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KYU-TAEKANG 
Novel Nitric Oxide Synthase-Dependent Mechanism ofVasorelaxation in Small Arteries 
from Hypertensive Rats 
(Under the direction of JENNIFER S. POLLOCK) 

Endothelial dysfunction in hypertension is associated with impaired endothelium-

dependent vasorelaxation, which is consistently observed in conduit vessels. However, 

the controversial observation of either impaired or intact vasorelaxation of small 

resistance arteries from hypertensive animals suggests that the mechanism(s) of 

endothelium-dependent vasorelaxation in small resistance arteries may be different from 

that observed in conduit vessels under hypertensive condition. Vasorelaxation in small 

resistance arteries is mediated via multiple pathways including nitric oxide synthase 

(NOS)-, cyclooxygenase (COX)-, and endothelium-derived hyperpolarizing factor 

(EDHF)-mediated pathway. Therefore, the overall goal of these studies was to determine 

the mechanism(s) involving vasorelaxation of small arteries from hypertensive rats. For 

these studies, normotensive (NORM), angiotensin IT-infused (ANG), high salt (HS), 

ANG high salt (ANG/HS), placebo, and deoxycorticosterone acetate-salt (DOCA) rats 

were studied. The studies with pharmacological blockade of each pathway demonstrated 

that the NOS-dependent component was increased to maintain acetylcholine (ACh)-

induced vasorelaxation in small mesenteric arteries from hypertensive rats. Furthermore, 

increased NOS-dependent pathway appears to compensate for the dysfunctional Ca2+-

activated K+ channel-sensitive EDHF pathway in small mesenteric arteries from ANG 

compared to NORM. These results led us to design further experiments to test the 

hypothesis that both NO and HzOz serve as NOS-dependent mediators to maintain 

vasorelaxation in small mesenteric arteries from hypertensive rats. 



In small arteries from ANG, ACh increased NOS-dependent cGMP production. 

ACh also increased NOS3 phosphorylation at Ser 633 and decreased phosphorylation at 

Thr 495. While, NOS3 phosphorylation at Ser 1177 was impaired in response to ACh in 

ANG, which was accompanied by reduced basal and a less extended ACh-stimulated 

cGMP production in ANG compared to NORM. To investigate the alteration of signal 

transduction pathways related to impaired NOS3 phosphorylation at Ser 1177 in response 

to ACh, Akt phosphorylation at Ser 473 and VASP phosphorylation at Ser 239 were 

tested. These pathways were not changed by ACh in the small mesenteric arteries from 

ANG. Our results indicate that the NO/cGMP signaling is present in response to ACh in 

small mesenteric arteries from ANG, however this signaling pathway-mediating 

vasorelaxation may be facilitated via neither Akt nor PKG. 

On the other hand, ACh stimulated L-N~-sensitive HzOz production in small 

mesenteric arteries from ANG, but not NORM. H20 2 induced vasorelaxation and 

catalase blunted ACh-mediated vasorelaxation in small mesenteric arteries from ANG. 

Reduced BH4/BH2 ratio was observed in small mesenteric arteries from ANG compared 

to NORM, which might be one of the mechanisms of NOS-mediated H20 2 production. 

Antioxidant enzyme capacity was also determined in small mesenteric arteries from ANG 

and NORM. Total superoxide dismutase (SOD) activity and protein expression of CuZri 

SOD. and ecSOD were reduced in ANG compared to NORM, while Mn SOD expression 

was comparable between groups. Interestingly, both activity and expression of catalase 

were reduced in ANG compared to NORM, whereas GPx activity and expression were 

not changed. These results indicate that reduced catalase activity and expression may 

contribute to the augmentation of H20z in small mesenteric arteries from ANG, whereas 



reduced SOD does not greatly influence the HzOz production in both basal and ACh

stimulated condition. 

In conclusion, the NOS pathway appears to be the primary endothelium-derived 

relaxing factor (EDRF) pathway in small mesenteric arteries from experimental animal 

models of hypertension. The increased dependence on the NOS pathway in ACh-induced 

vasorelaxation is mediated by both NOS-derived NO/cGMP signaling and NOS-mediated 

HzOz. 

KEY WORDS: Hypertension, Nitric oxide synthase (NOS), Hydrogen peroxide (H20 2) 



(C) 

Kyu-Tae Kang 

All Rights Reserved 



TABLE OF CONTANTS 

Page 

ACKNOWLEDGEMENTS.................................................................. m 

LIST OF FIGURES............................................................................. IV 

LIST OFTABLES............................................................................ VI 

I. INTRODUCTION 

A. Statement of Problem........................................................................ 1 

B. Review of Related Literature............................................................... 4 

1. Physiology of Endothelium................................................................. 4 

1.1 Endothelium-derived vasoactive factors.............. .. .. .. .. .. .. .. .. .. .. .. .. .. 4 

1.1.1 Nitric oxide (NO}...................................................... 5 

1.1.2 Prostacyclin (PG/2)....... ......................... ........... ....... ... 7 

1.1.3 Endothelium-derived Hyperpolarizing Factor (EDHF)........... 8 

2. Nitric oxide synthase (NOS)............................................................... 12 

2.1 Isoform, expression, and localization ofNOS.......................... ...... . 12 

2.2 Structure and catalytic reaction of NOS......................................... 14 

2.3 Regulation ofNOS3 activity..................................................... 15 

2.3.1 Phosphorylation......................................................... 15 

2.3.2 NOS uncoupling: the role of BH4 .................. ;............ ...... 17 

2.3.3 Integrated regulation ofNOS3 activity.............................. 21 



3. Pathophysiology of Endothelium.......................................................... 23 

3.1 Hypertension (High blood pressure)............................................ 23 

3.1.1 Renin-angiotensin II system-dependent............................. 24 

3.1.2 Renin-angiotensin II system-independent........................... 26 

3.1.3 High salt intake......................................................... 28 

3.2 Endothelial dysfunction in hypertension........................................ 30 

3.2.1 Cause or consequence?............................................................... 31 

3.2.2 Therapy of hypertension-induced endothelial dysfunction....... 33 

3.2.3 Heterogeneity of endothelial dysfunction dependent on the 

vessel size................................................................. 34 

4. Oxidative stress in Hypertension........... .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . .. .. .. . 36 

4.1 Reactive oxygen species (ROS).................................................... 37 

4.2 Source ofROS in vasculature.................................................... 38 

4.2.1 Xanthine oxidase........................................................ 38 

4.2.2 NADPH oxidase........................................................ 38 

4.2.3 Uncoupled NOS3....................................................... 39 

4.3 Antioxidant enzymes............................................................... 39 

4.3.1 Superoxide dismutase (SOD)......................................... 39 

4.3.2 Catalase and Glutathione peroxidase (GPx) .............. oo....... 41 

II. MATERIALS AND METHODS 

1. Animal Models ....................................................................... oo...... 42 

2. Blood pressure measurement. ..................................................... 0000... .. 43 

3. Isolated artery preparation and vascular reactivity protocol........................... 43 



4. Measurement of intracellular cGMP content................................ . . . . ... . .. . . . . 44 

5. Measurement of vascular HzOz production............................................... 45 

6. Immunoblotting.............................................................................. 46 

7. Measurement of antioxidant activity...................................................... 47 

8. Measurement of tissue BI4 and 7,8-BHz.. .......................... ................ ..... 48 

9. Materials........... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . 48 

10. Data analysis................................................................................ 49 

III. RESULTS 

Systolic Blood Pressure........................................................................ 50 

Specific Aim 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . 50 

Specific Aim 2.................................................................... .... . . . . . . . . . . . 64 

Specific Aim 3 ..... :..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... . . . . . . . . . . . 72 

IV. DISCUSSION 

Specific Aim I................................................................................... 76 

Specific Aim 2.......................................................................... ... . . . . . . 81 

Specific Aim 3.. .. . . . . .. . .. . . . . .. . .. . . . . .. . . . . . . . ... . . . .. . . . . . . . . . . .. . . . . ... .. . . . . .. . . . . .... . .. . . 88 

V. PERSPECTIVES.......................................................................... 98 

VI. REFERENCES OF LITERATURE CITED....................................... 103 

APPENDIX...................................................................................... 138 



ACKNOWLEDGEMENTS 

First, I would like to state my special gratitude to my major advisor, Dr. Jennifer 

S. Pollock. Her great enthusiasm for science always inspired me, and her wonderful 

support always encouraged me to challenge new concepts. 

I would like to thank my advisory committee members, Dr. John D. Imig, Dr. 

Mario B. Marrero, Dr. David M. Pollock, and Dr. Mong-heng Wang, for their valuable 

discussions. I also appreciate Dr. David J. Fulton and Dr. Jennifer C. Sullivan by 

participating as readers for my dissertation. 

I would like to thank all of the Pollocks' Lab members for their technical 

assistance, sharing knowledge, and gracious help during my predoctoral training years. 

Last, but definitely not least, I would really like to thank, from the depths of my 

heart, my family: Seungshin, my wife, for her perfect support with her sacrificial love 

and my family in Korea for their continued motivation. 

iii 



LIST OF FIGURES 

Figure Page 

1 ACh-induced vasorelaxation in third order mesenteric arteries (A, n=l2) and 

aorta (B, n=6-8) from NORM and AN Goo .. 0 0 0 o .. o 0 0 0 o o o Ooooo o o o 0 0 0 0 ° o o 0 0 0 ooooooooooooooo 52 

2 A Ch-induced vasorelaxation in third order mesenteric arteries from NORM 

(A, C) and ANG (B. D) in the presence and absence of Indo, L-NAME, ChTX 

plus Ap (A, B; n=6-12) or a combination of these inhibitors (C, D; n=9-12)oooO 53 

3 ACh-induced vasorelaxation in third order mesenteric arteries from HS (A; 

n=7), ANGIHS (B; n=6-ll), Placebo (C; n=9), and DOCA (D; n=7) in the 

presence and absence ofL-NAMEoo 00 ooOOooooOOooooOoooo OOOoooOOooooOOo oooooooo 0000000 57 

4 Basal and ACh-stimulated cGMP production in small mesenteric arteries (A; 

n=B-12) and aorta (B; n=6-19) from NORM and ANG in the presence and 

absence ofL-NAMEooooooOOoooOOOoooOOo oooOOooooooooooooooo oooo 00 oooooooooooooooo oOOOOo 0 59 

5 ACh-induced vasorelaxation in the presence and absence of catalase (A; 

n =6) and H20rinduced vasorelaxation in the presence and absence of L

NAME or endothelium (B; n=7-8) in third order mesenteric arteries from 

ANGooooooooooooooooooooooooOOOooooooooOOoooooooooooooooooooooooooooOOOoooOOooooOooooooooooo 

0

61 

6 Basal and ACh-stimulated H20 2 production in small mesenteric arteries (A; 

n=9-J6) and aorta (B; n=9-20) from NORM and ANG in the presence and 

absence ofL-NAMEo OooooOoooo Oooooooo 0 oooooooooooooo oooo 00 ooooooOooooooo 000000 00 oooo Oooo 63 

iv 



17 Basal and ACh-stimulated expression of total NOS3 (A; n=11) and 

phosphorylated NOS3 (B, C, D; n=10-11) in small mesenteric arteries from 

NORM and ANG..... .. . .. . . . . .. . .. . . . . . . . . . . .. . . . ... . . . . .. . . . . .. . .. . .. . .. . . . . .. ....... .. 65 

8 Basal and ACh-stimulated expression of total Akt (A; n=7) and 

phosphorylated Akt at serine (Ser) 473 (B; n=7) in small mesenteric arteries 

from NORM and ANG . ."............................................................... .. 67 

·9 Basal and A Ch-stimulated expression of total Vasodilator-stimulated 

phosphoprotein (VASP) (A; n=6) and phosphoryated VASP at serine (Ser) 

239 (B; n=6) in small mesenteric arteries from NORM andANG................ 69 

10 BH4 level (A; n=13), BH2 level (B; n=13), and BH,/BH2 ratio (C; n=13) in 

small mesenteric arteries from NORM and ANG..... .. . . . . .. . .. . . . . .. . . . . .. . . . . .... 71 

11 Basal and ACh-stimulated superoxide dismutase (SOD) activity (A; n=5-6) 

and expression ofMn SOD (B; n=5-6), CuZn SOD (C; n=5-6), and ecSOD 

(D; n=9-12) in small mesenteric arteries from NORM and ANG:. .. . .. . . . . .. . ... 73 

12 Basal and ACh-stimulated catalase activity (A; n=6) and expression (B; 

n=Jl-12) in small mesenteric arteries from NORM and ANG....... .... .......... 74 

13 Basal and ACh-stimulated glutathione peroxidase (GPx) activity (A; n=5-6) 

and expression (B; n=5-6) in small mesenteric arteries from NORM andANG 75 

14 Scheme of Novel NOS-dependent mechanism of A Ch-induced vasorelaxation 

in small resistance arteries from hypertensive condition........................... 102 

v 



LIST OF TABLES 

Table Page 

1 Sensitivity and maximal relaxation response to ACh of the third order 

mesenteric arteries from NORM, ANG, HS, ANG/HS, Placebo, and DOCA... 54 

2 Sensitivity and maximal relaxation response to SNP in the presence ofL

NAME of the third order mesenteric.arteries and aorta from NORM, ANG, 

HS, ANG/HS, Placebo, and DOCA................................................... 55 

VI 



I. INTRODUCTION 

A. Statement of the Problem 

Endothelium-derived relaxing factors (EDRFs) including nitric oxide (NO), 

prostacyclin (PGI2), and endothelium-derived hyperpolarizing factor (EDHF) have a 

pivotal role to regulate vascular tone. Reduced EDRFs cause impaired endothelium

dependent vasorelaxation, which is generally referred as 'endothelial dysfunction.' The 

impaired endothelium-dependent vasorelaxation in response to acetylcholine (ACh) has 

been consistently observed in conduit vessels from both human patients and experimental 

animal models of hypertension. However, both unchanged and impaired ACh-induced 

vasorelaxation have been observed in small mesenteric arteries from deoxycorticosterone 

acetate-salt hypertensive rats (DOCA), spontaneously hypertensive rats (SHR), and 

angiotensin IT-infused hypertensive rats (ANG) and mice. Because small resistance 

arteries are known to produce more than one EDRF, the mechanism(s) mediating 

endothelium-dependent vasoreiaxation in small resistance arteries under hypertensive 

conditions may be different from that observed in conduit vessels, where vasorelaxation 

is mainly dependent on NO. 

Small resistance arteries are physiologically critical for the regulation of blood 

pressure and local blood flow. EDHF has been described as one of the principal 

mediators of endothelium-dependent vasorelaxation in small resistance arteries from 

1 
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normotensive animals. Furthermore, EDHF appears to become the predominant 

endothelium-dependent vasorelaxation pathway when the endothelial NO synthase 

(NOS3)/NO pathway is absent as demonstrated in NOS3-knockout mice. Yet studies 

have shown that the EDHF pathway is dysfunctional in experimental models of 

hypertension despite reduced NO bioavailability (Fujii eta!., 1992). Thus, our initial aim 

was to determine whether the EDHF pathway is active in small arteries of animal models 

of hypertension. Our initial studies have shown that maximal relaxation of small 

mesenteric arteries from hypertensive rats is maintained in response to ACh, and the NOS 

pathway is the predominant active pathway to maintain vasorelaxation in hypertensive 

rats. While, Ca2+-activated K+-channel-mediated EDHF pathway is dysfunctional in 

small mesenteric arteries from ANG compared to NORM. These results led us to design 

further experiments to investigate the compensatory mechanism of the NOS-mediated 

pathway in small mesenteric arteries from hypertensive rats. NOS3 is dynamically 

regulated by its multiple phosphorylation sites and cofactor availability, by which NOS3 

produces NO and/or superoxide (Oz) and hydrogen peroxide (H20 2) through the 

subsequent action of superoxide dismutase (SOD). Hz02 has been reported to induce 

contraction and/or relaxation of vessels, dependent on the species, vascular bed, and 

experimental conditions. Therefore, the overall purpose of this study was to investigate 

the hypothesis that both NO and Hz02 serve as NOS-dependent mediators to maintain 

vasorelaxation in small mesenteric arteries from hypertensive rats. 
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Specific Aim 1: 

To evaluate whether both the NO/cGMP pathway and the H202-mediated 

pathway contribute to maintain NOS-dependent ACh-induced vasorelaxation of small 

mesenteric arteries from hypertensive rats 

Specific Aim 2: 

To evaluate the NOS3 phosphorylation status and the BRJBH2 ratio in small 

mesenteric arteries from hypertensive rats compared to normotensive rats 

Specific Aim 3: 

To determine whether antioxidant capability is changed and whether the alteration 

favors the augmentation of H202 levels in small mesenteric arteries from hypertensive 

rats compared to normotensive rats 
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B. Review of Related Literature 

1. Physiology of Endothelium . 

Vascular endothelial cells play a pivotal role in maintaining cardiovascular 

homeostasis in health. The endothelium provides a physical banier between the vessel 

wall and lumen. Furthermore, the endothelium has a critical function for the maintenance 

of blood pressure by the release of vasorelaxing factors and vasocontracting factors. 

Endothelial cells also exert various vasoprotective effects such as a control of smooth 

muscle proliferation and migration, inhibition of platelet activation, adhesion, and 

aggregation, and anti-inflammatory capacities. It is now clear that the dysfunction of the 

endothelium contributes to the cardiovascular disorders such as hypertension, 

atherosclerosis, and heart failure. 

1.1 Endothelium-derived Vasoactive Factors 

Evidence of the EDRF in regulating vascular reactivity was first suggested in 

1980s by Furchgott and Zawadzki (Furchgott and Zawadzki, 1980). They first reported 

that vascular relaxation by ACh required the presence of the endothelial cells, and 

demonstrated that ACh stimulated endothelial cells to release an EDRF to relax the 

underlying vascular smooth muscle. Now, it is well known that the stimulation of 

endothelial cells by neurotransmitters, hormones, substances derived from platelets and 

mechanical shear stress causes a release of EDRFs and/or endothelium-derived 

contracting factors (EDCFs) according to the condition of cells (Vanhoutte, 1989). 

Classically, EDRF referred mainly to NO; however, it has been recognized that there are 
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several EDRFs including NO, PGI2, and EDHF. Each EDRF induces the relaxation of 

proximal vascular smooth muscle cells through its own pathway. EDCFs include 

endothelin-1, angiotensin II, thromboxane Az (TxAz), prostaglandin Hz, and reactive 

oxygen species (ROS), which. cause vascular contraction as well as various other 

functions (Luscher and Barton, 1997). Thus, the endothelium can directly regulate 

vascular tone through the production and release of both EDRFs and EDCFs. 

1.1.1 Nitric oxide (NO) 

Seven years later from the first evidence of EDRF by Furchgott and Zawadzki, 

the extraordinary discovery was made that EDRF was the freely diffusible gas NO 

(Palmer et a!., 1987). In 1992, NO was voted "molecule of the year" by Science, and 

Robert F. Furchgott, Louis J. Ignarro, and Ferid Murad were honored with the Nobel 

Prize in 1998 for their discoveries concerning "NO as a signaling molecule in the 

cardiovascular system." 

NO is a diffusible and lipophilic free radical with an in vivo half-life ofless than 5 

seconds. NO is formed from L-arginine and molecular oxygen by NO synthase (NOS). 

NO serves several important roles in the vasculature. First, NO maintains vascular tone 

by relaxing vascular smooth muscle cells. NOS3-derived NO freely diffuses from the 

endothelial cells into the adjacent smooth muscle cells. The most well-recognized 

mechanism of NO for the vasorelaxation is the activation of soluble guanylyl cyclase 

( sGC) in smooth m1.1scle cells. Activated sGC catalyzes the conversion of guanosine 

triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). cGMP directly and 

indirectly modulates numerous targets, including protein kinases such as protein kinase G 

(PKG), phospholipasae C (PLC), phosphodiesterases, tyrosine kinases, tyrosine 
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phosphatases, and ion channels. PKG, the primary downstream target of cGMP m 

smooth muscle cells, activates the myosin light-chain phosphatase (MLCP), which 

dephosphorylates smooth muscle myosin. This process abrogates tonic contraction of 

contractile apparatus, and results in vasorelaxation (Dudzinski et a/., 2006). Oelze M et 

al. have suggested that the analysis of the phosphorylation of vasodilator-stimulated 

phosphoprotein f'1 ASP) is a useful biochemical marker for monitoring the NO-stimulated 

cGMP/PKG pathway in vascular tissue (Oelze et al., 2000). VASP was originally 

characterized as a substrate of both PKG and PKA (Halbrugge et al., 1990). It has been 

recognized that V ASP belongs to the Ena!V ASP family, and exists in numerous cell 

types including platelets, endothelial cells, smooth muscle cells and fibroblasts (Reinhard 

et a/., 1992). Three VASP phosphorylation sites, Ser 157, Ser 239 and Thr 278, have 

been identified. Ser 239 is the major PKG-induced phosphorylation site while Ser 157 is 

the major protein kinase A (PKA)-induced phosphorylation site (Smolenski et al., 1998). 

V ASP is associated with actin filaments and focal adhesions, which form the interface 

between the cytoskeleton and the extracellular matrix (Reinhard eta/., 2001). Evidences 

suggest that V ASP suppresses agonist-induced platelet aggregation and adhesion (Aszodi 

et a/., 1999), inhibits cell migration (Machesky, 2000), regulates spatially confined actin 

polymerization (Loisel eta/., 1999). However, in the blood vessel, the precise function 

of V ASP remains to be established. Several studies have demonstrated that V ASP 

modulates vascular smooth muscle cell proliferation (Chen et a/., 2004), but it appears 

not to have any functional roles in the cGMP- or cyclic adenosine monophosphate 

(cAMP)-induced relaxation of aorta from mice, although its phosphorylation is increased 

by cGMP or cAMP treatment (Aszodi eta/., 1999). 
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NO also has many other effects beyond vasorelaxation to maintain vascular 

homeostasis. NO inhibits smooth muscle cell proliferation, platelet aggregation, platelet 

and monocyte adhesion to the endothelium, low-density lipoprotein (LDL) oxidation, 

expression of adhesion molecules and endothelin-1 production (Fleming and Busse, 

2003). 

1.1.2 Prostaeyc/in (PGJ,: eyc/ooxvgenase-derived metabolite) 

In addition to NO, endothelial cells produce and release PGh in response to shear 

stress, hypoxia, and several stimuli that also release NO. PGh is lipid soluble, thus, after 

production in endothelial cells, it can cross the membrane of endothelial cells, and exert 

as a local vasorelaxing factor. PGh binds IP receptor on the plasma membrane of smooth 

muscle cells, which induces the activation of adenylyl cyclase (AC)/cAMP/PKA signal 

transduction pathway. Activated PKA phosphorylates target proteins, resulting in 

vasorelaxation (Kukovetz et a!., 1979). 

The rate limiting step of prostacyclin synthesis is the release of arachidonic acid 

from the membrane-bound phospholipids by phospholipase Az (PLA2), which is activated 

by increased intracellular Ca2
+ (Chang et al., 1987). Arachidonic acid is metabolized by 

three major enzyme systems: lipoxygenase, epoxygenase (isoforms of cytochrome P450 

(CYP)), and cyclooxygenase (COX). Lipoxygenase produces lipoxides, which are 

mainly vasoconstrictive. Various products by CYP have important effects on vascular 

tone: epoxyeicosatrienoic acids (BETs) are one of the candidates of EDHF mentioned 

below, and hydroxyeicosatetraenoic acids (HETEs) have a vasoconstricting action (!mig 

et al., 1996). COX converts arachidonic acid to prostaglandin H2, which is further 

converted to several potential vasoactive prostanoids such as PGI2 and TxA2• Although 
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PGiz is the major prostanoid produced in endothelial cells, the balance between PGh and 

TxA2 production appears to be important in the regulation of vascular tone, because TxAz 

is vasocontractive in some vessels unlike PGh (Bunting et al., 1983). 

1.1.3 Endothelium-derived Hyperpolarizing Factor (EDHFJ 

The existence of EDHF has been proposed from the observations that, in some 

small resistance vessel such as intramyocardial and small mesenteric arteries, a substance 

released from the endothelium caused· the hyperpolarization ·of vascular smooth muscle 

cells during NOS- and COX-independent relaxation (Vanhoutte, 1987; Chen et al., 1988). 

Now, EDHF has been described as one of principal mediators of endothelium-dependent 

vasorelaxation from normotensive animals . (Feletou and V anhoutte, 2006). The 

contribution of EDHF-mediated relaxation appears significantly greater in small 

resistance vessels than in large conduit vessels (Tomioka et al., 1999). Moreover, recent 

studies provided the convincing evidence that EDHF '!Ppears to become the predominant 

endothelium-dependent vasorelaxation pathway when the endothelial NOS/NO pathway 

is absent as demonstrated in NOS3-knockout mice (Huang eta/., 2000). 

In resting conditions, the basal opening of K+ channels result in resting membrane 

potential around -60 m V in vascular smooth muscle cells, and low opening of voltage

gated Ca2
+ channels provide a basal Ca2

+ influx to establish resting basal vascular tone. 

Depolarization is caused by the inhibition of K+ channels and activation of Ca2+ channels, 

which causes vasoconstriction. If K+ channels are stimulated to be opened by certain 

stimuli, K+ efflux occurs and cause 'hyperpolarization', which decreases the opening of 

voltage-gated Ca2
+ channels to reduce Ca2

+ influx, resulting in vascular relaxation 

(Jackson, 2000). Because the hyperpolarization is caused by the opening of K+ channels, 
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pharmacological inhibition of these channels has been applied to investigate EDHF-

mediated response such as vasorelaxation. Indeed, EDHF-mediated response is blocked 

by a combination of charybdotoxin, which blocks both large and intermediate 

conductance Ca2+-activated K+ channels (BKca and IKca, respectively), and apamin 

which blocks the small conductance calcium-activated K+ chanrtels (SKc.). However, it 

does not rule out the participation of other K+ channels such as inward rectifier K+ 

channel (KrR), voltage-gated K+ channel (Kv), ATP-sensitive K+ channel (KATP) or 

Na+1K.+-ATPase in the EDHF-mediated responses. 

Although it appears that ·the existence of EDHF in small resistance arteries is 

important to maintain normal vascular tone and resistance, the identity and exact role of 

EDHF in the pathogenesis of hypertension as well as normal condition is not completely 

understood. It may be attributed to the existence of more than one EDHF within one 

vessel. The proposed candidates of EDHF include K+ ion, gap junctions, EETs, and 

HzOz (Vanhoutte, 2004). 

A small increase of K' ion (1-15 mmol!L) in the intercellular space between 

endothelial cells and smooth muscle cells can lead to hyperpolarization of vascular 

smooth muscle cells, thereby causing vasorelaxation (Edwards et a/., 1998). Edwards et 

a!. observed that ACh increased intercellular K+ concentration, and that this was 

correlated with ACh-induced hyperpolarization of both endothelial and smooth muscle 

cells, resulting in vasorelaxation. K+-induced hyperpolarization is associated with the 

activation of IKca and SKca on endothelial cells, and KrR and Na + IK.+ pump on smooth 

muscle cells, suggesting that K+-induced hyperpolarization was initiated by the opening 

of various K+ channels. 
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Myo-endothelial gap junctions connect endothelial cells and smooth muscle 

cells. Gap junctions resemble a pore allowing the transfer of ions and polar molecules, 

thereby providing the transmission of the hyperpolarization between cells. It is formed 

by the docking of connexins presented on the adjacent cells. In many vessels, 

pharmacological blockade of gap junctions blunted EDHF-mediated responses (Taylor et 

a/., 1998; Edwards et al., 1999). Antibodies against connexin 40 also blocked EDHF

mediated response in the endothelial cells of rat small mesenteric arteries (Mather et a/., 

2005). Interestingly, in SHR, protein expression of connexins in endothelial cells of the 

mesenteric arteries were altered compared to WKY, suggesting that gap junction

. mediated response may be dysfunctional under hypertensive condition (Kansui et al., 

2004b). 

Epoxveicosatrienoic acids (EETs), metabolites of arachidonic acid produced by 

epoxygenase (cytochrome P450, CYP) pathway, are proposed as a important regulator of 

vascular tone, especially coronary, cerebral, and renal vascular beds (Campbell and 

Harder, 1999; Fisslthaler et al., 1999). Agonists such as ACh and bradykinin release 

14,15-EET from endothelial cells (Nithipatikom et a/., 2000). Exogenous 11,12- and 

14,15-EETs induced vasorelaxation of bovine coronary arteries via activation of BKca 

(Campbell eta/., 2001; Pratt eta/., 2001). EETs activate BKca by several mechanisms. 

The BETs-mediated BKca activation can be elicited through G-protein signaling pathway 

in coronary smooth muscle cells (Li and Campbell, 1997), cAMP/PKA pathway in renal 

afferent arteries (Imig et a/., 1999), or V anilloid transient receptor potential channel 

(TRPV 4)-mediated transient intracellular Ci+ modulation in cerebral arteries (Earley et 

al., 2005). In human subcutaneous arteries, non-NO and non-PGh-mediated relaxation 
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by ACh was blocked by miconazole, CYP inhibitor (Coats et al., 2001). Also, EDHF-

mediated relaxation and hyperpolarization was attenuated by transfection of porcine 

coronary arteries with CYP 2C8/34 antisense oligonucleotides (Fisslthaler et al., 1999). 

Thus, EETs are synthesized in endothelial cells, and cause hyperpolarization of smooth 

muscle cells via the activation ofK+ channels. 

H20 2 has been reported to induce contraction and/or relaxation in vascular tissue, 

dependent on the species, vascular bed, and experimental conditions. H20z has been 

shown to cause contraction in aorta, pulmonary artery, and superior mesenteric artery of 

the rat, the porcine pulmonary artery, and the canine basilar artery (Ardanaz and Pagano, 

2006). H20 2 also mediates endothelium-dependent and -independent vasorelaxation in 

mouse, rat, and human mesenteric arteries and porcine, canine and human coronary 

microvessels (Gao et al., 2003; Shimokawa and Morikawa, 2005). It has been proposed 

that HzOz can act as a EDHF due to the observation that EDHF-mediated relaxation and 

hyperpolarization by ACh after the blockade of NOS and COX pathway was prevented 

partially or totally by catalase, H20 2 metabolizing enzyme, in small mesenteric arteries 

from mice (Matoba et al., 2000). Hz02 has been reported to cause hyperpolarization by 

several mechanisms including the cGMP or cAMP-meditated pathway, activation of 

PKAIPLAz to release PGiz, or direct activation of various K+ channels dependent on the 

vascular bed and species (Shimokawa and Morikawa, 2005). 

Endothelial cells generate ROS in healthy condition as well as pathophysiological 

condition. There are several endothelial sources of ROS such as NOS3, COX, 

lipoxygenase, CYP, and NADPH oxidases (Katusic, 1996). In the studies by Matoba T et 

a!., ACh-induced H20z production was markedly reduced in small mesenteric arteries 
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from NOS3-knockout mice, suggesting that NOS3 is one of endothelial source of H202 

(Matoba eta/., 2000). However, other sources producing H202 such as xanthine oxidase 

and NADPH oxidase can be conceivable because catalase-sensitive H202 production was 

still observed in NOS3-knockout mice (Matoba et a/., 2000). Moreover, it is 

questionable whether H20 2 acts as an EDRF in small mesenteric arteries from 

hypertensive rats, and whether NOS3 is a major source of ACh-induced H202 production 

under hypertensive conditions. 

2. Nitric oxide synthase (NOS) 

2.1 Isoform, expression, and localization of NOS 

Three NOS isoforms have been identified: NOS! (neuronal NOS, nNOS), NOS2 

(inducible NOS, iNOS), and NOS3 (endothelial NOS, eNOS). NOS! is the first NOS 

isoform identified from brain (Bredt and Snyder, 1990). NOS 1 has also been found 

subsequently in neurons, skeletal muscle, and the adventitial layer of some vessels 

(Griffith and Stuehr, 1995). NOS2 was first found in activated macrophages (Revel eta/., 

1991 ), and now it has been identified in various activated ceil types including monocytes, 

neutrophils, eosinophils, hepatocytes, vascular smooth muscle, myocytes, osteoblasts, 

fibroblasts, epithelium, and endothelium (Dudzinski et al., 2006). NOS3 was first 

isolated from bovine aortic endothelial cells (Poiiock eta/., 1991), and it is now known to 

be expressed in platelet, cardiomyocytes, and renal tubl:lles (Dudzinski et a/., 2006). The 
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three NOS isoforms are produced from distinct genes, but have a 50-60 % sequence 

homology (Dudzinski eta/., 2006). 

As originally identified, NOS 1 and NOS3 were believed to be only constitutively 

expressed in their characteristic tissues, whereas NOS2 was inducible in response to 

imrnunostimuli, such as Lipopolysaccharide (LPS), interferon-y, Tumor necrosis factor 

(TNF)-a, and Interleukin (IL)-1. However, NOS! is now known to be upregulated in 

response to epidermal growth factor (Boissel et al., 2004). NOS3 transcription and 

expression can also be actively modulated in response to laminar shear stress (Dekker et 

a/., 2002) or under chronic hypertensive condition such as angiotensin II-infusion 

(Sullivan et a/., 2002b ). Therefore, all three NOS isoforms can be regarded by both 

inducible and constitutive patterns of expression according to the different tissue 

enviromnents. 

NOS 1 and NOS3 are localized to specific subcellular domains. NOS 1 uniquely 

contains N-terminal PDZ binding domain, which anchors NOS! near to the N-methyl-D

aspartate (NMDA) receptor of the sarcolemma in skeletal muscle, or rough endoplasmic 

reticulum and postsynaptic density in neuronal tissue (Panting et a/., 1997). NOS3 in 

endothelial cells is also specifically targeted to the cholesterol-enriched domains of the 

plasma membrane called a caveolae (Garcia-Cardena et al., 1996). This localization 

appears . to be a key to modulate NOS3 activity by setting NOS3 in close physical 

proximity to other signaling proteins that are required to facilitate the cellular signaling 

transduction (Shaul, 2002). 

Two acylation processes are required for the efficient membrane targeting of 

NOS3. NOS3 is irreversibly myristoylated at its N-terminal glycine residue during 
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transcription (Pollock et al., 1992). After initial targeting ofNOS3 to the cell membrane 
. . 

by myristoylation, NOS3 is subjected to the posttranslational double palmitoylation at N-

terminal cysteine residues, which further helps anchor NOS3 in caveolae (Shaul, 2002). 

NOS3 is also localized to intracellular membranes such a~ the Golgi complex (Fulton et 

al., 2002), however, it still remains to be determined whether Golgi complex-targeted 

NOS3 have distinct physiological functional roles for the maintenance of endothelial cell 

homeostasis (Zhang et al., 2006). 

2.2 Structure and catalytic reaction of NOS 

All three NOS enzymes are homodimers of two identical subunits. Each subunit 

consists of a reductase domain and an oxygenase domain. The N-terminal oxygenase 

domain contains binding sites for heme, (6R)-5,6,7,8-tetrahydro-L-biopterin 

(tetrahydrobiopterin, BH4), and L-arginine. The C-terminal reductase domain contains 

binding sites for flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), and 

nicotinamide adenine dinucleotide phosphate (NADPH). The two domains are linked by 

a short sequence that binds calmodulin (CaM) (Alderton et al., 2001). In all NOS 

catalysis reactions, electrons should be shuttled within the reductase domain of one 

monomer from NADPH, and flow to FAD and finally FMN. And then, electrons appear 

to be passed to the heme iron in the oxygenase domain of the other monomer. When 

sufficient substrate L-arginine and cofactor (B~) are present, intact NOS dimers oxidize 

L-arginine with oxygen and electrons to produce NO and L-citrulline (Forstermann and 

Munzel, 2006). The stoichiometry of NO catalysis consumes 1 mole of L-arginine, 1.5 

moles ofNADPH, and 2 moles of molecular oxygen to generate 1 mole of NO, I mole of 

L-citrulline, and 2 moles of water (Aldertonet al., 2001). 
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NOS3 is regulated dynamically by phosphorylation and dephosphorylation 

(Mount et a/., 2007). NOS3 is known to have multiple phosphorylation sites; Ser 1177, 

Ser 633, Ser 615, Thr 495, Ser 114, and Tyr 81 according to the human NOS3 sequence 

(Because bovine NOS3 has two additional amino acids, these sites are correspond to Ser 

1179, Ser 635, Ser 617, Thr 497, Ser 116, and Tyr 83 in bovine NOS3, respectively). 

Numerous activators including mechanical, humoral, metabolic, and pharmacological 

stimuli have been reported to activate NOS3 by regulating NOS3 phosphorylation. Many 

kinases and phosphatases participate in the agonist-induced NOS3 phosphorylation. 

Ser 1177 

The most extensively studied and most important NOS3 phosphorylation site is 

Ser 1177, which is located in the autoinhibitory C-terminal reductase domain. NOS3 

activity is increased by the phosphorylation at this site. Various stimuli such as shear 

stress, bradykinin, vascular endothelial growth factor (VEGF), insulin, estrogen, and 

sphingosine-1-phosphate (SIP) can increase the phosphorylation at Ser 1177, and many 

kinase such as AMP-activated protein kinase (AMPK), Akt, PKA, PKG, CaM-dependent 

protein kinase II (CaMKll), and phosphatase such as protein phosphatase 2A (PP2A) are 

implicated in the regulation of Ser 1177 phosphorylation. The phosphorylation at Ser 

1177 is proposed to result in a conformational change of autoinhibitory C-terminal 

domain, which improve the electron flux from the redutase domain to the oxygenase 

domain, thereby increasing NOS3 activity (Lane and Gross, 2002). 
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Ser 633 

Phosphorylation at Ser 633 also increases NOS3 activity. This site is located in 

the CaM autoinhibitory sequence of FMN binding domain of NOS3. Several activators 

such as ATP, bradykinin, VEGF, shear stress, and statins increase phosphorylation at Ser 

633 as well as Ser 1177. PKA and PKG are responsible for phosphorylation at Ser 633, 

whereas Akt is known to be unable to phosphorylate this site (Michell et a/., 2002). 

According to its location in NOS3, phosphorylation at Ser 633 seems to alter the 

conformation of the autoinhibitory domain, and thus facilitate CaM binding to NOS3. 

Furthermore, it is suggested that phosphorylation at Ser 633 has a role in maintaining 

increased NOS3 activity after initial activation by calcium flux and/or Ser 1177 

phosphorylation because of its slow onset after stimulation (Mount et a/., 2007). 

Thr495 

In contrast to phosphorylation at Ser 1177 and Ser 633, phosphorylation at Thr 

495 is associated with a decrease in NOS3 activity. In r_esting endothelial cells, 

significant basal phosphorylation at Thr 495 is observed, and constitutively active protein 

kinase C (PKC) has been reported to be responsible for the phosphorylation of this site. 

Indeed, dephosphorylation at Thr 495 and phosphorylation at Ser 1177 seems to be 

coordinated by NOS3 stimuli such as bradykinin, histamine, VEGF, and ionomycin. 

Protein phosphatase 1 (PP1), PP2A and PP2B are implicated in agonist-induced 

dephosphorylation at Thr 495. Thr 495 exists in the CaM binding domain, therefore the 

inhibitory mechanism of Thr 495 phosphorylation appears to be due to interfering with 

CaM binding to NOS3 (Mount eta!., 2007). 

Other phosphorylation sites 
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Ser 615 is another phosphorylation site. in the CaM inhibitory sequence within the 

FMN binding domain of NOS3. Akt and PKA are thought to phosphorylate this site in 

vitro. The function of the phosphorylation at Ser 615 is still unclear. Mimicking 

phosphorylation at Ser 615 with a serine to aspartate mutation (S615D) showed either 

unchanged or increased NOS3 activity, although various agonist stimulating NOS3 such 

as bradykinin, VEGF, ATP, and statins increase phosphorylation at this site in cultured 

bovine endothelial cells (Michell et al., 2002; Bauer et al., 2003). Interestingly, 

mimicking dephosphorylation at Ser 615 with a serine to alanine mutation (S615A) has 

been demonstrated to increase NO release (Mount et al., 2007). Ser 114, localized in 

oxygenase domain, also shows controversial results in the function of its phosphorylation. 

The opposite results for the phosphorylation at this site have been observed with same 

stimuli such as shear stress or VEGF in cultured endothelial cells (Gallis et al., 1999; Boo 

et al., 2002; Kou et al., 2002). Sll4D and Sll4A mutants have also been shown 

discrepant results in NOS3 activity or NO release (Kou et al., 2002; Bauer et al., 2003). 

One tyrosine phosphorylation site has been ide!Jtified at Tyr 81. Phosphorylation at this 

site by Src activation has been shown to be associated with NOS3 activation and NO 

release in cotransfected COS-7 cells (Fulton et al., 2005), however more studies are 

necessary to determine the functional role of the phosphorylarion at Tyr 81 in vivo. 

2.3.2 NOS u11coupli11g: tile role of BH4 

It is well recognized that increased ROS is strongly associated with 

cardiovascular disease. Recent studies with NOS3-knockout mice and NOS3-

overexpressing mice suggest that NOS3 generates ROS under pathophysiological 

conditions. Harrison and colleagues compared ROS generation between DOCA-induced 
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hypertensive wildtype mtce and DOCA-induced hypertensive NOS3-knockout m1ce 

(Landmesser et al., 2003). In aorta from wildtype mice with DOCA-induced 

hypertension, 0 2 • and H20 2 productions were significantly increased compared to sham 

mice, and this increased 0 2- and H20 2 productions were prevented with L-NAME 

incubation. ROS production in aorta from NOS3-knockout mice with DOCA-induced 

hypertension was not increased compared to sham mice. On the other hand, NOS3-

overexpressing apo-E-knockout mice have shoym to paradoxically increase 02-

production in both nonplaque and plaque areas compared with apoE-knockout mice 

(Ozaki et a/., 2002). Increased ROS production by NOS3 has also been reported in 

isolated blood vessels from animals with cardiovascular disease conditions, such as SHR 

(Cosentino and Luscher, 1998), angiotensin II-infused hypertensive animals (Mollnau et 

a/., 2002), and streptozotocin-induced diabetic anintals (Rink et al., 2001). Moreover, 

human patients with diabetes (Guzik eta!., 2002), hypertension (Dixon eta/., 2005), and 

atherosclerosis (Maier et al., 2000) have been reported to have NOS-mediated ROS 

production. Thus, growing evidence suggests that NOS3 enzymatic activity can be 

altered to favor ROS production under certain pathophysiological condition, playing an 

important role in endothelial dysfunction and cardiovascular risks. 

As described above, electron transfer within NOS3 is tightly regnlated. In NOS3, 

electron transfers from NADPH via the flavins FAD and FMN in the reductase domain of 

one monomer to the heme in the oxygenase domain of the other monomer, where the 

substrate L-arginine is oxidized to L-citrulline and NO. If this electron transfer is 

disturbed, NOS3 enzymatic activity becomes 'uncoupled,' which means that NADPH

derived electron transfer is uncoupled from L-arginine oxidation, and instead; molecular 
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oxygen is reduced to form 0 2' (Vasquez-Vivar et al., 1998). Thus, NOS uncoupling is 

the mechanism by which NOS produces ROS. 

Several molecular mechanisms are suggested to lead to NOS3 uncoupling: 

oxidation of the Zn2+ -thiolate center (Zou et al., 2002), decreased L-arginine 

concentration (hnaizumi et a!., 1992), redistribution of NOS3 to cytosolic fraction 

(Fleming et a!., 2005), reduced association with heat shock protein (Hsp) 90 (Pritchard et 

al., 2001), and increased asymmetric dimethylarginine (ADMA) (Sydow and Munzel, 

2003). However, B~ appears to have a particularly important role in the regulation of 

NOS3 to produce NO and/or ROS in pathophysiology. 

B~ is an essential cofactor and has a fundamental effect on the structure and 

function of NOS3. Two molecules of B~ are incorporated into each functional NOS3 

monomer. Although the exact mechanism by which B~ regulates NOS3 function is still 

under investigation, BH4 seems to stabilize the active dimeric form ofNOS3, increase L

arginine binding, and transiently donate electrons to the ferrous-dioxygen complex in the 

oxygenase domain to initiate L-arginine oxidation. If B~ concentration is suboptimal or 

absent, NOS3 catalytic activity becomes uncoupled (uncoupling between electron 

transfer and L-arginine oxidation), the ferrous-dioxygen complex dissociates, and 0 2- is 

produced (Katusic, 2001; Alp and Channon, 2004). 

BH4 is one of the most potent naturally occurring reducing agents. Therefore, 

oxidative stress under pathophysiology can oxidize and deplete B~ excessively. Indeed, 

Laursen et a!. have demonstrated that increased peroxynitrite (ONOO-) in atherosclerotic 

apo E-deficient mice oxidize vascular BH4 to BH2, thereby NOS3 becomes uncoupled 

and produces 02· (Laursen et al., 2001). This NOS3-mediated 0 2' contributes to further 
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increase of ONoo·, resulting in impaired endothelium-dependent relaxation. This 

endothelial dysfunction was corrected by treatment with ONoo· scavenger or sepiapterin, 

a precursor to BR!. In addition to absolute BR! level, the ratio between fully reduced 

BR! and partially oxidized dihydrobiopterin (BHz) influences NOS3 uncoupling. BHz 

can bind NOS3 at same binding site as BH4, but it cannot support NO production. Thus, 

elevated BH2 levels can reduce BR! availability by competition in binding to NOS3, 

which inhibits NO production and enhances Oz- formation (Channon, 2004). 

Interestingly, some data suggest that the BH4/BH2 ratio can directly modulate 0 2- release 

from NOS3, independent of absolute BH4 levels (Vasquez-Vivar et al., 2002). The 

competing condition between BR! and BHz generated less Oz. compared to the Oz

generation under BR! depleted condition, suggesting that NOS3 may produce both NO 

and 0 2- under the competition between BR! and BH2 (Vasquez-Vivar et al., 2002). 

It is a reasonable hypothesis that oxidative stress amplifies oxidative stress though 

NOS uncoupling in cardiovascular diseases. DOCA-induced hypertensive p47phox (one 

of NADPH oxidase subunit)-knockout mice did not have NOS-dependent ROS 

production compared to DOCA-induced hypertensive wildtype mice, speculating that 

ROS from NADPH oxidase contributes to the BH4 oxidation, leading to NOS uncoupling 

(Landmesser et al., 2003). 

Based on the particular role of BR! in regulating NOS activity, BR! 

supplementation has been shown to improve endothelial function. As mentioned before, 

the incubation of aorta from apo E-knockout mice with sepiapterin, a precursor of BR!, 

decreased Oz- production and improved endothelium-dependent relaxation (Laursen et al., 

2001). Administration ofBR! also restored endothelial function not only in experimental 
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animal models including SHR (Hong et al., 2001), diabetic rats (Pieper, 1997), and 

DOCA-induced hypertensive mice (Landmesser et al., 2003), but also in human patients 

with hypercholesterolemia (Stroes et al., 1997), type 2 diabetes (Heitzer et al., 2000b), 

essential hypertension (Higashi et al., 2002a), and chronic smokers (Heitzer et al., 2000a). 

The beneficial effect of BH4 supplementation on endothelial dysfunction appears to be 

due to the reduction of NOS uncoupling, however, it cannot be excluded that the 

supplementation of high dose BH4 may obtain its beneficial effect from the antioxidant 

properties ofB~ itself. 

2.3.3 l11tegrated regulation o(NOS3 activitv 

In resting endothelial cells, caveolae-targeted NOS3 interacts directly with 

calveolin-1. Caveolin-1, the coat protein responsible for caveolae assembly, is thought to 

be a negative regulator ofNOS3 through protein-protein interactions. Caveolin-1 directly 

interacts with NOS3 via caveolin scaffolding domain (CSD; amino acids 82 to 101), and 

this interaction appears to inhibit NOS3 activity and reduce NO release (Garcia-Cardena 

et al., 1997; Ju et al., 1997; Michel et al., 1997). Due to the location of the caveolin

binding site in NOS3 near CaM binding site, the mechanism of this inhibitory interaction 

can be explained by two ways: CSD can impede CaM binding to NOS3 (Michel et al., 

1997) or CSD can reduce NADPH-dependent electron flow from the reductase domain to 

oxygenase domain ofNOS3 (Ghosh et al., 1998). In addition, a 40-50 amino acid loop 

located within the FMN binding domain is thought to impede CaM binding to NOS3 at 

resting calcium levels (Fleming and Busse, 1999). Basal NO production in the resting 

state is achieved by shear stress and receptor-modulated Ca2
+ transients. Shear stress can 

activate the PBK/ Akt pathway, although the identity of the sensor remains to be 
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determined. Some G-protein subunits seem to be directly activated in response to fluid 

shear stress (Gudi eta/., 1998). Activated Akt can phosphorylate Ser 1177 and Ser 615. 

This Ca2+-independent PI3K/Akt pathway may serve to maintain basal vascular tone 

(Dimmeler et a/., 1999). Shear stress can also activate AC/PKA pathway, thereby 

increasing phosphorylation at Ser 1177 and Ser 633. 

Dynamic activation ofNOS3 to produce significant NO occurs generally through 

agonist-receptor-modulated signal transduction cascades. Several endogenous ligands 

such as bradykinin, ACh, histamine, adenosine, and thrombin can bind to and activate 

their receptors that belong to the seven transmembrane guanine nucleotide-binding 

protein (G protein)-coupled receptors (GPCR). GPCR activates the PLC-mediated 

cascade. PLC cleaves phosphatidylinositol 4,5-triphosphate into diacylglycerol (DAG) 

and inositol 1,4,5-triphosphate (IP3). IP3 activates IP3-receptor, which leads to the 

increase of intracellular Ca2+ concentration. Sufficient levels of Ca2
+ promote the CaM

NOS3 binding and the dissociation of NOS3 from caveolin-1. CaM-NOS3 binding is 

also facilitated by the recruitment of Hsp 90. CaM-NOS3 binding is thought to displace 

an adjacent autoinhibitory loop on NOS3, thereby facilitating NADPH-dependent 

electron flux from the reductase domain to oxygenase domain. (Fleming and Busse, 

2003). Activated CaM also activates CaMKII, which phosphorylates Ser 1177. 

Increased DAG can activate PKC to phosphorylate Thr 495, which is considered a 

deactivation process. 

VEGF and insulin, potent NOS3 activators, bind to their own receptors, which are 

members of a superfamily of receptor tyrosine kinases. Activated receptors stimulate 

PI3K/Akt pathway, thereby activating NOS3 through phosphorylation at Ser 1177 (Kou 
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eta/., 2002). VEGF can also increases intracellular Ca2
+ concentration by PLC-dependent 

mechanism to activate NOS3 (He eta/., 1999). Insulin also activates NOS3 by AMPK 

(Fleming eta/., 2003). 

After agonist-induced rapid activation, NOS3 becomes inactivated via several 

mechanisms. As intracellular Ca2+ concentration falls, CaM dissociates from NOS3, and 

NOS3 is relocalized to calveolae. Repalmitoylation of NOS3 also promotes NOS3 

inactivation. In addition, the activation of the MAP kinase pathway such as ERK1 and 

ERK2 and the activation of protein phosphatases such as PP2A by NOS3 agonists 

contribute to reduce NOS3 phosphorylation to basal level (Dudzinski et a/., 2006). 

3 .. Pathophysiology of Endothelium 

3.1 Hypertension (High blood pressure) 

Blood pressure is the force of the blood against the wall of arteries. Blood 

pressure is dependent on cardiac output and total vascular resistance to blood flow, which 

is regulated by hormones and the nervous system. Normal blood pressure is below 

120/80 mmHg (systolic/diastolic pressure), and 140/90 mmHg or higher is considered 

high blood pressure. 

The U.S. Public Health Service indicates that approximately 60 million 

individuals in the United States and 1 billion worldwide have high blood pressure. 

Furthermore, more than half of Americans over the age of 65 have high blood pressure. 

As the population becomes older and obese, the prevalence of hypertension continues to 
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increase. Recent data suggest that normotensive individuals at age 55 have a 90 percent 

lifetime risk for developing hypertension (Vasati eta/., 2002). 

The relationship between high blood pressure and risk of cardiovascular diseases 

(CVD) is continuous, consistent, and independent of other risk factors. The higher blood 

pressure is, the greater the chance for CVD such as heart attack, heart failure, stroke, and 

kidney disease. For individuals 40-70 years of age, each increment of 20 mmHg in 

systolic BP (SBP) or 10 mmHg in diastolic BP (DBP) doubles the risk ofCVD across the 

entire BP range from 115/75 to 185/115 mmHg (Lewington eta/., 2002). 

Although numerous factors and multiple mechanisms are involved m the 

pathophysiology of hypertension, renin-angiotensin system-dependency and salt 

sensitivity are often focused on in the experimental animal models. 

3.1.1 Rellill-allgiotellsill II svstem-depe11de11t 

Angiotensin II is one of most potent peptide hormones that controls blood 

pressure. When the arterial pressure falls, juxtaglomerular cells (JG cells) located in the 

walls of the afferent arterioles close to the glomeruli release renin, which circulates 

throughout the entire body. Renin catalyzes the conversion of angiotensinogen into 

angiotensin I during its circulation in the blood stream. Angiotensin I is cleaved further 

into angiotensin II by angiotensin converting enzyme (ACE), which occurs when 

angiotensin I flows through the small vessels of the lungs because ACE is present in the 

endothelium of the lung vessels. Angiotensin II elevates blood pressure by two principal 

mechanisms. First, angiotensin II causes the contraction of the arterioles, which 

increases total vascular resistance and elevates the blood pressure. Second, angiotensin II 

causes the renal retention of salt and water. There are several ways that angiotensin II 
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affects the kidneys. First, angiotensin II contracts renal arterioles, thereby decreasing 

blood flow through kidney. This reduces peritubular capillary pressure, which allows 

osmotic reabsorption of fluid from kidney tubules, and finally increases blood volume 

and blood pressure. Second, angiotensin II stimulates the adrenal gland to secret 

aldosterone. Aldosterone causes the increase of sodium reabsorption by kidney tubules, 

thereby increasing blood fluid and blood pressure. Third, over the long term, angiotensin 

II causes renal arteriolar hypertrophy and/or nephrosclerosis by the activation of several 

proliferative and inflammatory factors, thereby reducing the renal function to excrete. 

Oppositely, increased blood pressure and increased blood flow though the kidney 

reduce the secretion of renin, which downregulates angiotensin II levels, resulting in 

reduced renal retention of salt and water. This leads to the return of blood fluid volume 

to the normal level, and, finally, the return of the blood pressure to the normal level. 

Accordingly, normal renin-angiotensin system maintains blood pressure tightly. 

Enhanced renin-angiotensin system activation can cause hypertension. For 

example, a tumor of the JG cells results in the secretion of high amounts of renin, which 

causes over-production of angiotensin II, resulting in high blood pressure by the 

mechanisms described above. Experimentally, angiotensin II-infusion into animals 

results in hypertension by the same mechanism of increased angiotensin II levels. 

Unilateral renovascular hypertension is also angiotensin II-dependent hypertension. 

Increased vasocontraction, stenosis, and/or damage of renal arterioles results in the 

decrease of renal blood pressure, and this causes the secretion of renin and an elevation of 

angiotensin II levels, resulting in the retention of salt and water in the remaining 

functional kidney. The experimental animal model of this hypertension is the two-kidney 
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one-clip model (2Kl C). Clip application of one renal artery causes the decreased renal 

arterial pressure, increased renin release, increased Angiotensin II and aldosterone levels, 

suppressed salt and water excretion, ultimately, resulting in hypertension. Human 

essential hypertension and its animal model, SHR, have genetic hypertension, in which 

multifactorial mechanisms of central nervous system, neurohormonal system, renal 

abnormalities, and/or renin-angiotensin system are involved in the pathogenesis of 

hypertension. Thus, blockade of renin-angiotensin system has been demonstrated to 

reduce blood pressure in SHR and human patients with essential hypertension (Katovich 

et a/., 1999; Messerli et al., 2007). 

The main subtypes of angiotensin II receptors are AT1 and AT2• Both receptors 

are seven transmembrane G protein-coupled receptors. AT1 receptors are expressed in 

vascular smooth muscle cells, cardiomyocytes, fibroblasts, and brain. AT1 receptors 

mediate angiotensin IT-induced vasocontraction, aldosterone secretion, vasopressin 

secretion, endothelin-1 gene expression, vascular smooth muscle proliferation, cardiac 

hypertrophy, NADPH oxidase activation, adhesion molecule expression, and insulin 

resistance. AT 2 receptors are present in the pancreas, heart, kidney, adrenals, ovary, 

brain, and vascular endothelial cells. The exact functional role of the AT 2 receptors is 

under investigation, but it is suggested that the AT2 receptors may have a physiological 

role to antagonize AT1 receptor-mediated effects by the inhibition of cell growth, 

induction of apoptosis, and/or vasorelaxation (Berry et al., 2001 ). 

3.1.2 Re11i1J-a1Jgiotensin 11 svstem-iltdependeiJt 

Several hypertensive conditions are classified as 'angiotensin IT-independent' 

hypertension. One type of this case is primary hyperaldosteronism, which is 
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characterized by the overproduction of aldosterone, a mineralocorticoid hormone, by 

abnormal adrenal glands such as adrenal cortical adenoma. Aldosterone promotes 

sodium reabsorption by the increase of the expression of arniloride-sensitive epithelial 

sodium charmels (ENaC) on the apical surface of the principal cells of the renal cortical 

collecting duct, and this results in K+ excretion as a counterpart of Na+ transport by the 

Na+/K+ ATPase on the basolateral surface of cells. One of the corresponding animal 

models of the excessive aldosterone-induced hypertension is DOCA-induced 

hypertensive model, in which surgical uninephrectomy and high salt intake are necessary 

to develop hypertension. However, although the DOCA-induced hypertensive animal 

model is considered as a 'low-renin' or 'angiotensin IT-independent' hypertension model, 

several studies demonstrate an increase in angiotensin II production, angiotensinogen 

expression, and AT1 receptor expression in vessels from DOCA-induced hypertensive 

rats (Schiffrin et a/., 1983; Ogawa et a/., 1998), suggesting that the activated local renin

angiotensin system may contribute to pathogenesis in this model. 

The one-kidney one-clip experimental model (1K1 C) maintains hypertension by a 

renin-angiotensin II system-independent mechanism from the second week after surgery. 

Clip-application of one renal artery increases renin release and subsequently angiotensin 

II and aldosterone levels increase, thereby suppressing salt and water excretion and 

increasing the blood volume and pressure. In the 2Kl C model, as the increased blood 

pressure induces the pressure diuresis through the nonclipped kidney, the reduction of 

renal blood pressure by clip-application carmot be normalized; therefore renin secretion 

occurs continuously for a long period. However, in the 1K1 C model, the nonclipped 

kidney is absent; thus, increased blood volume is retained, which leads to a restoration of 
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renal blood" pressure over the clip-application. Finally, the high blood volume sets up 

high blood pressure as a new equilibrium. Although the 1K1 C model has similarities to 

the DOCA model, volume-dependent hypertension is achieved via a mineralocorticoid

independent mechanism in the 1K1C model. 

3.1.3 High salt i11take 

In healthy conditions, over a long period, the dietary intake of salt and water will 

be equal to the renal output of salt and water. Eventually, these two factors, intake and 

output of salt and water, determine long-term arterial pressure. If salt intake is increased, 

body fluid volume is increased, blood volume is increased, venous return of blood to the 

heart is increased, cardiac output is increased, and arterial pressure is increased, thereby 

causing the increase of renal output of water and salt (referred as 'pressure diuresis' and 

'pressure natriuresis') until blood pressure returns to the normal level. 

Many epidemiological and interventional studies of humans and animals have 

shown the clear correlation between long-term high salt intake and hypertension 

(Muntzel and Drueke, 1992). The mechanisms linking high salt intake to hypertension 

appears to be complex and still remained to be determined. High salt intake decreases 

both plasma levels and urinary excretion of nitrate and nitrite, NO metabolites, compared 

to low salt intake in essential hypertension patients (Fujiwara eta/., 2000), which seems 

to be due to reduced activity and protein expression of NOS (Banday et al., 2007). High 

salt intake in normal rats increases renal 0 2 • production accompanied by enhanced renal 

expression and activity of NADPH oxidase and diminished renal expression of CuZn 

SOD and Mn SOD (Kitiyakara et al., 2003). High salt intake also increases renal 

production of endothelin-1 (Pollock and Pollock, 2001 ), which is potent contractor of 
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afferent arterioles and plays an important role in the regulation of sodium reabsorption 

through endothelin type B receptors in high salt intake conditions (Schneider et al., 2007). 

Although long-term high salt intake alone has been demonstrated to increase 

blood pressure (Pollock and Pollock, 2001), high salt intake becomes a strong promoter 

to cause hypertension under the 'salt-sensitive' condition. Salt sensitivity is the 

heterogeneous blood pressure response to salt intake, and salt-sensitive hypertension can 

be achieved by genetic inheritance, renal mass reduction, experimental application of 

chronic NOS inhibitor, or mineralocorticoid (usually DOCA). For example, DOCA 

implantation increases blood pressure with high salt water for drinking (1 % NaCl), but 

not with distilled water, compared to placebo pellet implantation (O'Donaughy and 

Brooks, 2006). This suggests that high salt intake is required to develop hypertension 

after DOCA implantation. In NOS inhibitor treatment for 4 weeks, high salt intake 

increased blood pressure higher than normal salt intake (Kopkan and Majid, 2005). In 

this case, high salt intake potentiates hypertension. 

It has suggested that high salt intake and/or salt sensitivity is associated with 

endothelial dysfunction and renal damage. High salt intake reduces endothelium

dependent relaxation in response to ACh in salt-sensitive essential hypertension patients 

compared to salt-resistant hypertensive patients (Bragulat et al., 2001). Animal studies 

have demonstrated that ANG on a high salt intake has further impaired vasorelaxation of 

afferent arteriole in response to both ACh and sodium nitroprusside than ANG on a 

normal salt intake (Zhao et a!., 2003). High salt intake in rats under oxidative stress 

induced by administration of glutathione peroxidase inhibitor also demonstrated reduced 

vasorelaxation compared to normal salt intake (Banday et a!.," 2007). Eight week 
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treatment of high salt caused hypertension, and increased urinary albumin excretion and 

renal inflammation in Dahl salt-sensitive rats (Gu et al., 2006), suggesting that long-term 

high salt intake can cause hypertension accompanied with renal damage in salt-sensitive 

subjects. 

3.2 Endothelial dysfunction in hypertension 

Endothelial dysfunction is normally characterized by impaired endothelium

dependent vasorelaxation in response to agonists such as ACh, bradykinin, or shear stress. 

Pathophysiological mechanisms leading to this impaired vasorelaxation have been 

thought to be due to an imbalance between endothelium-derived vasoactive factors; either 

a reduction of EDRFs or an enhancement of EDCFs. In particular, reduced production 

and/or bioavailability of NO is largely considered to be a central mechanism responsible 

for endothelial dysfunction, even though other EDRFs and/or EDCFs may be involved in 

the pathogenesis of endothelial dysfunction. Reduced NO production can be due to 

decreased NOS3 protein expression and/or reduced NOS3 activity. Recently, many 

studies have shown that 'NOS3 protein expression is unchanged or even increased in 

cardiovascular disease condition such as ANG (Sullivan et a!., 2002b ), DOCA (Sullivan 

et a!., 2002b), SHR (Nava et a!., 1996), diabetic rats (Rink et a!., 2001), and 

atherosclerotic apo E-deficent mice (Laursen et a!., 2001 ). Thus, reduced NO production 

could be obtained by altered NOS3 activity rather than decreased NOS3 protein 

expression. Indeed, altered NOS3 enzymatic activity has been reported in many 

hypertension models, which may be due to mislocalization, uncoupling, and/or less 

substrate availability (Forstermann and Munzel, 2006). On the other hand, NO 
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bioavailability can be reduced due to excessive scavengil!g by 02-. Increased generation 

of 0 2- in the oxidative stress condition reacts with NO to form ONoo-, which itself can 

cause vasoconstriction and lead to NOS uncoupling, lipid peroxidation, and vascular 

damage. 

Endothelial dysfunction has been implicated in numerous cardiovascular diseases, 

such as hypertension, coronary artery disease, chronic heart failure, peripheral artery 

disease, diabetes, and chronic renal failure. Endothelial dysfunction is also very 

important in the pathogenesis of atherosclerosis because it contributes to the initiation 

and evolution of prothrombotic, proinflanunatory, and proliferative state. Therefore, 

correction of endothelial dysfunction may reduce cardiovascular risk. 

Endothelial dysfunction in hypertension is a systemic phenomenon associated 

with impaired vasorelaxation, thereby contributing to the further increase of arterial blood 

pressure (Luscher, 1994). Endothelial dysfunction has been observed in human patients 

with essential hypertension or renovascular hypertension (Taddei et al., 1993). The 

vasorelaxation of the forearm and coronary blood flow in response to the intra-arterial 

injection of ACh were reduced, whereas the response to exogenous nitrovasodilators such 

as sodium nitroprusside was not altered (Linder eta/., 1990; Treasure eta/., 1993). This 

impaired endothelium-dependent vasorelaxation has also been observed in numerous 

studies using hypertensive animal models. 

3.2.1 Cause or consequence? 

Endothelial dysfunction can occur at an early stage of hypertension, and hence 

may make an important contribution to the increase of blood pressure. On the other hand, 

endothelial dysfunction is regarded to be a consequence of hypertension, and, in these 
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conditions, endothelial dysfunction can, at least, contribute to further increases in 

peripheral vascular resistance and also be an important mediator of the cardiovascular 

complication of the disease process. 

In SHR, the vasorelaxation by ACh in the aorta and in perfused mesenteric 

resistance arteries is impaired in the adult with high arterial blood pressure,_ but not in 

young animals (Hongo et al., 1988; Dohi et al., 1990), suggesting that endothelial 

dysfunction is a consequence of the increased hemodynamic load and shear stress in the 

hypertensive condition rather than a cause of hypertension in, at least, genetic 

experimental animal models of hypertension. Also, the correction of impaired 

endothelium-dependent relaxation by the appropriate antihypertensive treatment (Luscher 

et al., 1987; Takase et al., 1996) are in favor of the suggestion that endothelial 

dysfunction may be secondary due to the exposure of chronic higher blood pressure, and 

impaired endothelium-dependent relaxation does not play a primary role in the initiation 

of the hypertensive process (Luscher et al., 1992). Indeed, antihypertensive treatment of 

a combination of reserpine, hydrochlorothiazide, and hydralazine reversed the decreased 

endothelium-dependent relaxation in response to ACh in aorta from Dahl salt-sensitive 

hypertensive rats (Luscher et al., 1987). 

In human patients, sequential studies of endothelial dysfunction have rarely been 

done in hypertensive patients, and some reports have demonstrated controversial results. 

ACh-mediated forearm vasodilation is reduced in normotensive subjects with a familial 

history of essential hypertension, suggesting that endothelium dysfunction can precede 

the appearance of hypertension and that this abnormality might play a role in the 

pathogenesis of essential hypertension (Taddei et al., 1992). 
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3.2.2 Therapy of/zvpertension-induced endothelial dysfunction 

Antihypertensive therapy is considered to not only normalize blood pressure but 

also correct endothelial dysfunction, which may prevent the complications of 

hypertension such as stroke, myocardial infarction, and renal failure. 

ACE inhibitors or ATr receptor blockers have been shown to improve endothelial 

dysfunction in hypertension patients (Nadar et al., 2004; Schiffrin, 2004). ACE 

inhibitors can increase NO bioavailability by decreasing the synthesis of angiotensin II 

and subsequent 0 2 • generation, and by enhancing serum level of bradykinin, a NOS 

activator, via inhibition of its degradation. 

Ca2
+ channel blockers such as nifedipine were also found to improve 

endothelium-dependent · relaxation in hypertensive patients; however beta-adrenergic 

blockers so far seem to lack this beneficial effect (Schiffrin and Deng, 1996). 

Another approach is the treatment of the components that trigger endothelial 

dysfunction. For example, oral treatment with L-arginine, substance of NO, has been 

shown to reduce blood pressure and improve endothelial dysfunction (Palloshi et a/., 

2004). 

Inhibitors of 3-Hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, 

commonly known as statins, have been shown to improve endothelial dysfunction in 

hypertensive animal models (Zhou eta/., 2004). Although lowering of cholesterol levels 

by itself is associated with an improvement in endothelial function, the endothelium-

protective effect of statins may be mediated by lipid-independent mechanism such as 

their antioxidant and anti-inflammatory properties and the capability to restore vascular 

NO bioavailability (Bonetti et al., 2003b). 
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Based on the fact that oxidative stress plays a pivotal role in the pathogenesis of 

endothelial dysfunction, administration of antioxidants would be expected to reverse 

endothelial dysfunction. However, current in vivo and clinical data are inconsistent with 

regards to the effect of antioxidant supplementation on endothelial dysfunction 

(Bjelakovic et al., 2007). This lack of benefit oflong-teim antioxidant supplementation 

may speculate that the potential of antioxidant supplementation to decrease 

cardiovascular events may be limited to a subgroup of individuals with elevated levels of 

endogenous oxidative stress and the very early stages of atherosclerotic disease (Bonetti 

et al., 2003a). Furthermore, recent evidence suggests that certain antioxidants, including 

vitamin E, may be inappropriate to reduce oxidative stress in vivo because it may be pro

oxidant under certain conditions (Landmesser and Harrison, 2001). 

3.2.3 Heteroge11eitv o(elldotllelial dvs(UtiCtioll depe11de11t 011 tile vessel size 

Small arteries with a diameter of 200 microns or less play a critical role in the 

regulation of peripheral vascular resistance. Thus, the dysregulation of vascular tone of 

these arteries may contribute significantly to high blood pressure. 

ACh-induced vasorelaxation is blunted in conduit vessels from genetic and 

experimental hypertensive rodent models such as SHR (Sim and Singh, 1987), DOCA 

(Somers et al., 2000), Dahl salt-sensitive hypertensive rats, renovascular hypertensive 

rats (Bennett et al., 1993), and ANG (Laursen et al., 1997). However, both unchanged 

and impaired ACh-induced vasorelaxation have been observed in small mesenteric 

arteries from DOCA (White et al., 1996; Pu et al., 2002), SHR (Fujii et al., 1992; Li and 

Bukoski, 1993), and ANG rats (Virdis et al., 2002) and mice (Wang et al., 2006). These 

controversial results have also been observed in small arteries from the patients of 
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essential and secondary hypertension (Cockcroft eta/., 1994; Bruning eta/., 1995; Deng .. 
/. 

et a/., 1~5; Rizzoni et a/., 1996; Thybo et a/., 1996). Therefore, although impaired 
/ 

endot~e1ium-dependent relaxation is accepted as a general phenomenon in hypertensive 
/ . 

,/condition, ~rtain vascular beds appear to be more protected and have different degrees of 

endothelial dysfunction: 

Several reasons may be advocated to explain this heterogeneity, including 

different EDRF existence, altered sensitivity of smooth muscle cells to EDRF, enhanced 

local vascular EDCF, age of the subjects, and/or the possible different degree of 

endothelial dysfunction in different vascular beds (Luscher TF 1992 13). As mentioned 

previously, several EDRFs including NO, PGI2, and EDHF contribute to ACh-induced 

endothelium-dependent vasorelaxation (Furchgott and V anhoutte, 1989). Furthermore, 

EDHF appears to be more important in small resistant arteries than in large conduit 

arteries, and may play a crucial role in maintaining the peripheral vascular resistance 

(Garland et a/., 1995). Indeed, Tornioka et aL demonstrated that EDHF-mediated 

vasorelaxation was more predominant as the vessel size became smaller, whereas ACh-

induced relaxation in aorta was entirely mediated by NO (Tomioka et a/., 1999). 

Therefore, the controversial observations in endothelium-dependent vasorelaxation of 

smalL arteries may be due to the difference of the EDRF existence compared to the 

conduit vessels. 

\ 

\ 
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4. Oxidative stress in Hypertension 

The oxidative stress has been implicated in the pathogenesis and complications of 

many cardiovascular diseases, including hypercholesterolemia, atherosclerosis, 

hypertension, diabetes, and heart failure (Cai and Harrison, 2000). 

Healthy vascular endothelial cells normally generate potentially deleterious ROS; 

however, ROS is rapidly" removed- spontaneously or by enzymatic antioxidant 

mechanisms. Therefore, the rate and magnitude ofROS formation is balanced by the rate 

of ROS elimination in normal condition. In the condition of hypertension, an imbalance 

between prooxidants and antioxidants leads to the 'oxidative stress.' The oxidative stress 

is the pathogenic outcome of oxidant overproduction that exceeds the cellular antioxidant 

capacity, and occurs with either increased activity of pro-oxidant enzymes or reduced 

capacity of antioxidant system. Enhanced ROS production causes tissue injury and 

dysfunction by attacking structural and functional molecules. In the vasculature, many 

vasoconstrictors are also known to be an inducer ofROS production, and enhanced ROS 

production has been known to act as a direct vasoconstrictor and attenuate vasorelaxation 

mechanisms. Therefore, the oxidative stress could be a critical mediator of the imbalance 

between EDCF and EDRF. Increased ROS production has been demonstrated in patients 

with essential and secondary hypertension (Higashi eta/., 2002b; Lip eta/., 2002) as well 

as animal models of hypertension such as SHR (Wu eta/., 2001), DOCA (Beswick eta/., 

2001b), Dahl salt-sensitive rats (Uehara et a/., 1991), and ANG (Rajagopalan et a/., 

1996). Altered antioxidant capacity also contributes to oxidative stress in human 

hypertension patients (Russo et a/., 1998), as well as experimental models of 
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hypertension such as SHR (Ulker et a!., 2003), Dahl salt-sensitive rats (Meng et a!., 

2002), diabetic rats (Lewis et a!., 2007), and ANG (Vera et a!., 2007). 

4.1 Reactive oxygen species (ROS) 

ROS have unpaired electrons. Thus, they may potentially oxidize DNA, protein, 

carbohydrates, and lipids. The main ROS in the vasculature are 02-, H202, hydroxyl 

radical (OH"), and ONOO-. 02- is the key precursor of other ROS. 02- is not membrane 

permeable and has a short half-life; therefore, its reaction is restricted in the compartment 

in which it is generated. o2- can act as an oxidizing .agent, by which o2- is reduced to 

H20 2, and also act as a reducing agent, by which 02- donates extra electron to form 

ONOO- with NO_ 0 2- provides many deleterious actions to the vasculature by several 

ways such as removing the beneficial NO, producing the more reactive ROS, ONoo-, 

and acting as a vasoconstrictor (Mcintyre et a!., 1999), thereby leading to endothelial 

dysfunction. 

H202 is generated by the dismutation reaction of 0 2- by SOD. H20 2 also can be 

hydrolyzed in the potent OK, an initiator of lipid peroxidation. However, recently, 

physiological concentration of H20 2 is beginning to be considered as an important 

signaling molecule. In vascular tissue, H202 has been reported to induce contraction 

and/or relaxation depending on the species, vascular bed, and experimental conditions 

described above. 

/ 
/ 
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4.2 Source of ROS in vasculature 

Although many enzymatic sources such as mitochondrial respiration chain 

enzymes, lipoxygenase, COX, and CYP can generate ROS, xanthine oxidase, NADPH 

oxidase, and uncoupled NOS have been extensively studied in the cardiovascular system. 

4.2.1 Xa11tlli11e oxidase 

Xanthine oxidase contributes very little to the total 02· production in normal 

conditions (Chance et al., 1979); however, the considerable role of xanthine oxidase in 

o2· production was demonstrated in hypertensive animals. o2· production was observed 

to be increased in SHR (Suzuki et al., 1995), and oxypurinol, xanthine oxidase inhibitor, 

reduced 0 2- production and blood pressure (Nakazono et al., 1991). 

Hypercholesterolemia is also associated with increased 0 2- production by xanthine 

oxidase because increased 02- production was normalized and impaired vasorelaxation 

was improved by administration of oxypurinol (Ohara et al., 1993; Cardillo et al., 1997). 

4.2.2 NADPH oxidase 

Recent studies have been providing evidences that increased NADPH oxidase 

activity has a predominant role for the enhanced ROS production in various animal 

models of hypertension such as ANG mice (Rajagopalan et al., 1996), DOCA mice 

(Somerset al., 2000; Beswick et al., 2001a), SHR (Zalba et al., 2000), and diabetic mice 

(Rink et al., 2001). Vascular NADPH oxidase consists of a cytochrome b558 composed 

of p22phox and gp91 phox subunits (Noxl or Nox4 in smooth muscle cells) and 3 cytosolic 

components, p47phox and p67phox, and the low molecular weight G protein, rae (Zalba et 

al., 2001). To elicit NADPH activation, cytosolic p47, p67 and rae must be recruited to 

the transmembrane cytochrome b558 complex. NADPH oxidase in macrophages and 
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neutrophils is activated and produce 0 2- in defense against environmental pathogens. In 

vascular system, NADPH oxidase is thought to be a main source ofOz- (Griendling eta!., 

1994). NADPH oxidase can be activated by various stimuli such as platelet-derived 

growth factors, tumor necrosis factor-a, cytokines, shear stress, thrombin, endothelin, 

lactosylcerarnide, and angiotensin II (Griendling et a!., 2000). Harrison and colleagues 

demonstrated that hypertension induced by angiotensin II, but not norepinephrine, has 

increased vascular 0 2- production via NADPH oxidase (Rajagopalan et al., 1996). They 

also showed an evidence that angiotensin IT-infused hypertension activates the NADPH 

oxidase by upregulating mRNA levels ofp22phox, a critical subunit ofNADPH oxidase 

(Fukui et a!., 1997). 

4.2.3 U11coupled NOS3 

NOS is the enzyme responsible for NO production. However, as described before, 

NOS3 can produce 0 2- and H202 as we11 as NO when it is uncoupled. The reduced 

availability of L-arginine and/or B~ takes an important role for NOS uncoupling. 

Indeed, ROS production by NOS3 is critical in oxidative stress associated with 

endothelial dysfunction based on the several reasons: first, NO production is reduced by 

NOS uncoupling; and, second, NOS can become a source of ONOO-, which is generated 

by the rapid reaction between NO and Oz-. and is a relative potent lipid oxidizing agent. 

4.3 Antioxidant enzymes 

4.3.1 Superoxide dismutase (SOD) 

SOD is an antioxidant enzyme involved in the defense system against ROS. SOD 

catalyzes the dismutation reaction of 02- to form H202, which is then catalyzed to 0 2 and 
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H20 by catalase or glutathione peroxidase (GPx). Several isoforms of SOD have been 

identified. These include intracellular copper, zinc SOD (CuZn SOD, SOD!), 

mitochondrial manganese SOD (Mn SOD, SOD2) and extracellular CuZn SOD (ecSOD, 

SOD3). 

CuZn SOD was the first isoform of SOD family to be discovered in mammals in 

1969 (McCord and Fridovich; 1969). CuZn SOD is a homodimeric enzyme composed of 

two 16 kDa subunits containing one Cu and one Zn atom per subunit (Strange et al., 

2003). CuZn SOD is ubiquitously expressed and localized in the cytosol, nucleus and 

mitochondrial intermembrane space of all cell types. CuZn SOD scavenges 02-

generated in the intracellular space. CuZn SOD is very sensitive to cyanide (Borders and 

Fridovich, 1985), so cyanide application is useful to distinguish this iosform from Mn 

SOD, which is relatively resistant. Mutations of the CuZn SOD have been linked to 

familial amyotrophic lateral sclerosis, a progressive degenerative disease of motor 

neurons (Rosen et al., 1993), and overexpression of CuZn SOD has been linked to 

Down's syndrome (Turrens, 2001). 

Mn SOD, discovered in 1973, is a homotetramer composed by 16 kDa subunits, 

and each subunit contains one Mn atom (Weisiger and Fridovich, 1973). It is localized in 

the mitochondrial matrix, where it dismutates the 02- generated by the respiratory chain, 

thereby protecting mitochondrial function from excessive o2·· 

ecSOD was purified from human lung by Marklund in 1982 (Marklund, 1982). 

ecSOD exists as a homotetramer, and each 30 kDa subunit contains one Cu and one Zn 

atom. Similarly to CuZn SOD, ecSOD is extremely sensitive to cyanide. ecSOD is 

produced in fibroblasts, glial cells, and vascular sooth muscle cells (Marklund, 1990), and 
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then secreted into the extracellular fluid. ecSOD binds sulfated polysaccharides such as 

heparin sulfate proteoglycans. Thus, it exists abundantly in the vasculature bound to the 

surface of endothelial cells and the extracellular matrix (Oury eta!., 1996a). Because of 

its location, ecSOD has been focused on as the principal regulator of endothelium

derived NO bioavailability (Oury et a/., 1996b ), although cytosolic CuZn SO I! is also 

considered important (Mugge et al., 1991). 

4.3.2 Catalase a11d Glutathio11e peroxidase (GPx) 

Catalase is a ubiquitous antioxidant enzyme localized in the peroxisomes of most 

aerobic cells. Catalase is a homotetrameric heme-containing enzyme, and catalyzes the 

conversion of two molecules of H202 to one molecule of oxygen and two molecules of 

water. Catalase has been implicated as an important factor in inflammation, mutagenesis, 

and apoptosis. 

GPx is also ubiquitously expressed antioxidant enzymes, which is a tetramer 

consisting of four identical selenium-containing subunits. GPx catalyzes the reduction of 

H202 and lipid hydroperoxides using glutathione oxidation. There are several isoforms 

which are classified by their primary structure and localization. The GPx 1 is the most 

abundant isoform localized in cytosol and mitochondria of all mammalian tissues. GPx2, 

also -known as gastrointestinal GPx (GI-GPx), is an intracellular enzyme expressed only 

at the epithelium of the gastrointestinal tract (Takebe eta/., 2002). Extracellular plasma 

GPx (pGPx or GPx3) is mainly expressed by the kidney from where it is released into the 

blood circulation (Avissar et a!., 1994). GPx4, phospholipid hydroperoxide GPx, is 

expressed in most tissues and can reduce many hydroperoxides integrated in membranes 

and hydroperoxy lipids in low density lipoprotein or thymine (Bao et a/., 1997). 



II. MATERIALS AND METHODS 

1. Animal Models 

Male Sprague-Dawley rats (200 to 250 g) (Charles River Laboratories, Wilmington, MA 

or Harlan Laboratories, Prattville, AL) were divided into six groups: normotensive rats on 

regular chow (NORM), angiotensin II-infused hypertensive rats on regular chow (ANG), 

NORM on high salt diet (diet containing 8% NaCl; Harlan-Teklad, Madison, WI; HS), 

ANG on high salt diet (ANG/HS), uninephrectomized, placebo pellet-implanted rats 

(Placebo), and uninephrectomized, deoxycorticosterone acetate pellet-implanted 

hypertensive rats (DOCA). To establish angiotensin II-infused hypertension, minipumps 

containing angiotension II solution were implanted subcutaneously into rats during 

anesthesia induced by isoflurane (IsoFlo; Abbott Laboratories, North Chicago, IL). 

Angiotensin II solution was infused chronically at the rate of 75 ng/min for 2 weeks. To 

establish DOCA hypertension, rats were anesthetized with ketamine (I 00 mg/kg ip; 

Abbott Laboratories, North Chicago, IL) and xylazine (10 mg/kg ip; Phoenix Scientific, 

St. Joseph, MO). A right nephrectomy was performed via retroperitoneal incision, and 

DOCA (200 mg, 60-day time release, Innovative Research of America, Sarasota, FL) or 

placebo pellet was implanted subcutaneously. The ANG model of hypertension is widely 

utilized to model human angiotensin II-dependent hypertension. The ANG/HS and 

DOCA models of hypertension demonstrate severe vascular remodeling and 

inflammation. After 2 weeks, systolic blood pressure was measured, and then, rats were 

42 
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anesthetized with sodium pentobarbital (Nembutal, 50 mg/kg IP; Abbott, Chicago, IL) 

and the aorta and mesenteric arteries were isolated. Animal protocols were approved and 

monitored by the Medical College of Georgia Institutional Animal Care and Use 

Committee. 

2. Blood pressure measure~ent 

Systolic blood pressure was measured by tail-cuff plethsmyography to confirm 

hypertension. Bnefly, rat tails were placed into the occluding cuffs containing pneumatic 

pulse transducers (IITC Life Science, Woodland Hills, CA). Rats were adapted into the 

restraining chamber under 30 oc for 15, min. Signals from the transducers were 

automatically collected using Mac Lab (AD Instruments, Milford, CT) during the cycle of 

air inflation and deflation of occluding cuffs. Systolic blood pressure of each rat was 

determined by average of 4 to 6 independent reading. 

3. Isolated artery preparation and vascular reactivity protocol 

Aorti~ rings and third-order branches of the superior mesenteric artery were 

isolated, cleaned, and mounted on wire myographs (Danish Myo Technology A/S, 

Denmark) containing physiological saline ·solution (PSS, pH=7.4, mmol!L: 130 NaCl, 4.7 

KCl, 1.18 KHzP04, 1.17 MgS04·7HzO, 14.9 NaHC03, 5.5 Dextrose, 0.26 EDTA, 1.6 

CaCiz). In some artery segments, mechanical rubbing of the luminal surface with human 

hair denuded the endothelial layer, which was confirmed by absence of ACh-induced 

vasorelaxation after pre-constriction. Cumulative concentration-response curves to ACh 

(1 nmol/L - 10 1-1moVL) were performed after pre-contraction of arterial segments. 
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Artery ·segments from DOCA or Placebo were pre-contracted with phenylephrine (1 

~-tmol/L); all others were pre-contracted with U-46619 (1 1-lffiOI/L). To study the 

participation of vasorelaxation pathways, ACh concentration-response curves were 

performed in the presence and absence of: 1) NOS inhibitor, Nro-Nitro-L-arginine methyl 

ester hydrochloride (L-NAME, 100 ~-tmol/L), 2) COX inhibitor, indomethacin (Indo, 10 

~-tmol/L), 3) Ca2+-activated K+ channel blockers, charybdotoxin (ChTX, 50 nmol/L) plus 

apamin (Ap, 50 nmol/L), 4) nonspecific K+ channel blocker, tetraethylammonium (TEA, 

1 mmol/L), 5) catalase (5000 U/mL), 6) various combinations of inhibitors, or 7) vehicle 

(PSS as control). Cumulative concentration-response curves were also performed to 

sodium nitroprusside (SNP, 100 pmol/L- 10 ~-tmol/L) in the presence ofL-NAME (100 

~-tmol/L), and to H20 2 (10 nmol/L- 1 mmol/L) in the presence and absence ofL-NAME 

(100 ~-tmol/L) or endothelium-denuded artery segm~nts. All inhibitors were pre

incubated for 30 min prior to experiments, except for catalase, which was pre-incubated 

for 1 hr. The degrees of pre-contraction of artery segments with all treatments were 

similar to the control. Relaxation responses to ACh were plotted as a percent relaxation 

from the maximum contraction. Each experiment was conducted on artery segments 

from different animals. 

4. Measurement of intracellular cGMP content 

The' mesenteric bed, including arteries and veins, was cut away from the intestinal 

wall of each rat after anesthetization using sodium pentobarbital followed by 

euthanization by thonicotomy. The isolated mesenteric bed was placed in a dissecting 

dish containing ice cold PSS. The fat and veins were carefully pulled off from the 
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arteries using forceps under an Olympus dissecting microscope. Aorta was also isolated 

and cleaned from the fat in the ice cold PSS. Both arteries were divided into 4 sections, 

and incubated at 37°C in oxygenated PSS with 3-isobutyl-1-methylxanthine (300 

f.!mol!L) for 15 minutes in the presence and absence of L-NAME (100 f.!mol!L) or L

NAME plus SNP (I 0 f.!mol!L). Additional arterial segments were preincubated in the 

presence and absence ofL-NAME for 5 minutes prior to the addition of ACh (1 f.!IDOliL) 

for 10 minutes. Arterial segments were snap-frozen in liquid nitrogen immediately after 

incubation, and homogenized in ice cold I 0 % trichloroacetic acid solution (LabChem 

Inc., Pittsburgh, PA) with a glass tissue grinder (Wheaton, Millville, NJ). cGMP was 

extracted from the homogenates of tissue, quantitated by radioimmunoassay, and 

normalized to mg protein content as described previously (Sasser eta!., 2004). Protein 

concentrations were determined by standard Bradford assay (Bio-Rad Laboratories, 

Hercules, CA) using bovine serum albumin as the standard. 

5. Measurement of vascular H 20 2 production 

Aorta and mesenteric arterial bed were isolated, cleaned, divided into 4 sections, 

and placed into modified Krebs!HEPES buffer (mmol!L: 99.01 NaCl, 4.69 KCl, 1.03 

KH2P04, 1.20 MgS04·?H20, 25.0 NaHC03, 5.6 dextrose, 20.0 Na-HEPES, 2.50 CaCh). 

The amplex red assay (a fluorometric horseradish peroxidase (HRP)-linked assay, 

Molecular Probes, Eugene, OR) was used to quantitate H20 2 as previously described 

(Landmesser et a/., 2003). Briefly, arterial segments were incubated with amplex red 

reagent and HRP in modified Krebs!HEPES buffer protected from light at 37°C for 60 
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minutes in the presence and absence of L-NAME (1 00 1-lmol/L), ACh (1 11mol/L) or L-

NAME plus ACh. H20 2 production was normalized to mg protein content. 

6. Immunoblotting 

The mesenteric arterial bed was isolated, cleaned, divided into 2 sections, and incubated 

in PSS for 5 minutes followed by an additional 2 minutes in the presence and absence of 

' 
ACh (10 11mol/L). Arterial segments were snap-frozen in liquid nitrogen immediately 

after incubation, placed into ice-cold homogenization buffer (mmol/L: 20.0 Na-HEPES 

with pH=7.4, 1.0 EGTA, 210.0 mannitol, and 70.0 sucrose) containing protease inhibitors 

(Roche Applied Science, Indianapolis, IN) and phosphotase inhibitors (Pierce, Pockford, 

IL), and homogenized on ice with a glass tissue' grinder. Protein concentrations were 

determined by standard Bradford assay, and Western blotting was performed as described 

previously (Sasser et a!., 2007). Briefly, after transferring protein onto PVDF, the 

membrane was blocked in blocking buffer (LI-COR Biosciences, Lincoln, NE or Nacalai 

USA, San Diego, CA). Two-color immunoblots were performed using primary 

antibodies to NOS3 (BD transduction laboratory, San Jose, CA), phosphorylated NOS3-

Ser 1177 (Cell Signaling, Danvers, MA), phosphorylated NOS-Ser 635 (Upstate, Lake 

Placid, NY), phosphorylated NOS3-Thr 495 (Upstate, Lake Placid, NY), Akt (Cell 

Signaling, Danvers, MA), phosphorylated Akt-Ser 473 (Cell Signaling, Danvers, MA), 

V ASP (Cell Signaling, Danvers, MA), phosphorylated V ASP-Ser 239 (Cell Signaling, 

Danvers, MA), catalase (Abeam, Cambridge, MA), GPx (AbFrontier, Seoul, Korea), 

SOD1 (CuZn SOD; Stressgen, Victoria, British Columbia Canada), SOD2 (Mn SOD; 

Stressgen, Victoria, British Columbia Canada), SOD3 ( ecSOD; generously provided by 
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Dr. Tohru Fukai), and ~-actin (Sigma, St. Louis, MO). Specific bands were detected 

using the Odyssey Infrared Imager. IRDye800 (Rockland, Gilbertsville, PA) and 

AlexaFluor 680 (Molecular Probes, Eugene, OR) were used as secondary antibodies for 

the detection of two different species' primary antibodies. ~-actfn was used to verify 

equal protein loading. Relative densitometric units (RDU) were calculated by 

normalization to ~-actin, total NOS, total Akt, or total V ASP for the purposes of 

experiments. 

7. Measurement of antioxidant activity 

The mesenteric arterial bed was isolated, cleaned, divided into 2 sections, and 

incubated in PSS for 5 minutes followed by an additional 2 minutes in the presence and 

absence of ACh (10 f1mol!L). Arterial segments were snap-frozen in liquid nitrogen 

immediately after incubation, placed into ice-cold homogenization buffer (mmol!L: 20.0 

Na-HEPES with pH=7.4, 1.0 EGTA, 210.0 mannitol, and 70.0 sucrose), and 

homogenized on ice with a glass tissue grinder. Supernatant was obtained by 

centrifugation (1,500 xg, 5 min for SOD; 10,000 xg, 15 min for catalase and GPx). 

Tissue SOD, catalase, and GPx activities were determined according to manufacturer's 

instructions (Cayman Chemical, Ann Arbor, MI). Briefly, SOD activity was determined 

by the reaction between 0 2- and tetrazolium salt to produce Formazan dye. Catalase 

activity was determined by its catalytic properties that convert methanol to formaldehyde. 

GPx activity was determined indirectly by the rate of the recycling reaction of the 

oxidized glutathione by glutathione reductase and NADPH. 
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8. Measurement of tissue BH4 and 7,8-BHz 

The mesenteric arterial bed was isolated, cleaned, divided into 2 sections, and 

incubated in PSS for 5 minutes followed by an additional 2 minutes in the presence and 

absence of ACh (10 f.Lmol!L). Arterial segments were snap-frozen in liquid nitrogen 

immediately after incubation. Measurements of tissue B~ and 7,8-BH2 were conducted 

by collaboration with Drs. Livius V. d'Uscio and Zvonimir S. Katusic. Briefly, frozen 

samples were homogenized in extraction buffer (mmol/L: 50 Tris (pH 7.4), 1 

dithiotbreitol, and 1 EDTA) at 4°C and were centrifuged at 10,000 g (8 min at 4°C). 

Biopterin levels were determined after differential oxidation in acid (which converts both 

B~ and 1,8-BH2 to biopterin) and base (which converts only 7,8-BH2 to biopterin) 

conditions by reverse-phase HPLC (Beckman Coulter, Fullerton, CA) with a fluorescence 

detector (Jasco) as described previously (d'Uscio and Katusic, 2006). Data were 

collected and analyzed by 32 Karat chromatography software (Beckman Coulter) and 

normalized against tissue protein levels. BH4 content was calculated from the difference 

in biopterin levels after acid and base oxidations. 

9. Materials 

Angiotensin II was purchased from Phoenix Pharmaceuticals, Inc. (Belmont, CA). 

Mini-osmotic pumps were purchased from Alzet (Cupertino, CA). Deoxycorticosterone 

acetate pellet and placebo pellet were purchased from Innovative Research of America 

(Sarasota, FL) and catalase was purchased from Roche Applied Science (Indianapolis, 

IN). All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO). 
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10. Data analysis 

Values are expressed as mean± SEM. The concentration-response curves to ACh 

were analyzed using nonlinear regression of sigmoidal concentration-response curves 

(GraphPad Prism; San Diego, CA), which were used to calculate the EC50. Blood 

pressure values and vascular reactivity measurements were compared using Student t test 

for paired comparisons. All other values were analyzed by ANOVA followed by a 

Fisher LSD post-hoc test for multiple comparisons (Statistica; Tulsa, OK). A value of P 

:::; 0.05 was considered statistically significant. 



III. RESULTS 

Systolic Blood Pressure 

Systolic blood pressure was significantly increased. in ANG and ANG/HS 

compared to NORM and HS, respectively (ANG: 197 ± 3 mmHg, P<O.OOOl, n=64; 

NORM: 123 ± 2 mmHg, n=54; ANG/HS: 202 ± 5 mmHg, P<0.0001, n=11; HS: 129 ± 4 

mmHg, n=7). DOCA were also confirmed to have significantly higher systolic blood 

pressure over Placebo (DOCA: 197 ± 2 mmHg, P<0.0001, n=7; Placebo: 135 ± 4 mmHg, 

n=9). Increased mean arterial pressure has been documented by telemetry in these 

models of hypertension (Sasser et al., 2002; Elmarakby eta!., 2003). 

Specific Aim 1 

Acetylcholine-induced vasorelaxation 

To evaluate the degree of vasorelaxation in third order mesenteric arteries and 

aortic rings from ANG hypertensive rats, cumulative concentration-response curves to 

ACh were performed. Third· order mesenteric arteries from ANG are less sensitive to 

ACh compared to arteries from NORM (P=0.015), however, no difference in the 

maximum response to ACh was detected between groups (figure 1A; Table 1). In aorta, 

maximal relaxation to ACh was blunted in ANG compared to NORM (P=0.001; figure 

1B; Table 1). The cumulative concentration-responses to SNP were comparable between 

all experimental and control groups studied (Table 2). 

50 



51 

To evaluate the participation of the COX pathway, Ca2+-activated K+ channels, 

and the NOS pathway to mediate vasorelaxation in small arteries from ANG and NORM, 

arteries were incubated with pharmacological blockers prior to initiation of the 

concentration response curves to ACh (figure 2A, 2B; Table 1 ). No change in 

vasorelaxation in small arteries from either NORM orANG was detected with Indo pre-

treatment. ChTX plus Ap significantly decreased sensitivity to ACh in small arteries 

from NORM (P=0.009), whereas these blockers did not alter vasorelaxation in arteries 

from ANG. Similarly, pre-treatment with TEA significantly decreased sensitivity in 

small arteries from NORM (P=O.Oll), while no change was detected in the small arteries 

from ANG. L-NAME significantly decreased sensitivity in small arteries from NORM 

(P=0.0005) and abolished the ACh-induced relaxation in ANG. 

Isolated arteries were incubated with a combination of the pharmacological 

blockers prior to initiation of the concentration-response curves to ACh to verifY that 

blockade of all pathways abolishes the vasorelaxation (figure 2C, 2D; Table 1 ). Pre-

treatment with Indo and ChTX plus Ap significantly decreased the sensitivity to ACh in 

NORM (P=O.OlO), whereas no change was noted in ANG. Indo and L-NAME also 

• 
decreased ACh sensitivity in NORM (P=0.0004; figure 2C), while this pre-treatment 

completely abolished the vasorelaxation in ANG (figure 2D). Pretreatment of small 

mesenteric arteries with all inhibitors abolished the ACh-induced vasorelaxation in both 

NORM and ANG (figure 2C, 2D). 
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Figure 1. ACII-induced vasorelaxation in third order mesenteric arteries (A, n=12) 

and aorta (B, n=6-8) from NORM and ANG. Data are plotted as the percentage of 

relaxation from maximum contractile response. *significant shift in EC50 vs. NORM (P 

< 0.05). t significant difference in maximum response to ACh vs. NORM (P < 0.05). 
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Figure 2. ACII-induced vasorelaxation in third order mesenteric arteries from NORM 

(A, C) and ANG (B, D) in tile presence and absence of Indo, L-NAME, CIITX plus Ap 

(A, B; n=6-12) or a combination of these inhibitors (C, D; n=9-12). Data are plotted as 

the percentage of relaxation from maximum contractile response. * significant shift in 

ECso vs. control (P < 0.05). ·t significant difference in maximum response to ACh vs. 

control (P < 0.05). 
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Table I. Sensitivity and maximal relaxation response to ACh of the third order 

mesenteric arteries from NORM, ANG, HS, ANG/HS, Placebo, and DOCA. 

LogECso Maximum Log ECso Maximum 
Treatment (mol/L) (%) (mol!L) (%) 

NORM (9-12) ANG (6-12) 

Control -7.2 ± 0.1 97.6 ± 1.6 -6.8 ± 0.1 ** 94.1 ± 2.9 

Indo -7.2 ± 0.1 97.2 ± 1.2 -6.8 ± 0.1 98.1 ± 0.5 

ChTX+Ap -6.8 ± 0.1 * 87.6 ± 7.8 -6.7 ± 0.1 88.7±4.7 

L-NAME -6.5 ± 0.1 * 91.0±3.1 NC 2.7 ± 1.8t 

TEA -6.9 ± 0.1 * 97.0 ± 0.5 -6.7 ± 0.1 93.5 ± 4.5 

Indo+ ChTX+Ap -6.8 ± 0.1 * 92.7±2.5 -6.7 ± 0.1 91.9 ± 3.4 

Indo + L-NAME -6.6 ± 0.1 * 81.0 ± 9.8 NC 15.5 ± 11.5t 

Indo+ L-NAME + ChTX+Ap NC 9.6 ± 3.9t NC 3.4 ± 2.0t 

HS (7) ANG/HS (6-11) 

Control -7.2 ± 0.1 99.1 ± 0.3 -6.7 ± 0.1 ** 97.0 ± 1.1 

L-NAME -6.6 ± 0.1 * 82.1 ± 13.3 NC 7.2 ± 3.2t 

Placebo (9) DOCA(7) 

Control -7.3 ± 0.2 98.4 ± 1.2 -6.8 ± 0.3 87.9 ± 10.8 

L-NAME -6.8 ± 0.2* 79.3 ± 10.3 NC 35.2 ± 17.7t 

Data was obtained from experiments described in figures 1, 2, and 3 with n values in 

parentheses. All abbreviations are defined in the text. NC is 'not computable' due to the 

lack of a slope in the line. * significant shift in EC50 vs. each control (P ::0 0.05). t 

significant difference in maximal response vs. each control (P :::: 0.05). ** significant 

difference in EC50 vs. control of NORM, HS, or Placebo (P:::: 0.05). 
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Table 2. Sensitivity and maximal relaxation response to SNP in the presence of L-

NAME of the third order mesenteric arteries and aorta from NORM, ANG, HS, ANG/HS, 

Placebo, and DOCA. 

Animals 

NORM 

ANG 

HS 

ANG/HS 

Placebo 

DOCA 

NORM 

ANG 

LogECso 
(mol!L) 

Maximum 
(%) 

Third order mesenteric artery . 

-8.1 ± 0.1 (6) 96.7 ± 2.5 (6) 

-7.9 ± 0.1 (6) 96.7 ± 1.6 (6) 

-7.9±0.1 (7) 95.3 ± 1.8 (7) 

-7.9 ± 0.1 (6) 99.2 ± 2.7 (6) 

-7.9 ± 0.2 (9) 96.6 ± 1.8 (9) 

-8.0 ± 0.2 (7) 102.4 ± 0.7 (7) 

Aortic ring 

-7.9 ± 0.1 (5) 98.0 ± 1.1 (5) 

-7.6±0.1 (5) 96.0 ± 2.4 (5) 

cGMP 
(pmol/mg protein) 

Mesenteric bed 

86.7 ± 13.1 (14) 

58.4 ± 7.6 (10) 

Aorta 

171.0 ± 13.6 (12) 

158.5 ± 24.2 (11) 

n values are in parentheses. All abbreviations are defined in the text. All comparisons 

were found to have P>0.05. 
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The ANG/HS and DOCA models of hypertension were employed as models of 

severe vascular remodeling and inflammation as well as to determine whether this 

phenomenon is dependent on angiotensin II. Small arteries from ANG/HS displayed an 

impaired ACh-induced vasorelaxation response when compared to HS (P=O.OOOl; Table 

1), and small arteries from DOCA showed a non-significant tendency to decrease 

sensitivity of ACh-induced vasorelaxation compared to arteries from Placebo (P=0.074; 

Table 1). The contribution of the NOS pathway to ACh-induced vasorelaxation in small 

arteries from HS, ANG/HS, Placebo and DOCA was also determined (figure 3; Table 1). 

L-NAME decreased sensitivity to ACh in small arteries from HS (P=O.OOOl) and Placebo 

(P=0.037) rats and largely abolished the vasorelaxation response in arteries from 

ANG/HS and DOCA. Thus, these experiments indicate that the NOS pathway is the 

primary vasodilating pathway present in small arteries from these three models of 

hypertension and is not unique to angiotensin II-dependent hypertension. 
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Figure 3. ACII-induced vasorelaxation in tllird order mesenteric arteries from HS (A; 

n=7), ANGIHS (B; n=6-11), Placebo (C; n=9), and DOCA (D; n=7) in the presence 

and absence of L-NAME. Data are plotted as the percentage of relaxation from 

maximum contractile response. * significant shift in ECso vs. control (P .:5. 0. 05). t 

significant difference in maximum response to ACh vs. control (P < 0.05). 
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NO/cGMP in small mesenteric arteries and aorta 

NO production in small mesenteric arteries and aortic rings was determined by 

measuring the cGMP content in the presence and absence of L-NAME and/or ACh 

(figure 4). The basal cGMP content in small mesenteric arteries from ANG was 

significantly less compared to arteries from NORM (P<O.OOOI; figure 4A). ACh 

stimulation significantly increased cGMP production compared to basal cGMP in small 

mesenteric arteries from NORM (P=0.019) and ANG (P=0.055). As shown in figure 4B, 

basal cGMP production in aortic rings from ANG was significantly less when compared 

to aortic rings from NORM (P=0.0004). ACh induced a significant increase in cGMP 

production compared to basal in aortic rings from NORM (P=0.0003), whereas ACh 

stimulation did not increase cGMP production when compared to basal cGMP of aortic 

rings from ANG. L-NAME abolished the production of cGMP in all groups studied 

(figure 4A, 4B). SNP-induced cGMP production was comparable in both small 

mesenteric arteries and aortic rings from both NORM and ANG (Table 2). 
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Figure 4. Basal and ACII-stimulated cGMP production in small mesenteric arteries 

(,4; n=B-12) and aorta (B; n=6-19) from NORM and ANG in tile presence and absence 

of L"NAME. cGMP levels are normalized to mg protein content. *significant difference 

between groups (P < 0.05). 
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H20 2-induced vasorelaxation 

The result in figure 4A demonstrates that there was a significant increase in ACh

induced cGMP production in small arteries from ANG, although not to the same plateau 

as in NORM despite maximal relaxation. Thus, we reasoned that another NOS

dependent EDRF, possibly H20 2, may be present in small arteries from hypertensive rats. 

To test the involvement of H20 2 in ACh-induced vasorelaxation, small mesenteric 

arteries from ANG were pretreated with catalase for I hr and cumulative concentration

response curves to ACh were evaluated (figure SA). Catalase treatment blunted the ACh

induced vasorelaxation in small arteries from ANG (log EC5o (mol!L), control: -6.8 ± 0.1 

vs. catalase: -6.1 ± 0.2; P=0.003, n=6). To confirm the capacity of HzOz to mediate 

vasorelaxation in small mesenteric arteries from ANG, cumulative concentration

response curves to Hz02 were performed with control endothelium-intact, L-NAME

treated endothelium-intact, and endothelium-denuded small mesenteric artery segments 

(figure SB). HzOz induced vasorelaxation of pre-constricted small arteries from ANG. 

Pre-incubation with L-NAME or denudation of endothelium significantly decreased 

sensitivity to Hz02 in small arteries from ANG (log EC50 (moi/L), control: -4.7 ± 0.02, 

n=7 vs. L-NAME: -4.4 ± 0.03; P<0.001, n=S, Denudation: -4.4 ± 0.05; P=0.0003, n=7). 
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3 

Figure 5. ACh-induced vasorelaxation in the presence and absence of catalase (A; 

n=6) and H20:rinduced vasorelaxation in 'the presence and absence of L-NAME or 

endothelium (B; n=7-8) in third order mesenteric arteries from ANG. Data are plotted 

as the percentage of relaxation from· maximum contractile response. *significant shift in 

ECso vs. control (P < 0.05). 
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NOS-dependent H20 2 production in small mesenteric arteries and aorta 

Basal and ACh-stimulated H20 2 production were determined in the presence and 

absence of L-NAME in small arteries and aortic rings from both NORM and ANG 

(figure 6). As shown in figure 6A, basal and ACh-stimulated Hz02 productions were 

similar in small mesenteric arteries from NORM. Basal HzOz production was 

significantly increased in small arteries from ANG when compared to NORM (P=0.047). 

ACh-stimulation in small arteries from ANG significantly increased Hz02 levels when 

compared to the basal H20 2 production (P=0.015). Interestingly, L-NAME significantly 

decreased the ACh-stimulated H20 2 production in small arteries from ANG (P=0.0002). 

In aortic rings, basal HzOz production was increased in ANG compared to NORM 

(P=O.OOOl), however, ACh-stimulation did not change the Hz02 production in either 

NORM or ANG (figure 6B). HzOz production in aortic rings from both NORM and 

ANG was L-NAME independent. 
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Figure 6. Basal and AC!z-stimulated H202 production in small mesenteric arteries (A; 

n=9-16) and aorta (B; n=9-20) from NO~ and ANG in tlze presence and absence of 

L-NAME. H202 levels are normalized to mg protein content. * significant dijforence 

between groups (P < 0. 05). 
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Specific Aim 2 

Total and phosphorylated protein expression ofNOS3 in small mesenteric arteries 

NOS-dependent cGMP production in small mesenteric arteries from ANG was 

significantly increased in response to ACh, however, the extent was less than NORM. 

Furthermore, basal cGMP content was also less in ANG compared to NORM. Therefore, 

basal and ACh-stimulated phosphoryla!ion of NOS3 was measured in mesenteric arteries 

from both NORM and ANG (figure 7). Total NOS3 expression was comparable between 

groups (n=11), and were not changed with ACh treatment (n=ll; figure 7A). Basal 

phosphorylation at Ser 1177 was reduced in ANG (ANG: 0.7 ± 0.05 RDU vs NORM: 1.0 

± 0.08 RDU; p<0.05, n= 10-11; figure 7B), while basal Ser 633 and Thr 495 were similar 

in ANG and NORM (n=l0-11; figure 7C, 7D). Therefore, reduced basal cGMP content 

in ANG may correspond to reduced basal phosphorylation at Ser 1177. ACh treatment 

increased phosphorylation at Ser 1177 (1.2 ± 0.11 RDU vs 1.0 ± 0.08 RDU; p<0.05, 

n=lO; figure 7B) and Ser 633 (1.2 ± 0.03 RDU vs 1.0 ± 0.02 RDU; p<0.05, n=ll; figure 

7C), and dephosphorylation at Thr 495 (0.8 ± 0.03 RDU vs 1.0 ± 0.03 RDU; p<0.05, 

n=ll; figure 7D) in NORM. In ANG, interestingly, ACh stimulation did not increase 

phosphorylation at Ser 1177 (n=ll; figure 7B), while ACh increased phosphorylation at 

Ser 633 (1.0 ± 0.05 RDU vs 0.9 ± 0.03 RDU; p<0.05, n=ll; figure 7C), and decreased 

phosphorylation at Thr 495 (0.9 ± 0.04 RDU vs 1.0 ± 0.04 RDU; p<0.05, n=ll; figure 

7D). Phosphorylation at Ser 633 in ANG was measured less in response to ACh than 

ACh-stimulated phosphorylation at Ser 633 in NORM. 
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Figure 7. Basal and AC/z-stimulated expression of total NOSJ (A; n=ll) and 

plwspltorylated NOSJ (B, C, D,· n=J0-11) in small mesenteric arteries from NORM 

and ANG. Relative densitometric units were normalized to {J-actin (A) or total NOSJ (B, 

C, and D). *significant difference between groups (P < 0.05). 
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Total and phosphorylated protein expression of Akt in small mesenteric arteries 

Total Akt protein expression was significantly increased in small mesenteric 

arteries from ANG compared to NORM (ANG: 1.4 ± 0.13 RDU vs NORM: 1.0 ± 0.04 

RDU; p<0.05, n=7; figure 8A), and were not changed with ACh treatment (n=7; figure 

8A). Surprisingly, phosphorylation of Akt at Ser 473 was not increased in response to 

ACh in small mesenteric arteries from both ANG and NORM (n=7; figure 8B). 
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Figure 8. Basal and AC/z-stimulated expression of total Akt (,4; n=7) and 

pltosplzorylated Akt at serine (Ser) 473 (B,· n=7) in small mesenteric arteries from 

NORM and ANG. Relative densitometric units were normalized to /]-actin (A) or total 

Akt (B). *significant difference between groups (P < 0. 05). 
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Total and phosphorylated protein expression of V ASP in small mesenteric arteries 

Phosphorylation of V ASP at Ser 239 is a well-characterized substrate for cGMP

dependent protein kinase (PKG) (Smolenski A et a!., 1998 273). To evaluate 

cGMP/PKG -signaling, phosphorylation of V ASP at Ser 239 in response to ACh was 

measured in small arteries from ANG and NORM (figure 9). Total V ASP protein 

expression was significantly increased in small mesenteric arteries from ANG compared 

to NORM (ANG: 1.6 ± 0.15 RDU vs. NORM: 1.0 ± 0.11 RDU; p<0.05, n=7; figure 9A), 

and were not changed with ACh treatment (n=7; figure 9A). Basal phosphorylation at 

Ser 239 was similar between NORM and ANG (n=7, figure 9). ACh-stimulated 

phosphorylation at Ser 239 was significantly increased in small arteries from NORM (1.4 

± 0.19 RDU vs. 1.0 ± 0.08 RDU; p<0.05, n=6; figure 9B), while no change was observed 

in small arteries from ANG in response to ACh (n=6, figure 9B). 
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Figure 9. Basal and ACh-stimulated expression of total Vasodilator-stimulated 

phosphoprotein (VASP) (A; n=6) and plwsplwryated VASP at serine (Ser) 239 (B; 

n=6) in small mesenteric arteries from NORM ami ANG. Relative densitometric units 

was normalized to fJ-actin (A) or total VASP (B). *significant difference between groups 

(P < 0.05). 
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BH4 and BH2, and BH4/BH2 ratio in small mesenteric arteries 

The amounts of BH4 and BH2 in vessels are very important to NOS3 activity and 

uncoupling. As shown in figure lOA, B~ level in small arteries was comparable 

between NORM and :ANG (n=l3). BH2 level in small arteries from ANG showed the 

tendency to be increased compared to NORM (ANG: 1.07 ± 0.17 vs NORM: 0.69 ± 0.12 

pmol/mg; p=0.080, n=l3; figure lOB). According to the analysis using B~ and BH2 

data, BHJBH2 ratio was significantly decreased in small arteries from ANG compared to 

NORM (ANG: 8.64 ± 0.94 vs NORM: 12.31 ± 1.27; p=0.029, n=ll-12; figure lOC). 
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Figure 10. BH4 /evel (A; n=l3), BHz/evel (B; n=13), and BH/BHz ratio (C; n=13) in 

small mesenteric arteries from NORM and ANG. BH4 and BH2 levels were normalized 

to mg protein content. *significant difference between groups (P < 0. 05). 
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Specific Aim 3 

Activity and protein expression of antioxidants in small mesenteric arteries 

Total SOD activity was reduced in homogenates of mesenteric arteries from ANG 

compared to NORM (ANG: 47.0 ± 3.11 vs. NORM: 64.4 ± 1.86 U/mg protein; p<0.05, 

n=5-6; figure llA), and acute in vitro incubation with ACh did not affect total SOD 

activity (n=5-6; figure llA). Potassium cyanide is known to inhibit CuZn SOD and 

ecSOD (Marklund S, 1980 492), thus the incubation with potassium cyanide was applied 

for the detection ofMn SOD activity. Mn SOD activity was comparable between groups 

and not affected by ACh (n=5-6; figure llA). Similar Mn SOD activity result was well 

correlated with Mn SOD protein expression result, which showed no difference between 

groups (n=5-6; figure liB). Cu/Zn SOD and ecSOD protein expressions were reduced in 

ANG compared to NORM (Cu/Zn SOD: 0.7 ± 0.12 vs. 1.0 ± 0.09 RDU; p<0.05, n=5-6; 

figure 13C; ecSOD: 0.7 ± 0.04 vs. 1.0 ± 0.06 RDU; p<0.05, n=6-9; figure liD). ACh did 

not influence either the activity or the protein expression of three isoforms of SOD in the 

small arteries from ANG or NORM (figure liB, llC, liD). 

Interestingly, both enzymatic activity and protein expression of catalase in ANG 

were significantly reduced compared to NORM (activity: 45.8 ± 3.90 vs. 59.1 ± 2.68 

nmollminlmg; p<0.05, n=6; figure 12A; protein expression: 0.7 ± 0.7 vs. 1.0 ± 0.7 RDU; 

p<0.05, n=ll-12; figure 12B). ACh did not influence either the activity or the protein 

expression of catalase in the small arteries from ANG or NORM (figure 12A, 12B). The 

activity and protein expression of GPx were similar between groups, and not changed 

with acute ACh incubation (n=5-6, figure 13A, 13B). 
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Figure 11. Basal and ACIJ-stimulated superoxide dismutase (SOD) activity (A; n=S-6) 

and expression of Mn SOD (B; n=S-6), CuZn SOD (C; n=S-6), and EC SOD (D; n=9-

12) in small mesenteric arteries from NORM and ANG. Activity (A) was normalized to 

mg protein, and relative densitometric units (B, C, and D) were normalized to f3-actin. 

*significant difference between groups (P < 0. 05). 
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Figure 12. Basal and ACII-stimulated catalase activity (A; n=6) and expression (B; 

n=ll-12) in small mesenteric arteries from NORM and ANG. Catalase activity (A) was 

normalized to mg protein, and relative densitometric units (B) was normalized to {3-actin. 

*significant difference between groups (P < 0. 05). 
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Figure 13. Basal and ACII-stimulated glutathione peroxidase (GPx) activity (A; n=5-6) 

and expression (B; 1i=5-6) in small mesenteric arteries from NORM and ANG. GPx 

activity (,4) was normalized to mg protein, and relative densitometric units (B) was 

normalized to f3-actin. *significant difference between groups (P < 0. 05). 



IV. DISCUSSION 

Specific Aim 1: 

To evaluate whether the both NO/cGMP pathway and the HzOrmediated 

pathway contribute to maintain NOS-dependent ACh-induced vasorelaxation of 

small mesenteric arteries from hypertensive rats 

The novel findings of the present study are: 1) small mesenteric arteries from 

three models of hypertension all demonstrate maintenance of maximal ACh-induced 

vasorelaxation similar to normotensive controls; 2) the NOS-dependent component of the 

vasorelaxation is dramatically increased in small arteries from hypertensive rats; and 3) 

the increased NOS-dependent component of the ACh-induced vasorelaxation in small 

arteries from hypertensive rats is mediated by NOS-derived NO/cGMP as well as NOS

dependent HzOz. Thus, the NOS pathway is the primary EDRF pathway in small 

mesenteric arteries from experimental models of hypertension. These findings reveal a 

novel regulatory mechanism of the NOS pathway in small arteries distinct from large 

arteries. NOS-mediated HzOz is a component of the ACh-induced vasorelaxation, which 

we suggest compensates for reduced NO bioavailability. This study also confirmed 

previous reports that the Ca2+-activated K+ channel-sensitive component of 

vasorelaxation in small arteries from hypertensive rats is dysfunctional and that impaired 
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NOS-dependent cGMP production is responsible for the blunted aortic vasorelaxation in 

hypertensive rats. 

Endothelial dysfunction in large and small arteries is distinct 

Conduit arteries from hypertensive models have "endothelial dysfunction" or a 

blunted vasorelaxation in response to endothelium-dependent agonists. These studies 

have led to the common dogma that endothelial dysfunction is mediated by reduced NO 

bioavailability and decreased activation of soluble guanylyl cyclase leading to blunted 

vasorelaxation. The present study confirms this mechanism in aortic rings. In contrast, 

small mesenteric arteries from hypertensive rats have a maximal response to ACh- and 

SNP-induced vasorelaxation that is comparable to arteries from normotensive rats. 

Therefore, small arteries have a distinct mechanism to maintain vasorelaxation during 

hypertension. 

Small resistance arteries have multiple endothelial-dependent vasodilating 

mechanisms, the major ones being NOS, COX, and EDHF. In this study, 

pharmacological blockade of these pathways was utilized to determine the components of 

the ACh-induced vasorelaxation. Only the NOS and K+ channel pathways are active in 

small arteries of normotensive rats, and interestingly, the data indicates that these 

pathways may interact. Future studies will examine this interaction. There was a loss of 

the K+ channel pathway in small arteries from hypertensive rats which is consistent with 

previous reports in small mesenteric arteries in SHR and ANG rats (Fujii et a!., 1992; 

Randall and March, 1998; Kimura and Nishio, 1999; Sunano et a!., 1999; Goto et a!., 

2004; Kansui et a!., 2004a). Studies that have assessed EDHF- and NOS-mediated 
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dilation in mesenteric resistance arteries from hypertensive rats and nuce report 

decreased NO and/or EDHF contributions to relaxation in mesenteric arteries (Randall 

and March, 1998; Kimura and Nishio, 1999; Sunano et al., 1999; Kansui et al., 2004a; 

Wang et al., 2006). Although it is very difficult to compare these studies because of 

differences in experimental protocols and/or animal models, many of these studies 

observed an imbalance of the EDHF and/or NOS pathways in the vasodilator response. 

The present data demonstrate that there is a shift to the NOS pathway to maintain 

endothelium-dependent relaxation in mesenteric resistance arteries from hypertensive rats. 

Rusch and colleagues have demonstrated increased expression of the a-subunit of Ca2+

activated K+ channel with enhanced K+ channel activity in freshly isolated aortic smooth 

muscle cells from SHR (Liu et al., 1997). Also, the ~ 1 subunit of the large-conductance 

K+ channel (BK) expression is up-regulated in mesenteric arteries from SHR and this is 

normalized with captopril treatment (Chang et al., 2006). Amberg eta! reported that BK 

channels have a reduced ability to respond to Ca2+ sparks and modulate vascular tone and 

the ~1 subunit is depressed in cerebral arteries from ANG (Amberg et al., 2003). 

Therefore, the mechanism of Ca2+ -activated K+ channel-mediated vasorelaxation 

dysfunction in small arteries is unknown as there does not appear to be a clear correlation 

ofBK channel subunit expression and functional activity in isolated arteries from models 

of hypertension. 

NOS-dependent NO and H20 2 maintain vasorelaxation in small arteries 

We hypothesized"that the NOS pathway is activated to generate both NO and 

H202 to maintain ACh-induced vasorelaxation in small mesenteric arteries from 
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hypertensive rats. Our laboratory previously demonstrated reduced basal NO/cGMP 

signaling via dysfunctional NOS phosphorylation in small mesenteric arteries from 

DOCA rats with no increased vascular 0 2• (Sasser et al., 2004). Interestingly, reduced 

phenylephrine sensitivity in small arteries from DOCA-salt hypertensive rats was 

normalized following combined antioxidant and L-NAME treatment, but not in 

experiments with these reagents separately, suggesting that a NOS-derived vasodilatory 

reactive oxygen species, possibly H20 2, mediates this effect. 

The present study confirmed our previous report that small and conduit arteries 

from hypertensive rats have reduced basal NO/cGMP signaling (Sasser eta!., 2004) and 

shows that ACh-stimulation of small arteries from both normotensive and hypertensive 

rats activates NOS, indicated by significant increases in cGMP production. ACh-induced 

cGMP production was not evident in aortas from hypertensive rats. This difference 

between large and small. arteries was not due to a defect in the response to NO because 

SNP stimulated the same level of cGMP production in both small and large arteries from 

normotensive and hypertensive rats. Despite comparable ACh-induced relaxation, ACh 

activates the NO/cGMP pathway in small mesenteric arteries even under hypertensive 

conditions, although to a lesser extent than from normotensive rats. 

Several reports have shown a catalase-sensitive component of vasorelaxation in 

human, rat, and mouse small mesenteric and coronary arteries (Matoba et a!., 2000; 

Matoba eta!., 2002; Liu eta!., 2006), however, no reports have shown NOS-dependent. 

HzOz production mediating vasorelaxation. We confirmed that catalase treatment blunted 

ACh-induced relaxation in small arteries from ANG and verified that H20 2 directly 



80 

mediates vasorelaxation. Furthermore, we found that HzOz-induced relaxation is, at least 

in part, endothelium and NOS-dependent in small arteries from ANG. 

Small mesenteric arteries and aortic rings from hypertensive rats have 

significantly higher levels of basal H20z when compared to vessels from normotensive 

rats. ACh-induced H20 2 production was evident only in small arteries from hypertensive 

rats and was L-NAME-sensitive, further supporting the role of Hz02 as an EDRF. We 

conclude that ACh stimulates NOS-mediated cGMP and HzOz production to maintain 

vasorelaxation in small arteries from hypertensive rats. 

It is not clear whether the ACh-induced L-NAME-sensitive HzOz production is 

directly or indirectly generated from NOS. Rosen and colleagues have shown direct 

production ofHzOz by purified NOS1 and NOS2 (Rosen eta/., 2002; Tsai eta/., 2005; 

Weaver et a/., 2005), however NOS3 has not yet been studied. Purified NOS 1. generates 

HzOz when the NOS cofactor, tetrahydrobiopterin, is bound and L-arginine levels are low, 

while NOS 1 generates Oz- when tetrahydrobiopterin is not bound. Alternatively, H20 2 

production may be elicited by the conversion of uncoupled NOS-mediated 0 2- either 

spontaneously or via SOD. Harrison and colleagues have reported that SOD3 

(extracellular SOD or ecSOD) is a principal regulator of the endothelium-derived NO 

bioavailability in conduit arteries (Fukai et a/., 2002) and SOD3 has been reported to be 

up-regulated in ANG (Fukai et a/., 1999). However, future studies are necessary to 

determine the source(s) ofH20 2 in these arteries .. 

The mechanism of NOS-dependent H20 2-mediated vasorelaxation is not yet clear. 

HzOz-mediated vasorelaxation in the coronary circulation and the superior mesenteric 

artery is dependent on 4-aminopyridine-sensitive K+ channels (Gao et a/., 2003; Rogers 
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et a/., 2006), while H20 2-mediated vasorelaxation in the superior mesenteric artery from 

SHR is dependent on Ca2+-activated K+ channels (Gao et al., 2003). This is opposed to 

our study and others demonstrating dysfunctional K+ channel activation in arteries from 

hypertensive rats. It appears unlikely that Ca2+ -activated K+ channels mediate the NOS

dependent H20 2-mediated vasorelaxation seen in this study. Other pathways will be 

required to determine the likely mechanism for the H20z-mediated vasorelaxation. This 

mechanism will be complex, since we show both NOS-independent as well as NOS

dependent HzOz production. 

Specific Aim 2: 

To evaluate the NOS3 phosphorylation status and the BH4/BH2 ratio in small 

mesenteric arteries from hypertensive rats compared to normotensive rats 

In the present studies, we first demonstrated that phosphorylation of NOS3 at Ser 

1177 is impaired not only in basal condition but also in following ACh-stimulation in 

small mesenteric arteries from ANG, whereas phosphorylation at Ser 633 and Thr 495 are 

intact in response to ACh in small mesenteric arteries from ANG compared to NORM. 

Akt phosphorylation at Ser 473 appears not to be involved in ACh-stimulated NOS3 

phosphorylation in small mesenteric arteries because it was not changed in response to 

ACh in either ANG or NORM. BHJBH2 ratio was decreased in small arteries from ANG 

compared to NORM, suggesting that NOS3 may produce ROS as well as NO in response 

to ACh in small mesenteric arteries from ANG. In addition, we also found that the 
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phosphorylation of V ASP at Ser 239 was impaired in response to ACh in small 

mesenteric arteries from ANG compared to NORM. This result indicates that cGMP

induced PKG activation appears to be dysfunctional in small mesenteric arteries from 

ANG, yet this pathway is activated in NORM. Therefore, we suggest that NOS3 activity 

is differently regulated in response to ACh in small mesenteric arteries from hypertensive 

condition. 

NOS3 phosphorylation is distinctly regulated in small arteries from hypertensive 

rats compared to normotensive rats. 

Phosphorylation ofNOS3 at multiple sites has been recognized as one of the most 

important mechanisms to regulate NOS3 activity. Phosphorylation at Ser 1177, Ser 633, 

and dephosphorylation at Thr 495 have been shown to activate NOS3, consequently 

augmenting NO/cGMP signaling in bovine aortic endothelial cells (Mount eta!., 2007). 

A number of studies have demonstrated that there is altered basal phosphorylation of 

NOS3, mainly at Ser 1177, in vasculature from hypertensive animals such as 2K1C 

hypertensive (Hiyoshi et a!., 2005) and DOCA-induced hypertensive rats (Sasser et al., 

2004). However, dynamic changes of phosphorylation of NOS3 of small arteries in 

response to stimuli have rarely been studied in pathophysiologic conditions including 

hypertension. Previously, we reported that (I) basal cGMP content of small mesenteric 

arteries was less in ANG compared to NORM, and (2) ACh significantly increased 

cGMP production, in small mesenteric arteries from ANG, although to a lesser extent 

than from NORM. Thus, we hypothesized that (1) basal NOS3 phosphorylation is 

reduced at Ser 1177 and Ser 633, and increased at Thr 495 in small arteries from ANG, 
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and (2) ACh-stimulated phosphorylation ofNOS3 would be blunted in ANG compared to 

NORM. Our present results suggest that reduced basal NO/cGMP signaling in small 

arteries from ANG may be attributed to the reduced basal NOS3 phosphorylation at Ser 

1177. While, phosphorylation at Ser 633 and dephosphorylation at Thr 495 are intact in 

response to ACh, and may mediate the NO/cGMP signaling in small arteries from ANG. 

Various stimuli such as ACh, bradykinin, insulin, VEGF, and shear stre~s elicit 

phosphorylation ofNOS3 in Ca2+-dependent and/or Ca2+-independent manner. Several 

kinases including Akt, PKA, PKC, PKG, AMPK and CaMKII are involved in these 

phosphorylation events (Sessa, 2004). Serine/threonine kinase Akt is activated primarily 

in response to stimulation of transmembrane receptors with intrinsic tyrosine kinase 

activity. Akt is also indirectly coupled to seven transmembrane G protein-coupled 

receptors. In vascular endothelial cells, activated Akt by various agonists consequently 

phosphorylates Ser 1177 ofNOS3. Therefore, we evaluated Akt phosphorylation at Ser 

473 in response to ACh in small mesenteric arteries from ANG compared to NORM. In 

our studies, total Akt protein expression was increased in mesenteric arties from ANG 

compared to NORM. More surprising result to us was that phosphorylation of Akt at Ser 

473 was not increased by ACh in either NORM or ANG. Many studies have been 

conducted to determine the alteration of total Akt protein expression and its 

phosphorylation status in hypertensive condition. Total Akt protein expression has not 

been changed in aorta from DOCA (Northcott eta/., 2002), L-NNA-treated hypertensive 

rat (Northcott et a/., 2002), and obese Zucker rats (Nishimatsu et a/., 2005), and in 

mesenteric arteries from DOCA (Sasser et al., 2004) and ANG (Benkirane et al., 2006) 

except one study demonstrating increased total Akt protein expression in aorta from 
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2K1C on day 14 (Hiyoshi et al., 2005). _Basal phosphorylation of Akt of Ser 473 is 

controversial: decreased in aorta from DOCA (Northcott et al., 2002) and obese Zucker 

rats (Nishimatsu et al., 2005), not changed in aorta from L-NNA-treated hypertensive rat 

(Northcott et al., 2002) and mesenteric arteries from DOCA (Sasser et al., 2004), or 

increased in aorta from 2K1 C on day 14 (Hiyoshi et al., 2005) and ANG (Benkirane et al., 

2006). In stimulated conditions, ACh increased phosphorylation of Akt at Ser 473 

maximally after 15 min without any change in total Akt protein levels in aorta from obese 

rats (Zecchin et al., 2007). Walsh and colleagues demonstrated the involvement of Akt 

in ACh-induced vasorelaxation using adenoviral transduction (Luo et al., 2000). They 

reported that mouse aorta transduced with dominant negative Akt showed significantly 

blunted ACh-induced relaxation compared to adeno-~-gal-transduced aorta, indirectly 

suggesting that Akt is involved in vasorelaxation and NOS3 activation by ACh. However, 

some studies showed that ACh-stimulated Akt phosphorylation was observed to be 

unchanged in diabetic mice compared to control (Kobayashi et a!., 2004). This 

discrepancy may be attributed to the diversity of the animal model of hypertension as 

well as examined tissue. Our results are likely to assume that Akt might not be involved 

in ACh-induced phosphorylation ofNOS3 in small arteries from either ANG or NORM. 

However, several other interpretations can be raised. Our results were obtained from 

homogenates of entire mesenteric arteries; therefore Akt in smooth muscle cells may 

mask the change of Akt in endothelial cells. Furthermore, NOS3-bound Akt may 

regulate NOS3 activity more precisely than total Akt. Thus, further investigation is 

needed to determine the phosphorylation status of Akt co-immunoprecipitated with 

NOS3 in response to ACh in small mesenteric arteries from NORM and ANG, and, 
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additionally, whether increased blood pressure or increased plasma angiotensin II level 

influence the expression of Akt. 

Reduced BH.JBH2 ratio may facilitate NOS-mediated HzOz in small arteries from 

hypertensive rats. 

BH4 is an essential cofactor in NO biosynthesis, and B~ deficiency is a major 

mechanism of NOS uncoupling. In addition to absolute BH4 level, the ratio between 

fully reduced B~ and partially oxidized dihydrobiopterin (BH2) influences NOS3 

uncoupling. BH2 is known to be unable to support NO production, but may effectively 

reduce B~ availability by competition in binding to NOS3, which inhibits NO 

production and enhances 0 2- formation (Vasquez-Vivar et a!., 2002). The decreased B~ 

and increased BHz by oxidation is a feature seen in the oxidative stress of cardiovascular 

diseases (Alp eta!., 2003; Landmesser eta!., 2003). However, some data suggest that the 

B~IBHz ratio can directly modulate Oz- release from NOS3, independent of absolute 

B~ level (Vasquez-Vivar et al., 2002). Interestingly, the competing condition between 

BH4 and BHz generated less Oz- compared to the Oz- generation under BH4 depleted 

condition, suggesting that NOS3 may produce both NO and Oz- under the competition 

between B~ and BHz (Vasquez-Vivar et a!., 2002). Indeed, B~/BH2 ratio was 

observed to be reduced in most studies (d'Uscio et a!., 2003; Alp and Channon, 2004), 

whereas absolute B~ level has been shown to be either unchanged (Cosentino eta!., 

1998; d'Uscio eta!., 2003) or reduced (Shinozaki eta!., 1999; Landmesser et a!., 2003; 

Alp and Channon, 2004) dependent on the tissue and animal disease models. 
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We revealed NOS-mediated H20 2 in response to ACh in small mesenteric arteries 

from ANG. This led us to conduct the experiment to test the hypothesis that reduced B& 

level and/or reduced BH4/BH2 ratio contribute to the increase of ACh-stimulated NOS

derived H20 2 in small arteries from ANG. Our present results show that B&/BH2 ratio is 

decreased in ANG compared to NORM, while B& levels are comparable between 

groups. Thus, we suggest that the reduced B&/BH2 ratio supports the hypothesis that 

NOS is uncoupled to produce both NO and H202 in response to ACh in small mesenteric 

arteries from ANG. Similar results to ours were demonstrated that the inhibition of B& 

synthesis led to H20rmediated endothelium-dependent vasorelaxation in coronary 

arteries (Cosentino and Katusic, 1995). 

In the present study, we used homogenates of mesenteric arteries containing both 

vascular endothelial cells and vascular smooth muscle cells for the samples to measure 

H202 and BH4IBH2 ratio. We previously demonstrated the existence of functional NOS 1 

in small mesenteric arteries (Sullivan et al., 2002a). Therefore, it is still unclear which 

isoform(s) of NOS is responsible for H202 production in our vessels. Also, we 

previously reported that cytosolic NOS3 is increased in small mesenteric arteries from 

ANG compared to NORM (Sullivan et al., 2002b). Thus, further studies are necessary to 

determine whether cytosolic NOS3 is uncoupled and responsible for the production of 

ROS in hypertensive condition. 

cGMP/PKG signaling pathway is impaired in small arteries from hypertensive rats. 

We measured phosphorylation ofVASP at Ser 239 in small mesenteric arteries to 

examine cGMP-dependent protein kinase (PKG) activity. PKG is the primary 
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downstream target of cGMP in smooth muscle cells, and activates MLCP (Dudzinski et 

al., 2006). PKG-induced MLCP activation results in dephosphorylation of smooth 

muscle myosin, and abrogates tonic contraction of contractile ·apparatus and results in 

relaxation. First, we found that total protein expression of V ASP was increased in ANG 

compared to NORM. Second, as expected from the cGMP results in small mesenteric 

arteries from NORM, phosphorylation at Ser 239 was increased with ACh treatment in 

NORM. However, in ANG, ACh-induced increase of phosphorylation of V ASP was 

absent, which is not correlated with the partial increase of cGMP production by ACh in 

ANG. This discrepancy may be due to the different experimental protocols. cGMP 

production in small arteries was obtained by the 5 minutes preincubation followed by a 

10 minutes incubation with ACh in the presence of a phosphodiesterase inhibitor to 

prevent the degradation of cGMP. While, 2 minutes incubation with ACh was allowed 

for measuring phosphorylation events, because complete vasorelaxation was obtained 

within 2 minutes by ACh in small mesenteric arteries. Another reason for the absent 

phosphorylation of V ASP may be affected by the increased circulating level of 

angiotensin II in ANG. Angiotensin II has been reported to inhibit sGC activity mediated 

by 02- (Yan et al., 2003) and/or by the increase ofphosphodi~sterase SA expression in rat 

aortic smooth muscle cells (Kim et a[., 2005). Thus, cGMP signaling may be attenuated. 

From our results of V ASP phosphorylation, we suggest that the cGMP/PKG pathway in 

small arteries from ANG appears to be impaired in response to ACh, despite maximal 

relaxation. These data lead us to hypothesize that cG~ may mediate vasorelaxation via 

activation of another pathway such as PKA pathway. cGMP can increase cAMP level by 

inhibition of cAMP-hydrolyzing phosphodiesterase 5 activity (Vandecasteele et al., 
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2001), or directly stimulate PKA (Sausbier et al., 2000), which could also contribute to 

the maintenance ofvasorelaxation in small arteries from ANG. 

In conclusion, we found dysfunctional phosphorylation at Ser 1177 and reduced 

BH4/BH2 ratio in small mesenteric arteries from ANG compared to NORM. While, 

NOS3 phosphorylation at Ser 633 and dephosphorylation at Thr 495 are intact and may 

meliiate NQ/cGMP signaling in response to ACh in small arteries from ANG. 

Furthermore, the lower cGMP production by ACh in small arteries from ANG compared 

to NORM may be due to lower phosphorylation at Ser 633 in response to ACh as well as 

reduced B~H2 ratio. Akt phosphorylation at Ser 473 appears not to be involved in the 

signal transduction pathway of NOS phosphorylation in response to ACh in small arteries 

from either NORM orANG. PKG activity in response to ACh may be impaired in small 

arteries from ANG, despite maximal relaxation, speculating the possibility that 

NO/cGMP signaling contributes to the vasorelaxation via an alternative pathway instead 

of PKG in small arteries from ANG. Reduced B~/BH2 ratio supports our hypothesis 

that NOS-mediated HzOz as well as NO/cGMP signaling pathway maintain the 

vasorelaxation in small mesenteric arteries under hypertensive condition. 

Specific aim 3: 

To determine whether antioxidant capability is changed and whether the 

alteration favors the augmentation of HzOz levels in small mesenteric arteries from 

hypertensive rats compared to normotensive rats 
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In the present studies, we investigated the capacity of antioxidant enzymes in 

small mesenteric arteries from ANG because we previously showed the increased basal 

production and further increased H20 2 production by ACh in small arteries from ANG, 

but not NORM. Our results demonstrate the altered activity and protein expression of 

SOD and catalase, but not GPx, in small arteries from ANG compared to NORM. Total 

SOD activity was reduced, which appears to be due to reduced protein expression of both 

CuZn SOD and ecSOD. Mn SOD protein expression was comparable between groups. 

In peroxidase enzymes, both activity and protein expression of catalase were reduced in 

ANG compared to NORM, while GPx was not different in both activity and protein 

expression between groups. Thus, we suggest that angiotensin IT-induced hypertensive 

condition causes the alteration of antioxidant enzymes, and this altered enzymatic 

capacity may result in the increase of H202 production in small mesenteric arteries from 

ANG. 

Antioxidant capacity is altered in small arteries from hypertensive rats 

Many studies have been done to determine whether there are altered activities 

J 

and/or protein expressions of antioxidant enzymes in vasculature from hypertensive 

animals, because oxidative stress caused by imbalance between antioxidant capacity and 

pro-oxidant capacity has been strongly suggested to be involved in the endothelial 

dysfunction in various cardiovascular diseases including hypertension (Cai and Harrison, 

2000). Interestingly, the alterations of antioxidant enzymes are not consistent from one 

study to another, and seem to depend on experimental animal models and examined 
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tissues. Aorta from DOCA showed reduced SOD activity (Wu eta!., 2001). In aorta 

from SHR, increased activity, mRNA and protein expression ofCuZn SOD and Mn SOD 

have been reported (Ulker et a!., 2003). Unchanged activity and protein expression of 

catalase and GPx were observed in aorta from SHR compared to age-matched WKY 

(Ulker eta!., 2003). However, the relative activity and protein expression of antioxidant 

enzymes in small resistance arteries from ANG has not been investigated as intensively 

as conduit vessels. Thus, the present study investigated the alteration of antioxidant 

enzymes in small mesenteric arteries from ANG compared to NORM. Moreover, we 

focused on the antioxidant enzymes responsible for the H20z metabolism whether these 

enzymes contribute to the augmentation ofH20 2 level in small arteries from ANG. 

Hypertension alters SOD activity and protein expression in small arteries. 

First, we evaluated the activity and protein expression of three isoforms of SOD 

in small mesenteric arteries from ANG compared to NORM. Angiotensin II is well 

known activator of NADPH oxidase, which is major source of 0 2- in vascular system 

(Griendling eta!., 2000). The increased Oz- production has gained particuiar attraction in 

the studies about endothelial dysfunction because of its ability to react with NO, resulting 

in ONOO- production. The reaction between 0 2. and NO occurs at an extremely rapid 

rate (6.7 x 109 mol/L-1 
· sec-1

), which is approximately three times faster than the reaction 

between Oz- and SOD (2 x 109 mol/L-1 
· sec-1

) (Fukai eta!., 2002). Because ONoo- is a 

potent oxidizing agent causing deleterious lipid peroxidation and membrane damage of 

vascular cells, SOD play a pivotal role to protect NO bioavailability and prevent ONoo

generation in vascular system. In this present study, we found that total SOD activity 
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was reduced in small arteries from ANG compared to NORM ... Furthermore, the 

experiments with cyanide treatment revealed that cyanide-resistant Mn SOD activity was 

similar between groups. These results suggest that cyanide-sensitive SODs, both CuZn 

SOD and ecSOD, contribute to the reduced total SOD activity. Indeed, both CuZn SOD 

and ecSOD exhibited reduced protein expression in small arteries from ANG compared 

to NORM, whereas Mn SOD protein expression was comparable between groups. 

Accordingly, we conclude that small mesenteric arteries from ANG have reduced SOD 

activity, which may be due to reduced protein expression of CuZn SOD and ecSOD, but 

notMnSOD. 

Recently, several studies have demonstrated the distinct role of ecSOD in vascular 

function of hypertensive condition using ecSOD-knockout mice, because 30-50 % of 

total SOD is ecSOD in vascular tissue (Stralin et at., 1995). ecSOD knockout mice 

showed attenuated vasorelaxation, enhanced vascular 0 2- level, and increased 

hypertensive response to the clip application (2K1 C) or angiotensin II infusion compared 

to wild-type mice (Jung et at., 2003). The authors also showed that in vivo application of 

recombinant ecSOD reduced blood pressure and improved vascular relaxation in 

hypertensive ecSOD-knockout mice. 

Interestingly, there is a discrepancy in the alteration of the activity and/or protein 

expression of ecSOD under the angiotensin II-infused hypertensive condition. Our results 

showed reduced total SOD activity and reduced ecSOD expression in small mesenteric 

arteries from ANG compared to NORM. In contrast, several papers demonstrate 

increased activity and protein expression of ecSOD in aorta from angiotensin II-infused 
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hypertensive mice (Fukai et al., 1999; Gongora et a/., 2006). The reason for this 

discrepancy is not clear, however, several possibilities exist. 

First, the different rate of angiotensin II infusion may result in this discrepancy, 

because it has been suggested that angiotensin II increases ecSOD activity and expression 

via AT1 receptor-mediated pathway (Fukai et al., 1999). Indeed, increased ecSOD 

activity and expression were obtained at a relatively high rate of angiotensin II infusion 

such as 764 ng/kglmin rate for 7 days (Fukai et al., 1999) or 500 ng/kglmin for 14 days 

(Gongora eta/., 2006). While,' our infusion rate was 250 nglkglmin forJ4 days, in which, 

ecSOD expression in small mesenteric arteries was reduced. Welch et a!. also used a 

lower rate of angiotensin II infusion ( 400 ng/kglmin for 14 days) and observed that total 

SOD activities in plasma, aorta and kidney cortex were reduced in angiotensin II-infused 

hypertensive mice compared to normal control, and this reduced SOD activity was 

accompanied with the decreased in ecSOD mRNA and protein expression in kidney 

cortex (Welch et a/., 2006). 

Second, lack of NO may be one ofthe reasons for this discrepancy. NO is known 

to upregulate ecSOD expression via cGMP/PKG pathway and p38MAP kinase

dependent pathways in aortic smooth muscle cells of mice and human, but neither CuZn 

SOD nor Mn SOD were affected (Fukai et al., 2000). In human studies, vascular ecSOD 

expression and activity have been observed to be reduced in coronary arteries from 

patients with coronary artery disease compared to age-matched control subjects, and this 

reduced vascular ecSOD activity was correlated with impaired NO-mediated vasodilation 

in patients (Landmesser et a/., 2000). Thus, it could be speculated that lack of NO 

production in hypertensive condition leads to the decrease of ecSOD expression. This 
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possibility is well correlated to our results, because our results showed that NO/cGMP 

signaling was less in small mesenteric arteries from ANG compared to NORM. However, 

this possibility may not be appropriate to other studies. For example, Gongora et a!. 

demonstrated decreased NO production in aorta from angiotensin IT-infused mice, which 

had increased ecSOD activity and expression (Gongora eta!., 2006). 

Thirdly, increased ROS, especially H20 2, may influence ecSOD activity and 

expression. The incubation of aorta with Hz02 or ONoo· attenuated ecSOD activity 

(Rink eta!., 2002; Jung eta!., 2007), suggesting that increased H20 2 in small mesenteric 

arteries from ANG can inactivate this enzyme. 

Lastly, this discrepancy may be due to the difference between tissues and/or 

species. The activities and/or protein expressions of these antioxidant enzymes have 

been shown different aspects dependent on the examined tissues even if it is from the 

same disease animal models. For example, aorta from SHR has shown increased mRNA, 

protein expression, and activity of both CuZn SOD. and Mn SOD compared to WKY 

(Ulker et a!., 2003). ill kidney from SHR, renal cortex has shown similar activity and 

protein expression of CuZn SOD and increased Mn SOD protein expression compared to 

WKY, while renal medulla has shown similar CuZn SOD activity and decreased protein 

expression of CuZn SOD and Mn SOD compared to WKY (Zhan et al., 2004). Gongora 

et a!. demonstrated the differently regulated SOD enzymes between aorta and small 

mesenteric arteries from angiotensin II-infused hypertensive mice (Gongora eta!., 2006). 

In aorta, angiotensin II infusion increased ecSOD protein expression and activity, while 

CuZn SOD and Mn SOD activities were not changed. ill mesenteric arteries, angiotensin 

II infusion increased protein expression of ecSOD and CuZn SOD, but did not change 
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Mn SOD. Gongora et a!. also showed that the ACh-induced relaxation of small 

mesenteric arteries was not impaired by angiotensin IT-infusion, despite increased Oz

production and blood pressure, suggesting the compensatory response of the increased 

ecSOD and CuZn SOD, which minimize the effect of angiotensin II on endothelium

dependent vasorelaxation. Species should also be considered to contribute to the 

different results of ecSOD in vessels. Normally ecSOD is a tetramer, however rat ecSOD 

is a dimer, and this structural difference of rat ecSOD causes a lack of affinity for heparin 

sulfate proteoglycans under physiological conditions (Carlsson et al., 1996). Thus, 

ecSOD shows very low protein level in rat vascular tissue compared to most other species 

(Karlsson and Marklund, 1988), and rat vascular tissue is poorly protected by low ecSOD 

activity against Of (Marklund, 1984). Indeed, exogenous ecSOD application showed a 

beneficial effect on the studies using hypertensive rats, but not hypertensive mice (Jung et 

al., 2003). The infusion of recombinant heparin-binding CuZn SOD reduced blood 

pressure in ANG (Fukui et al., 1997), and ecSOD-containing adenoviral infected carotid 

arteries from stroke-prone SHR improved NO bioavailability (Fennell et al., 2002). 

Therefore, it may be assumed that .the alteration of ecSOD does not greatly influence 

vascular physiology of rats. 

ecSOD is bound to the vascular wall through heparin-binding domains, and this 

limited area of ecSOD ·expression results in its limited protection against extracellular 0 2-. 

Enzymes. such as vascular NADPH oxidase and uncoupled NOS3 appear to produce 0 2-

mainly within the intracellular space (Griendling et al., 1994). Recently, it has been 

demonstrated using transgenic mice that overexpression of C:uZn SOD improves the 

impaired endothelium-dependent relaxation of carotid arteries treated with angiotensin II, 
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and also attenuates angiotension IT-induced increase in Oz- production (Didion et al., 

2005). This observation suggests that the decrease of CuZn SOD could be implicated in 

the endothelial dysfunction caused by Ang U in hypertensive condition. 

CuZn SOD is localized mainly in cytosol, and it has been suggested th~t 

endothelial H20 2 production is dependent on the endothelial CuZn SOD activity 

(Morikawa K et a!., 2003 112). Interestingly, H20z has been suggested to inactivate 

CuZn SOD by reaction with Cu center of the enzyme, leading to form Cu-OH radical 

(Kim and Kang, 1997). Therefore, increased H20z production in small arteries from 

ANG may reduce CuZn SOD activity by the negative feedback mechanism between 

CuZn SOD and HzOz. 

Most studies including our present study demonstrated no change of Mn SOD in 

hypertensive condition. We observed no change in both activity and protein expression 

of Mn SOD in small mesenteric arteries from ANG compared to NORM. Other studies 

also demonstrated no change of Mn SOD in aorta from 2K1C (Jung et al., 2003), aorta 

and mesenteric arteries from angiotensin II-infused hypertensive mice (Fukai et al., 1999; 

Gongora et al., 2006), renal cortex and renal medulla from angiotensin IT-infused 

hypertensive mice (Welch et al., 2006; Vera et al., 2007). Accordingly, it is likely that 

lack of Mn SOD may be fatal to the cell survival because Mn SOD protects 

mitochondrial function by elimination of Oz- produced within mitochondria. 

Catalase capacity is reduced in small arteries from hypertensive rats. 

Catalase is a peroxidase that eliminates H20 2 by conversion of it to water and 

molecular oxygen in the cells. Thus, reduced activity of catalase can lead to 
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accumulation of H20 2• Our results present that both activity and protein expression of 

catalase were reduced in small arteries from ANG compared to NORM. Although, the 

reason for the reduction of catalase activity and protein expression in ANG is not clear, 

this finding suggests that ACh-stimulated NOS-mediated HzOz in small arteries can be 

accumulated by the reduced catalase activity and protein expression in ANG, thereby 

promoting HzOz action as an EDRF. GPx, another peroxidase, uses glutathione oxidation 

to perform its biochemical function to convert toxic lipid hydroperoxides to alcohols as 

well as H20 2 to water. Glutathione depletion has shown to attenuate endothelium

dependent relaxation in response to ACh in rat aorta by excessive oxidative stress (Ford 

et al., 2006). In our study, both activity and protein expression of GPx in small arteries 

were similar between ANG compared to NORM. We suggest from the catalase and GPx 

results that reduced activity and expression of catalase, but not GPx, may contribute to 

the augmentation of ACh-stimulated H202 production in small mesenteric arteries from 

ANG. 

The vascular ROS level is tightly regulated by the balance between its production 

and elimination. From our previous results, increased basal H20 2 level in small 

mesenteric arteries from ANG appears not to be due to uncoupled NOS because L

NAME treatment did not decrease Hz02 production. Angiotensin II-infusion may 

increase basal HzOz level by stimulation of vascular NADPH oxidase. NADPH oxidase 

produces Oz-, which can be converted to Hz02 by SOD or spontaneously. Our present 

results suggest that reduced catalase capacity may contribute to the increased basal and 

ACh-stimulated HzOz production in small mesenteric arteries from ANG. Taken together, 
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we suggest that the increased basal and ACh-stimulated H20 2 production reflect the net 

result of the increased ROS production by prooxidant enzymes such as NADPH oxidase 

and uncoupled NOS, and reduced peroxidation ofH20 2 to H20 by catalase. 



V. PERSPECTIVES 

This thesis project started from the idea that the mechanism(s) responsible for the 

endothelium-dependent vasorelaxation in small resistance arteries may be different from 

that observed in conduit vessels in the hypertensive condition, because small resistance 

arteries are known to induce vasorelaxation via multiple vasorelaxing pathways including 

NOS, COX, and EDHF pathways in the normotensive condition. We tested the 

hypothesis that the EDHF pathway is active and compensates for the reduced NOS 

pathway in small mesenteric arteries from hypertensive rats. However, our finding 

suggests that the NOS-mediated pathway plays a predominant role to maintain ACh

induced vasorelaxation in compensation for the dysfunctional Ca2+ -activated K+ channel

sensitive EDHF pathway in small mesenteric arteries from hypertensive rats (figure 1, 2,. 

3). Furthermore, our finding suggests that the increased NOS-dependent pathway in 

vasorelaxation of small arteries from hypertensive rats is mediated by both NOS-derived 

NO/cGMP signaling and NOS-mediated H20 2 (figure 4, 5, 6). 

NOS-derived NO/cGMP signaling is partially activated in response to ACh in 

ANG compared to NORM (figure 4). The partial activation ofNO/cGMP signaling may 

be mediated by ACh-induced phosphorylation of NOS3 at Ser 633 and 

dephosphorylation at Thr 495. While, NOS phosphorylation at Ser 1177 is impaired in 

small arteries from ANG, which corresponds with the reduced basal and blunted ACh-

98 
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stimulated NO/cGMP signaling (figure 7). The cGMP-induced PKG activation appears 

to be dysfunctional in small arteries from ANG because V ASP phosphorylation at 239 is 

not changed in response to ACh in ANG, yet this pathway is activated in NORM (figure 

9), suggesting that NO/cGMP-mediated pathway in vasorelaxation may be modified. As 

alternative pathway, cGMP-mediated cAMP/PKA pathway may be proposed, based on 

the evidences that cGMP can increase cAMP level by inhibition of cAMP-hydrolyzing 

phosphodiesterase 5 activity (Vandecasteele eta/., 2001) and/or cGMP directly activates 

PKA (Sausbier eta/., 2000). Thus, we suggest that NOS-derived NO/cGMP signaling is 

partially activated in response to ACh in small mesenteric arteries from ANG. Future 

studies are necessary to determine the mechanism( s) responsible for the impaired NOS3 

phosphorylation at Ser 1177. NOS3-bound Akt may be one oftarget because activated 

Akt is thought to bind NOS3 and induce phosphorylation of NOS3 at Ser 1177 in 

cultured endothelial cells, although our result shows that the phosphorylation of total Akt 

at Ser 4 73 was not changed ih response to ACh in small mesenteric arteries from either 

NORM orANG (figure 8). 

Our findings also indicate that NOS-mediated H20 2 cooperates with NO/cGMP 

signaling to maintain ACh-induced vasorelaxation in small mesenteric arteries from ANG. 

H202 is increased in response to ACh only in small arteries from ANG, and it is L

NAME-sensitive (figure 6). H202 also induces vasorelaxation in small arteries from 

ANG (figure 5). These results support the role of NOS-mediated H20 2 as an EDRF. 

H202 mediates endothelium-dependent and -independent vasorelaxation in mouse, rat, 
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and human mesenteric arteries and porcine, canine and human coronary microvessels 

(Gao et al., 2003; Shimokawa and Morikawa, 2005). 

Based on our present study and others, two questions can be elucidated for the 

future direction. First, it is unclear whether the ACh-induced L-NAME-sensitive HzOz 
I 

production is directly or indirectly generated from NOS. ROS can be produced by 

uncoupled NOS. In hypertensive condition, altered B~ and/or BH2 level is proposed as 

one of the main mechanisms to cause NOS uncoupling. In our results, small arteries 

from ANG have reduced BH.JBHz ratio despite unchanged B~ level (figure 10), which 

supports uncoupled NOS-mediated ROS production. HzOz production can be increased 

by the enhanced conversion of uncoupled NOS-mediated 0 2' to H20 2 via SOD, and/or by 

the reduced_ peroxidation of H20 2 to H20 via peroxidase enzymes. According to our 

results, in small mesenteric arteries from ANG, total SOD activity is reduced, which is 

accompanied by reduced CuZn SOD and ecSOD expression (figure 11 ), speculating that 

reduced SOD activity_ inay_ not influence the increased Hz02 in both basal and ACh-

stimulated condition in small mesenteric arteries from ANG. However, reduced catalase 

activity and expression may contribute to the augmentation of both basal and ACh-

stimulated HzOz in small arteries from ANG (figure 12). Alternatively, there is a 

possibility to produce HzOz directly by NOS3 based on the studies showing that purified 

NOS1 generates HzOz when B~ is bound and L-arginine levels are low, while NOS1 

generates 0 2- when BH4 level is suboptimal (Rosen et al., 2002). Thus, future studies are 

necessary to determine whether NOS3 can produce H20 2 directly or not. 
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Second, it .is still under investigation what the mechanism of H202-mediated 

vasorelaxation is. H20 2 can mediate vasorelaxation via endothelium-dependent and -

independent mechanisms (figure 5), and it appears to be due to not only one but also 

multiple and complex mechanisms. H202 can directly cause hyperpolarization in the 

coronary artery and the superior ~esenteric artery via 4-aminopyridine-sensitive K+ 

channels (Gao eta/., 2003; Rogers eta/., 2006). H202 can activate NOS3 via PI3K/Akt 

and ERK1/2 in bovine aortic endothelial cells (Cai, 2005). cAMP pathway may also be 

involved in H20 2-induced vasorelaxation in canine cerebral arteries (!ida and Katusic, 

2000). Therefore, future studies are necessary to determine the exact mechanism of 

NOS-dependent H202-mediated vasorelaxation in small mesenteric arteries from 

hypertensive animals. 

Taken together, our novel findings suggest that the NOS-mediated pathway plays 

a predominant role in maintenance of vasorelaxation of small mesenteric arteries from 

hypertensive animals. Furthermore, our finding demonstrates that the NOS-mediated 

pathway in hypertensive condition utilizes different mediators (both NO and H20 2) to 

promote vasorelaxation compared to normotensive conditions. Therefore, our finding 

increases our understanding of the different mechanisms underlying vasorelaxation in 

small arteries from normotensive and hypertensive animals. 
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Figure 14. Novel NOS-dependent mechanism of ACh-induced vasorelaxation in small 

resistance arteries from hypertensive condition. EC is endothelial cells and SMC is 

smooth muscle cells. 
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Figure IlL ACh-induced vasorelaxation in the presence and absence of catalase (n=5) 

in third order mesenteric arteries from NORM. Data are plotted as the percentage of 

relaxation from maximum contractile response. *significant shift in EC5o vs. control (P 

< 0.05). 
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Figure IV. ACII-induced vasorelaxation in third order mesenteric arteries from 

NORM (A, n=3}, ANG (B, n=3), and ANGIHS (C, n=4) in tile presence and absence of 

lndo+MS-PPOH, lndo+L-NAME, or lndo+MS-PPOH+L-NAME. MS-PPOH (50 j.iM) 

is a selective inhibitor of CYP enzymes. Data are plotted as the percentage of maximum 

contractile response. * significant shift in ECso vs. control (P < 0. 05). t significant 

difference in maximum response to ACh vs. control (P < 0.05). 
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Figure V. EET-induced vasorelaxation in tlzird order mesenteric arteries from NORM 

(n=3). Data are plotted as the percentage of maximum contractile response. 




