK signaling remains to be further investigated (FIG 8).

I. B. Vascular Oxidative Stress

Reactive oxygen species (ROS) were thought to be toxic cellular by-products as a

result of O2 metabolism. Now, a growing body of evidence suggests that ROS are

essential participants in many intracellular signalling pathways which maintain cellular

physiological functions. Numerous pathological conditions such as hypertension,

atherosclerosis and diabetes have been associated with ROS (Touyz & Schiffrin, 2004).

Tissue injury caused by excessive production of ROS is termed oxidative stress. Reports

suggest that vascular ROS production is enhanced in both clinical and experimental

hypertension (Touyz, 2004b). Antioxidant treatments are suggested to prevent target-

organ damage, improve cardiovascular function, regresse vascular remodeling and reduce

blood pressure in many hypertensive animal models, including Ang Il-infused

hypertension (Oskarsson & Heistad, 1997), the SHR (Yamamoto, Otsuka, Kushiro, &

Kajiwara, 1992), Dahl hypertensive rats (Swei, Lacy, Delano, & Schmid-Schonbein,

1997) and DOCA-salt hypertensive rats (Somers, Mavromatis, Galis, & Harrison, 2000).
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I. B. 1. Reactive Oxygen Species

The critical ROS implicated in vascular physiological and pathophysiological

functions include superoxide anion ( O2"), hydrogen peroxide (H2O2), hydroxyl radical

(OH), and peroxynitrite (ONOO) (Griendling & FitzGerald, 2003a) (FIG. 9).

O2" is produced by an electron reduction of oxygen by a variety of oxidases (Fig

9). With an unpaired electron, 02' has high reactivity and a short half-life. Superoxide

anion is water soluble and membrane-impermeable, but can cross the cell membrane via

several anion channels (Han, Antunes, Canali, Rettori, & Cadenas, 2003). The enzymes

catalyzing oxygen to superoxide anion include: NAD(P)H oxidase, nitric oxide synthase

(NOS), xanthine oxidase, cytochrome P450, mitochondrial respiratory chain enzymes,

and lipoxygenase (Taniyama & Griendling, 2003) (FIG 9).

Under physiological conditions, the concentration of O2" is low and the

concentration of superoxide anion dismutase (SOD) is high, H2O2 via SOD, is yielded by

the dismutation of O2' (Touyz et al., 2004). Three isoforms of SOD have been identified:

Cu/Zn SOD, which is located in the cytosol and nucleus (McCord & Fridovich, 1969);

Mn SOD, which is located in mitochondria (Weisiger & Fridovich, 1973); and

extracellular SOD (EC-SOD), which is located in extracellular fluid (Marklund, 1982).

However, if O2" is produced in excess, a great amount of O2' will react with NO to

produce ONOO" (Darley-Usmar, Wiseman, & Halliwell, 1995), as the reaction rate

between O2' and NO occurs almost 3 times faster than between O2" and SOD.

Unlike O2", H2O2 is not a free radical and is much more stable than O2', yielding

a longer half- life. H2O2 is a soluble molecule and can freely cross cell membranes

(Touyz et al., 2004). It is scavenged by catalase and glutathione peroxidase eventually
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producing H2O (Schafer & Buettner, 2001). However, in the presence of metal-

containing molecules such as Fe^"^, H202can be reduced to generate OH, an extremely

reactive molecule, which can travel some distances from where it forms, resulting in local

damage (Fridovich, 1997) (FIG. 9).
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FIG. 9 Generation and metabolism of ROS

Under normal physiological conditions, ROS produced by the metabolism of

oxygen will be scavenged by the anti-oxidated system composed of SOD, catalase,

glutathione, thioredoxin, anti-oxidant vitamins and other small molecules (Touyz et al.,

2004). However, if the balance between the rate of ROS production and the rate of ROS

elimination is broken, the increased ROS will lead to oxidative stress, which is a major

cause of vascular injury in hypertension (Griendling et al., 2000a; Touyz et al., 2004).

I. B. 2. NAD(P)H oxidase and vascular superoxide anion

The primary source of ROS in the vasculature is thought to be originally derived

by NAD(P)H oxidase, which produces Oz' by the transfer of an electron from NADH or
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NAD(P)H to oxygen (Griendling, Sorescu, & Ushio-Fukai, 2000b). NAD(P)H oxidase is

a multicomponent enzyme, comprising of at least five subunits: p47''*'°'', p67'''""', p40''''°'',

p22Phox^
and p91''''°'' (Touyz et al., 2004). The 'phox' in their name indicates the protein is

part of phagocyte oxidase. Additional components of NAD(P)H oxidase include the Ras

family proteins p21rac and RaplA (Knaus, Morris, Dong, Chemoff, & Bokoch, 1995a).

In resting cells, p22''''°'' and p91'''""' are located in the membrane, which are associated

with flavocytochrome b558 and 4 cytoplasmic subunits, while p47''''°'', p67''''°'' and

p40'"'°'' exist in the cytosol (Babior, Lambeth, & Nauseef, 2002). When the NAD(P)H

oxidase is activated, p47''''°''
is phosphorylated and all subunits in the cytoplasm form a

complex and bind to the membrane, where superoxide anion is generated (Babior et al.,

2002).

The four major subunits of the NAD(P)H oxidase: p41^^°\ p61^^°\ p22P''°\ and

ppjphox
j^^yg ^^^^ found to be expressed in endothelial and adventitial cells (Bayraktutan,

Draper, Lang, & Shah, 1998; Pagano et al., 1997; Di Wang et al., 1999). However, the

situation becomes complex in VSMCs. In rat vascular SMCs, gp91''''°'' is not expressed,

but substituted by its homologue Noxl (Nox for NAD(P)H oxidase), whereas all of the

major subunits including gp91''''°'' are present in human resistance arteries (Touyz et al.,

2004). Recent data demonstrated that Noxl may play an important role in pathological

processes as it has been obviously upregulated in vascular injury (Touyz et al., 2004;

Lassegue & Clempus, 2003). The other two gp91'"'°'' homologs, Nox4 and Nox5 have

also been discovered in the vasculature (Yamawaki, Haendeler, & Berk, 2003), as Nox4

has been identified to be the major catalytic subunit of endothelial NAD(P)H oxidase

(Ago et al., 2004).(F1G. 10)
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FIG. 10 Cell signaling pathway ofROS

The activity of vascular NAD(P)H oxidase is regulated by various hormonal

factors, such as vasoconstrictor Angll, ET-1 and thrombin (Griendling, Minieri,

Ollerenshaw, & Alexander, 1994; Li et al., 2003; Patterson et al., 1999), growth factors
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such as platelet-derived growth factor (PDGF), and tumor necrosis factor-a (TNF-a)

(Sundaresan, Yu, Ferrans, Irani, & Finkel, 1995; De Keulenaer, Alexander, Ushio-Fukai,

Ishizaka, & Griendling, 1998), and cytokines (Lassegue et al., 2003). Physical factors

such as stretch and shear stress can also activate NAD(P)H oxidase (Lassegue et al.,

2003).

Of particular notice, with respect to this thesis study, is that Ang 11 activates

NAD(P)H oxidase, increases expression of NAD(P)H oxidase subunits, and induces ROS

in VSMCs, endothelial cells, adventitial fibroblasts as well as intact arteries (Touyz et al.,

2004). The effects are mediated by ATi receptors, and PLA, PKC, PI3K, c-Src, RhoA

and Rac have demonstrated to be the upstream signaling molecules to regulate the

generation of superoxide anion (Touyz et al., 2004; Seshiah et al., 2002b) (FIG. 10).

I. B. 3. Oxidative stress related abnormal vascular motor

I. B. 3. 1. Spontaneous tone

I. B. 3. 1. 1. Deflnition

An increased transmural pressure can make blood vessels contract spontaneously

in the absence of any exogenous agonist. This phenomenon is termed spontaneous tone,

which was first described by Bayliss in 1902, and also known as the "Bayliss effect".

Bayliss suggested this might be a mechanism to maintain tissue constant blood flow in

response to changes in intraluminal blood pressure. Similar vascular tone is also observed

on rabbit ear resistance arteries in vitro when applying a stretching force, and is

designated "myogenic tone" (Hwa & Bevan, 1986).
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In physiological conditions, spontaneous tone is only observed on systemic

resistance arteries (Uchida & Bohr, 1969). In hypertension, the magnitude of spontaneous

tone is elevated in small arteries resulting in a further increase of total peripheral

resistance. Large conducting vessels such as the aorta also acquire myogenic behaviors

which may lead to the decrease of compliance of large vessels (Sunano et al., 1996). The

term "myogenic tone" and "spontaneous tone" are used interchangeably on small vessels,

however the latter is more likely to be used describing the acquired myogenic behavior in

the aorta of hypertensive animals (Northcott, Poy, Najjar, & Watts, 2002; Di Wang et al.,

1999).

I. B. 3. 1. 2. Spontaneous tone and hypertension

Enhanced spontaneous tone has been observed in clinical essential hypertensive

patients (Hollenberg & Sandor, 1984) as well as several experimental hypertensive

models including the spontaneously hypertensive rats (SHR) (Sekiguchi, Matsuda,

Shimamura, Takeuchi, & Sunano, 1998), the Ang Il-infused hypertensive rats (Di Wang

et al., 1999), and the deoxycorticosterone acetate (DOCA)-salt hypertensive rats(Rinaldi

& Bohr, 1989). Spontaneous tone developed in hypertension is expected to raise

peripheral resistance and blood pressure by "spontaneously" narrowing the small arteries

and arterioles. In this thesis, we will select the Ang Il-infused hypertensive model to

study the contribution of oxidative stress in spontaneous tone and its related signaling

mechanisms.

I. B. 3. 1. 3. The role of calcium in modulating spontaneous tone
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The myogenic behavior has been reported to be an inherent property of vascular

smooth muscle, although it may be regulated by factors derived from endothelium, nerve

supply, circulating hormones and paracrine substances (Murphy, Spurrell, & Hill, 2002).

The intracellular signaling mechanisms underlying spontaneous tone are still not clear,

but the Ca^*-calmodulin-myosin light chain kinase pathway plays a critical role in this

tone. The spontaneous tone is heavily dependent on the influx of extracellular Ca
^*

through L-type voltage-operated Ca^"*" channels (VOCC), while blockers of VOCC such

as nifedipine, verapamil and nicardipine have been shown to abolish myogenic responses

(Rapacon-Baker, Zhang, Pucci, Guan, & Nasjletti, 2001; Wesselman, VanBavel,

Pfaffendorf, & Spaan, 1996). Mechanically sensitive cation channels may also play a role

in the development of spontaneous tone (Zhou & Kung, 1992). However, release of Ca^*

from intracellular stores seems not to be involved, as ryanodine did not decrease

spontaneous tone (Shima & Blaustein, 1992). Recently, reports have demonstrated that

PKC, cSrc, MAPK and PI3K are activated by stretch and may mediate myogenic

contraction (Northcott et al., 2004; Northcott et al., 2002; Wijetunge, Lymn, & Hughes,

2000; Franklin, Wang, &. Adam, 1997; Neely et al., 2001).

Generally, an increase in transmural pressure serves as a positive feedback factor

which increases spontaneous tone, whereas stretch can also induce the release of

vasodilator factors which serve as negative feedback factors. The relative balance

between the positive and negative feedback factors determines the myogenic property

(Folkow, 1989).

I. B. 3. 1. 4. The role of vascular superoxide anion in modulating spontaneous tone
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Several studies have shown that superoxide anion generation is increased in the

aortas by increasing the activity of NAD(P)H oxidase in Ang Il-infused hypertensive rats,

but not in norepinephrine-induced hypertensive rats (Di Wang et al., 1999; Rajagopalan

et al., 1996b). The increased NAD(P)H-derived superoxide anion production is

accompanied by increased p22^*'°'' mRNA, while infusion SOD decreases both p22''''°''

mRNA level and blood pressure in the Ang II model (Fukui et al., 1997). Recent

investigation also shows there is an increased p67''*'°'' and gp91''''°'' in aortas of Ang 11-

infused hypertensive rats, which is thought to be associated with the elevation of blood

pressure (Cifuentes, Rey, Carretero, & Pagano, 2000a). Futhermore, Landmesser et al.

have reported that in the mice deficient of p47''''°'', Ang n infusion induces neither

superoxide anion increase nor hypertension (Landmesser et al., 2002). All these

researches suggested Ang 11 induced hypertension is dependent on increased production

of vascular superoxide anion, in which NAD(P)H oxidase plays a critical role.

The previous study has found that the isolated aorta of hypertensive rats infused

for 6 days with Ang II developed oscillatory spontaneous contractile tone associated with

high level of superoxide anion measured in the aorta (Di Wang et al., 1999). DPI, an

inhibitor of NAD(P)H oxidase, and SOD, a specific scavenger of superoxide anion

quench local superoxide anion and inhibit the spontaneous tone while endothelium is

intact. It is very interesting that in the presence of L-NAME or in endothelium-denuded

rings, DPI and SOD can still decrease anion but no longer inhibit spontaneous tone,

which suggests the effect of ROS on spontaneous tone is indirect and may be mediated

by diminished NO bioavailability in vascular endothelium (Di Wang et al., 1999).
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I. B. 3. 2. Oxidative stress and endotiielial dysfunction

Nitric oxide synthase (NOS) is an enzyme primarily responsible for NO

generation in the physiological condition. It transports one electron from NAD(P)H to L-

arginine to generate NO and L-citrulline. This reaction requires an essential cofactor:

fully reduced 5,6,7,8-BH4 (Gorren & Mayer, 2002). When the substrate L-arginin or the

cofactor BH4 is deficient, NOS will produce superoxide anion but not NO (Vasquez-

Vivar, Martasek, Whitsett, Joseph, & Kalyanaraman, 2002). This phenomenon is called

"NOS uncoupling", which has been found in hypertension, atherosclerosis and diabetes

(Touyz et al., 2004). The excess O2' can react to NO to generate ONOO", therefore

impairing NO-mediated vasodilation. ONOO" itself is believed to be a potent oxidant that

induces the oxidation of proteins, lipids and DNA. It can also inhibit PGI2 synthesis,

which subsequently compromises vascular function (Zou & Ullrich, 1996). Recently,

some researches have shown that O2" and ONOO' can lead to oxidation of BH4, which

lead to the uncoupling of eNOS and increasing the magnitude of vascular oxidative stress

(Laursen et al., 2001; Landmesser et al., 2003). The NOS- mediated O2" production has

been reported to be associated to marked endothelial dysfunction in most conditions

(Channon & Guzik, 2002).

I. B. 4. The role of ROS in regulation of signaling pathways

Reports have suggested that many signaling pathways are targets of ROS. These

signaling pathways include: MAPK pathways, tyrosine kinase pathways, transcription

factors, Ca *, and extracellular matrix proteins (Touyz et al., 2004).
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ROS regulated MAPK pathway may be ligand- and cell-specific. Ang Il-infused

ROS actives JNK, p38 MAPK, and ERK5, but not ERKl/2 in cultured vascular smooth

muscle cells (SMCs), while serotonin activated ERKl/2 is ROS sensitive in SMCs, but

not in fibroblasts (Viedt et al., 2000; Touyz et al., 2003; Lee, Wang, Finlay, & Fanburg,

1999). The upstream molecules of MAPK in ROS activated pathways are MEKs,

tyrosine kinases, and phosphatases (Lee & Esselman, 2002).

ROS may directly activate cell surface tyrosine kinase receptors such as EGFR

and PDGFR by inhibiting dephosphorylation of protein tyrosine phosphatases (Yang,

Hardaway, Sun, Ries, & Key, Jr., 2000). Non-receptor tyrosine kinase such as Src, PI3K,

JAK2, Pyk2 has been shown to be regulated by ROS, and involved in cardiovascular

remodeling and vascular damage (Griendling et al., 2000a; Touyz et al., 2004).

Numerous transcription factors, such as nuclear factor kB (NFkB), activator

protein 1 (AP-1), c-Myb, are directly activated by ROS, and play a role in ROS-induced

cell growth and inflammation associated with hypertension and atherosclerosis

(Brigelius-Flohe, Banning, Kny, & Bol, 2004; Touyz, 2004a). ROS also increases

deposition of extracellular matrix (ECM) proteins such as collagen and fibronectin, by

regulating matrix metalloproteinases (MMPs) (Rajagopalan, Meng, Ramasamy, Harrison,

& Galis, 1996).

O2" and H2O2 increase intracellular Ca^"^ concentration via IPs-induced Ca^^

mobilization and Ca^"^ influx (Lounsbury, Hu, & Ziegelstein, 2000). Gao et. al. (2001)

have reported H2O2 induced aorta contraction increased in the SHR, which suggested in

addition to ROS-induced endothelial dysfunction, ROS-sensitive Ca^"^ change may be

involved in altered vascular tone in hypertension. However, H2O2 has been reported to
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induce vasodilation in pulmonary, coronary, and mesenteric arteries (Yada et al., 2003).

Reports suggest that ROS leads to both contraction and dilation, depending on different

vascular bed and species.

I. B. 4. 1 The role of oxidative stress in activation ofMAPK

The four major MAPKs, ERKl/2, JNK, p38 MAPK and ERK5 have been

reported to be regulated by ROS (Griendling & Ushio-Fukai, 2000). In cultured vascular

SMCs, Ang II induced activation of JNK, p38 and ERK5, but not ERKl/2, are ROS-

sensitive, which are inhibited by antioxidant (DPI, tiron, NAC), p22''''°'' antisense or

overexpression of catalase (Viedt et al., 2000; Ushio-Fukai, Alexander, Akers, &

Griendling, 1998; Baas & Berk, 1995). However, some studies suggested ERKl/2 is

activated by agonist-produced H2O2 (Rao, Katki, Madamanchi, Wu, & Birrer, 1999).

ERKl/2 is also activated by shear stress via Rac-1 -dependent ROS production (Yeh et al.,

1999). All three major MAPKs have been demonstrated to be activated by H2O2 in

neonatal rat ventricular myocytes (Clerk, Michael, & Sugden, 1998). The majority of

studies were done in cultured cells, the relationship between MAPKs and ROS

production in tissues is still under investigation.

I. B. 4. 2. The role of oxidative stress in activation of PI3K

The PI3K inhibitors wortmanin and LY294002 have been reported to inhibit

superoxide anion production in human neutrophils, suggesting PI3K regulates the

generation of ROS (Yasui & Komiyama, 2001). The activation of NAD(P)H oxidase

requires the translocation of p47P*'°\ p67'"'°'' and p40P''°'' subunits from the cytosol to the

cell membrane. The p47''''°'' and p67''''°'' subunits are activating components, while p40''''°''

is an adapter molecule (Hannigan, Huang, & Wu, 2004). Both p47P''°'' and p40''''°'' contain
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the PX domain, a lipid binding domain, which suggests p47''''°'' and p40''''°'' may be the

target proteins of PI3K (Yaffe, 2002; Kanai et al., 2001). PIP3, the production of

activated PI3K, can turn GDP-bound Rac into GTP-bound Rac which binds to NAD(P)H

oxidese complex and induces the generation of ROS (Seshiah et al., 2002a). Other results

found that PDGF increases the production of ROS in a PI3K dependent manner in HepG2

cells (Bae et al., 2000). However, PI3K mediated NAD(P)H oxidese activity is not

universal. For example, wortmannin cannot inhibit ROS generation in macrophage,

which is activated by macrophage-stimulating protein (Brunelleschi et al., 2001).

The PI3K pathway is also a ROS-sensitive signaling pathway. Recently, it has

been found that Ang 11 causes rapid phosphorylation of PKB/Akt, which is inhibited by

the overexpression of catalase (Das, Maulik, & Engelman, 2004; Ushio-Fukai et al.,

1999). Another study demonstrated that Ang 11 induced H2O2 activated c-Src, which in

turn stimulates PI3K via EGFR (Seshiah et al., 2002a). Moreover, ROS-triggered Ras

activation induced recruitment of PI3K to Ras, which mediates the activation of Akt as

well as MARK (Griendling et al., 2000a; Deora, Win, Vanhaesebroeck, & Lander, 1998).

The signaling transduction among Ang II, ROS and spontaneous tone remains

unclear. In this thesis, we plan to study the role of ERKl/2 and PI3K in vascular

oxidative stress and subsequent spontaneous tone and impaired endothelium function.
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Chapter 11 Rationale and Hypothesis

II. A. Rationale for the study

The present study examines the role of ERKl/2 and PI3K on the vascular

oxidative stress, abnormal vascular contractile and relaxation responses in Ang Il-infused

hypertension. Methods were established to characterize rat aortic responses to a 6 day

Ang Il-infusion.

Certain types of hypertension are associated with elevated circulating levels of

Ang II. Alternatively, local production of Ang II in the vessel wall may have autocrine

and paracrine effects, even though the circulating peptide level is normal or low (Lee,

Bohm, Paul, & Ganten, 1993). A high bolus dose of Ang II induced a rapid contraction of

blood vessels and an increase in blood pressure (BP). The contractile response disappears

in 2 to 3 minutes. The intracellular signal pathway involved in this rapid response of Ang

II has been studied intensively (Touyz et al., 2002). On the other hand, the mechanisms

by which long-term infusions of Ang II cause sustained increases of BP are not clear.

Recently, it has become apparent that vascular superoxide anion may play an

important role in this mediation. Infusion of Ang II, but not phenylephrine, increased

superoxide anion production in rat aortas as well as increased NAD(P)H oxidase activity

in aortic homogenates. Treatment with antisense NAD(P)H oxidase or SOD decreased

BP in Angll-infused rats (Griendling & FitzGerald, 2003b). Wang et al recently reported

mice which lack one of the subunits of NAD(P)H oxidase developed hypertension at a

much lower extent when compared to the wild type animals infused with Ang II. The
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results indicate that superoxide anion contributes to elevation in BP in the Ang Il-infused

hypertensive model (Wang et al., 2001).

In the Ang Il-infused hypertensive model, altered reactivity of blood vessels is

often associated with the elevation of systolic blood pressure. We have observed

abnormal tension development in the isolated aorta of Ang Il-infused hypertensive rats

but not sham-operated normotensive rats in response to increased preload in the organ

chamber. This tension has been named as spontaneous tone. The literature suggests that

smooth muscle contraction is mediated by intracellular Ca^"^. The increased [Ca^"^]i can

phosphorylate the 20-kDa myosin light chain (MLC) by activating MLC kinase, therefore

initiating smooth muscle contraction (Rapacon-Baker et al., 2001; Wesselman et al.,

1996). We previously reported that spontaneous tone in the aorta of Ang Il-infused and

DOCA-salt hypertension was mediated by L-type channels.

Endothelium-dependent relaxation is impaired in hypertension. The decrease in

NO bioavailability has been suggested to play a critical role in this pathological condition,

which may be mediated by vascular oxidative stress in hypertension (Kalinowski &

Malinski, 2004). Recently, several other cellular signal molecules, including ERKl/2 and

PI3K, have been designated important roles in the regulation of smooth muscle

contraction and relaxation.

ERKl/2 and PI3K pathways are activated by Ang II, which contribute to Ang II

induced cell growth, hypertrophy, remodeling and contraction. Moreover, these signaling

pathways have shown ROS-sensitive properties, which are dependent on specific

stimulants and different cell types. Also, PI3K has been suggested to play a critical role

in the second sustained phase of ROS generation in Ang II stimulated VSMCs. Watts et.
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al. reported that PI3K mediated the spontaneous tone in DOCA-salt rats. ERKl/2 is also

involved in the activation of NAD(P)H oxidase and the generation of superoxide anion in

Ang Il-infused hypertension. However, the roles of ERKl/2 and PI3K on vascular

oxidative stress and related vascular abnormal function have not been fully elucidated yet.

In addition, it is still unknown whether ROS is generated in response to hypertension in

vivo and whether ROS generated in vivo actually participate in the activation of vascular

ERKl/2 and PI3K. Therefore, the aim of the present study is to investigate the role of

ERKl/2 and PI3K in vascular oxidative stress, spontaneous tone and impaired

endothelium relaxation in Ang Il-infused hypertensive model.

II. B. Hypothesis

We hypothesize that the activation of ERKl/2 and PI3K are elevated in response

to an Ang II infusion for 6 days. The elevated phospho-ERKl/2 and PI3K mediated the

activation of NADPH oxidase-derived superoxide anion production, the abnormal

vascular contraction and impaired endothelium-dependent vascular relaxation in Ang Il-

infused hypertensive rats.

II. C. Working hypotheses

1. Infusion of Ang II increases vascular superoxide anion, which results in vascular

spontaneous tone and impaired endothelium-dependent relaxation in aorta of Ang

Il-infused hypertensive rats.

2. ERKl/2 signaling pathway plays an important role in mediating vascular

superoxide anion, spontaneous tone and impaired endothelium-dependent

relaxation in aortas from Ang Il-infused hypertensive rats.
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3. PI3K signaling pathway plays a significant role in mediating vascular superoxide

anion, spontaneous tone and impaired endothelium-dependent relaxation in aortas

from Ang Il-infused hypertensive rats.

II. D. Research Plan and Prediction

The rats were divided into two groups, sham normotensive group and Ang U-

infused hypertensive group. We tested our working hypotheses using the thoracic aorta of

sham normotensive and Ang Il-infused hypertensive rats.

Phase I was designed to test the first working hypotheses that infusion of Ang II

increased vascular oxidative stress, and resulted in spontaneous tone and impaired

endothelium-dependent relaxation in aorta of Ang Il-infused hypertensive rats.

Aortic superoxide anion level was used as an indicator of vascular oxidative stress

and measured by lucigenin (5^M) chemiluminescence in aorta of sham normotensive and

Ang Il-infused rats. Spontaneous tone and ACh induced endothelium-dependent

relaxation was measured by isometric tension recording in in organ chamber. The

detailed methods were described in Chapter III Metarials and Methods. The data were

compared in the aorta of sham normotensive and Ang Il-infused hypertensive rats.

SOD(300U/ml) and NADPH oxidase inhibitor, apocynin(100 u M) were given to observe

the changes in endothelium-dependent relaxation. EACh group contained the samples

from 5 to 6 rats.

If the hypothesis was true, it was expected that the aortic superoxide anion level

was increased in the aorta of Ang Il-infused hypertensive rats. In addition, it was

expected that the spontaneous tone was developed in aorta of Ang Il-infused hypertensive
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ras, but not in aorta of sham normotensive rats. It was also expected that the endothelium-

dependent relaxation was impaired in aorta of hypertensive rats. Antioxidants, SOD and

apocynin, inhibited spontaneous tone and restored the impaired endothelium-dependent

relaxation in aorta of Ang Il-infused hypertensive rats.

Phase n was designed to test the second working hypotheses that ERKl/2

signaling pathway plays a role in mediating vascular oxidative stress, spontaneous tone,

and impaired endothelium-dependent relaxation in aorta of Ang Il-infused hypertensive

rats.

It was first examined wheather ERKl/2 activity was increased in aorta of Ang Il-

infused hypertensive rats. Total- and phospho-ERKl/2 were measured by western blot in

the aorta of sham-operated and Ang Il-infused rats. The ratio of phospho-ERKl/2 versus

total ERKl/2 was used as an indicator of ERKl/2 activity. The specificity of phospho-

ERKl/2 detected was confirmed by treating aorta with MEKl/2 inhibitors. The phospho-

ERKl/2 was expected to be inhibited by MEK inhibitors, PD 98059 and U126, but not

their inactive analoges.

It was expected that the phospho-ERKl/2 expression was increased in the aorta of

hypertensive rats. MEK inhibitors, PD 98059 (10 U M) and U126 (10 u M), but not their

inactive analogues. The increased aortic superoxide anion level and spontaneous tone

were inhibited by MEK inhibitors. The impaired ACh induced endothelium dependent

relaxation was also restored by the inhibitors.

The role of oxidative stress on ERKl/2 activation was also examined. The total-

and phospho- ERKl/2 was measured and compared in the presence and absence of
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antioxidants, SOD and NADPH oxidase, apocynin, by western blot. If oxidative stress

could activate ERKl/2, the phospho-ERKl/2 would then be decreased by SOD and

apocynin.

Phase in was designed to test the third working hypotheses that PI3K signaling

pathway plays a significant role in mediating vascular oxidative stress, spontaneous tone,

and impaired endothelium-dependent relaxation in aorta of Ang Il-infused hypertensive

rats.

The role of PI3K was mainly determined by the specific PI3K inhibitor,

LY294002 (10 U M). The superoxide anion, spontaneous tone and ACh induced

endothelium-dependent relaxation were compared in the absence and presence of

LY294002 and its inactive analogue, LY303511.

PI3K activity was also evaluated indirectly in our study. The total and phophal- of

two downstream proteins of PI3K signaling pathways, PDK 1 and Akt, were measured by

western blot in the aorta of sham-operated and Ang Il-infused rats. It was hoping that the

ratio of phospho- versus total protein might provide the useful information of PDK

activity.

It was expected that the phospho-PDK 1 and Akt expression were increased in the

aorta of hypertensive rats. PI3K inhibitor, LY294002, but not its inactive analogue

inhibited the phophorylation of PDK 1 and Akt. The increased aortic superoxide anion

level and spontaneous tone were inhibited by PI3K inhibitor. The impaired ACh induced

endothelium dependent relaxation was also restored by LY294002.
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The role of oxidative stress on PI3K activation was examined. The total- and

phospho- PDK 1 was measured and compared in the presence and absence of SOD and

apocynin by western blot. If oxidative stress could activate PDK, the phospho- PDK 1

would then be decreased by SOD and apocynin.





57

chloride (NaCl), potassium chloride (KCl), calcium chloride (CaCh), potassium

phosphate monobasic (KH2PO4), sodium phosphate (Na2HP04), HEPES, sodium

nitroprusside (SNP), bis-N-methylacridnium nitrate (Lucigenin), 4,5-dihydroxy-l,3-

benzene-disulfonic acid (Tiron), L-phenylephrine, and acytycholine were purchased from

Sigma Chemical Co. PD98059, SB202474, U126, U124, , LY294002 and LY303511

were obtained from EMD Bioseicences, Ltd.

All drug solutions and buffer were made fresh every day just before the

experiment. Stock solutions of PD98059, SB202474, U126, U124, LY294002 and

LY30351 1 were made in DMSO at the concentration of lOmM, and stored at -20°C. All

other chemicals were dissolved on the day of the exp)eriment in an aqueous solution and

working buffer were prepared by diluting with Kreb's or J's Kreb's buffer. Drugs added

in the organ chambers were in aliquots of less than 1% of the bath solution volume

(lOmL). All experiments were done with an appropriate vehicle control.

III. A. 2. 3. Chemicals for western blot analysis

Tris Base, EDTA, EGTA, Triton X-100, Sodium Pyrophosphate, p-

glycerolphosphate, Na3V04, Leupeptin, Aprotinin, PMSF, BSA, |3-Mercaptoethanol,

TEMED, Ammonium persulfate (APS), glycerol, bromophenol blue, methanol, Tween-

20, Sodium azide and Ponceau S Solution were orderd from Sigma Chemical Co. Protein

assay reagent, 30% Acrylamide Bis, SDS and Glycine were orded from Bio-Rad

Laboratories. Nonfat dry milk were obtained from Bestle Canada Inc. Anti-phospho-

ERKl/2 polyclonal rabbit antibody, anti-total-ERKl/2 polyclonal rabbit antibody, anti-

Phospho-Akt polyclonal rabbit antibody, anti-Total-Akt polyclonal rabbit antibody, anti-

Phospho-PDKl (Ser241) polyclonal rabbit antibody, anti-Total-PDKl polyclonal rabbit
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Chapter III Materials and Methods

III. A. Materials

III. A. 1. Animals

All research procedures and protocols were approved by the animal care

committee at Brock University, Ontario, in accordance with the principles of the

Canadian Council on Animal Care Guide to the Care and Use of Experimental Animals.

Male Sprague-Dawley rats at the age of 8 to 11 weeks were purchased from Chanles

River Laboratories, Canada, and were housed in our animal quarter in Animal Facility of

Brock University under standard conditions. All rats were maintained on a 12-hours

light/day cycle and received standard laboratory rat chow and water ad libitum.

III. A. 2. Chemicaiss

III. A. 2. 1. Chemicals for animal model

Isoflurane was purchased from Pharmaceutical Partners of Canada Inc., 2%

Xylocaine was purchased from Astra Zeneca Canada Inc., Angiotensin 11 was ordered

from Sigma Chemical Co. Angiotensin II was desolved in 0.15 M NaCl and ImM acetic

acid. The concentration of the stock solution was 25mg/ml. The Ang II stock solution

was aliquoted and stored at -20°C.

III. A. 2. 2. Chemicals for functional studies

Sodium bicarbonate (NaHCOs), magnesium sulphate (MgS04.7H20), EDTA

disodium (Na2-EDTA), and glucose were orded from Caledon Laboratories LTD. Sodium
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antibody, anti-rabbit IgG, HRP-linked secondary antibody,LumiGLO Reagent and

peroxide and Biotinylated Protein Ladder Detection Pack were orded from Cell Signaling

Technology, Inc.

III. A. 3. Equipment

III. A. 3. 1. Apparatus for superoxide anion measurement

A TD-20/21 Luminometer (Turner Designs, Sunnyvale, CA, USA) measures the

light emitted from an interaction between lucigenin and superoxide anion. Lucigenin

added in the buffer with tissue gains an electron from O2' and emits light. The superoxide

anion generated in aorta was measured in polyproylene test tube (Turner Designs,

Sunnyvale, CA, USA) by luminometer. Temperature was maintained at 37°C by a

thermocirculator (Isotemp 2100, Fisher Sciences, Inc.). The luminometer was set to read

and integrate the arbitrary units of light emitted over a 30 sec period. The reading was

repeated for 10 to 15 times and averaged.

III. A. 3. 2. Apparatus for aortic functional studies

The equipments for aortic spontaneous tone study were as following: 1) Double

layered vertical glass organ chambers and force displacement transducers (Model FTOS)

were purchased from Astro-Med, Inc. 2) REDI-CUT fine wire (Mandel Scientific

Company, ON, Canada) with a diameter of 0.01 inches was used to make triangular

stirrups. Two of these stirrups are passed through the lumen of the aortic rings. A piece of

fine wire with a diameter of 0.02 inches connects the stirrups with the transducers and

organ chambers. 3) A thermocirculator (Glass Technology, Inc.) maintains the buffer
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temperature at 37°C. 4) PUT transducer amplifier & RPS210 power supply, and

Polyview 2.1 Version from Glass Instrument Co. records the signal.

III. A. 3. 3. Apparatus for western blot analysis

Mini-protein 3 Electrophoresis Cell (Bio-Rad Laboratories, Inc.) was used to

seperate the protein in gels. Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad

Laboratories, Inc.) was used to transfer the protein from gels to Immun-Blot PVDF

membrane (Bio-Rad ). Bioflex-Scientific Econo films (Clonex Co.) were used to record

the specific protein signal on the membranes. Films were developed with QCP X-ray

Film Processor (Sunmiit Industies Inc., Chicago). Density analysis was done by Scion

Image software from Scion Corporation.

III. B. Methods

III. B. 1. Ang Il-infused hypertensive model

All surgical procedures were performed on anesthetized rats by inhalation of 2-

3% isoflurane. An analgesic (2% xylocaine) was administered on the surface of incision

immediately after operation. At the age of 11-14 weeks, an incision was made in the

midscapular region under sterile conditions. Osmotic minipumps (Alzet, Alza Corp)

containing Ang II dissolved in 0.15 M NaCl and ImM acetic acid was implanted in the

incision. The delivery rate of the mini pump was 0.5mg/kg/day. Sham-operated animals

were undergone an identical surgical procedure, except that an osmotic minipump

containing 0.15 M NaCl and ImM acetic acid without Ang 11 was implanted.

After 6 days of Ang Il-infusion, rats were sacrificed under anesthesia by

isoflurane. The chest cavity was opened and an incision was made in the heart to drain
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off the blood. After removing the lungs, esophagus, and inferior vena cave, the aorta was

exposed. Separated the aorta of the connective tissue (without stretching), and placed it in

the cold Kreb's buffer (in mM: NaCl 118.3, KCl 4.7, MgS04 0.6, KH2PO4 1.2, CaCb 2.5,

NaHCOs 25, Na2-EDTA 0.026, Glucose 5.5). The thoracic aorta was cleaned of adherent

fat and blood in the cold buffer and was cut into 5mm aortic rings. The endothelium was

gently removed in some rings by tiny cotton sticks.

III. B. 2. Detection of superoxide anion by lucigenin chemiluminescence

Rings were transferred in 1 ml J's Kreb buffer (in mM: NaCl 1 19, HEPES 20,

KCl 4.5, MgS04 1, NaH2P04 0.15, NaHCOs 5, KH2PO4 0.4, CaCh 1.2, Glucose 5.5, pH

7.4) at 37°C water bath. After 20 min equilibration, the aorta rings were treated with

designed chemicals for 30 min. The rings were then transferred to the small test tubes

containing 250^ll J's Kreb buffer with 5|iM lucigenin and incubated at 37°C water bath

for 10 minutes. The tubes were transferred to the luminometer. The arbitrary units of light

emitted were read and integrated over 30 seconds interval by the luminometer. Ten

repeated measurements were collected over 5 minutes and averaged as reading 1. Tiron

(lOmM), a cell permeable nonenzymatic scavenger of superoxide anion, were then added

to quench the superoxide anion-dependent chemiluminescence. After 5 minutes, repeated

measurements were taken as reading 2. At the end of the experiement, aortic rings were

blot dried and weighted. Tiron-inhibitable chemiluminescence was calculated as

following and used as an indicator of superoxide anion production (Di Wang et al., 1999).

Formula for calculating superoxide anion (milli unit of light/mg of tissue/min):
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1000 X (reading 1-reading 2) (unit)

O2" (milli units/mg tissue/min) =

0.5 (min) x blot weight of the aortic ring (mg)

Reading 1 is the arbitrary units of light emitted which is integrated over 30 seconds

(O.Smin) interval by the luminometer before adding tiron.

Reading 2 is the arbitrary units of light emitted which is integrated over 30 seconds

interval by the luminometer after adding tiron.

1 unit = 1000 milli unit.

III. B. 3. Aortic spontaneous tone study

Aortic rings with or without endothelium were mounted on the triangular stirrups

for isometric tension record in the organ chambers containing 10 ml of Kreb's buffer and

maintained at 37° and pH 7.4 with 95% O2/ 5% CO2. One stirrup was anchored to the

base of the organ chamber, while the other was attAChed to an FT03 isometric force

transducer connected to a Grass PI IT amplifier. The rings were stretched gradually over

1 hour to optimal tension (50mN) for smooth muscle contraction. The Kreb's buffer was

changed every 15 minutes during this period. 10"^M sodium nitroprusside (SNP) was

introduced in the last 15 minutes to allow adjustment under passive conditions. On the

removal of the SNP by washing, aortic rings from Ang Il-infused hypertensive rats, but

not from sham-operated normotensive rats, contracted spontaneously. This is termed

spontaneous tone (Di Wang et al., 1999).

In order to test if ERKl/2 or PI3K signaling pathways contribute to the abnormal

spontaneous tone, one of the following chemicals was given 30 min before adding SNP.
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The treatments include PD98059 (IQ-^M), U126 (10"^M) and LY294002 (lO'^M, lO'^M),

and their negative control chemicals SB202474 (10"^M), U124 (10"^M) and LY303511

(10"^M), and the vehicle control 0.1% DMSO, were given 30 minutes before adding SNP.

At the conclusion of the experiments, the rings were contracted by 120mM KCl. The

spontaneous tone from hypertensive rats was expressed in a percentage of the 120mM

KCl contraction.

III. B. 4. Enodthelium-dependent relaxation studies

The thoracic aortic rings were prepared according the same protocol as rings for

spontaneous tone studies. After the development of spontaneous tone, phenylephrine (10'

^M) was administrated in organ chambers to induce a contractile response. Endothelium-

dependent relaxation was induced by cumulative concentration of ACh (10"' to lO'^M).

III. B. 5. Protein preparation and western blot analysis

After different treatments, thoracic aortas were immediately frozen and stored in

liquid nitrogen for future tests. The frozen tissue was homogenized in lysis buffer

containing 20mM Tris (pH 7.5), 150mM NaCl, ImM EDTA, ImM EGTA, 1% Triton X-

100, 2.5mM sodium pyrophosphate, ImM P-glycerolphosphate, ImM Na3V04, lOug/ml

leupeptin, lOug/ml aprotinin, and ImM PMSF. The homogenate were contrifuged at

1 1,000 g at 4°C for 20 mins to pellet cellular debris and supernatant was collected.

Protein concentration in the supernatant was determined using the protein assay reagent

(Bio-Rad Loboratories, Hercyles, CA).

Twenty ng of total protein was electrophoretically size-separated on a 10% SDS-

polyacrylmide gel and then transferred onto PVDF membrane. The membrane was
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blocked with 5% nonfat dry milk in TBS-T ( pH7.6, 20niM tris base, 137mM NaCl, and

0.1% tween 20) at room temperature for 1 hour and then incubated with one of the

following antibodies with 1:1000 dilution: anti-phospho-ERKl/2 antibody, anti-total-

ERKl/2 antibody, anti-Phospho-Akt antibody, anti-Total-Akt antibody, anti-Phospho-

PDKl (Ser241) antibody, and anti-Total-PDKl antibody at 4°C overnight. The

membranes were incubated in HRP-conjugated anti-rabbit (1:2000) buffer at room

temperature for one hour. The specific protein was detected with LumiGLO reagent and

visualized by autoradiography. The densitometric value of the samples was evaluated by

densitometry.

III. C. Statistical Analysis

All experiments were repeated at least three times and revealed reproducible

results. Data analysis and graphic analysis were performed using Excel software. Data

were expressed as mean ± SE. Comparison of groups was preformed using one-way

ANOVA. Statistical significance were accepted at p<0.05.

III. D. Experimental protocol

III. D. 1. Vascular superoxide anion and abnormal vascular motor in Ang Il-infused

hypertensive rats

III. D. 1. 1. Vascular superoxide anion and hypertension

Superoxide anion generation was determined by lucigenin chemiluminesence in

aortic rings from sham-operated normotensive rats and Ang Il-infused hypertensive rats

to establish a baseline. Parallel experiments were conducted in endothelium-intact and

endothelium-denuded preparation.
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III. D. 1. 2. Spontaneous tone and hypertension

Thoracic aortic rings from sham-operated and Ang Il-infused rats were mounted

in organ chambers. The rings were stretched stepwise to 5g optimal passive tension over

1 hour. Sodium nitroprusside (SNP 10"^M) was introduced in the last 15 minutes to allow

adjustment of the preload under truly passive conditions. In this way, spontaneous tone

could not contribute to the preload. After washout of SNP, aortic ring from Ang II-

infused hypertensive rats, but not from sham-operated normotensive rats, showed an

increase in tension. This tension was defined as spontaneous tone. Various acute

treatments were administrated by the preincubation in the bath at least 30 mins before

adding SNP. In order to normalize the data from different rings, the contractile response

to 120mM KCl was determined in eACh ring at the end of experiment. Spontaneous tone

was expressed as the mean peak increase in tension as a percentage of 120mM KCl

induced contractile response. Parallel experiments were conducted in endothelium-intact

and endothelium-denuded preparation. The loss of vasodilatory responses to

acetylcholine (lO'^M) was used to confirm endothelium-denudation.

III. D. 1. 3. Endothelium-dependent relaxation and hypertension

Endothelium-dependent relaxation function was measured in aortic rings from

sham-operated and Ang Il-infused rats. After the development of spontaneous tone, L-

phenylephrine (10"^M) was introduced in organ chamber to induce a contractile response.

Cumulative concentrations of acetylcholine (ACh 10"^, 3 X 10"^, 10"^ 3 X 10"^ 10"'', 3 X

10"
,
10"^, 3 X 10"^, 10"^ M) were administrated in organ chamber. Relaxation curve to

ACh was expressed as a percentage of contractile responses induced by PE.
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III. D. 2. The roles of ERKl/2 on vascular superoxide anion and vascular motor

III. D. 2. 1. The activation of ERKl/2

The phosphorylation and expression of ERKl/2 protein were detected by western

blot analysis using phospho-ERKl/2 antibody and total-ERKl/2 antibody in aortas from

sham-operated normotensive and Ang H-infused hypertensive rats. The activity of

ERKl/2 is evaluated by the ratio of phospho-ERKl/2 versus total-ERKl/2. The data was

calculated as the percentage of sham group .

Aortas from sham-operated normotensive and Ang Il-infused hypertensive rats

were treated with MEKl/2 inhibitors, PD98059 (10'^ M) and U126 (10'^ M), in water

bath at 37 ° C for 30 minutes. The effects of MEKI/2 inhibitors on ERKl/2 activation is

measured by western blot analysis.

III. D. 2. 2. ERKl/2 and vascular superoxide anion

III. D. 2. 2. 1. The roles of ERKl/2 on vascular superoxide anion production

The role of ERKl/2 on the production of vascular superoxide anion was measured

by incubating aortas from sham-operated normotensive and Ang H-infused hypertensive

rats with MEKl/2 inhibitors, PD98059 (10"^ M) and U126 (10'^ M), in water bath at 37
°

C for 30 minutes. Vascular superoxide anion was measured by lucigenin

chemiluminesence. The inactive analogues of PD98059 and U126, SB203580 (10"^ M)

and U124 (10"^ M) respectively, were used as negative control in this experiment. Parallel

experiments were conducted in endothelium-intact and endothelium-denuded preparation.

III. D. 2. 2. 2. The effects of vascular superoxide anion on ERKl/2 activation
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Aortas from sham-operated normotensive and Ang Il-infused hypertensive rats

were incubated with SOD (300U) and NAD(P)H oxidase inhibitor apocynin (10"^M) at

37° C for 30 minutes. The phosphorylation and expression of ERKl/2 protein was

detected by western blot analysis.

III. D. 2. 3. The role of ERKl/2 in vascular spontaneous tone

PD98059 (10"^ M) and U126 (10"^ M) were administrated in organ chamber for 30

minutes before adding SNP to detect the role of ERKl/2 in the development of

spontaneous tone. Inactive analogues of PD98059 and U126, SB203580 (10"^ M) and

U124 (10'^ M), were used as negative control in this experiment. Parallel experiments

were conducted in endothelium-intact and endothelium-denuded preparation for the

measurement of spontaneous tone.

III. D. 2. 4. The role of ERKl/2 in endothelium-dependent relaxation

PD98059 (10"^ M) and U126 (10'^ M) were administrated in organ chamber for 30

mins before adding SNP to detect the role of ERKl/2 in the development of endothelium-

dependent relaxation function. Inactive analogues of PD98059 and U126, SB203580 (10'

^ M) and U124 (10'^ M), were used as negative control in this experiment. Parallel

experiments were conducted in sham-operated rats and Ang H-infusion rats.

III. D. 3. The roles of PI3K on vascular superoxide anion production and abnormal

vascular motor in Angll-infused hypertenive rats

III. D. 3. 1. The activation of PI3K

The activity of PI3K signaling pathway was indirectly evaluated by the

phosphorylation of two downstream proteins of PI3K, PDK and Akt. The
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phosphorylation and expression of PDK 1 and Akt protein was detected by western blot

analysis using phospho-PDK 1, total- PDK 1, phospho-Akt antibody and total-Akt

antibody in aortas from sham-operated normotensive and Ang Il-infused hypertensive

rats. The activity of PDK was evaluated by the ratio of phospho-PDK 1 versus total-PDK

1 and the ratio of phospho-Akt versus total-Akt. The data was calculated as the

percentage of sham group.

The effect of the PDK inhibitor, LY294002 (10"^M), on the activation of PDK

signaling pathway was evaluated by incubating aortas with LY294002 for 30mins and

measuring the phosphorylation and expression level of PDK 1 and Akt protein in sham

and Ang II rats.

III. D. 3. 2. PDK and vascular superoxide anion

III. D. 3. 2. 1. The roles ofPDK on vascular superoxide anion production

The role of PDK on the production of vascular superoxide anion was measured

by incubating aortas from sham-operated normotensive and Ang Il-infused hypertensive

rats with PDK inhibitor, LY294002 (10"^M), in water bath at 37 °C for 30 minutes.

Vascular superoxide anion was measured by lucigenin chemiluminesence. Inactive

analogue of LY294002, LY303511 (10"^ M), was used as negative control in this

experiment. Parallel experiments were conducted in endothelium-intact and endothelium-

denuded preparation.

III. D. 3. 2. 2. The effect of vascular superoxide anion on PDK signaling pathway

activation
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The aortas of sham-operated normotensive and Ang H-infused hypertensive rats

were incubated with SOD (300U) and apocynin (lO'^M) at SVC for 30 minutes. The

phosphorylation and expression of PDK 1 and Akt protein was detected by western blot

analysis.

III. D. 3. 3. The role of PI3K in vascular spontaneous tone

LY294002 (lO'^M) was administrated in organ chamber for 30 minutes before

adding SNP to detect the role of PDK in the development of spontaneous tone. The

inactive analogue of LY294002, LY303511 (10"^ M), was used as negative control in this

experiment. Parallel experiments were conducted in endothelium-intact and endothelium-

denuded preparation for measurement of spontaneous tone.

III. D. 3. 4. The role ofPDK in endothelium-dependent relaxation

LY294002 (10"^M) was administrated in organ chamber for 30 mins before

adding SNP to detect the role of PDK in endothelium-dependent relaxation function. The

inactive analogue of LY294002, LY303511 (10"^ M), were used as negative control in

this experiment. Parallel experiments were conducted in sham-operated rats and Ang 11-

infusion rats.
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Chapter IV Results

IV. A. Superoxide anion, spontaneous tone and impaired endothelium-dependent

relaxation in Ang Il-infused iiypertensive rats

IV. A. 1. Detection of superoxide anion

In the endothelium-intact aorta, basal level of superoxide anion in rings from

sham operated normotensive rats was very low (3.96±3.57 miliunit/mg/min, n=8).

Vascular superoxide anion was prominently increased in Ang Il-infused hypertensive rats

(114.54±9.66 miliunit/mg/min, n=9). The difference of superoxide anion generation

between sham group and Ang 11 group was significant (p<0.01). In the endothelium-

denuded aorta, the production of vascular superoxide anion was similar to that in

endothelium-intact rings. The superoxide anion production in endothelium-denuded rings

from sham-operated rats was 3.85±3.57 miliunit/mg/min (n=9). The superoxide anion

production in endothelium-denuded rings from Ang Il-infused rats was 119.95±12.69

miliunit/mg/min (n=ll). (Figure 11.)

IV. A. 2. Development of spontaneous tone

Aortic rings from Ang Il-infused hypertensive rats, but not those from sham-

operated normotensive rats, developed spontaneous tone. A representative tracing from a

single experiment is shown in Figure 12. In endothelium-intact aortic rings from Ang Il-

infused hypertensive rats, the developed spontaneous tone was 1.96 ± 0.1 5g, which was

represented 39.19 ± 2.9% of the maximum contraction induced by 120mM KCl (5.24 ±

0.16g, n=9). Removal of endothelium had no significant effect on the maximum
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spontaneous tone (1.84 ± 0.14g) that represented 39.68 ± 3.6% of the maximum

contraction induced by 120mM KCl (4.99 ± 0.15g, n=10) (Figure 13). Endothelium-

denudation failed to evoke spontaneous tone in aortic rings from sham-operated

normotensive rats.
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Figure 11. The superoxide anion production in endothelium-intact and endothelium-

denuded aortic rings from Sham-operated normotensive rats and Ang Il-infused

hypertensive rats. Values were expressed as mean±SEM. EACh group contains aortic

rings from 9 to 10 different rats. *p<0.01, compared with sham group.
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Figure 12. Representative trace of isometric tension recording. In aortic rings from sham-

operated normotensive rats (panel A) and Ang Il-infused hypertensive rats (panel B), the

rings were stretched over 1 hour in 1 gram increments to optimal tension (5g) for smooth

muscle contraction. Sodium nitroprusside (SNP, 10"^ M) was added in the last 15 minutes

to allow final adjustment of resting tension under passive conditions. After SNP was

washout, the aortic rings from Ang Il-infused hypertensive rats (B), but not from sham-

operated rats (A) developed spontaneous contraction. The maxiamal contractile was used

as the measurement of spontaneous tone.
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Figure 13. The role of the aortic endothelium on spontaneous tone in endotheHum-intact

and endothelium-denuded aortic rings from Ang Il-infused hypertensive rats.

Spontaneous tone was expressed as a percentage of maximum contractile response to

120mM KCl. Values were expressed as mean ± SEM. EACh group contains aortic rings

from 9 to 10 different rats. There is no significant different between the two groups.
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IV. A. 3. Endothelium-dependent relaxation

Endothelium-dependent relaxation to acetylcholine (ACh 10"^ to 10"^ M) with

cumulative concentration was evaluated in both sham operated rats and Ang Il-infused

hypertensive rats. The response to ACh in isolated aortic rings from Ang II model was

significantly impaired compared with sham model (n=8, p<0.01, Figure 14).

Superoxide dismutase (300U/ml) and NAD(P)H oxidase inhibitor apocynin

(lOO^iM) significantly improved impaired endothelium-dependent relaxation to ACh in

Ang Il-infused rats (n=7-9, p<0.05 Figure 15 and Figure 16). Compared with sham-

operated rats, SOD and apocynin did not completely restored impaired endothelium-

dependent relaxation to ACh in Ang Il-infused rats (n=7-9, p<0.05, Figure 15 and Figure

6). In sham-operated model, SOD and apocynin did not further improve endothelial

vasodilator function (n=5, p>0.05. Figure 15 and Figure 16)
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Figure 14. Acetylcholine concentration-response curves among rings from sham-operated

normotensive and Ang Il-infused hypertensive rats. Endothelium-dependent relaxation

response to ACh in the aorta of Ang Il-infused rats was significantly impaired, compared

to the aorta of sham-operated rats. Values were expressed as mean ± SEM. EACh group

contains aortic rings from 8 different rats. *p<0.01, compared with sham group.
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Figure 15. Effects of SOD on ACh concentration-response curves. Treatment with SOD

(300U/ml) significantly improved the endothelium-dependent relaxation response to ACh

in rings from Ang H-infused rats, but not those from sham-operated rats. Values were

expressed as mean ± SEM. *p<0.01, Ang II+SOD group compared with Ang II group.

tp<0.05, Ang n+SOD group compared with sham group. EACh group contains aortic

rings from 5 to 7 different rats.
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IV. B. The role of ERKl/2 in vascular superoxide anion production, spontaneous

tone and endothelium-dependent relaxation in Angll-infused hypertensive rats

IV. B. 1. The activity of ERKl/2

There were phospho-ERKl/2 and total-ERKl/2 detected in the rings from sham-

operated normotensive rats. Six days of Ang II infusion caused the phospho-ERKl/2

significant increased (p<0.01, n=3) while the expression of total ERKl/2 were not

changed (p>0.05, n=3). The phospho- /total-ERKl/2 is increased to 144 ± 8.0% in Ang 11

model compared with sham-operated rats (p<0.01, n=3).

The effects of two different MEK inhibitors, PD98059 (lO^M) and U126 (lO^iM)

on ERKl/2 phosphorylation were also examined. In the rings from sham operated group,

the phospho- ERKl/2 was slightly decreased by PD98059 (lOjxM), but was significantly

decreased by U126 (lO^M) (91.78 ± 6.09 % [PD98059]; 57.47 ± 13.20% [U126], p<0.01,

n=3, compared with sham group).

In aortic rings from Ang Il-infused group, the phospho-ERKl/2 was significantly

decreased by the two inhibitors. The inhibition of ERKl/2 phosphorylation with U126

was much greater than the effect with PD98059 treatment (89.74 ± 8.3 % [PD98059],

p<0.01, n=3; 51.74 ± 17.72% [U126], p<0.01, n=3 compared with sham control group,

Figure 17). Their inactive analogues SB203580 and U124 had no effects on ERKl/2

activation in rings from both sham-operated and Ang Il-infused rats.
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Figure 17. Effects of six days of Ang II infusion on activation of ERKl/2. The ratio of

sphospho- versus total-ERKl/2 was used as an indicator for ERKl/2 activity and

calculated as the percentage of the sham group. Values were expressed as mean + SEM.

*p<0.01 compared with the sham group. tp<0.01 compared with Ang II group. EACh

group contains aortic rings from 3 to 7 different rats
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IV. B. 2. ERKl/2 and vascular superoxide anion

IV. B. 2. 1. The effects of MEKl/2 inhibitors on vascular superoxide anion

generation

The superoxide anion production in the aorta of sham-operated rats was not

affected by both MEKl/2 inhibitors. The superoxide anion production in sham-opearated

rats, PD98059 and U126 treated rings were 3.96+ 3.57, 1.67± 1.68, 0.93+0.92

miHunit/mg/min (p>0.05, n=4-9) respectively. The increased superoxide anion

production in aortic rings from Ang Il-infused rats was significantly inhibited by the

MEKl/2 inhibitors, PD98059(10nM) and U126(10^M), but not their inactive analogues,

SB203580(10nM) and U124(10^M). PD98059 decreased superoxide anion level to from

111.4 ± 9.66 to 73.2 ±10.35 miliunit/mg/min (p<0.01, n=8-9), while U126 decrease

superoxide anion level to 50.91±6.56 miliunit/mg/min (p<0.01, n=9-10), which was

significantly more effective than PD98059 (p=0.07, n=8-10) (Figure 18).

The role of endothelium in ERKl/2-mediated superoxide anion production was

examined by comparing the superoxide anion production in endothelium intact versus

endothehum-denuded rings. The results obtained from the endothelium-denuded rings

were similar to the results obtained from the endothelium-intact rings. In endothelium-

denuded rings, the basal aortic superoxide anion level from sham-operated rats was not

decreased by the two MEK inhibitors. The chemiluminesence in control, PD98059 and

U126 groups were 15.35 ± 21.35, 8.28 ± 13.52 and 22.4 ±26.4 miliunit/mg/min

respectively (p>0.05, n=3-4). In endothelium-denuded rings from Ang Il-infused rats,

two inhibitors decreased vascular superoxide anion level to the same level. PD98059

deceased chemiluminescence from 119.95±12.69 to 63.24±16.58 miliunit/mg/min
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(p<0.05, n=7), and U126 decreased superoxide anion level to 59.42±5.87

miliunit/mg/min (p<0.01, n=10). (Figure 18)

IV. B. 2. 2. The effects of vascular superoxide anion on the activity of ERKl/2

Acute treatment of aortas with superoxide dismutase (300U/ml) and apocynin

(10|iM) did not cause any significant effects on phospho- and total- ERKl/2 expression

in rings from both sham-operated normotensive rats and Ang Il-infused hypertensive rats

(n=3). (Figure 19)
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Figure 19. Effects of antioxidants on activation of ERKl/2. The effects of SOD and

apocynin on the phospho- and total-ERKl/2 in the aorta of sham-operated and Ang 11-

infused hypertensive rats were evaluated by western blot analysis. *p<0.05, compared

with sham group. The experiments were repeated three times with similar results and a

representative blot of these experiments is presented.
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IV. B. 3. The roles of ERKl/2 on spontaneous tone

The spontaneous tone generated in rings from Ang H-infused hypertensive rats

was significantly decreased in the presence of MEKl/2 inhibitors, PD98059 (10|^M) and

U126(10^M) (PD98059: 17.40 ± 3.38%, n=10, p<0.01; U126: 16.48 ± 3.25%, n=10,

Figure 20) However the spontaneous tone was not affected by their negative analogues

SB203580 (lO^M) and U124(10^M) (SB 203580 42.38 ± 3.23%, n=4, p>0.05; U124:

35.29 ± 2.73%, n=7, p>0.05. Figure 20). Neither inhibitors nor their inactive analogues

have significant effects on the maximum contraction induced by 120mM KCl (Figure 22).

The role of endothelium on ERKl/2-mediated spontaneous tone is examined by removal

of endothelium from aortic rings. In contrast to the effects in endothelium-intact rings,

PD98059(10|iM) and U126(10|xM) have no significant effect on spontaneous tone in

endothelium-denuded aortic rings (PD98059: 32.55 ± 2.69%, n=7, p>0.05; U126: 35.11 ±

3.75%, n=9, p>0.05; Figure 21). There was no significant difference on the maximum

contraction induced by 120mM KCl among the different groups (p>0.05, n=4-10, Figure

22)

IV. B. 4. The roles of ERKl/2 on endothelium-dependent relaxation

The ACh-induced vasodilation in rings from sham-operated rats was not affected

by PD98059 and U126. The impaired ACh-induced vascular relaxation in rings from Ang

Il-infused hypertensive rats was greatly improved by PD98059(10^M) and U126(10^M),

but not their inactive analogues, SB203580(10nM) and U124(10^M) (n=5, p>0.05).

(Figure 23)
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Figure 21. Effects of MEKl/2 inhibitors on spontaneous tone in endothelium-denuded

aortic rings from Ang Il-infused hypertensive rats. The values were expressed as a

percentage of maximum contractile response to 120mM KCl. Values were mean ± SEM.

PD 98059 (lO^M) and U126 (10p.M) no longer significantly inhibited spontaneous tone

in endothelium-denuded aortic rings. EACh group contains samplesfrom 7 to 10 rats.
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Figure 22. Effects of MEKl/2 inhibitors on the maximum contraction induced by 120mM

KCl in endothelium-intact and endothelium-denuded rings from Ang Il-infused

hypertensive rats. Values were expressed as mean ± SEM. EACh group contains samples

from 4 to 10 rats.
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IV. C. The roles of PI3K on vascular superoxide anion production, spontaneous tone

and endothelium-dependent relaxation

IV. C. 1. The activity of PI3K signaling pathway

IV. C. 1. 1. The activity of PDK 1

There was lightly phospho-PDK 1 detected in the rings from sham-operated

normotensive rats. Six days of Ang II infusion caused the 189.29 ± 19.57% of increase in

phospho-PDK 1 (p<0.01, n=8), and 169.6 ± 12.51% of increase in total-PDK 1 (p<0.01,

n=8). The ratio of phosphorylated PDK 1 versus total PDK 1 was increased 147.04 ±

13.95% in Ang Il-infused rats (p<0.05, n=8). (Figure 24.-27.)

LY294002 (lOjxM) had no effect on phospho- and total-PDK 1 expression in aorta

of sham-operated normotensive rats. In contrast, LY294002 significantly decreased

phospho-PDK 1 in rings from 189.29 ± 19.57% to 1 16.95 ± 1 1.05% in Ang II rats,

(p<0.01 n=3). The ratio of phospho-PDK 1 versus total-PDK 1 was also decreased from

147.04 ± 13.95% to 83.38 ± 7.33% (p<0.01, n=3). (Figure 24-27)
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Figure 24. Effect of six days of Ang II infusion and PI3K activity on phospho- and total

PDK 1 expression. A representative Western blot of phospho- and total PDK 1 is

presented. The experiments were repeated three to eight times with similar results.
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Figure 25. Effects of PI3K activation on phospholation of PDK 1. Aortas were treated by

10 u M LY294002 or Vehicle (0.1% DMSO) for 30 minutes. Values were expressed as

mean ± SEM. *p<0.01 compared with sham group. tp<0.01 compared with Ang II group.

EACh group contains samples from 3 to 8 rats.
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Figure 26.. Effect of PI3K activation on total PDK 1 expression. Aortas were treated by

10 u M LY294002 or Vehicle (0.1% DMSO) for 30 minutes.Values were expressed as

mean ± SEM. tp<0.01 compared with Ang II group. EACh group contains samples from

3 to 8 rats.
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Figure 27. Effect of PI3K activation on the ratio of phospho-PDK 1 versus total PDK 1.

Aortas were treated by 10 u M LY294002 or Vehicle (0.1% DMSO) for 30

minutes.Values were expressed as mean ± SEM. *p<0.01 compared with sham group.

tp<0.01 compared with Ang II group. EACh group contains samples from 3 to 8 rats
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IV. C. 1. 2. The activity of Akt

The phospho-Akt was detected in the rings from sham-operated normotensive rats.

PI3K inhibitor LY294002 (10}xM) abolished Akt phopharylation without changing total

Akt expression. Six days of Ang II infusion caused significant decrease in phospho-Akt

(p<0.01, n=4), but not in total-Akt (p>0.05, n=4). The ratio of phospho- versus total Akt

was dropped to 46.81 ± 1.54% in Ang E rats (p<0.05, n=8). LY294002 abolished the

phosphorylation of Akt, while it had not effect on total Akt expression. The ratio of

phospho- versus total Akt was 4.5 ± 2.8% in aorta treated by LY294002 from Ang II-

infused rats (p<0.01) (Figure 28).
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Figure 28. Effect of six days of Ang II infusion and PI3K activity on phospho- and total

Akt expression. Aortas were treated by 10 u M LY294002 or Vehicle (0.1% DMSO) for

30 minutes. a: A representative Western blot of phospho- and total Akt is presented, b:

The data were expressed as ratio of phospho- versus total- Akt. Values were expressed as

mean ± SEM. *p<0.01 compared with sham group. tp<0.01 compared with Ang 11 group.

Each group contains samples from 3 to 5 rats.
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IV. C. 2. PI3K signaling pathway and vascular superoxide anion

IV. C. 2. 1. The effects of PI3K inhibitor on vascular superoxide anion

In aorta of sham-operated rats, LY294002 (lO^M), a specific inhibitor of PI3K,

did not cause any significant change of the production of superoxide anion (p>0.05).

In aorta of Ang Il-infused hypertensive rats, LY 294002 significantly decreased

the generation of superoxide anion in both endothelium-intact and -denuded aortic rings.

In endothelium-intact aorta, LY294002 decreased superoxide anion level from 139.39 ±

13.69 miliunit/mg/min to 66.75 ± 18.75 miliunit/mg/min (p<0.01, n=8). When

endothelium was removed, LY294002 reduced superoxide anion level from 137.22 ±15

miliunit/mg/min to 54.07 ± 10.92 miliunit/mg/min (p<0.01, n=8). The inactive analogue

LY303511 had no effect on superoxide anion production. (Figure 29)

rV. C. 2. 2 The effects of vascular superoxide anion on the activity of PI3K signaling

pathways

Acute treating aortas with antioxidant, superoxide dismutase (300U/ml) and

apocynin (10|a,M) did not cause any significant changes of the phospho- and total-PDK 1

and Akt expression in both sham and Ang Il-infused groups (n=3). (Figure 30 and Figure

31.)
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Figure 30. Effects of SOD and apocynin on phospho- and total PDKl expression. SOD

and apocynin did not have any effects on phospho- and total-PDK 1 expression in

thoracic aorta. *p<0.05 compared with sham group. The experiments were repeated three

times with similar results. A representative blot of these experiments is presented.
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Figure 31. Effects of SOD and apocynin on phospho- and total Akt expression. SOD

(300U/ml) and apocynin (10 u M) did not have any effects on p-Akt and t-Akt expression

in thoracic aorta. *p<0.05 compared with sham group. The experiments were repeated

three times with similar results. A representative blot of these experiments is presented.
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IV. C. 3. The roles of PI3K signaling pathways on spontaneous tone

In endothelium-intact aortic rings, PI3K inhibitor LY 294002 caused a dose

dependent inhibition on spontaneous tone. LY 294002 at the dose of 2|iM, 10|xM and

20^M reduced spontaneous tone from 44.1 ± 3.2% to 28.28 ± 1.1%, 10.57 ± 2.78% and

2.73 ± 1.03% of 120niM KCl induced contraction respectively (n=3-6, p<0.01, Figure

32). The inactive analogue LY30351 1 at the same doses did not cause any effects on

spontaneous tone.

In endothelium-denuded aortic rings, LY 294002 10|j.M inhibited spontaneous

tone as in endothelium-intact rings (from 39.68 ± 3.6% [ctri] to 12.47± 2.74 % [LY], n=7,

p>0.05 compared with endothelium intact rings with LY 294002, p<0.01 compared with

no treatment group. Figure 33). In endothelium-intact aortic rings from Ang Il-infused

hypertensive rats, the developed spontaneous tone was 1.96 ± 0.15g.

LY 294002 and its inactive analogue LY30351 1 at the concentration of 2jiM

andlO|iM had no effects on 120mM KCl induced contraction. (Figure 34. and Figure 35.)

However, IQiiM of LY 294002 inhibited contraction induced by 120mM KCl (3.76 ±

0.38g, n=5 [LY] vs 5.23 ± 0.16g [ctri], n=9, p<0.01. Figure 34), while 20 ^iM of inactive

analogue LY30351 1 had no effects on KCl-induced contraction.

IV. C. 4. The roles of PI3K signaling pathways on endothelium-dependent

relaxation

LY294002 at concentration of lO^M significantly restored impaired endothelium-

dependent vasodilation in Ang Il-infused hypertensive rats (n=4, p<0.05). Its negative
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control, LY30351 1 (10|iM), has no effects on endothelium-dependent relaxation in Ang

Il-infused model (n=4, p>0.05) (Figure 36).
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Figure 32. Effects of PI3K inhibitor LY 294002 and it inactive control LY30351 1 on

spontaneous tone of endothelium-intact aortas. Values were expressed as mean ± SEM.

*p<0.01 compared with control group. tp<0.01 compared with LY303511 group. EACh

group contains samples from 3 to 7 rats.
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Figure 33. Effects of PI3K inhibitor LY294002 on spontaneous tone in aortic rings from

Ang Il-infused hypertensive rats in endothelium-intact and -denuded aortic rings. Values

were mean ± SEM. *p<0.01 compared with control group (vehicle) in endothelium-intact

aortic rings. tp<0.01 compared with control group in the absence of endothelium. EACh

group contains samples from 7 to 10 rats for eACh group.
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Figure 34. Effects of PI3K inhibitor on the 120mM KCl induced contraction in

endothelium-intact aortic rings from Ang Il-infused hypertensive rats. Values were

expressed as mean ± SEM. *p<0.01 compared with control group. EACh group contains

samples from 3 to 10 rats.
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Figure 35. Effects of LY294002 lO^M inhibitor on the 120niM KCl induced contraction

in endothelium-intact and endothelium-denuded aortic rings from Ang Il-infused

hypertensive rats. Values were expressed as mean ± SEM. EACh group contains samples

from 3 to 10 rats.
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Chapter V Discussion

This study indicates that both ERKl/2 and PI3K signaling pathways are involved

in vascular oxidative stress mediated abnormal contraction and impaired endothelium-

dependent relaxation in Angll-infused hypertensive rats.

V. A. Vascular superoxide anion generation, spontaneous tone and impaired

endothelium-dependent vasodilation in Ang Il-infused hypertensive rats

V. A. 1. Characterization of superoxide anion

V. A. 1. 1. Vascular superoxide anion and hypertension

Reactive oxygen species (ROS) not only are derivatives of O2 metabolism but

also participate in many intracellular signaling pathways to regulate cell functions. ROS

have been proved to play an important role in the development of hypertension. In our

study, we found that the generation of vascular superoxide anion in aorta was increased

in Ang Il-infused hypertensive rats, which was consistant with our previous finding (Di

Wang et al., 1999). Increased vascular superoxide anion generation has also been found

in DOCA-salt, 2-kidney 1-clip and SHR models (Somers et al., 2000; Cuzzocrea et al.,

2004; Vega, Roson, Bellver, Celentano, & de, I, 1995).

It has been reported by Touyz et al that NAD(P)H oxidase is the major source of

vascular superoxide anion, and produces superoxide anion intracellularly in a slow and

sustained manner, in contrast to extracellular superoxide anion production in a burst-like

fashion in leukocytes (Touyz et al., 2004). Superoxide anion is a membrane-impermeable

molecule, but the voltage-dependent anion channel (VDAC) in the cytoplasmic
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membrane and mitochondrial membrane has been suggested to allow superoxide anion

diffusion in heart (Han et al., 2003). Overexpression of superoxide dismutase effectively

decreases vascular oxidative stress and attenuate increases in systolic blood pressure

induced by Ang Il-infusion (Wang, Johns, Xu, & Cohen, 2002).

V. A. 1. 2. The role of NAD(P)H oxidase in superoxide anion production

Evidence shows that NAD(P)H oxidase is the primary source of vascular

superoxide anion. Firstly, the increased vascular superoxide anion production in Ang II-

infused hypertensive rats can be inhibited by NAD(P)H oxidase inhibitors (Di Wang et

al., 1999). Secondly, Ang II does not stimulate aortic superoxide anion generation in

mice without the expression of gp91''''°'', a major NAD(P)H oxidase subunit protein

(Wang et al., 2001). Thirdly, the administration of superoxide dismutase, or antisense

NAD(P)H oxidase can partially decrease blood pressure (Griendling et al., 2003b). These

findings indicate that the overactivation of NAD(P)H oxidase and the subsequent

overproduction of superoxide anion mediate the development of hypertension.

Although eNOS, a NO generating enzyme, was also reported to produce

superoxide anion when BH4 or L-arginin is deficient, it is unlikely playing a major role in

Ang Il-infused rats (Vasquez-Vivar et al., 2002). Superoxide anion generation in the

aorta of Ang Il-infused rats has no significant change in the presence and the absence of

endothelium, suggesting that e-NOS is not a major enzyme to produce vascular

superoxide anion.

The possibility that other superoxide anion generation enzymes such as xanthine

oxidase, mitochondrial NADH dehydrogenase and smooth muscle cell NADH oxidase,

which might be important to this effect, was also excluded. Wang et al have previously
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shown that the increased superoxide anion production in isolated aortic rings from Ang

Il-infused hypertensive rats was only inhibited by NAD(P)H oxidase inhibitors apocynin

and DPI, not by the xanthine oxidase inhibitor, oxypurinol, mitochondrial NADH

dehydrogenase inhibitor, rotenone, nor NOS inhibitor, L-NAME (Wang et al., 1998).

Ang n infusion causes an influx of leukocytes that are localized on the

endothelium surface and in the adventitia, and the deletion of a chemokine receptor was

recently reported to prevent vascular hypertrophy in response to Ang II (Bush et al., 2000;

Capers et al., 1997). We cannot exclude the possibility that leukocyte gp91''''°''

participates in the vascular O2" generation to Ang II. However, the observations that both

cultured smooth muscle cell (Fukui et al., 1997) and adventitial fibroblasts (Pagano,

Chanock, Siwik, Colucci, &. Clark, 1998; Cifuentes, Rey, Carretero, & Pagano, 2000b)

respond to Ang 11 with increased expression of NAD(P)H oxidase subunits and

production of superoxide anion suggests that these cells do participate in the increased

vascular superoxide anion generation in response to Ang 11.

V. A. 1. 3. Localization of increased superoxide anion

Both adventitia and endothelium have been suggested as major sites to produce

superoxide anion, although NAD(P)H oxidases also exist in vascular endothelial and

smooth muscle layer (Cai, Griendling, & Harrison, 2003). Immunohistochemistry of

NAD(P)H oxidase subunit proteins reveals that the NAD(P)H oxidase locates mainly in

adventitia and endothelium (Wang et al., 1998). The major subunit protein gp91''''°'' exists

in adventitia and endothelium, but only its analogue Nox-1 is found in VSMCs

(Griendling et al., 2000b). The blood pressure and vascular superoxide anion production

are reduced in gp91''''°'' knock out mice (Wang et al., 2001). In our study, we found that
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removing endothelium has no effect on the production of superoxide anion, which does

not support that the role of endothelium is a major source for generating superoxide anion.

However, the failure to detect the change of superoxide anion between endothelium-

intact and endothelium-denuded groups could be due to the insensitivity of endothelium

superoxide anion by lucigenin chemiluminescence.

The signaling mechanism in the activation of NAD(P)H oxidase is not well

defined. Touyz et. al. have reported that PLD and PKC participate in Ang Il-infused ROS

generation (Touyz & Schiffrin, 1999). However, inhibitors of PLC or PKC only partially

decrease ROS generation, they do not completely abolish it. This suggests that other

signaling pathways are also involved in NAD(P)H oxidase activation. A role of ERKl/2

and PI3K has been suggested in the cell culture and other animal models (Seshiah et al.,

2002b; Laplante, Wu, El Midaoui, & de Champlain, 2003). We tested the roles of these

two signaling pathways in the Ang Il-infused hypertensive rats. The details are discussed

below in sections (2.3 and 3.3).

V. A. 2. Characterization of aortic spontaneous tone

In our study, spontaneous tension developed in aortic rings isolated from Ang Il-

infused hypertensive rats, but not in normotensive rats. This result agrees with the

previous finding in the same hypertensive model and DOCA-salt hypertensive rats (Di

Wang et al., 1999; Ghosh, Wang, & McNeill, 2004). The tension was directly

proportional to the preload. Tension increased significantly as the preload was increased

from Ig to 5g. Treated aorta with SNP inhibited the active tension developed in aortas

and allowed an adjustment of preload in a relaxed passive state, a method described in a

previous publication (Di Wang et al., 1999). A reproducible active tension was developed
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upon washout of SNP. The generation of active tension in response to the preload seems

to be correlated to myogenic tone in vivo. An increase of intraluminal pressure or passive

stretch triggers the spontaneous tone in the aorta of hypertensive rats, but not of

normotensive rats. This spontaneous tone in large vessels could decrease compliance and

disturb the blood flow to smaller vessels, thereby contributing to hypertension.

The spontaneous active tone in the aorta of hypertensive rats was abolished upon

removal of extracellular Ca^* from the buffer. Addition of Ca^"^ restored the spontaneous

tone (Di Wang et al., 1999). Therefore, the spontaneous tone is a Ca^'^-dependent

phenomenon. Moreover, it was found that the influx of Ca^"^ was mediated via L-type

channels, because nifidipine prevented the development of the tone (Northcott et al.,

2004; Rapacon-Baker et al., 2001). Spontaneous tone has been reported in existing

several hypertensive animal models including Ang Il-infused, DOCA-salt and SHR

(Ghosh, Wang, & McNeill, 2002; Northcott et al., 2002; Di Wang et al., 1999; Sekiguchi

et al., 1998), suggesting that it is more like a hypertension-related response than a

receptor-mediated response.

The spontaneous tone in the aorta of hypertension is mediated by vascular

superoxide anion. Wang et al found that the NAD(P)H oxidase inhibitor DPI decreases

superoxide anion as well as inhibits spontaneous tone (Di Wang et al., 1999).

Furthermore, superoxide dismutase, a cell impermeable antioxidant, had the same effect

as DPI, suggesting that the vascular superoxide anion might be the mediator of

spontaneous tone. The results obtained in this thesis are consistant with the previous

finding that SOD and another more specific NAD(P)H oxidase inhibitor apocynin

reduced spontaneous tone.
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Other evidence also supports the hypothesis that the extracellular superoxide

anion is increased in Ang Il-infused hypertensive rats. Ang II infusion causes an increase

of leukocyte infiltration in the endothelium surface and in the adventitia (Bush et al.,

2000; Capers et al., 1997). It has been found that Ang Il-induced hypertension increases

vascular EC-SOD levels of different cell types and represents an important adaptive

mechanism that allows increased scavenging of Or' in this condition (Fukai, Siegfried,

Ushio-Fukai, Griendling, & Harrison, 1999).

Endothelium plays a major inhibitory role in ROS mediated spontaneous tone.

Removal of endothelium had no effect on the maximum responses of spontaneous tone,

but the frequency and amplitude of oscillatory contraction seemed decreased. The

antioxidants could not inhibit spontaneous tone in endothelium-denuded rings (Di Wang

et al., 1999). The inhibitory effect of endothelium on spontaneous tone is most likely

mediated by NO, since superoxide anion can react with NO to produce OONO, which

reduces the "bioavailability" of NO.

The other mechanism that ROS mediates spontaneous tone may be related to

some redox-sensitive Ca^* changes. Several studies have shown that ROS regulate

inositol trisphosphate-induced Ca^"^ mobilization, Ca^"^ influx and Ca^"^-ATPase

inactivation. Through these mechanisms, ROS participate in abnormal contractile

responses in VSMCs and SHR (Lounsbury et al., 2000; Gao & Lee, 2001).

In summary, spontaneous tone is a ROS-sensitive vascular abnormal contraction,

related to intracellular calcium changes and mediated by NO.





113

V. A. 3. Impaired endothelium-dependent relaxation

Our data showed that acetylcholine (ACh)-induced endothelium-dependent

vasodilation was significantly impaired in Ang H-infused hypertension. The impaired

ACh -induced endothelium-dependent vasodilation was greatly restored by SOD and

NAD(P)H oxidase inhibitor apocynin. It indicates that vascular oxidative stress damages

endothelium-dependent relaxation in Ang Il-infused hypertension. This result is

consistent with other studies that NAD(P)H oxidase-derived superoxide anion regulates

NO elicited vascular relaxation and soluble guanylate cyclase activity (Gupte, Rupawalla,

Mohazzab, & Wolin, 1999).

Endothelium-derived relaxation factors include nitric oxide, prostacyclin, and an

unidentified hyperpolarizing factor (EDHF) (Shepherd & Katusic, 1991). NO is supposed

to play the key role in endothelium-dependent relaxation. ACh is an ideal chemical to

assess the endothelium relaxation function. In normal blood vessels, ACh cause

muscarinic receptor-mediated NO release from the endothelium layer. Evidence indicates

that the endothelium-dependent vasodilatory function of the vessels is impaired in many

pathological conditions.such as hypertension (Somers et al., 2000; Zhou, Jaimes, & Raij,

2004; Gupte et al., 1999). Our data agree with the finding reported by others that

endothelium-dependent relaxation is reduced in aortic rings from Ang Il-infused

hypertensive rats.

Several mechanisms that mediate impaired endothelium-dependent relaxation

have been suggested. The deficiency of NO production may result from the decreased

expression of eNOS, a lack of eNOS substrate or cofactors, and a decrease in NO

bioavailability (Kalinowski et al., 2004). eNOS expression is up-regulated in
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hypertension, suggesting the increase in NO degradation is more responsible for the

impaired endothelium-dependent relaxation (Kerr et al., 1999). Our data indicate that the

increased NAD(P)H oxidase-derived O2" plays a major role in this mediation. We

demonstrated that inhibition of O2' production by SOD, or by its generating enzyme

NAD(P)H oxidase inhibitor, apocynin, greatly restored the ACh-induced vasodilation.

Indeed, as we presented in the early portion of this thesis, the vascular NAD(P)H oxidase

mediated superoxide anion was increased in the aorta of Ang H-infused hypertensive rats.

The increased superoide anion reacted with NO to produce peroxinitrite and decreased

the bioavailability of NO.

It has been reported that the increased NAD(P)H oxidase-derived superoxide

anion interact with NO to form ONOO", resulting in decreased NO bioavailability in

endothelium and subsequent impaired endothelium-dependent relaxation. It has been

suggested that the synthesis of NO is decreased in the endothelium in hypertension

(Kalinowski et al., 2004). When L-arginin or BH4 is deficient, eNOS would produce

superoxide anion instead of NO (Vasquez-Vivar et al., 2002). This is called "NOS

uncoupling". Excessive superoxide anion and ONOO" may lead to BH4 oxidation,

resulting in eNOS uncoupling and the deterioration of vascular oxidative stress and

impaired endothelium-dependent relaxation (Viedt et al., 2000).

It is also possible that increased EC-SOD expression in this condition may

contribute to vascular pathology because the dismutation of 02-' by EC-SOD increases

extracellular H2O2 levels which may have important pathogenetic properties (Fukai et al.,

1999). H2O2 is substantially more stable than O2", and because it is uncharged, it can

freely diffuse into adjacent cells where it may serve to promote vascular smooth muscle
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hypertrophy, alter gene expression and activate matrix metalloproteinases (GriendHng et

al., 2000a).

It might be argued that the impaired ACh-induced endotheHum dependent

relaxation is resulted from the increased resting tension in Ang Il-infused hypertensive

rats. However, Rajagopalan et al gave same preload to the aortic rings of both

normotensive and Ang Il-infused hypertensive rats, without adjusting by SNP

(Rajagopalan et al., 1996a). They found that ACh induced vascular relaxation was

reduced in vessels from Ang II- treated animals. These data are consistent with the

findings in our study, clearly indicating that the reduced endothelium dependent

relaxation in Ang Il-infused hypertensive rats is not caused by our experimental setting.

V. B. The role of ERKl/2 signaling pathway in Ang Il-infused hypertensive rats

As reviewed in the introduction part, Ang II induces short-term activation of all

three major members of the MAPK family. Ang II induced MAPK phosphorylation is

rapid and disappears quickly. In vascular smooth muscle cells, Ang II quickly activates

ERKl/2 and p38 in 2.5 min, peaks at 5 min. The phosphorylation of ERKl/2 disappears

after 60 mins, while activation of p38 is sustained for no more than 30 mins. The

activation of JNK is much slower, peaks at 30 mins and is sustained for more than 60

mins (Kusuhara et al., 1998).

Regardless, the intensive studies in the effects of Ang II on MAPKs, the effects of

Ang II on signaling pathways in vivo need further investigations. The activation of

ERKl/2 was increased in the aorta and kidney of Ang Il-infused rats (Laplante et al.,

2003; Muthalif et al., 2000). The acute treatment with MEKl/2 inhibitor PD98059 (5mg

SC) reduced the blood pressure response induced by Ang II (Muthalif et al., 2000).
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PD98059 also prevented Ang II induced contraction in resistance arteries in vitro (Garcha,

Sever, & Hughes, 2001). Chronic treatment with PD98059 prevented the development of

hypertension in Ang Il-infused rats (Laplante et al., 2003). In this thesis, the role of

ERKl/2 in oxidative stress and vascular reactivity are examined.

V. B. 1. The role of ERKl/2 in vascular oxidative stress

V. B. 1. 1. The role of ERKl/2 in vascular superoxide anion production

The results of this study demonstrated that activation of the ERKl/2 pathway may

have an important regulatory role in NAD(P)H oxidase-derived O2' production in Ang II-

infused hypertensive rats. Firstly, we found that the phospho-ERKl/2 in aorta was still

significant increased after 6 days of Ang H-infusion in vivo. This result was consistent

with sustained activation of ERKl/2 in kidneys from Ang Il-infused rats (Muthalif et al.,

2000). Secondly, we found that acute treatment with both MEKl/2 inhibitors, PD98059

and U126, significantly decreased the generation of superoxide anion in the aorta of Ang

Il-infused hypertensive rats in vitro. Their inactive analogues had no effect on the

superoxide anion level. Thirdly, this result is consistent with the previous study that long

term treatment with MEKl/2 inhibitor in vivo decreases NAD(P)H oxidase activation

induced by Ang II (Laplante et al., 2003).

V. B. 1. 2. The choice ofMEK inhibitors

Two inhibitors were used in this study, PD98059 and U126. Like many other

pharmacological inhibitors, the specificity of the inhibitors is a concern to many

investigators. PD98059 inhibits the phosphorylation of MEKl/2 (IC5o= 2nM), but it also

blocks TNF-a gene expression induced by LPS, and reverses the phenotype of ras-
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transformed BALB3T3 mouse fibroblasts and rat kidney

(http://www.emdbiosciences.com/product/513000). U126 is a noncompetitive antagonist

of MEKl (IC50 = 72 nM) and MEK2 (IC50 = 58 nM) by inhibiting its substrates, ATP and

ERK. It has Httle effect on other kinases such as Abl, Cdk2, Cdk4, ERK, JNK, MEKK,

MKK-3, MKK-4/SEK, MKK-6, PKC, and Raf

(http://www.emdbiosciences.com/product/662005).

In order to overcome the possible nonspecific effects of the inhibitors, we chose

the above two inhibitors which are different in their structure, mechanism ofMEK

inhibition and non-MEK inhibitory effects. Furthermore, their inactive analogues,

SB203580 and U124 were used.

The effective doses used in the study were determined by western blot. The dose

ranges were chosen when the inhibitors reduced the phosphorylation of ERKI/2 in the

aorta of Ang Il-infused rats, while their inactive analogues did not have any effect by

western blot. Therefore, the effects obtained in this thesis by using PD98059 (10 u M)

and U126 (10 u M) can be interpreted confidently as the effects of ERKl/2 activity.

The effects of vascular superoxide anion on ERK 1/2 activation were also

examined in our study. ERKl/2 has been reported to be a ROS sensitive signaling

pathway in various cells (Oeckler, Kaminski, & Wolin, 2003; Rao et al., 1999; Clerk et

al., 1998). The mechanisms that ROS activates ERKl/2 are different, depending on cell

types and kinds of stimulation. Serotonin induced ERKl/2 activation was ROS-depedent

in smooth muscle cells, but not in fibroblasts (Lee et al., 1999). In cultured VSMCs, Ang

Il-infused ROS did not activate ERKl/2 (Touyz, Yao, Viel, Amiri, & Schiffrin, 2004).

ROS participated ERKl/2 activation in the aorta and cardiac left ventricle by the acute
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administration of Ang n in vivo (Zhang et al., 2004). We found that acute treatment with

antioxidants, NAD(P)H oxidase inhibitor apocynin and superoxide dismutase did not

inhibit the activation of ERKl/2 in the Ang Il-infused hypertensive model. Our data

suggests that the sustained activation of ERKl/2 in the aorta induced by chronic

treatment with Ang II is not dependent on superoxide anion. However, the results of early

treatment of antioxidants on ERKl/2 activation in our rat model could be different from

our results.

V. B. 2. The role of ERKl/2 in spontaneous tone

Our data suggest that ERKl/2 plays a role in spontaneous tone development in

Ang Il-infused hypertensive rats. As mentioned in previous section, the phospho-ERKl/2

was increased in the aorta of Ang Il-infused rats. Both MEKl/2 inhibitors, PD980258

and U126 inhibited spontaneous tone. Although the role of ERKl/2 in vascular responses

is controversial, some evidences support its role in Ang Il-infused contractile. Ishihata et.

al. and Touyz et. al. reported that Ang Il-infused constriction of vessels and VSMCs was

mediated by the ERKl/2 signaling pathway (Ishihata, Tasaki, & Katano, 2002; Touyz, El

Mabrouk, He, Wu, & Schiffrin, 1999). An acute treatment with MEKl/2 inhibitor

PD98059 in vivo reduced the mean arterial blood pressure in Ang Il-infused hypertensive

rats (Muthalif et al., 2000).

Consistant with these findings, we found that activation of ERKl/2 were higher in

the aorta after 6 days of Ang Il-infusion rats, compared with normotensive rats. The

activation of ERKl/2 seems to be indirectly related to spontaneous tone. One of the

possible mechanisms is via increasing NAD(P)H oxidase derived vascular superoxide

anion production, which is supported by the following evidence. MEKl/2 inhibitors
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reduced the generation of vascular superoxide anion. Similar to the effect of antioxidants,

that of MEKl/2 inhibitors on spontaneous tone is endothelium-dependent. In

endothelium-denuded aorta, MEKl/2 inhibitors did not inhibit the spontaneous tone, even

though they still reduced superoxide anion generation efficiently. These data suggest that

PD98059 and U126 may adjust spontaneous tone through decreasing vascular superoxide

anion generation and subsequently improving the bioavailability of NO.

Several other possible mechanisms have been suggested regarding how ERKl/2 is

related to vascular contraction. Touyz et. al. have reported that ERKl/2 mediate Ang II-

infused contraction by regulating [Ca^"^]i (Touyz et al., 1999). Further investigation will

be needed to discover if the same mechanism applied in our models. It is also suggested

that MAPK might open the voltage-gated calcium channel in VSMCs (Wijetunge,

Aalkjaer, Schachter, & Hughes, 1992). KCl-induced contraction could be viewed as an

indirect measure of L-type voltage-gated calcium channel activity. However, PD98059

and U126 at the concentration of 10}xM had no significant effects on KCl-induced

contraction in our model. Furthermore, in endothelium-denuded aortic rings, both

MEKl/2 inhibitors no longer reduce spontaneous tone. These data suggest that the roles

of ERKl/2 on spontaneous tone do not act directly via calcium channels, but by some

other indirect ways.

V. B. 3. The role of ERKl/2 in the impaired endothelial-dependent relaxation

In Ang Il-infused hypertensive rats, ACh-induced endothelium-

dependent relaxation is impaired. Acute treatments with two MEKl/2 inhibitors

ameliorate the impaired relaxation. Several possible mechanisms regarding how ERKl/2

is related to the impairment of endothelium-dependent relaxation are discussed below.
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The effect of ERKl/2 on eNOS activity is controversial. Bemier et. al. reported that

activated ERKl/2 may lead to phosphorylation of eNOS and subsequently reduce NO

production (Bemier, Haldar, & Michel, 2000), while Schmidt et. al. indicated that

ERKl/2 did not affect eNOS activity and NO formation in both artery strips and cultured

endothelium cells (Schmidt, Gibraeil, & Mayer, 2002). In our study, we found that

MEKl/2 inhibitors had no significant effect on endothelium-dependent relaxation in

normotensive rats, which might suggest that ERKl/2 does not directly regulate the

synthesis of endothelial nitric oxide in normal aorta. Also, MEKl/2 inhibitors seem not to

directly block calcium channels at the concentration of 10|i.M, since they have no effect

on KCl induced vascular contraction. However, MEKl/2 inhibitors do reduce vascular

NAD(P)H oxidase activity and decrease superoxide anion that may lead to increasing the

bioavailability of NO and improving impaired vasodilation in Ang Il-infused

hypertensive rats. Thus, the present results indicate that ERKl/2 may play an important

role in impaired endothelium-dependent relaxation through inactivation of NO caused by

increased generation of vascular NAD(P)H oxidase-derived superoxide anion in Ang 11-

infused hypertensive rats.

V. C. The role of PI3K signaling pathways in Ang Il-infused hypertensive rats

V. C. 1. Increased PI3K activity

To our best knowledge, this is the first report indicating that the phosphorylation

and expression of PDKl was significantly increased in the aorta of Ang Il-infused

hypertensive rats. The data suggest that the activity of PI3K signaling pathway was

increased in Ang Il-infused hypertensive rats. The second important finding of this study
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demonstrates that the phosphorylation of Akt was decreased in the aorta of the

hypertensive rats, although the phosphorylation and expression of its specific upstream

activator, PDKl, was significantly increased.

The PI3K activity is often measured by measuring radiation of ^^P in the tissue

(Northcott et al., 2002). However, the technique was not developed in our current lab.

Therefore, we measured phophorylation of PDKl and Akt, the two specific PI3K

downstream molecules. Our data show that both expression and activity of PDK 1 were

significantly increased in our model, strongly indicating that the PDK was activated in

Ang Il-infused rats. Our data are consistent with the limited finding from an other

investigation (Northcott et al., 2002). Ang 11 has been previously reported to stimulate the

activity of PDK in cultured vascular smooth muscle cells (Saward & Zahradka, 1997).

The activity of its downstream molecule Akt/PKB was also increased by Ang II

(Takahashi et al., 1999). Importantly, the increased activity ofPDK were also found in

another experimental hypertensive model, DOCA-salt rats (Northcott et al., 2002). The

pathological significance of PDK on vascular oxidative stress, spontaneous tone and

impaired endothelium function are discussed below.

PDK 1 is an upstream activator of Akt. It phosphorylates Akt at threonine 308 and

serine 473 when Akt is recruited to plasma membrane after PDK is activated (Shiojima

& Walsh, 2002). Unexpectedly, the phosphorylation of Akt was significantly inhibited in

the aorta after the third day of Ang 11 infusion, although its phosphorylation was PDK

dependent. The result was consistent with the recent finding reported by Northcott et. al.

that the phosphorylation of Akt was decreased while the activity of PDK was increased

in DOCA salt hypertensive rat aorta (Northcott et al., 2002). An explanation of the
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phenomenon is not known. The increased expression and activation of PDK 1 may be a

compensatory mechanism for the lack of Akt activation in the aorta chronic treated by

Ang n. Further investigation is required to clarify this phenomenon.

V. C. 2. The role ofPDK in vascular superoxide anion generation

The results of this study demonstrated that activation of PDK pathway had an

important regulatory role in NAD(P)H oxidase-derived superoxide anion generation in

Ang Il-infused hypertensive rats. Firstly, we found that phospho-PDK 1, the specific

downstream protein of PI3K, was still significantly increased after 6 days of continued

Ang H-infusion in vivo. Secondly, the generation of superoxide anion in the aorta of Ang

Il-infused hypertensive rats was significantly decreased by in vitro treatment with PI3K

inhibitor, but not by its inactive analogue. This is consistent with several publications

from other groups. Seshiah et. al. reported that PI3K mediated Ang Il-stimulated ROS

generation in VSMCs (Seshiah et al., 2002a). PDGF-induced ROS generation was

dependent on activation of PI3K in HepG2 cells (Bae et al., 2000). PI3K was involved in

the sustained phase of ROS production in guinea-pig eosinophils as well. Karlsson et. al.

suggested the intracellular production of superoxide anion is PDK dependent too,

although the release of superoxide anion was independent of PDK (Lynch, Giembycz,

Barnes, & Lindsay, 2001; Karlsson, Nixon, & McPhail, 2000). These data suggested that

PDK participate in the regulation of superoxide anion production.

The mechanism of activating NAD(P)H oxidase by PDK is not completely

understood. Both p47'''''"' and p40''''™ contain a lipid binding domain and a PX domain,

suggesting that the lipid product of PDK may affect the localization of these subunits and

regulate activity of NAD(P)H oxidase (Yaffe, 2002). Also, the product of PDK, PIP3,
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can turn GDP-bound Rac into GTP-bound Rac that activate NAD(P)H oxidase (Seshiah

et al., 2002a).

The role of PI3K was also addressed by using the specific inhibitor of PI3K,

LY294002, in this study. In order to overcome the possible nonspecific effect of this

inhibitor, we used its inactive analogue, LY303511 as a negative control. The effective

dose ranges used were determined by western blot of phospho-PDK 1 and phospho-Akt.

The dose ranges were chosen when LY294002 reduced the phosphorylation of PDK 1

and Akt in the aorta of Ang Il-infused rats, while its inactive analogues did not have any

effect. Therefore, the effect obtained by using LY294002 (10 u M) may be confidently

interpreted as the effect of PI3K activity.

The role of vascular oxidative stress on the activation of PDK signaling pathways

was also suggested. Some studies have demonstrated that PDK signaling pathways could

be regulated by ROS in some cells. Exogenous H2O2 activated Akt in VSMCs (Ushio-

Fukai et al., 1999). In addition, Ang II induced Akt/PKB activation was inhibited by

NAD(P)H oxidase inhibitors, ROS scavengers and overexpressing catalase (Das et al.,

2004). However, our data showed that acute treating of the aorta with SOD and

NAD(P)H oxidase inhibitor apocynin has no significantly effect on PDK 1 and Akt

activities in the aorta of Ang Il-infused hypertensive rats. We found that the

phosphorylation of Akt is significantly decreased while superoxide anion production is

prominently increased. The data suggest that the activation of PDK 1-Akt did not depend

on superoxide anion in Ang II- induced hypertensive rats. Admittedly, we did not

measure the activity of PDK directly. Therefore, it is possible that these antioxidants
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regulate PI3K signaling transduction other than PDK 1-Akt pathway. Further study is still

required to clarify the role of ROS in PDK signaling pathways in Ang Il-infused rats.

V. C. 3. The role of PI3K in spontaneous tone

Our data suggest that PI3K plays a significant role in spontaneous tone

development. As mentioned before, the activity of PI3K signaling pathways was

increased in the aorta of Ang Il-infused hypertensive rats. PDK inhibitor, LY294002, but

not its inactivate analogue, LY303511, inhibited spontaneous tone in a concentration-

dependent manner.

One of the possible mechanisms that PDK mediates spontaneous tone is via its

ability to regulate superoxide anion generation. Spontaneous tone was mediated by

increased ROS (Di Wang et al., 1999). We and others also demonstrated that PDK

contributed to superoxide anion generation (Seshiah et al., 2002a). Therefore, LY294002

inhibit spontaneous tone in part by its ability to inhibit vascular superoxide anion level.

However, our data suggest that there are some ROS-independent mechanisms

involved in PDK mediated spontaneous tone. We have previously demonstrated that the

inhibitory effects of antioxidant on spontaneous tone are endothelium-dependent and may

be mediated by increasing the bioavailability of NO (Di Wang et al., 1999). However, in

endothelium-denuded aorta, LY294002 (10 |xM) still inhibited spontaneous tone while

the antioxidants lost their inhibitory effects.

L-type calcium channel has been implicated in PDK mediated responses. Viard et

al have reported that Gpy dimmers stimulated vascular L-type Calcium channels through

PDK (Viard et al., 1999). Furthermore, Macrez et al reported that pi 10 subunits of PDK
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may directly regulate L-type calcium channels in VSCMs (Macrez et al., 2001).

Removal of extracellular calcium or L-type calcium channel blocker nifedipine abrogated

spontaneous tone, indicating calcium influx through L-type calcium channels plays a

critical role in the development of spontaneous tone (Northcott et al., 2002; Di Wang et

al., 1999). We also showed that 20 P M of LY294002 inhibited KCl-induced contraction,

suggesting the effect of PI3K on L-type calcium channel. The above findings suggest that

the inhibitory effect of LY294002 on spontaneous tone is partially mediated by inhibiting

L-type calcium channels.

To be noticed, we found that LY294002 in lower concentration, 10 ^M and 1 ^M,

inhibited spontaneous tone without having any effect on KCl-induced contraction. Our

data indicated that the mechanisms other than L-type Ca2+ channel also contribute to

PI3K mediated spontaneous tone.

In summary, our studies indicate that there are multiple mechanisms via which

PI3K is involved in the development of spontaneous tone. The possible mechanisms

include vascular oxidative stress, calcium channels, and other unknown signaling

pathways.

V. C. 4. The role of PI3K in impaired endothelial-dependent relaxation

As reported by many other investigators (Northcott & Watts, 2004; Somers et al.,

2000), our data showed that induced endothelium-dependent relaxation was impaired in

the aorta of Ang Il-infused hypertensive rats.

We examined the role of PI3K activity in this impairment. PI3K inhibitor,

LY294002, inhibited the increased phospho-PDK 1, as well as restored the impaired
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endothelium-dependent relaxation. The data suggested that PI3K play a major role in the

impairment of endothelium-dependent relaxation.

The mechanisms of the effect of PI3K on endothelium-dependent relaxation were

been postulated via increasing superoxide anion generation and consequent decreasing in

NO activity in this study. Kamata et. al. reported that PI3K participate in the ET-1

induced superoxide anion production and impairment of endothelium-dependent

relaxation in the aorta (Kamata, Kanie, Matsumoto, & Kobayashi, 2004). Indeed, Ang II

evoked activation of PI3K regulated translocation of Rac-1 and subsequently

activativation of NAD(P)H oxidase in VSMCs (Seshiah et al., 2002a).

However, our data showed that PI3K inhibitor had more potent effects on

restoring endothelium-dependent relaxation than antioxidants, superoxide dismutase and

apocynin, suggesting other PI3K targets such as calcium channel may also be involved in

PDK mediated endothelium-dependent relaxation.

Recently, it has been discovered that the serine/threonine kinase Akt, a

downstream kinase of PI3K, can enhance eNOS activity in response to ACh (Luo et al.,

2000). The endothelium-dependent vascular relaxation function was restored in SHR

after Akt gene transfer to endothelium (laccarino et al., 2004). In the present study, we

found the activity of Akt was significantly decreased, indicating that the impaired Akt

activity might be involved in the impaired endothelium-dependent relaxation in Ang II-

infused hypertension.
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In summary, PI3K signaling pathways participate in the impaired endothelium-

dependent relaxation in part through activation of vascular oxidative stress and impaired

Akt activity.

V. D. Summary of the studies

Compared with that of sham-operated normotensive rats, the vascular superoxide

anion level is markedly increased in both endothelium-intact and endothelium-denuded

aortas of Ang Il-infused hypertensive rats. Two oxidative stress-related vascular

abnormal functions, spontaneous tone and impaired endothelium-dependent relaxation,

were measured in this study. Spontaneous tone was induced in both endothelium-intact

and endothelium-denuded aortas of Ang Il-infused rats, but not from sham-operated rats.

ACh-induced endothelium-dependent relaxation was impaired in Ang Il-infused rats,

compared with sham-operated rtas. SOD and NAD(P)H oxidase inhibitor apocynin

partially improved impaired endothelium-dependent relaxation in Ang II rats, but had no

significant effect on sham rats.

The activity of ERKl/2 enhanced in aortas of Ang Il-infused rats, compared with

sham-operated rats. Two MEKl/2 inhibitors, PD 98059 and U126, but not their negative

controls significantly inhibited superoxide anion generation in both endothelium-intact

and endothelium-denuded aortas of Ang Il-infused hypertensive rats. It indicates that

ERKl/2 is involved in vascular oxidative stress in Ang Il-infused rats. Similar to SOD

and NAD(P)H oxidase inhibitor apocynin, the inhibitory effects of PD 98059 and U126

on spontaneous tone were only observed in endothelium-intact aortas, but not

endothelium-denuded aortas of Ang Il-infused rats. It suggests that ERKl/2 mediates the

development of spontaneous tone through vascular superoxide anion production. Similar
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to SOD and NAD(P)H oxidase inhibitor apocynin, PD 98059 and U126 partially

improved impaired endothelium-dependent relaxation in Ang II rats, but had no

significant effect on sham rats, supporting the notion that the activity of ERKl/2 and

superoxide anion level is high in Ang II infuded hypertensive rats..

The activity of PI3K was indirectly evaluated by two downstream proteins of

PI3K, PDKl and Akt. It is interesting that the activity of PDKl was increased, whereas

that of Akt was decreased in aorta of Ang H-infused rats, compared with sham rats,

implying PI3K, but not Akt signaling pathway is activated in the aorta of Ang II rats.

PI3K inhibitor, LY294002, but not its negative control, significantly inhibited superoxide

anion generation in both endothelium-intact and endothelium-denuded aortas of Ang II-

infused hypertensive rats. It indicates that PI3K is involved in vascular oxidative stress in

Ang Il-infused rats. LY294002 inhibited spontaneous tone in both endothelium-intact and

endothelium-denuded aorta of Ang 11 rats. A high dose of LY294002 also inhibited KCl-

induced contraction. It indicated that PI3K is involved in the development of spontaneous

tone through vascular oxidative stress-dependent pathways, calcium channels and some

unknown pathways. LY294002, but not its negative control, completely restored

impaired endothelium-dependent relaxation in Ang II rats, suggesting PI3K mediated

endothelium function through vascular oxidative stress and other signaling pathways.

In conclusion, ERKl/2 and PI3K is involved in vascular superoxide anion

generation, spontaneous tone and impaired endothelium-dependent relaxation in Ang 11-

infused hypertensive rats.
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V. E. Significance of the studies

Our data showed that ERKl/2 and PI3K signaHng pathways were involved in

oxidative stress and vascular abnormal function in Ang Il-infused hypertensive rats. The

findings help to uncover the relationship among cellular signaling pathways, oxidative

stress, and abnormal vascular contractitle responses in Ang II dependent hypertension.

The data obtained from our study will help us to understand the patho/physiology of

hypertension. The findings could lead to new and better treatment of hypertension in the

future.

V. F. Limitation of the studies and future experiments

V. F. 1. PI3K activity

The PI3K activity was evaluated by the following indirect measurements. Firstly,

phosphorylated Akt and PDK 1 were examined by western blot as used by other

investigators, because there is no antibody available for phosphorylated PI3K. However,

we found that the phosphorylation of Akt was not correlated with phosphorylated PDK 1

and the data obtained from using PI3K inhibitor, although Akt ctivity was still dependent

on PI3K. Secondly, we also used specific PI3K inhibitor, LY294002 to address the role

of PDK in Ang Il-infused hypertension. We were aware that the inhibitor might have

non-specific effects on other signaling pathways. Therefore, in future studies PI3K

activity should be directly measured by immunoprecipitation.

V. F. 2. Pharmacological inhibitors

Although the pharmacological inhibitors used in this study have been reported to

be highly specific for their target proteins, we can not exclude the possibility that they
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might have some nonspecific effects, therefore their inactive analogues were used as

negative control in the present study. In future, we should employ molecular biology

methods in our study, in addition to using the pharmacological inhibitors. For example,

siRNA technique could be used to selectively inhibit the specific protein expression

through RNA interference. Gene knock-out animal could also be used to study the role of

a specific signaling pathway in vivo and in vitro.

V. F. 3. Superoxide anion measurement

The lucigenin chemiluminescence method has been frequently used to measure

total superoxide anion generation. However, the validity of lucigenin as a superoxide

anion detecting probe has been questioned. It has been reported that lucigenin at high

concentration (>50nM) may act as a source for superoxide anion itself via autoxidation of

the lucigenin active radical (Tarpey et al., 1999; Liochev & Fridovich, 1997). It

undergoes redox-cycling with several enzymatic systems including glucose

oxidase/glucose system, XO/xanthine system, XO/NADPH system, LADH/NADPH

system in different concentration (Li et al., 1998).

Li. et al indicated that low concentration of lucigenin (5 to 20|iM) elicited strong

chemiluminescence signals by reaction with superoxide anion without stimulating

additional production of superoxide anion in vascular tissue and isolated cells (Li et al.,

1998). Although 5|xM lucigenin was used to measure superoxide anion in this study, the

extent of lucigenin undergoing redox-cycling may vary under different experimental

conditions. Therefore, another method should be employed to confirm that the apparent

rate of superoxide anion production detected by lucigenin chemilumilescent is indeed

reflecting the actual vascular superoxide anion generation (Tarpey & Fridovich, 2001).
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It is controversial in published papers regarding whether lucigenin is a cell-

membrane impermeable molecular. Although the early report suggested that lucigenin

was a cell-membrane impermeable substance (Dahlgren, Aniansson, & Magnusson,

1985), Many investigators reported the opposite. Lucigenin is a widely used to measure

the total (both intracellular and extracellular) superoxide anion (Liochev & Fridovich,

1997; Munzel, Afanas'ev, Kleschyov, & Harrison, 2002; Li, Stansbury, Zhu, & Trush,

1999). Lucigenin reacts with superoxide anion and yields energy-rich dioxetane, which

can emit light (Liochev et al., 1997).

It seems that superoxide anion in aorta of Ang 11 infused rats was generatd

extracellularly, because the NADPH oxidase inhibitor apocynin had the same effect as

SOD which is membrane impermeable. In future study, we should use another cell

permeable superoxide scavenger tiron. If superoxide scavenger effect of tiron was bigger

than the effect of SOD, the superoxide is more likely generated intracellular.

Some of the following methods could be chosen in future studies. Coelecterazine

is a nonredox-cycling compound and used as a probe for superoxide anion. However, the

chemilumilescent of coelecterazine is not completely specific to superoxide anion, which

may also be affected by nitric peroxide (Tarpey et al., 2001). Hydrothidine (HE) is a cell

permeant compound that can react with superoxide anion to form a DNA-binding

fluorophore enthidium bromide (Tarpey et al., 2001). It is used to detect the location and

amount of superoxide anion in tissues and cells. In contrast to lucigenin, it has little

capacity for artifactual formation of superoxide anion. However, cytochrome c in

mitochondria also oxidizes HE. HE also enhances the rate of superoxide dismutation to

H2O2 (Benov, Sztejnberg, & Fridovich, 1998). Therefore the measurement of superoxide
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anion by HE may be inaccurate. Electron spin resonance is the only analytical approACh

to detect reactive oxygen species directly. These unpaired electrons exist in two

oritention in a certain magnetic field and can be analyzed by electromagnetic spectrum

(Tarpey et al., 2001). DEPMPO is a superoxide anion specific and stable spin trap, which

is used to measure superoxide anion in cell and tissue by ESR (Tarpey et al., 2001).

However, the instability and broad reactivity of spin traps may affect the measurement of

superoxide anion. To ensure the detection of superoxide anion, a combination of different

methods may be required in our future studies.

V. F. 4. Aortic myographic recording

Myographic recording is a widely used method for studying vascular function. It

involves mounting arterial rings on two fine wires and records the isometric contraction

of vessels (Bund & Lee, 2003). It is a direct measurement of vascular responses to

agonist and antagonist. However, the isometric contraction at a non-cylindrical shape is

not the mode of vessel contraction in vivo (Bund et al., 2003). Also, the vessel will be

stretched to a tension to allow maximum contractile force generation in this method, but

the pressure that vessel actually experienced in vivo may be much higher than this setting

(Bund et al., 2003; Falloon, Stephens, Tulip, & Heagerty, 1995). Furthermore, the vessel

suffers a significant dissection retraction in myographic recording, which probably affect

vascular function (Bund et al., 2003). In future studies, a combination of different

methods, such as the vascular perfusion method, pressurized vessels and in vivo pressure

measurement, will be more precise to evaluate the vascular function.

Moreover, the rat aorta chosen in this thesis study is a conduit artery that may not

represent the responses in small resistant vessels, which play a critical role in the
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regulation of blood pressure. In the future, we may study the roles of signaling pathways

on abnormal function of resistant vessels.

Admittedly, the oxygen tension in the buffer for the organ chamber studies were

under hyperoxia conditions (95% O2 + 5% CO2), although the method has been widely

used. However, it has been proved that different oxygen tension could affect vascular

response to agonist and antagonist, cell function and the synthesis and release of

inflammation factors (Willam, Schindler, Frei, & Eckardt, 1999; Clayton, Nally,

Thomson, & McGrath, 1997; Cooper, Wareing, Greenwood, & Baker, 2005). Although it

is out of the scope of the thesis study, it is important to examine the responses with

different oxygen tension.

V. F. 5. Choice of animal model

The findings in this thesis were observed in the isolated rat aorta after 6 days of

Ang II infusion. We have not examined if these observations are Ang II receptor

mediated. It is possible that a prolonged exposure to elevated level of Ang II in vivo as in

our studies results in the production of a number of growth and contractile factors that

contribute to the regulation of superoxide anion production, spontaneous tone and

impaired endothelium-dependent vasodilation.

V. G. Conclusion

ERKl/2 and PI3K signaling pathways are sustained activated in Ang Il-infused

hypertensive rats. The activated ERKl/2 and PI3K mediate the vascular superoxide anion

production, vascular abnormal spontaneous contraction and impaired endothelium-

dependent relaxation.
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