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It was observed that aorta from Angll hypertensive mice exhibit a preserved relaxation 

response to the HNO donor, AS, while mesenteric arteries exhibit a decreased AS

mediated relaxation response. The role of voltage-gated potassium (Kv +) channels was 

explored as a possible mechanism for the decreased HNO vasorelaxation in the 

mesenteric arteries. And finally, using a model of ET-1 induced vascular dysfunction, a 

vasoprotective action of HNO was revealed. 

These data demonstrate that NO- is a mediator of vasodilation, which is lost in the 

mesenteric arteries during Angll hypertension possibly through Kv + channel dysfunction. 

This process may contribute to systemic hypertension. These data also reveal a 

therapeutic role for NO- donors, such as AS, which may lead to alternative treatment 

options during conditions where the use of organic nitrates are not effective. 
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I. INTRODUCTION 

A. Statement of the problem and specific aims of the overall project. 

Hypertension is a leading cause of death and disability in the United States, and 

worldwide. In addition, hypertension is a risk factor for other cardiovascular diseases 

(CVD) and stroke. The etiology of hypertension is varied and requires input from an 

array of factors; genetic, environmental and lifestyle. However, it is widely accepted that 

a change in vascular tone contributes to the pathogenesis of the disease. 

Hypertension is characterized by endothelial dysfunction (ED), which is typified 

by a decrease in the relaxation response to vasodilatory agents, and an increase in the 

contractile response. A decrease in nitric oxide (NO) bioavailability and/or metabolism 

is a purported mechanism in this process. NO is a well-established endothelium-derived 

relaxing factor (EDRF) and aids in the maintenance of vascular tone, decreases platelet 

aggregation and can induce angiogenesis. Since its discovery, NO in the free radical 

form, has been considered to be the predominate mediator of vascular dilation in vivo. 

However, the redox congener of NO, nitroxyl anion (NO), has emerged as an EDRF and 

a possible endothelium-derived hyperpolarizing factor (EDHF). The role of NO- in the 

vasculature is poorly understood and there are no studies investigating the role of this 

redox species in vessels, using a hypertensive model. Thus, three aims were established. 

xi 
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Specific Aim 1: To test the hypothesis that during angiotensin II (AngII)-induced 

hypertension, vasodilation has an increased dependence upon HNO, and that this process 

may be mediated through activation of K+ v channels. To date, only basic studies 

regarding NO- in mesenteric arteries have been performed, with no studies determining 

whether these vessels demonstrate impairment in NO--mediated relaxation. In addition, 

NO- has been suggested to be a new EDHF, and in this specific aim the role of potassium 

channels in NO--mediated relaxation was determined. 

Specific Aim 2: To test the hypothesis that IINO-mediated relaxation will be preserved 

in aorta from Angll hypertensive mice. In the aorta, NO is considered to play a major 

role in vasodilation, and in vessels from AngII-hypertensive animals, decreased NO 

bioavailability is thought to be a primary cause for decreases in endothelium-mediated 

relaxation. Given that NO- is considered to be more stable than the free radical form, 

NO', these studies were performed to determine if the aorta exhibits a similar decrease in 

NO--mediated relaxation during Angll hypertension. 

Specific Aim 3: To test the hypothesis that treatment with the NO donor, nitroglycerin 

(Gtn), will exacerbate endothelin-1 induced vascular dysfunction via an increase in ROS, 

while treatment with the NO- donor, Angeli's Salt (AS) will not. Although Gtn is a 

widely used treatment for cardiovascular conditions, chronic administration of Gtn leads 

to tolerance and can induce vascular wall damage via reactivity with reactive oxygen 

species (ROS). NO- has been proposed to be more stable than NO', and administration of 

NO-, using the donor AS, does not induce tolerance. 
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B. Brief literature review and discussion of the rationale of the project. 

Hypertension and Vascular Disease 

Hypertension is a leading cause of death and disability in the United States and 

globally. Although a variety of factors including, diabetes, smoking and other life style 

choices can be correlated with hypertension, there is still a subset of the population which 

becomes hypertensive due to unknown causes. These patients develop what is known as 

essential hypertension and frequently do not consistently respond to commonly used anti

hypertensive medications. 

The role of the kidneys and the nervous system in control of systemic blood 

pressure is important; however, vascular tone contributes to increased peripheral 

resistance and is known to be increased during chronic hypertension. Recent studies have 

documented a profound role for vascuiar proteins in the maintenance of blood pressure. 1-
2 

Michael and colleagues demonstrated that mice lacking the cyclic guanosine 

monophosphate ( cGMP)-dependent protein kinase PKGia exhibit significantly increased 

blood pressures. This is in the presence of completely normal renal hemodynamics and 

salt handling. 1-
2 In addition, investigators have demonstrated that increased blood 

pressure alters vascular contractility and relaxation through a variety of processes. 

Altered production of contractile and relaxant factors by the endothelium is 

frequently referred to as endothelial dysfunction (ED). When there is a decrease in 

hyperpolarizing factors, a decrease in NO production and/or bioavailability and a 

propensity towards the production of endothelial-derived contracting factors (EDCF), 

then ED has occurred. This event has been determined to be a primary step in the 
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development of atherosclerosis and coronary artery disease, and is even a predictor of 

cardiovascular disease (CVD).3
-
8 

Vascular Smooth Muscle and the Endothelium 

Arteries are composed of three layers; the tunica adventitia, the tunica media and 

the tunica intima. Although the outer and inner layers are composed mainly of 

connective tissue and endothelial cells, respectively, the tunia media is composed of 

primarily vascular smooth muscle. 

The innermost layer, the endothelium, is an important modulator of vascular tone 

through the release of various vasoactive agents including nitric oxide (NO) and 

prostaglandins. Moreover, these agents are capable of activating different families of 

potassium (K+) channels, leading to vascular smooth muscle cell (VSMC) 

hyperpolarization and relaxation. Besides promoting VSMC relaxation, during 

conditions where the balance of relaxing and contracting factors becomes dysregulated, 

the endothelium becomes dysfunctional promoting a cycle of increased contraction and 

decreased relaxation. 

VSMCs produce force through a process of cross-bridge cycling between actin 

and myosin filaments. In addition, VSMCs are capable of dynamic changes in gene 

expression resulting in differing phenotypes; from contractile to proliferative and 

secretory .1 

Molecular mechanisms of smooth muscle relaxation and contraction. 

Arterial lumen diameter is determined by the contractile state of VSMC, which in. 

tum respond to a variety of systemic and local physiological influences including 

sympathetic and neurohumoral, autocrine and paracrine factors (i.e. EDHF), local 
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chemical signals (i.e. pH) and other vasoactive hormones. 9 The contractile state of 

VSMCs is controlled in part by intracellular calcium (Ca2+) concentrations and the level 

of myosin light chain (MLC) phosphorylation (pMLC). This phosphorylation event is 

necessary for actin and myosin interaction. 

The myosin filament is composed of thousands of myosin molecues, which are 

interspersed between the actin filaments. Actin filaments (F-actin) are large, polymerized 

protein molecules which are arranged within a smooth muscle cell (SMC) from a central 

point, referred to as a dense body. This arrangement of dense bodies within the SMC 

allows for the range of contractile force seen in SMC. MLC is a 20 kilodalton (kDa) 

chain of the myosin (heavy) chain and initiator of contraction. 

Two enzymes regulate the phosphorylation status of MLC at serine 19 (serl 9), 

myosin light chain kinase (MLCK) and myosin light chain phosphatase (MLCP). MLCK 

becomes activated through an increase in intracellular ca2+, which associates with 

calmodulin forming the Ca2+ -calmodulin complex, which subsequently interacts with 

MLCK and leads to activation. MLCK phosphorylates MLC, allowing for association 

with actin and cross-bridge cycling via the energy released from adenosine triphosphate 

(ATP) hydrolysis. This process occurs because of the intrinsic adenosine- 5' -

triphosphate (ATP)-ase activity of the myosin head. Relaxation occurs when MLC is de

phosphorylated, an event which occurs through the action of MLCP. 

VSMC also produce and maintain force generation through Ca2
+ -independent 

mechanisms. The Rho-kinase (ROK, p160ROCK) pathway is a major effector of MLCP 

activity. ROK mediates contraction by means of altering MLCP phosphorylation. 

MLCP is regulated through the catalytic 3 8-kDa head of the type 1 protein phosphatase 
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(PP 1 c) subunit. Rho A is a small, monomeric G protein which is regulated ( and 

activated) through the binding of guanosine triphosphate (GTP), and is facilitated through 

the Rho-guanine exchange factors (RhoGEFs). With the activation of RhoA, this RhoA

GTP complex then activates ROK. This serine/threonine kinase phosphorylates the 

myosin-binding subunit of MLCP, thus inactivating it and allowing for a sustained 

contraction. 

Protein kinase C (PKC) is also an important mediator of VSMC contraction, and 

can be Ca2+-dependent or -independent. Diacylglycerol (DAG) is a second messenger 

which is activated through G-protein coupled receptor (GPCR) ligand binding and 

activation of phospholipase C beta (PLCp). PLCP is responsible for the cleavage of 

phosphoinositide 4, 5-bisphosphate, which results in inositol trisphosphate (IP3) and 

DAG. IP3 and DAG regulate two distinct, but parallel pathways culminating in the 

phosphorylation of MLC. DAG activates the serine/threonine kinase PKC, which can 

alter CPI-17 and ROK activity; both lead to MLCP inactivation. In addition, PKC can 

directly activate MLCK. IP3 regulates Ca2+ flux channels in the sarcoplasmic reticulum 

(SR), which also leads to increased contraction. 1
' 

10
-
11 

Regulation of relaxation responses in the vasculature: role of the endothelium. 

In 1980, Furchgott and colleagues revealed that removal of the endothelium left 

the arteries resistant to ac~tylcholine (ACh)-mediated vasodilation. 12 In this seminal 

work, it was determined that the endothelium releases factors which promote smooth 

muscle relaxation and the term endothelium derived relaxation factor (EDRF) was 

coined.6
' 

12
•
13 In the same decade investigators found that a simple gas, NO, was the 
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purported EDRF. 14
-
18 Since this discovery, researchers have uncovered many other 

EDRFs and EDHFs which also regulate vascular tone. Many of these factors act via gap 

junctions and in an NO-independent mechanism, lead to VSM hyperpolarization. 

Although much of the endothelium-dependent relaxation in response to neurohumoral 

mediators and physical forces can be attributed to either the release of NO and/or 

prostacyclin (PGh), there are still other factors which induce VSM relaxation. 

NO, the free radical gas is a potent protector of the vasculature but can have 

deleterious effects if produced in copious quantities or when deficient. There are three 

nitric oxide synthase isoforms, from three genes each of which are located on different 

chromosomes; neuronal NOS (nNOS, also termed as NOS 1 ), inducible NOS (iNOS, also 

termed NOS2), and endothelial NOS (eNOS, also termed NOS3). Under physiological 

conditions, NO is produced through the 5-electron oxidation of L-arginine to L-citrulline; 

requiring tetrahydrobiopterin (BH4) and molecular oxygen. 19 In the absence of cofactors, 

NOS uncoupling occurs leading to decreased NO production and increased reactive 

oxygen species (ROS) generation.20 

Each of these isoforms performs a specific function. Endothelial NOS is a 

constitutive, cytosolic enzyme, only producing small amounts of NO in response to 

receptor or physical stimulation. On the other hand iNOS is activated in macrophages, 

endothelial or other cell types following feed-forward cytokine stimulation, such as 

interleukin-I~, interferon-y and tumor necrosis factors. 21 nNOS is an important 

modulator of non-adrenergic, non-cholinergic neurotransmission in tissues such as the 

corpus cavemosum and airway smooth muscle. 
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In addition to its important role as a second messenger, NO inhibits platelet 

aggregation and reduces the expression of cell surface adhesion molecules on the 

endothelium. 19
• 

22 With the lack of a healthy, intact endothelium, any damage to the 

vessels results in a feed forward system of coagulation and platelet activation resulting in 

the release of constricting agents further promoting hemostasis. 6 

The family of cycloxygenase (COX)-derived prostaglandins serves a two-fold 

function in the vasculature depending upon the functionality of the endothelium. With 

agonist stimulation and an increase in intracellular Ca2
+ and phospholipase A2 cleaves 

arachadonic acid (AA). This process leads to prostaglandin synthase (PGIS) synthesizing 

a major EDRF, prostacyclin (PGh). PGh induces VSM relaxation through activation of 

the PGh receptor, IP and downstream cyclic adenosine monophosphate (cAMP) 

accumulation. Interestingly, this major vasorelaxant is also a EDCF during conditions 

where the TP receptor · predominates, such as hypertension and other cardiovascular 

conditions. 5 In addition, COX over-activation can lead to endoperoxidase (PGH2) 

production and further activation of the TP rec·eptor which directly induces increases in 

VSM intracellular Ca2+ and contraction. 3· 5• 
23 

However, NO and PGh are only two important vasodilatory agents released from 

the endothelium. Many such relaxation responses occur in the presence of NOS and 

COX inhibitors, such as L-NAME and indomethacin, resp., further confirming the 

presence of a growing number of EDRF and EDHF-like agents.6
• 

24-25 These include the 

epoxyeicosatrienoic acids (EETs), hydrogen peroxide (H2O2), hydrogen sulfide (H2S) and 

the redox variant of NO, nitroxyl anion (NO} 
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Nitroxyl Anion 

Since the discovery of NO as the putative EDRF, the vast majority of research has 

focused on the free radical congener of this gas. However, nitrogen monoxide also exists 

as the nitrosonium cation (NO+) and as a one electron reduced species, N0-.26
-
28 Dr. 

Angelo Angeli, an Italian chemist, was a pioneer in his field and his work on pyrrole and 

indolic compounds was considered a breakthrough at the time. Over 100 years ago, he 

also discovered that "salts of nitroxylaminic acid are readily resolved into the 

corresponding nitrites and the unsaturated nitroxyl"(1
).

29 For many years Angeli's Salt 

(AS), was used bench-side as a nitroxyl anion donor, but the entity of NO- was relegated 

'un-physiological' due to the incorrect assumption that the pKa was 4.7, leaving it an 

anion in vivo. 30 In 2002 this error was corrected. Investigators found that the pKa was 

greater than 11, suggesting that in vivo, NO- would not only exist protonated' (HNO), but 

more stable at a physiological pH.31
-
33 Since this discovery, the biochemistry, 

pharmacology and physiology of HNO has emerged revealing HNO a distinct entity from 

that of NO. 

Production 

HNO and NO can both be produced through the conversion of L-arginine to NO 

by nitric oxide synthase; however, HNO is particularly produced when NOS is uncoupled 

or in the absence of the NOS cofactor, tetrahydrobipterin (BH4) through direct oxidation 

of NOS intermediates, .N°-hydroxy-D-arginine and hydroxylamine. Interestingly, 

hydroxylamine has been detected in plasma and some cells, which suggests that this may 

be a possible endogenous pathway for HNO production. 34
,
35

-
37 While NO can be stored 

1 Palocci, N. et al. AJP: Heart Cir Physiol. 2009 
pg: 
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as nitrites and nitrates and thus released from tissues, HNO rapidly dimerizes and is 

converted to nitrous oxide (N2O).38-39 In contrast, HNO has been shown and 

hypothesized to be produced from a variety of other sources. Although unlikely, HNO 

can be directly generated from NO by mitochondrial cytochrome c (mCyC), xanthine 

oxidase (XO), ubiquinol, haemoglobin and manganese superoxide dismutase 

(MnSOD).28-29' 394° Furthermore, the highly thiophillic nature of HNO would suggest a 

direct interaction with S-nitrosothiols. Indeed, Cheong and colleagues found that HNO 

directly stimulates the ryanodine receptor (RyR), possibly through S-nitrosylation 

(SN0).41-42 43 

Physiology and pharmacology of HNO 

Although the definitive endogenous source for HNO remains yet determined, the 

chemistry of HNO would allow it to diffuse directly across membranes, with no need for 

channel or po.re. High levels of glutathione (GSH) exits in the intracellular space of the 

cell; thus, given the distinct thiophillic chemistry of HNO as compared to NO, this would 

suggest that HNO may be directed towards membrane-bound targets, such as enzymes, 

channels and receptors for possible downstream _targets. 32, 44-45 · 

The mechanism by which HNO elicits relaxation varies from NO. Although still 

controversial, there is evidence· for both NO and HNO to activate soluble guanylate 

cyclase (sGC), and using in vitro techniques, cyclic guanosine monophosphate (cGMP) 

seems to accumulate in large conduit vessels only.29' 39, 46 Seminal work published by 

Fukuto, et al. in 1992 demonstrated that HNO could induce sGC-dependent 

vasorelaxation in rabbit aorta and bovine intrapulmonary artery.29' 47 Given that much of 

the relaxation response of AS, the HNO donor, can be inhibited with the use of ODQ (a 
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sGC inhibitor) it has been the subject of more than one conflicting paper. Biochemical 

studies suggest that reaction of a ferric heme with HNO would actually lead to an 

equivalent species of the reaction of ferrous heme with NO. This suggests that HNO 

would possibly have similar activity with the ferric heme of sGC that NO has with 

ferrous heme under normal conditions. However, the ferric form of sGC has been shown 

to be HNO-resistant by some investigators, but preferentially activated by HNO by others 

in the field. 48
-
51 This is complicated by a recent article demonstrating that HNO can only 

activate ferrous-coupled sGC. 52 It is interesting to note that the activation of HNO, in 

vivo, by directly giving AS does not lead to the accumulation of plasma cGMP, in 

contrast to NO donors, such as sodium nitroprusside (SNP). If HNO does preferentially 

bind ferric (Fe3+) haem, then this would truly be interesting as ferric haem is suggested to 

be the NO-insensitive sGC isoform and may predominate in disease. 29
' 
39

, 
46 HNO, while 

activating sGC, also leads to the production of calcitonin gene-related peptide (CGRP), 

which is a potent vasodilator released from neurons and has been determined as a 

biomarker of HNO activity.39
' 

53 CGRP activation by HNO has even been proposed as a 

mechanism to account for the variation in responses seen in the capacitance vessels. 

As far as relaxation responses in small resistance arteries, HNO elicits 

vasodilation differently than that of NO. Furthermore, investigators in the field have also 

established that HNO activates K+ channels in mesenteric and coronary vasculature; 

voltage-gated K+ (K+ v) in rat mesenteric and ATP-sensitive K+ channels (KATP) in rat 

coronary arteries. 54
-
56 This is in direct contradiction with NO, which has been shown to 

activate only Ca2+-activated potassium (Kea) channels, such as BK channels. Recently, 

whole cell patch clamp recordings demonstrated a definitive mechanism for HNO-
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induced hyperpolarization of VSMCs as well as inducing spreading hyperpolarization 

and dilations using an in vitro preparation. 55· 57 

HNO as a vasoprotective molecule 

The use of HNO donors clinically is not without precedent. The HNO donor, 

cyanamide, has been used classically to treat conditions such as chronic alcoholism via 

SNO of N-methyl-D-aspartate (NMDA) receptors.40 However, recent studies suggest that 

HNO donors confer protection during ischemia-reperfusion injury, similar to that of 

NO.58-59 In addition, HNO donors have been shown to induce increased lusitropy and 

inotropy of cardiac tissue, thus decreasing preload and increasing ejection fraction. This 

may prove HNO donors to be an important therapeutic agent for the treatment of heart 

failure.4o, 60 

Moreover, the use of HNO donors in vivo and in vitro, does not develop tolerance 

or cross-tolerance when given acute or chronically. This is in stark contrast to other 

organic nitrates.61-63 The development of tolerance is a well established difficulty with 

clinical use of organic nitrates, such as nitroglycerin (Gtn). Two main mechanisms of 

nitrate tolerance are under investigation, diminished bioconversion of Gtn and increased 

ROS production. HNO confers greater stability and less reactivity with reactive oxygen 

species 64 as compared to NO; especially with regards to superoxide (02-).
39· 65 This 

would suggest that HNO donors would be less reactive with already present vascular 

ROS as compared to NO donors. Additionally, HNO has been demonstrated to directly 

inhibit aldehyde dehydrogenase (ALDH2), a regulatory enzyme in the bioconversion of 

Gtn to NO_39-4o, 66 This may establish HNO as a preferred vasodilator over other NO 

donors. 
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Table 1 Pharmacological and physiological differences between NO· and NO-/HNO. 

Properties 

Possible endogenous sources 

Thiol reactivity 

Vascular smooth muscle signaling 

NO-

NOS, coupled 

S-nitrosothiols 

Does not directly react 

sGC/cGMP mediated 
(Fe2+-heme) 

1~ii_tf ::,e~s_:_••··--..................... _....._"""---............ _,_,• 
Resistance vessels 
( mesenteric) 

Cardiac inotropic effects 

Responses scavenged by 

References are included in text. 

Negligible or negative 

Carboxy-PTIO 
Hydroxocobalamin 

Nff/HNO 

NOS, coupled 
NOS, uncoupled 
NOS intermediate N11-hydroxy-I 
arginine 
S-nitrosothiols 
Intracellular reduction of NO·* 

Highly thiophillic 

sGC/cGMP* 
( controversial) 

Positive; induces lusitropy and 
inotropy 

L-cysteine 
N-acety 1-L-cysteine 
Diothiothreitol 

*indicates highly controversial area; data inconclusive and/or contradictory 



II. MANUSCRIPTS 

A. Nitroxyl anion mediates relaxation in mesenteric arteries from angiotensin II 

hypertensive mice. 

ABSTRACT: 

14 

Aims: Nitroxyl anion (NO) has recently become an emerging candidate in vascular 

regulation. NO- is a potent vasodilator of both conduit and small resistance vessels and 

mediates relaxation in a soluble guanylate cyclase-dependent manner. Interestingly, NO

activates voltage-dependent K+ (K+v) channels, whereas nitric oxide (NO) activates 

calcium-activated K+ channels. To date, there are no studies investigating the role of NO

in hypertension, and the possible mechanisms which may be altered during this condition. 

We hypothesized that mesenteric arteries from angiotensin II-induced (AngII) 

hypertensive mice would exhibit an increased dependence upon NO- for relaxation, 

which may be mediated through K+ v channels. 

Methods and Key Results: C57/Bl6 mice, aged 12-14 weeks were implanted with mini

pumps containing angiotensin II (AngII, 90ng/min) for 14 days. Mice were given high 

salt (4%, HS) chow. First order mesenteric arteries were isolated and used in functional 

studies or frozen for Western blot analysis. We observed that mesenteric arteries from 

AngII mice (AngII) exhibited a decrease in HNO-mediated relaxation, which was 

endothelium-independent. With HNO scavenging by L-cysteine [3mM], the maximal 
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acetylcholine (ACh)-mediated relaxation response was decreased in sham, whereas 

mesenteric arteries from Angil exhibited a decrease in sensitivity. Incubation with the 

K+ v channel inhibitor, 4-aminopyridine [lmM], decreased ACh-mediated relaxation 

responses in sham, but almost completely abolished relaxation in Angil. 

Conclusions: We reveal that HNO-mediated relaxation is impaired in mesenteric arteries 

from Angil treated mice, and that K+ v channel activation may be a cause for this 

impairment. 

Introduction 

The small arteries or arterioles, known as the resistance vessels, contribute to 

systemic pressure through increased contraction and/or relaxation of the vascular smooth 

muscle (VSM) within the tunica media. These changes in vessel lumen diameter are 

mediated through a variety of circulating and locally released agents and neurogenic 

stimuli. 

The endothelium, which lines the lumen of all vessels, performs various functions 

including influencing vascular tone through a tightly balanced system of dilators and 

constrictors. Vasoconstrictors, such as thromboxane and endothelium-derived 

contracting factor (EDCF) and physical forces, elicit contraction while vasodilators, such 

as nitric oxide (NO), prostacyclins and EDHF produce relaxation.23 The balance between 

vasodilators and vasoconstrictors is crucial for maintenance blood flow and pressure ( for 

a thorough review of EDCF, see Vanhoutte et al. 5). 
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Although there are a variety of factors which cause relaxation in resistance 

arteries, EDHFs contribute significantly to this process. EDHF was conventionally 

thought to be one factor but can be considered a group of factors which elicit relaxation 

by hyperpolarization of the VSM. 6' 24' 67-68 Recent evidence suggests that a redox variant 

of NO, the nitroxyl anion (NO), may mediate relaxation through potassium (K+) channel 

activation, leading investigators to suggest that NO- is an EDHF. 25 

NO- is the one-electron reduction product of NO, and until recently was 

considered to be non-physiological, an entity only present in the laboratory due to the 

incorrect assumption that NO- exists as an anion (pKa 4.7). 30 However, this assumption 

was corrected in 2002, when investigators determined the actual pKa to be greater than 

11, suggesting that at a physiological pH, NO- exists as HNO. 31-32 Since this discovery, 

the role of HNO has been intensively studied. The physiology, pharmacology and 

biochemistry of HNO is vastly different than that of NO. 

HNO and NO can both be produced through the conversion of L-arginine to NO 

by nitric oxide synthase (NOS); however, HNO is mainly produced when NOS is 

uncoupled or in the absence of the NOS cofactor, tetrahydrobipterin (BH4). 
35-37 This is 

of particular interest when one considers that during pathophysiological conditions, such 

as hypertension and, increased inflammation, BH4 can become oxidized and NOS 

uncoupling occurs with the increase in reactive oxygen species (ROS). 69 During these 

same conditions, the product of uncoupled NOS, N-hydroxyl-L-arginine, can lead to 

HNO production. 7° Furthermore, HNO can be produced through the reduction of NO 

by mitochondrial cytochrome c (mCyC) and non-enzymatically from the reaction of S

nitrosothiols with thiols. 41 ' 56' 71 
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The mechanism by which HNO elicits relaxation varies from NO. Both activate 

soluble guanylate cyclase (sGC); however, while NO binds to the ferrous (Fe2+)-heme 

moieties of sGC, HNO preferentially binds ferric (Fe3+), which is the NO-insensitive sGC 

isoform which predominates in disease. 29
• 

39
• 

46 HNO, while activating sGC, also leads 

to the production of calcitonin gene-related peptide, which is a potent vasodilator 

released from neurons and can be used as a biomarker of HNO activity. 39, 53 

Interestingly, investigators in the field have also established that HNO activates K+ 

channels in mesenteric and coronary vasculature; voltage-gated K+ (K+ v) in rat 

mesenteric and ATP-sensitive K+ channels (KATP) in rat coronary arteries. 54
-
56 

Although there is an increasing body of knowledge regarding HNO-mediated 

relaxation, no current studies have investigated the relative role that HNO plays during 

hypertension. Given the different biochemical properties of HNO as compared to NO, 

HNO may mediate EDHF-like effects previously attributed to NO. We hypothesize that 

during angiotensin II (Angll)-induced hypertension, vasodilation has an increased 

dependence upon HNO, and that this process may be mediated through activation of K+ v 

channels. 

MATERIALS AND METHODS 

Male C57bl/6 mice, weighing between 25-30 grams were obtained from Jackson 

Laborotories (Bar Harbor, ME). Mice were maintained on a 12-hour light dark cycle, 

housed five per cage and allowed access to chow and water ad libitum. All procedures 

were performed in accordance with the Guiding Principles in the Care and Use of 
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Animals, approved by the Medical College of Georgia Committee on the Use of Animals 

in Research and Education. 

Blood Pressure Telemetry Studies 

Mice were anesthetized using isofluorane and a DSI Data Transmitter (Data 

Sciences International, St. Paul, MN) was implanted in the left carotid artery, routed and 

secured sub-scapularly. Animals were allowed to recover; systolic/diastolic pressures, 

heart rate and activity were collected for 18 hours per day/night. Data were analyzed 

using Power Lab (AD Instruments, Colorado Springs, CO). The blood pressure data 

from these mice are shared between two publications. 

Functional Studies 

After euthanasia with CO2, the mesentery was rapidly excised and bathed in ice

cold physiological salt solution (PSS) (NaCl 120 mM, KCl 4.7 mM, KH2PO4 1.18 mM, 

NaHCO3 14.9 mM, dextrose 5.6 mM, CaChH2O, 0.06 mM EDTA). Increased 

concentrations of EDTA were used in PSS buffer to aid in preventing the extracellular 

conversion of HNO to NO. First order mesenteric vessels were carefully isolated and 

mounted as ring preparations on two stainless steel wires (= 200 mm in length with 

internal diameter = 100 to 150 µm) in a small-vessel myograph (Danish MyoTech, 

Aarhus, Denmark). Vessels were maintained at 37° C and continuously aerated with 95% 

02, 5% CO2 and allowed to stabilize for at least 45 mins, at an optimal passive force of 

2.5 mN. After stabilization, tissues were contracted with KCl (120 mM) solution to 

determine the reactivity of the vascular smooth muscle cells. To determine the viability 

of the endothelium, contraction was stimulated via phenylephrine (Phe; 10 µM) followed 
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by relaxation induced by acetylcholine (ACh; 10 µM). Vessels were then washed, as 

described previously, before performing concentration response curves (CRC) and after 

each CRC. CRCs to ACh or Angeli's Salt (AS, Cayman Chemical, Ann Arbor, MI) in 

Phe-contracted vessels was performed in the presence · of vehicle or the following 

inhibitors: carboxy-PTIO (CPTIO, nitric oxide scavenger), L-cystiene (L-cys, nitroxyl 

anion scavenger), 4-aminopyridine (4-AP, K+v channel blocker). CPTIO was obtained 

from Cayman Chemical and 4-AP obtained from Tocris Bioscience, Ellisville, MO. All 

other chemicals and drugs were purchased from Sigma Aldrich, St. Louis, MO. Force 

measurements were collected using Chart™ Software (ADI Instruments, Colorado 

Springs, CO) for PowerLab data acquisition systems (ADI Instruments). 

Tissue homogenization 

Following dissection and fat removal, mesenteric arteries were quick frozen with 

liquid nitrogen, pulverized in a liquid nitrogen-cooled mortar and pestle and solubilized 

in a 255 mM sucrose/I 0mM Tris buffer (pH 7.4) with protease inhibitors (0.5 mM 

PMSF, 2 mM EGTA, 10 µg/ul aprotinin and 10 µg/ml leupeptin) and tyrosine 

phosphatase (1 mM sodium orthovanadate) inhibitors. Homogenates were centrifuged 

(3000g for 1 hour, 4°C) and supernatant total protein (Bio-Rad~ Hercules, CA) measured. 

Western Blotting 

Total supernatant protein ( 40 µg total, 4: 1 in denaturing sample buffer and boiled 

for 5 mins), was separated on a 10% SDS-polyacrylamide gel (SDS-PAGE) and 

transferred to Immobilon-P (Bio-Rad) nitrocellulose membrane. Membranes were 

blocked to rule out non-specific binding using 5% skim milk in Tris-buffered saline 
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solution with Tween (0.1%) for 1 hour at 24°C. Membranes were then probed overnight 

( 4°C) with primary antibodies as follo)Vs: CORP (1: 100), sGCa1 (1: 1000). All antibodies 

were purchased from Cell Signaling, Danvers, MA. Blots were washed three times with 

TBS-T (30:5:5 mins) and once with TBS (5 mins). Depending upon the antibody, either 

· anti-rabbit or anti-mouse horseradish peroxidase -linked secondary 1antibody (Amersham 

Labs, Piscataway, NF) was added for one hour and incubated with the blots at 4°C. Blots 

were washed again using the described regimen. Enhanced chemiluminescence (Super 

Signals Ultra, Pierce, Rockford, IL) was used to visualize labeled bands. Densitometry 

was evaluated using Un-Scan-It image densitizing program (Orem, UT). 

Statistical Analysis 

Agonist concentration-response curves were fitted using a nonlinear interactive 

fitting program (GraphPad Prism, Graph Pad Software Inc., San Diego CA), and values 

expressed as percent of maximal relaxation graphed against increasing molar 

concentrations of agonist. Agonist potencies and maximum response are expressed as 

negative logarithm of the molar concentration of agonist producing 50% of the maximum 

response (EC50) and maximum effect elicited by the agonist (Rmax), respectively. Non

linear regression analysis was used to determine EC5o values, where Rmax was normalized 

to 100 percent for calculations. Data are expressed as mean±SEM (n), where n is the 

number of experiments performed. Statistical analysis of the concentration-response 

curves (CRS) was performed by using the F test for comparisons of best-fit data between 

groups (EC50 and Rmax), For CRCs where a best-fit analysis could not be performed, 

absolute Rmax values were averaged ,and Students' t-test performed for significance. 
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Western blot data were densitized using the average of protein expression in each 

gel normalized to ~-actin. Data from multiple gels are expressed as fold change 

(arbitrary units, AU) of sham. Values were analyzed for statistical significance using 

Students' t-test for comparison between all groups. Values of p<0.05 were considered a 

statistically significant difference. 

Drugs 

Carboxy-PTIO was suspended in DMSO and Angeli's Salt was prepared using a 

0.0lM NaOH solution. All other stock solutions were prepared by using water. Stock 

solutions originally diluted in DMSO or ethanol were used with a final concentration of 

less than 0.003% v/v in the muscle bath; this concentration has been demonstrated to 

have no effect on vascular reactivity. Additionally, solutions containing vehicle levels of 

ethanol and DMSO were also used through the experimental protocol. 

RESULTS 

Angiotensin II treated mice exhibited an increase in mean arterial pressure, as shown by 

telemetry. 

Before drug treatment, MAP, HR and activity data were obtained during a control 

period of no less than 4 days in all mice (Figure 1). Mice treated with Angll for two 

weeks exhibited a significant increase in MAP by day 5 ( 151 ± 5 mmHg) as compared to 

sham surgery mice (114 ± 0.7 mmHg, p<0.01). 

Ang/I-hypertensive mice exhibit a decreased relaxation response to ACh and to the 

nitroxyl anion donor, Angeli's Salt. 
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Angil hypertensive mice exhibited a significantly decreased relaxation response 

to ACh when compared to sham vessels (EC50 -5.73±0.16 vs. -6.33±0.08, p<0.0001). No 

differences in maximal relaxation were observed (Figure 2a). 

As shown in Figure 2b, mesenteric arteries from AngII hypertensive mice 

demonstrated a decreased sensitivity to AS (EC50 -5.34±0.13 vs. -6.28±0.18, p<0.001). 

There were no differences observed when these vessels were denuded (EC5o -5.31±0.23 

vs. -6.42±0.14, p<0.01), demonstrating that this phenomenon is endothelium-independent 

(Figure 2). 

Mesenteric arteries from Angil hypertensive mice are dependent upon nitroxyl anion for 

relaxation. 

To further investigate the role of HNO in vasorelaxation, scavengers of NO and 

HNO (CPTIO and L-cys, resp.) were used. When vessels from AngII-treated mice were 

incubated with CPTIO, a NO scavenger, no differences in sensitivity (EC50) or maximal 

relaxation (Emax) were observed (Figure 3a). 

In Figure 3b, AngII hypertensive and sham mesenteric arteries were incubated 

with the HNO scavenger, L-cys. Previous investigators have demonstrated that L-cys is 

capable of effectively scavenging HNO biochemically and in ex vivo preparations. 54
, 

72
-

73 Sham vessels incubated with L-cys exhibited a decrease in the maximal ACh mediated 

relaxation response (Rmax 68.7% ± 5.0 vs. 94.4% ± 3.3, p<0.001). In contrast, mesenteric 

arteries from AngII hypertensive mice exhibited a significant reduction in ACh 

sensitivity (ECso -5.08 ± 0.23 vs. -5.73 ± 0.16, p<0.05). When vessels were incubated 

with scavengers of both NO and HNO (Figure 3c), no additive effect was observed. 
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Voltage gated potassium channels play a regulatory role in ACh-mediated vasorelation 

in mesenteric arteries from Angll hypertensive mice. 

K+ v channels are known to be differentially activated in mesenteric arteries via 

HNO versus NO, which activates K+ Ca channels. 74
-
76 Given this, the role of K+ y 

channels in this model of hypertension was investigated. Mesenteric arteries were 

incubated with 4-AP, which has been previously demonstrated to be a specific K+ v 

channel blocker. 25
' 

54 As shown in Figure 4, mesenteric arteries from sham and Angil

treated mice incubated with 4-AP revealed a decrease in ACh-mediated vasorelaxation. 

Sham vessels with K+ v channel blocker, as compared to vehicle, exhibited a decreased 

sensitivity (EC50 -5.68 ± 0.14 vs.-6.53 ± 0.08, p<0.0001), but there was no decrease in 

maximal relaxation. In hypertensive vessels, we observed an almost complete inhibition 

of relaxation, with a maximal relaxation of 14.6% ± 4.8. These data-suggest a major role 

for K+ v channels in relaxation during Angil hypertension. Other published data also 

suggest that these channels are not only important during HNO-mediated relaxation, but 

activated distinctly by HNO in resistance vessels, as compared to other K+ v channels. 54 

AS-mediated relaxation is dependent upon both K/ channels and soluble 

guanylate cyclase. 

To aid in determining the mechanism involved in HNO-mediated relaxation, CRC 

to AS were performed in mesenteric arteries from sham and Angil-treated mice. Vessels 

were incubated with 4-AP, the Kv+ channel blocker, as shown in Figure 5a. Interestingly, 

we observed no significant differences in sensitivity to AS in either sham or Angil

treated vessels. Additionally, Kv + channel blockade did not reduce the AS-mediated 
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relaxation response. In vessels incubated with ODQ, the sGC inhibitor (Figure Sb), both 

sham (Rmax 27.0%) and Angil (Rmax 11.5%) vessels exhibited a decrease in the maximal 

relaxation response to AS. 

CGRP protein expression is decreased in mesentery from Angll-treated as compared to 

sham. 

The mechanisms of HNO mediated relaxation are still poorly understood. It is 

accepted that a portion of both NO, and HNO vasorelaxation is sGC-dependent. 

However, although reports show that cGMP is increased during infusion of NO donors, 

controversy remains when HNO donors, such as Angeli's Salt, are given. It is known 

that HNO induces an increase in levels of the neurodmodulator CGRP and although no 

mechanism has been suggested, CGRP is currently accepted as a biomarker for HNO 

production. 53
, 

56
' 

58 Western blot analysis was used to determine CGRP levels in sham, 

Angil mesentery. We observed that CGRP levels were decreased by half in Angil 

mesentery (Figure 6a, p<0.05) as compared to measures in sham mice. 

Protein expression of sGC subunit p 1 is increased in Angll mesentery. 

Functional data from this study demonstrate that Angil hypertensive mesenteric 

arteries are dependent upon HNO for ACh-mediated relaxation. To investigate a 

mechanism for this response, protein expression of sGC (subunit ~1) was evaluated. 

Protein levels of the ~1 subunit were found to be increased in mesenteric arteries from 

Angil mice as compared to those from sham. (Figure 6b, p<0.05). These data suggest a 

compensatory mechanism by Angil hypertensive vessels to increase NO-mediated 

signaling in the vasculature. 
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DISCUSSION 

A newly emerging modulator of vascular tone is the one-electron reduced product 

of the well known vasodilator NO, called HNO. Although previously it was considered 

to only be an artifact in the laboratory, with up-to-date testing proving that NO- exists as 

a protonated entitity, new studies regarding this molecule in the vasculature have 

emerged. Even so, others have argued that HNO is at best, an intermediate to NO 

production. In a paper published by Favalaro and colleagues in 2009, they measured 

reactivity in resistance arteries coupled with single cell recording of membrane potential 

(mV). In those studies, they demonstrate that membrane hyper-polarization occurs 

concurrently with relaxation to AS in mesenteric vessels. 54 This study gives 

overwhelming support to the hypothesis that HNO mediates vasorelaxation in vivo, and 

through an EDHF-type mechanism of postassium channel activation and 

hyperpolarization. In the present study we corroborate these observations, and other 

previous findings demonstrating a role for HNO in endothelium-mediated vasorelaxation. 

It is widely accepted that during hypertension vascular and endothelial 

dysfunction is present, due to changes in contraction and structural properties of the 

endothelium and VSMC. 77 Although changes in the endothelium lead to alterations in 

receptors and endothelium-derived contracting factors (EDCFs), endothelial dysfunction 

can be characterized by a decrease in the ability of the vasculature to relax. 5• 
24 In this 

study, a model of Angll hypertension was used. Angll modulates vascular contraction 

through a variety of signaling pathways. Additionally, increased levels of Angll are 

known to contribute to increased vascular resistance, smooth muscle cell proliferation 

and increased production of ROS. It has been demonstrated that Angll induces increased 
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expression of NADPH oxidases, contributing to ROS production. 1' 78 Studies have also 

demonstrated a significant increase in circulating levels of pro-inflammatory cytokines 

during several models of salt-sensitive hypertension, including Angll-dependent 

hypertension. AngII can modulate pro-inflammatory gene transcription and activate a 

variety of inflammatory cell signaling mechanisms within cells.79
-
81 

In first order mesenteric arteries from Angll-treated mice, there was a significant 

decrease in ACh-mediated relaxation responses (Figure 2a). Additionally, we observed 

that there was an endothelium-independent decrease in the relaxation response to the 

HNO donor, AS (Figure 2b). Although endothelium dysfunction was indeed present in 

conduit (unpublished observations) and mesenteric arteries from Angil-hypertensive 

mice, only the mesenteric arteries exhibited HNO-mediated dysfunction. As mentioned 

previously, MAP was measured in the Angil-treated mice and we observed a significant 

increase in MAP by day 3 (Figure 1 ). 

Since both vasodilators, NO and HNO, activate sGC, we measured protein levels 

of sGC in the mesenteric arteries. In addition, our data suggests that the HNO donor, AS, 

mediates relaxation in a sGC-dependent manner. We found that the Angil-treated mice 

express significantly increased protein levels of sGC (Figure 6b). This may contribute to 

the differences in AS sensitivity, as our data show that AS is predominantly· sGC 

dependent, and most of the relaxation response to AS could be abolished with the use of 

the sGC inhibitor ODQ (Figure Sb). Literature suggests that sGC becomes NO-resistant 

during conditions such as hypertension, by being converted to the ferric form when there 

are 'oxidizing conditions' .49 The increase in sGC protein expression that we observed in 
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the Angll mesenteric arteries may be a compensatory mechanism to increase 

vasodilation. Seminal work published by Fukuto, et al. in 1992 demonstrated that HNO 

could induce sGC-dependent vasorelaxation in rabbit aorta and bovine intrapulmonary 

artery.29
' 

47 Given that much of the relaxation response of AS, the HNO donor, can be 

inhibited with the use of ODQ a sGC inhibitor, it has been the subject of more than one 

conflicting paper. Biochemical studies suggest that reaction of a ferric heme with HNO 

would actually lead to an equivalent species of the reaction of ferrous heme with NO. 

This suggests that HNO would possibly have similar activity with the ferric heme of sGC 

that NO has with ferrous heme under normal conditions. However, the ferric form of 

sGC has been shown to be HNO-resistant by some investigators, but preferentially 

activated by HNO by others in the field.48
-
51 This is complicated by a recent article 

demonstrating that HNO CcJ.n only activate ferrous-coupled sGC.52 It is interesting to 

note ·that the activation of HNO, in vivo, by directly giving AS does not lead to the 

accumulation of plasma cGMP, in contrast to NO donors, such as sodium nitroprusside 

(SNP). Overall, this suggests the need for further investigations into the role of sGC 

activation by HNO, not only purely for physiological importance, but also for therapeutic 

options. 

Similar studies were then performed using the endothelium-dependent 

vasodilator, ACh to compare to CRCs performed to AS. Using scavengers for both NO 

(CPTIO) and HNO (L-cys) we were able to differentiate vasorelaxation of these two 

molecules. Using the NO scavenger, we found that reducing NO bioavailability led to a 

small decrease in the maximal relaxation in mesenteric arteries from sham and a 

negligible decrease in vessels from Angll mice. Given the highly thiophillic nature of 
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HNO, it has been used as a scavenger by many investigators and numerous papers have 

_ been published demonstrating the ability of L-cysteine (L-cys) to differentiate between 

No d HNO b. h . II 54-55 72-73 82-83 I I · · d' .(:'. d an 10c em1ca y. ' ' n our vascu ar react1v1ty stu 1es, we 1oun 

that L-cys decreased the maximal ACh-mediated relaxation response in sham mice and 

that L-cys incubation in vessels from Angil-treated mice also exhibited a significant 

rightward shift in the CRC (Figure 3b ). These data suggest a role for HNO in ACh

mediated relaxation; and given that this is an endothelium-dependent process, supports 

other studies demonstrating that HN O is an in vivo mediator of vasorelaxation. 

As mentioned previously, HNO and NO differentiate pharmacologically and 

physiologically. The same may be true for potassium channel activation. It is widely 

accepted that NO is an EDHF, and that NO is capable of activating calcium-activated 

potassium channels (K+ ca) in the resistance vasculature, hyperpolarizing the VSM and 

causing relaxation.74 In contrast, investigators have shown conclusively that HNO 

activates voltage-gated potassium channels (K+ v) in rat and mouse mesenteric arteries. 54
-

55 The literature surrounding K+ v subtype expression is limited, but using a specific K+ v 

channel blocker, 4-AP, we were able to examine this phenomenon pharmacologically. 

As expected, K+ v channel blockade decreased A Ch sensitivity in sham mesenteric 

arteries, but interestingly, we observed an almost complete abolishment of relaxation in 

vessels from the Angil mice. Given that these channels are specifically activated via 

HNO, we believe that HNO-activation of K+ v channels in the mesenteric arteries to be 

dysfunctional during Angil hypertension. Also, these results were only observed in the 

resistance vasculature. We observed an endothelium-independent decrease in HNO

mediated relaxation, via AS, only in the mesenteric arteries and not in the aorta 
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(unpublished observations), further demonstrating a role for HNO as an EDHF in 

resistance arteries. Moreover, CRCs to AS in the presence of the Kv + channel blocker 

elicited no effect in either group. We believe this suggests that AS mediates relaxation 

primarily in an ODQ-dependent manner, whereas Kv+ channels are activated by HNO in 

an endothelium-dependent manner, this is not a primary mechanism in AS-mediated 

relaxation. 

The nonadrenergic/noncholinergic neuromodulator _calcitonin gene-related 

peptide (CGRP) is a potent vasodilator and has been linked to HNO-mediated 

vasorelaxation. It has also been postulated to be a primary mechanism for the positive 

ionotropy seen in cardiac tissue by HNO.53 Intravenous instillation of AS or other HNO 

donors, such as IPA/NO, does not lead to increases in plasma cyclic guanosine 

monophosphate (cGMP), but actually increases levels of CGRP.39
' 

60
, 

84 Although CGRP 

can mediate various signaling pathways in VSM, such as increased NO and cyclic 

adenosine mono-phosphate ( cAMP), the use of CGRP antagonists does not prevent AS

mediated vasodilation, suggesting that HNO may mediate cardiac muscle via CGRP, it is 

unlikely that the vasodilatory effects ofHNO occur through CGRP.39
' 

53 However, CGRP 

has been suggested as a biomarker for HNO activity in the vasculature, and we used 

Western blot analysis to determine levels of CGRP in the mesenteric arteries of sham and 

Angll-treated mice for this purpose. We found that protein expression of CGRP was 

significantly decreased in the mesentery of Angll-treated mice, suggesting a decrease in 

HNO bioactivity, supporting our ex vivo data. 
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Various EDHF's have been discovered, characterized and studied during 

hypertension. Most have been met with contention from the scientific community; this is 

the same with the discovery of HNO. Many published papers demonstrate the complex 

pathways which mediate vascular smooth muscle relaxation, and any aberrance can have 

detrimental effects on vascular tone. We reveal that HNO-mediated vasorelaxation is 

decreased in mesenteric arteries from AngII hypertensive mice, which is supported with 

molecular data showing that CGRP, a biomarker for HNO activity, is similarly decreased. 

Our data are the first to describe a role for HNO in AngII hypertension, and to suggest 

that K+ v channel activation may account for this dysfunction. 
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Figure 1. Chronic collection of MAP in conscience mice; sham and Angil-treated 
mice. 
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During control period, no difference in MAP was seen in either group. Within 5 days 

after mini-pump implantation, AngII treated mice exhibited increased MAPs. Data are 

represented as mean± SEM; n=3-6. *p<0.05, AngII vs. Sham 
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Figure 2. Mesenteric arteries from Angil-hypertensive mice exhibit decreased ACh
and AS-mediated relaxation responses. 

(a) Relaxation responses to ACh were performed in Phe (10 µM) contracted mesenteric 

arteries from sham surgery mice (Sham) and Angll-treated (Angll) mice. Relaxation 

responses were calculated relative to the contraction elicited by Phe. Data are 

represented as mean± SEM; n=4-9. tp<0.0001, EC50 values of Angll+HS vs. Sham. (b) 

CRCs to the nitroxyl anion donor, AS, were performed in Phe (10 µM) contracted 

mesenteric arteries. HNO-mediated relaxation was determined in mesenteric arteries 

from intact, E(+), or denuded, E(-), Angll-treated [Angll E(+) and Angll E(-)] and sham 

[Sham E(+) and Sham E(-)] mice. Relaxation responses were calculated relative to the 

contraction elicited by Phe. Data are represented as mean± SEM; n=S-10. #p<0.01, 

ECso values of E(-) vs. E(+) in sham, tp<0.001, ECso values of E(-) vs. E(+) in Angll. 
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µM). Data are represented as mean ± SEM; n=S-9. *p<0.05, Rmax values of L

cys+CPTIO vs. vehicle. 



35 

0 -•-~ .... l t 
C '! I 0 25 i ' .... 
>< (U 50 4) 

0:: 
~ 75 ■ Sham 
0 

Cl Sham/4-AP 
100 • Angil 

() Angll/4-AP 

-9 -8 -7 -6 -5 -4 
log (ACh[Ml) 

Figure 4. An inhibitor of voltage-gated potassium channels decreases relaxation in 
both sham and Angil-treated mice. 

Concentration response curves to ACh were performed in ·Phe (10 µM) contracted first 

order mesenteric arteries from AngII (AngII) and sham (Sham) mice in the presence of 

the voltaged-gated potassium channel blocker, 4-AP (1 mM). Data are represented as 

mean± SEM; n=6-9. tp<0.001, Rmax values of 4-AP vs. vehicle; t0.0001, ECso values 

of 4-AP vs. vehicle 
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Figure 5. Relaxation responses to the nitroxvl anion donor, Angeli's Salt, are 
mediated through soluble guanylate cyclase. 

Concentration response curves to AS were performed in Phe ( 10 µM) contracted first 

order mesenteric arteries from Angil (Angil) and sham (Sham) mice in- the presence of 

the (a) voltage-gated potassium channel blocker, 4-AP (100 mM) and the (b) soluble 

guanylate cyclase inhibitor, ODQ (1 µM). Data are represented as mean ± SEM; n=5-8. 

t0.0001, Rmax values of ODQ vs. vehicle in sham; t0.0001, ECso values of ODQ vs. 

vehicle in Angil+ HS. 
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Figure 6. Protein expression of calcitonin-gene related peptide is decreased and 
soluble guanylate cyclase B, increased in mesenteric arteries from Angil-treated 
mice. 

Western blot analysis was performed on protein isolated from mesenteric arteries of 

Sham and AngII - treated mice. Western blot data was densitized using the average of 

protein expression in each gel nonnalized to P-actin. Data from multiple gels are 

expressed a fold change (arbitrary units, AU) of Sham. Data are represented as mean ± 

SEM; (a) n=4-5, #p<0.01; (b) n=4-5 . *p<0.05. 
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B. Aorta from angiotensin II hypertensive mice exhibit preserved nitroxyl anion 

mediated relaxation responses. 

ABSTRACT: 

Hypertension is a disorder affecting millions worldwide, and is a leading cause of death 

and debilitation in the United States. It is widely accepted that during hypertension and 

other cardiovascular diseases the vasculature exhibits endothelial dysfunction; a deficit in 

the relaxatory ability of the vessel, attributed to a lack of nitric oxide (NO) 

bioavailability. Recently, the one electron redox variant of NO, nitroxyl anion (NO) has 

emerged as an endothelium-derived relaxing factor (EDRF) and a candidate for 

endothelium-derived hyperpolarizing factor (EDRF). NO- is thought to exist protonated 

(HNO) in vivo, which would make this species more resistant to scavenging. However, 

no studies have investigated the role of this redox species during hypertension, and 

whether the vasculature loses the ability to relax to HNO. Thus, we hypothesize that 

aorta from angiotensin II (Angll)-hypertensive mice will exhibit a preserved relaxation 

response to Angeli's Salt, an HNO donor. Male C57Bl6 mice, aged 12-14 weeks were 

implanted with mini-osmotic pumps containing Angil (90ng/rriin, 14 days plus high salt 

chow) or sham surgery. Aorta were excised, cleaned and used to perform functional 

studies in a myograph. We found that aorta from Angil-hypertensive mice exhibited a 

significant endothelial dysfunction as demonstrated by a decrease in acetylcholine (ACh)

mediated relaxation. However, vessels from hypertensive mice exhibited a preserved 

response to Angeli's Salt (AS), the HNO donor. To confirm that relaxation responses to 
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HNO were maintained, concentration response curves (CRCs) to ACh were performed in 

the presence of scavengers to both NO and HNO (carboxy-PTIO and L-cys, resp.). We 

found that ACh-mediated relaxation responses were significantly decreased in aorta from 

sham and almost completely abolished in aorta from AngII-treated mice. Vessels 

incubated with L-cys exhibited a modest decrease in ACh-mediated relaxations 

responses. These data demonstrate that aorta from AngII-treated hypertensive mice 

exhibit a preserved relaxation response to AS, an HNO donor, regardless of a significant 

endothelial dysfunction. 

Introduction 

Hypertension is a leading contributor to death and disability in the United States 

and globally. Although a variety of factors including, diabetes, smoking and other life 

style choices can be correlated with hypertension, there is still a subset of the population 

which becomes hypertensive without the presence of these risk factors. These patients 

develop what is known as essential hypertension and frequently do not respond 

consistently to commonly used anti-hypertensive medications. 

Among other factors, it is widely accepted that vascular tone contributes to 

increased vascular resistance leading to systemic blood pressure. Many investigators 

have demonstrated, using hypertensive animal models, that increased blood pressure can 

alter the vascular contractility and relaxation through a variety of processes. One such 

pathway is through a decrease in nitric oxide (NO) production and/or bioavailability, as 

NO is known to be a potent modulator of vascular tone. 56 NO is produced through the 

one electron reduction of L-arginine to citrulline and NO by nitric oxide synthase (NOS). 
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Since the discovery of an endothelium-derived relaxing factor (EDRF) and the 

determination of NO to be the EDRF, the vast majority of research has focused on this 

redox species of NO. Recent evidence suggests that a redox variant of NO, the nitroxyl 

anion (NO-), may mediate relaxation through potassium (K+) channel activation and 

VSM hyperpolarization leading investigators to suggest that NO- is an endogenously

derived EDHF. 25 

Very little research exists on the other two redox variants of NO; the charged 

nitrosonium cation (NO+) and the one-electron product, nitroxyl anion (N0-).39' 56 It was 

thought that NO- would exist as an anion (pKa 4.7) at a physiological pH; however, this 

assumption was corrected in 2002, when investigators determined the actual pKa to be 

around 11.4 and that at physiological pH NO- exists as HNO.30-32 It was also determined 

that this conjugated weak acid, HNO, would be able to cross cellular membranes, leading 

investigators to divert research to this understudied molecule.32 It is now known that the 

physiology, pharmacology and biochemistry of HNO are vastly different than that of 

N0.21, 85 

HNO and NO can both be produced through the conversion of L-arginine to NO 

by nitric oxide synthase (NOS), in the presence of required substrates; arginine, nADPH 

and oxygen with the cofactors calmodulin and tetrahydrobiopterin (BH4) (for constitutive 

NOS). 19' 37, 45 However, HNO is mainly produced when NOS is uncoupled or in the 

absence of BH4_ 34-37, 69 During these same conditions, the product of uncoupled NOS, N

hydroxyl-L-arginine, can lead to HNO production. 70 During hypoxic conditions, NO 

can be generated via reduction of nitrites on metal sites and from conversion via xanthine 

oxidase (XO). Interestingly, it was demonstrated that through a similar, yet aerobic 
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pathway that HNO can be produced.22
' 

45
, 

86 Furthermore, HNO can be produced through 

the reduction of NO by mitochondrial cytochrome c (mCyC) and non-enzymatically from 

the decomposition of S-nitrosothiols. Other reports suggest HNO production to be a 

product of the catalytic turnover of NOS.87•
88 41

, 56, 71 

Moreover, the mechanism by which HNO elicits its effects varies from NO. 

Given the chemistry of HNO, the production and target site may be limited to the 

membrane, suggesting channels and other membrane-bound enzymes as possible 

downstream targets.44
-
45 This confirms reports of HNO S-nitrosylating the ryanodine 

receptor and myofilaments, causing both lusitropy and inotropy in cardiac tissue.4243 It 

has also been shown that HNO can activate adenosine-triphosphate (ATP)-sensitive 

potassium channels (KATP) in the coronary vasculature and voltage-gated potassium 

channels (K+ v) in mesenteric arteries. 54
-
56 There is also evidence for both NO and HNO 

to activate soluble guanylate cyclase (sGC), and using in vitro techniques, cyclic 

guanosine monophosphate (cGMP) accumulates in large conduit vessels only.29
• 

39
• 

46 

Infusion of HNO donors, such as Angeli's Salt, does not lead to an increase in systemic 

cGMP in contrast to NO donors, but to an increase in calcitonin gene-related peptide 

(CGRP). CGRP is a potent vasodilator released from neurons and has been described as 

a biomarker of HNO activity. 39
• 

53 Although there is an increasing body of knowledge 

regarding HNO-mediated relaxation, no current studies have investigated the relative role 

that HNO plays during hypertension. Given the stability of HNO as compared to NO, 

the ability of HNO to maintain its ability to mediate vasorelaxation during hypertension 

may preclude HNO to be a possible therapeutic agent to exploit. We hypothesize that 
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HNO-mediated relaxation will be preserved in aorta from angiotensin II (Angil) 

hypertensive mice. 

MATERIALS AND METHODS 

Male C57bl/6 mice, weighing between 25-30 grams were obtained from Jackson 

Laboratories (Bar Harbor, ME). Mice were maintained on a 12-hour light dark cycle, 

housed five per cage and allowed access to chow and water ad libitum. Isoflurane (10%) 

in oxygen was used for surgeries with carbon dioxide (CO2) for euthanasia. All 

procedures were performed in accordance with the Guiding Principles in the Care and 

Use of Animals, approved by the Medical College of Georgia Committee on the Use of 

Animals in Research and Education. 

Blood Pressure Telemetry Studies 

Mice were anesthetized using isofluorane and a DSI Data Transmitter (Data 

Sciences International, St. Paul, MN) was implanted in the left carotid artery, routed and 

secured sub-scapularly. Animals were allowed to recover; systolic/diastolic pressures, 

heart rate and activity were collected for 18 hours per day/night. Data were analyzed 

using Power Lab (AD Instruments, Colorado Springs, CO). The blood pressure data 

from these mice are shared, as the mesenteric arteries and aorta were used in two separate 

papers. 

Functional Studies 

After euthanasia with CO2, the aorta was rapidly excised and bathed in ice-cold 

physiological salt solution (PSS) (NaCl 120 mM, KCl 4.7 mM, KH2PO4 1.18 mM, 

NaHCO3 14.9 mM, dextrose 5.6 mM, CaChH2O, 0.06 mM EDTA). Increased 
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concentrations of EDTA were used in PSS buffer to aid in preventing the extracellular 

conversion of HNO to NO. Aorta were carefully isolated and mounted as ring 

preparations on two stainless steel pins in a myograph (Danish MyoTech, Aarhus, 

Denmark). Vessels were maintained at 37° C and continuously aerate~ with 95% 0 2, 5% 

CO2 and allowed to stabilize for at least 45 mins, at an optimal passive force of 5.0 mN. 

After stabilization, tissues were contracted with KCl (120 mM) solution to determine the 

reactivity of the vascular smooth muscle cells. To determine the viability of the 

endothelium, contraction was stimulated via phenylephrine (Phe; 1 µM) followed by 

acetylcholine (A Ch; 10 µM). Vessels were then washed before performing concentration 

response curves (CRC) and after each CRC. CRCs to ACh or Angeli's Salt (AS, 

Cayman Chemical, Ann Arbor, MI) in Phe-contracted vessels was performed in the 

presence of vehicle or the following inhibitors: carboxy-PTIO (CPTIO, nitric oxide 

scavenger), L-cystiene (L-cys, nitroxyl anion scavenger), 4-aminopyridine (4-AP, K+v 

channel blocker). CPTIO was obtained from Cayman Chemical and 4-AP obtained from 

Tocris Bioscience, Ellisville, MO. All other chemicals and drugs were purchased from 

Sigma Aldrich, St. Louis, MO. Force measurements were collected using Chart™ 

Software (ADI Instruments, Colorado Springs, CO) for PowerLab data acquisition 

systems (ADI Instruments). 

Statistical Analysis 

Agonist concentration-response curves were fitted using a nonlinear interactive 

fitting program (GraphPad Prism, Graph Pad Software Inc., San Diego CA), and values 

expressed as percent of maximal relaxation graphed against increasing molar 
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concentrations of agonist. Agonist potencies and maximum response are expressed as 

negative logarithm of the molar concentration of agonist producing 50% of the maximum 

response (ECso) and maximum effect elicited by the agonist (Rmax), respectively. Non

linear regression analysis was used to determine ECso values, where Rmax was normalized 

to 100 percent for calculations. Data are expressed as mean±SEM (n), where n is the 

number of experiments performed. Statistical analysis of the concentration-response 

curves was performed by using the F test for comparisons of best-fit data between groups 

(EC50 and Rmax), For CRCs where a best-fit analysis could not pe performed, absolute 

Rmax values were averaged and Students' t-test performed for significance. 

Drugs 

Carboxy-PTIO was suspended in DMSO and Angeli's Salt was prepared using a 

0.01M NaOH solution. All other stock solutions were prepared by using water. Stock 

solutions originally diluted in DMSO or ethanol was used with a final concentration of 

less than 0.003% v/v in the muscle bath; this concentration has been demonstrated to 

have no effect on vascular reactivity. Additionally, solutions containing vehicle levels of 

ethanol and DMSO were also used throughout the experimental protocol to control for 

non-specific effects. 

RESULTS 

Angiotensin II treated mice exhibited an increase in mean arterial pressure, as shown by 

telemetry. 

Before drug treatment, MAP, HR and activity data were obtained during a control 

period of no less than 4 days in all mice. Mice treated with Angil for two weeks 
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exhibited a significant increase in MAP by day 3 (l 60±5mmHg, p<0.05). There were no 

observed changes in MAP, HR or activity for the sham surgery mice, whether given 

normal chow or high salt chow. 

Aorta from Ang/I mice did not exhibit a decrease in AS-mediated relaxation responses 

despite a reduction in ACh-mediated relaxation reponses. 

Aorta from Angll hypertensive mice exhibited a significant decrease in sensitivity 

to ACh as compared to sham aorta (EC5o -5.86±0.18 vs. -6.85±0.09, p<0.001). There was 

also a reduction in the maximal relaxation in Angll-treated aorta as compared to sham 

aorta (Rmax 37.00%±3.66 vs. 72.56%±2.46, p<0.001) (Figure 7). However, we observed 

no change in AS-mediated relaxation responses (Figures 8a and 8b) in Angll-treated mice 

as compared to vessels from sham mice. Similar results were obtained whether aortas 

were intact (E+, Figure 8a) or denuded (E-, Figure 8b ). 

Aorta from AngII hypertensive mice are dependent upon nitric oxide for relaxation. 

To further investigate the role of HNO in vasorelaxation, scavengers of NO and 

HNO (CPTIO and L-cys, resp.) were used. Aortas were incubated with CPTIO and 

CRCs performed to ACh. In the presence of CPTIO, vessels from sham mice exhibited a 

significant decrease in both sensitivity (EC50 -5.68 ± 0.34 vs. -6.85 ± 0.09, p<0.05) and 

maximal relaxation (Rmax 22.29% ± 5.48 vs. 72.56% ± 2.46, p<0.05) (Figure 9a) to ACh. 

When aortas were incubated with CPTIO, there was almost a complete inhibition of 

relaxation to ACh (Rmax p<0.00l)(Figure 9b). As shown in Figure 4, aortas were 

incubated with the HNO scavenger, L-cys, which has been demonstrated as a mechanism 
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to differentiate between HNO and NO. 54· 72
•
73 In aorta from sham mice, a significant 

decrease in maximal relaxation was observed in vessels incubated with L-cys as 

compared to vehicle (Rmax 58.00% ± 3.43 vs. 72.56% ± 2.46, p<0.001) (Figure 10a). 

However, there was no decrease in A.Ch-mediated relaxation in aorta from Angil

hypertensive mice incubated with L-cys as compared to those without (Rmax 16.80% ± 

3.37 vs. 36.99% ± 3.66)(Figure 10b). These data suggest a significant dependence upon 

NO for vasorelaxation, and that NO bioavailability is decreased during Angil 

hypertension. 

Aorta exhibit a decrease in ACh-mediated relaxation with voltage-gated potassium 

channel blockade. 

The K+ v channel has been demonstrated to be specifically activated by HNO in 

rat and mouse mesenteric arteries. Given this, the role of K+ v channels in this model of 

hypertension was investigated. Aortas were incubated with 4-AP, which has been 

previously demonstrated to be a specific K+ v channel blocker. 25· 54 In Figure 11, aortas 

were incubated with the K+ v channel blocker or vehicle and CRCs to A Ch were 

performed. Vessels from sham animals exhibited a rightward shift in sensitivity to ACh 

(EC50 vs. -6.85 ± 0.09, p<0.05), with no significant changes in maximal relaxation 

responses (Figure Sa). Aorta from Angil hypertensive mice trended towards a decrease 

in relaxation responses, but no significant changes were observed (Figure 11 b ). These 

data suggest that the K+ v channel may modulate a portion of endothelium-mediated 

relaxation. 
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AS-mediated relaxation is soluble guanylate cyclase dependent. 

To assist in determining the mechanism involved in HNO-mediated relaxation, 

CRC to AS were performed in aorta from sham and Angil-treated mice. Vessels were 

incubated with 4-AP, the Kv+ channel blocker, as shown in Figure 12a. No significant 

differences in sensitivity to AS were observed aorta from sham mice; however, vessels 

from Angil-treated mice exhibited a significant decrease in AS-mediated relaxation (-

5.19 ± 0.15 vs.-6.54 ± 0.16, p<0.0001). In vessels incubated with ODQ, the sGC 

inhibitor (Figure 12b), aorta from both sham (Rmax 27.0%) and Angil (Rmax 11.5%) -

treated mice exhibited almost a complete inhibition of relaxation, suggesting that in the 

aorta, AS-mediated relaxation is largely dependent upon sGC for relaxation responses. 

CRCs to AS were also performed in the presence of the NO and HNO scavengers, 

CPTIO and L-cys, resp. We found that vessels from both sham (ECso -5.82 ± 0.08, 

p<0.001) and Angil-treated (EC5o -5.18 ± 0.14, p<0.001) mice, incubated with CPTIO 

exhibited a significantly decreased sensitivity to AS (Figure 13a). When similar curves 

were performed in the presence of L-cys, aorta from both sham (EC50 -5.89 ± 0.12, 

p<0.05) and Angil-treated (EC50 -5.53 ± 0.21, p<0.01) mice exhibited a decrease in AS

mediated relaxation responses (Figure 13b). 

DISCUSSION 

The free radical species of nitrogen oxide, NO, is the most well known and well

studied, in contrast to its redox congeners: NO- and NO+. As mentioned previously, 

studies involving NO- were not' pursued due to the fact that NO- was thought to exist as 

an anion in vivo; however, with new data it is known that NO- would actually be 
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protonated (HNO).30·33 As HNO, no channel or ion pore is needed for intracellular 

access, thus making HNO a possible mediator in cell signaling pathways.32 Studies have 

been performed using the HNO/NO- donor, AS, which decomposes to yield NO- and NO2 

to determine the mechanism by which this species mediates relaxation in the 

vasculature.51 · 82· 89-90 Although literature shows a definite role for HNO-mediated 

relaxation, no studies to date have investigated the role which HNO plays in vessels from 

hypertensive animals. In this study, we set out to determine if HNO-mediated relaxation 

responses would be preserved in the aorta from AngII hypertensive mice, given that HNO 

is thought to exhibit decreased reactivity in the presence of reactive oxygen species 

(ROS). 

Previous studies have demonstrated that AS induces relaxation in vascular and 

non-vascular smooth muscle including: aorta, mesenteric artery, cornonary artery, 

anococcygeus and gastric fundus. 54· 56· 61 · 72
• 

82· 91 -92 In the present study, we also found 

that the aorta from mice exhibited a similar half-maximal relaxation reponse to AS, 0.65 

µM, when compared to other tissues (Figure 7a). What was interesting was our 

observation that relaxation responses to AS were maintained in aorta from AngII-treated 

mice, whether the vessels were intact or denuded (Figure 8). When CRCs to ACh were 

performed, aortas from hypertensive mice exhibited a significantly decreased sensitivity 

and maximal relaxation response, suggesting there is a profound endothelial dysfunction 

(Figure 7). This study is first to demonstrate this maintenance of HNO-mediated 

vasorelaxation, and this phenomenon was in contrast to other findings from this 

laboratory showing that mesenteric arteries from AngII-hypertensive mice exhibit a 
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decrease in HNO-mediated relaxation. These data demonstrate regional differences in 

vascular reactivity of HNO during hypertension. 

In responses mediated by ACh, we found that incubation with CPTIO (Figure 9) 

produced a marked decreased in relaxation, while incubation with L-cys (Figure 10) did 

not. These data indicate that endogenous production of NO, such as by ACh-mediated 

mechanisms, is scavenged in the presence of CPTIO. The presence of CPTIO in CRCs 

performed to ACh reduced the response in aorta from sham, confirming the role that NO 

plays in aortic vascular tone. Conversely, the almost complete abrogation of ACh

mediated relaxation responses in aorta from Angil-treated mice also signifies the loss of 

NO bioavailability for relaxation. L-Cys incubation produced a modest, though 

significant decrease in ACh-mediated relaxation in vessels from sham, but not from 

Angil-treated mice revealing little reliance upon HNO for relaxation. When compared to 

our data using the HNO donor, AS, we believe that these data may also suggest that there 

may be different mechanisms for relaxation when HNO is produced endogenously. 

In order to investigate mechanisms for relaxation, we also performed CRCs to AS 

and ACh in the presence of the sGC inhibitor, ODQ, and the Kv+ channel blocker, 4-AP. 

When CRCs to ACh were performed, aorta from both mice exhibited a decrease in ACh 

sensitivity, while those from Angil-treated mice a decrease in maximal relaxation. 

However, when CRCs to AS were performed, only vessels from Angil-treated mice 

exhibited a rightward shift in the relaxation response. In preliminary results, we found 

that Kv+ channel blockade has a profound effect on endothelium-mediated relaxation, 

which, given that resistance vessels rely heavily upon EDHF for relaxation, is expected. 
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Our current data demonstrates a role for Kv+ channels in modulating aortic vascular tone 

and possible Kv+ channel in hypertension. To further investigate this role, CRCs were 

performed to AS in the presence of the Kv+ channel antagonist, with surprising results. 

Only vessels from Angil hypertensive mice exhibited a decrease in AS-mediated 

relaxation. When similar CRCs were performed in the presence of ODQ, blocking sGC, 

we observed a complete inhibition of AS-mediated relaxation. We believe these data 

reveal that AS-mediated relaxation is completely dependent upon sGC for relaxation, and 

again suggesting that endogenously produced HNO may differ in mechanism from 

exogenously applied HNO. 

All CRCs were performed in the presence of the copper (Cu(ll)+) chelator, EDTA, 

in order to prevent or decrease the extracellular conversion of HNO to NO, as shown by 

other investigators.55
' 

72
, 

82
-
83 Using NO-sensing probes, Favaloro and colleagues 

demonstrated that Cu+ present in the PSS used during experiments will oxidize NO- to 

NO.55 Although the use of EDTA will limit the extracellular conversion of NO- to NO, 

there is limited evidence regarding the intracellular conversion between these two 

molecules. In our experiments, we found that both L-cys and CPTIO attenuated AS

mediated relaxation responses in aorta from sham and Angil-treated mice. Although this 

is the first study to investigate HNO-mediated relaxation in aorta from Angil 

hypertensive mice, there are other studies to demonstrate that both scavengers reduce AS

mediated relaxation responses. In a study performed by Ellis and co-workers, they found 

that AS mediated relaxations differently in the aorta than in the non-vascular tissue, 

anococcygeus muscle. They also found that CPTIO itself, oxidizes NO- to NO, albeit · 

less than 2% of the total amount of AS added.82 In our present study, we also observed a 
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decrease in AS-mediated relaxation responses in the presence of CPTIO. Interestingly, 

the scavenging effect of CPTIO was greater in aorta from the AngII-treated mice. Given 

that a possible intracellular oxidative effect may be inter-converting these two molecules, 

the fact that this effect was increased in aorta from hypertensive mice gives us insight 

into different possible oxidative environments of these vessels. Other laboratories have 

shown that there are increases in superoxide dismutase (SOD) activity during AngII 

hypertension, which may also explain our findings. 93 If vascular disease and 

hypertension lead to increases in expression and/or activity of other metal containing 

enzymes such as xanthine oxidase (XO), which is highly likely given the oxidative 

environment during these conditions, this would also contribute to changes in HNO/NO 

interconversion. Additionally, with increasing concentrations of AS (> 10 µM), there 

have been shown to be increases in NO, along with nitrite production.55 Other 

investigators have ruled out a possibility of nitrites to be mediating the vast majority of 

effects seen by AS, given that nitrites mediate vascular relaxation at concentrations much 

higher than what is present with AS decomposition. 55
, 

72 We also observed a further 

attenuation of AS-mediated relaxation responses in aorta from AngII-treated mice when 

incubated with L-cys as compared to aorta from sham mice incubated with L-cys. 

Investigators have used single doses of AS and found that millimolar levels of L-cys 

significantly decrease the maximal relaxation responses. L-cys, in lower concentrations, 

is suggested to either block NO-mediated vasorelaxation. With- low concentrations (< 

300 µM) of L-cys, Furchgott and Feelisch et al. found that these concentrations blocked 

the response to NO and to EDRF, which they surmised to be through the formation of 

superoxide during the auto-oxidation of L-cys. 15
' 

72
-
73

, 
94

-
96 Moreover, data suggest that 
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via S-nitrosothiol production, L-cys may potentiate NO-mediated responses in the 

vasculature when used at high concentrations (> lmM). 15
• 

72
-
73 In our preparation, we did 

not find a potentiation of ACh-mediated relaxation responses in the presence of L-cys. 

This again calls into question the oxidative environment of the aorta, as there were 

observed differences in AS-mediated relaxation responses in the presence of L-cys in 

aorta from sham and Angil-treated mice. 

Overall, our data are the first to demonstrate that aorta from Angil-treated 

hypertensive mice, while displaying endothelial dysfunction also exhibit a preservation of 

HNO-mediated relaxation responses. We also demonstrate that there.may be a difference 

in the oxidative environment of the aorta, as compared to other vascular and non-vascular 

smooth muscle tissues. 
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Figure 7. Aorta from Angil-hypertensive mice exhibit endothelial dysfunction. 

Concentration response curves to ACh were performed in Phe (1 µM) contracted aorta. 

ACh-mediated relaxation responses were assessed in aorta from Angil-treated (Angil) 

and sham (Sham) mice. Relaxation responses were calculated relative to the maximal 

contraction elicited by Phe. Data are represented as mean± SEM; n=12-18. tp<0.001, 

ECso and Rmax values of Angll+HS vs. Sham. 
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Figure 8. Angeli's Salt-mediated relaxation responses were preserved in intact and 
denuded aorta from Angil hypertensive mice. 

Concentration response curves to the nitroxyl anion donor, Angeli's Salt, were performed 

in Phe (1 µM) contracted aorta. Relaxation responses to nitroxyl anion were assessed in 

intact aorta from Angll-treated (Angll,) and sham (Sham) mice. Nitroxyl anion-mediated 

relaxation was determined in aorta from intact, E( +), (a) Angll-treated (Angll) and sham 

(Sham) mice and denuded, E- (b). Relaxation responses were calculated relative to the 

maximal contraction elicited by Phe. Data are represented as mean± SEM; n=12-16. 
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Figure 9. Scavenging nitric oxide decreases ACh-mediated relaxation responses in 
aorta from Angll-treated and sham mice. 

Concentration response curves to ACh were performed in Phe (1 µM) contracted aorta 

from sham (Sham,)(a) and Angll (Angll)(b) in the presence of the nitric oxide scavenger, 

carboxy-PTIO (200 µM). Data are represented as mean± SEM; n=7-9. *p<0.05, ECso 

and Rmax values of CPTIO vs. vehicle in sham; tp<0.001, Rmax values of CPTIO vs. 

vehicle in Angll. 



56-

0 
0 C 

C 0 
0 i 25 
i 25 >< 
X ~ cu a> 50 
~ 50 ~ 

~ Sham ~ 75 • Angil 
■ 0 

75 a Sham/L-cys 0 Angll/L-cys 

100 100 

-9 -8 -7 -6 -5 -4 -9 -8 -7 -6 -5 -4 

log (ACh[M]) log (ACh[M]) 

(a) (b) 

Figure 10. Nitroxyl anion does not primarily mediate endothelium dependent 
vasorelaxation in aorta from both sham and Angll-treated mice. 

Concentration response curves to ACh were performed in Phe (1 µM) contracted first 

aorta from sham (Sham)(a) and Angll (Angll)(b) in the presence of the nitroxyl anion 

scavenger, L-cys (3 mM). Data are represented as mean± SEM; n=9-l 1. tp<0.001, 

Rmax values of L-cys vs. vehicle in sham. 
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Figure 11. Voltage-gated potassium· channel blockade decreases relaxation in aorta. 

Concentration response curves to ACh were performed in Phe (1 µM) contracted aorta 

from sham (Sham)(a) and Angil (Angll)(b) in the presence of the voltaged-gated 

potassium channel blocker, 4-AP (1 mM). Data are represented as mean± SEM; n=6-9. 

*p<0.05, EC5o values of 4-AP vs. vehicle in sham. 
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Figure 12. Relaxation responses to the nitroxyl anion donor, Angeli's Salt, are 
mediated through soluble guanylate cyclase. 
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Concentration response curves to AS were performed in Phe ( 1 µM) contracted aorta 
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from Angll (Angll) and sham (Sham) in the presence of the ( a) voltage-gated potassium 

channel blocker, 4-AP (1 mM) and the (b) soluble guanylate cyclase inhibitor, ODQ (1 

µM). Data are represented as mean± SEM; n=S-8. tp<0.0001, EC5o values of 4-AP vs. 

vehicle in Angll, tp<0.0001, Rmax values of ODQ vs. vehicle in sham and Angil. 
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Figure 13. Relaxation responses to the nitroxyl anion donor, Angeli's Salt, are 
reduced with nitric oxide and nitroxyl anion scavenging. 
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Concentration response curves to AS were performed in Phe ( 1 µM) contracted first 

aorta from AngII (AngII) and sham (Sham) in the presence of the (a) NO scavenger, 

CPTIO (200 µM) and the (b) HNO scavenger, L-cys (3 mM). Data are represented as 

mean± SEM; n=S-8. *p<0.05, ECso values ofL-cys vs.vehicle in sham; #p<0.01 ECso 

values of L-cys vs.vehicle in AngII; tp<0.001, ECso values of CPTIO vs. vehicle in sham, 

ip<0.0001, ECso values ODQ vs. vehicle in AngII. 
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C: Angeli's Salt, a nitroxyl anion donor, reverses endothelin-1 mediated vascular 

dysfunction in aorta. 

ABSTRACT: 

Although nitroglycerin (Gtn) 1s a clinically prescribed treatment for 

cardiovascular patients due to its vasodilatory actions, it is widely accepted to induce 

tolerance when given chronically. A proposed mechanism for this process is the 

superoxide (0-2)-oxidative stress hypothesis, which suggests that Gtn increases NADPH 

oxidase superoxide (0-2) production. Nitric oxide (NO) exists in three different redox 

states; uncharged NO, the oxidized state (NO+), and the reduced state, nitroxyl anion 

(NO-). NO- has newly become an emerging candidate in vascular regulation given the 

pharmacological and biochemical differences that exist between NO- and NO·. Only 

recently was evidence shown that NO- is produced ex vivo, in an endothelium-dependent 

manner (A Ch) and is a potent vasodilator of both conduit and small resistance vessels. In 

addition, since NO- exits protonated (HNO), it is more resistant to scavenging proposing 

HNO to be of particular interest in pathophysiological conditions where high levels of 

reactive oxygen species (ROS) exist, such as hypertension. We hypothesize that 

treatment with Gtn will exacerbate ET-1 vascular dysfunction via an increase in ROS, 

while treatment with AS will not via an increase in ROS. Aorta from C57Bl6 mice, aged 

12 weeks, were isolated and incubated in DMEM overnight, per standard cell culture 

protocol. Vessels were divided into four groups: vehicle, ET-1 [1 µM], ET-1 + Gtn [1 

µM], ET-1 + AS [1 µM]. Concentration response curves (CRCs) to acetylcholine.(ACh) 

and phenylephrine (Phe) were performed. We found that aorta incubated with ET-1 
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exhibited a significantly decreased relaxation response to ACh and an increase in Phe

mediated contraction. Vessels incubated with Gtn still exhibited a significant decrease in 

ACh-mediated relaxation and Phe-mediated contraction while aorta incubated with AS 

exhibited a complete reversal in vascular dysfunction. When vessels were incubated 

overnight with the superoxide dismutase (SOD) mimetic, tempol, we observed an 

improvement in endothelial function, as demonstrated by an increase in ACh-mediated 

relaxation. In addition, using primary aortic cell culture, we found that incubated with 

ET-1 increased superoxide (02-) production, as visualized by DHE staining. This 

increase in 02- was maintained with Gtn treatment, while decreased when co-incubated 

with AS. These data suggest that aorta incubated with the HNO donor, AS, can reverse 

ET-1 mediated vascular dysfunction, which may be through a decrease or prevention of 

ROS generation. We propose that HNO may be vasoprotective and that HNO donors 

may be studied as a possible therapeutic option where other organic nitrates are 

contraindicative. 

Introduction 

Nitroglycerin (glyceryl nitrate, Gtn), was proposed by Murrell in 1879 as a 

treatment for heart failure. 97
-
98 Since then, Gtn continues to be administered to alleviate 

various cardiovascular conditions, including angina, heart failure and other acute 

hypertensive crises. 62 While this, and other organic nitrovasodilators, may improve 

cardiac output by decreasing preload and afterload on the heart, as well as inducing 

vasodilation, these compounds are also of limited clinical efficacy. Organic nitrates are 

known to induce tolerance when given over time, which has been demonstrated clinically 
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as well as in various animal models. Additionally, when conditions of increased ROS are 

present, they are also thought to have a diminished vasoprotective effect, and even induce 

vascular wall damage. 

Of late, there has been considerable research regarding the one electron reduced 

congener of nitric oxide (NO), nitroxyl anion (N0-).39
• 

56 It was thought that NO- would 

exist as an anion (pKa 4. 7) at a physiological pH; however, this assumption was corrected 

in 2002, when investigators determined the actual pKa to be around 11.4 and that at 

physiological pH NO- exists as HNO.30
-
32 It was also determined that this conjugated 

weak acid, HNO, would be able to cross cellular membranes, leading investigators to 

divert research to this understudied molecule. 32 Although the mechanisms of relaxation 

and the question of endogenous sources are still being investigated, it is widely accepted 

that physiology, pharmacology and biochemistry of HNO.are vastly different than that of 

NO.21, 85 

This phenomenon can be especially seen when using the HNO/NO- donor, 

Angeli's Salt (AS). Various studies have used AS to study HNO-mediated 

vasorelaxation, and one of the most attractive effects of AS is the lack of tolerance 

induced. In ex vivo functional studies performed using rat aorta, Irvine and coworkers 

demonstrated that use of the HNO-donor AS, did not induce tolerance, as compared to 

Gtn. Additionaly, they revealed that AS did not even exhibit a cross tolerance to Gtn.61 

A recent study has demonstrated a similar phenomenon in vivo, which demonstrated that 

chronic infusion of AS did not lead to tolerance or endothelial dysfunction. 61
• 

63 The 

exact mechanisms of Gtn-induced tolerance have not been fully elucidated; however, 

several proposed models have been recommended. These mechanisms may overlap, but 
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are suggested to include: reduced biotransformation of the organic nitrates to NO, 

neurohormonal activation, desensitization of soluble guanylate cyclase (sGC), increased 

phosphodieasterase lAl activity and increased production of ROS.61
• 

66
• 

98
-
101 In fact, 

there is a growing body of literature showing that administration of organic nitrates not 

only induces tolerance, but promotes vascular wall damage. 

It has also been demonstrated that HNO is less reactive, as compared to NO, 

which may lend HNO superior stability against reactions with ROS or during conditions 

of high oxidative stress, such as hypertension.29
' 

39
• 

58
• 

69
' 

81
• 

102 Common mediators of 

hypertension induced ROS generation are angiotensin II and endothelin-1 (ET-1 ), which 

have been implicated in the promotion of oxidative stress and vascular wall damage. 

Given this, we evaluated whether use of the HNO/NO- donor, AS, would alleviate the 

Gtn induced vascular dysfunction induced by ET-1. We hypothesize that treatment with 

Gtn will exacerbate ET-1 vascular dysfunction via an increase in ROS, while treatment 

with AS will not. 

MATERIALS AND METHODS 

Male C57bl/6 mice, weighing between 25-30 grams were obtained from Jackson 

Laborotories (Bar Harbor, ME). Mice were maintained on a 12-hour light dark cycle, 

housed five per cage and allowed access to chow and water ad libitum. Isoflurane (10%) 

in oxygen was used for surgeries with carbon dioxide (CO2) for euthanasia. All 

procedures were performed in accordance with the Guiding Principles in the Care and 

Use of Animals, approved by the Medical College of Georgia Committee on the Use of 

Animals in Research and Education. 
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Primary Cell Culture 

Aorta from mice were carefully excised and cleaned in sterile Dubelco' s Modified 

Eagle's Medium (high glucose, DMEM), supplemented with 1 % penicillin/streptomycin 

and 30% fetal bovine serum (FBS). Per previous protocols and experimental procedures 

used in this laboratory, endothelium was removed and vascular smooth muscle cell 

(VSMC) culture obtained via explant technique. 103 VSMC primary cell culture was 

maintained in DMEM (low glucose), supplemented with 1 % penicillin/streptomycin and 

10% FBS under normal cell culture conditions (37°C, 95% 0 2, 5% CO2). Cells were 

grown to confluency, passed using trypsin and used within 4-6 passages. 

Aortic Ring Incubation 

After euthanasia with CO2, the aorta was rapidly excised and bathed in ice-cold 

physiological salt solution (PSS) (NaCl 120 mM, KCl 4.7 mM, KH2P04 1.18 mM, 

NaHC03 14.9 mM, dextrose 5.6 mM, CaChH20, 0.06 mM EDTA). Increased 

concentrations of EDTA were used in PSS buffer to aid in preventing the extracellular 

conversion of HNO to NO. Aorta were carefully isolated and incubated in DMEM (low 

glucose) supplemented with 1 % penicillin/streptomycin. Vessels were incubated 

overnight in incubator per standard cell culture technique and divided into the following 

groups: vehicle, endothelin-1 (ET-1, O.lµM or 1 µM, Pheonix Pharmaceuticals), 

endothelin-1 plus the nitroxyl anion donor, Angeli's Salt (AS, 1 µM, Cayman Chemical) 

or endothelin-1 plus nitroglycerin (Gtn, 1 µM, American Regent, Shirley, NY). Vessels 

were incubated overnight in either vehicle or ET-1 for 20-22 hrs. During the last hour of 

incubation, vessels were given two treatments of either AS or Gtn ( one treatment at one 

hour prior and second 30 minutes prior to functional experiment). 
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Functional Studies 

Aorta were mounted as ring preparations on two stainless steel pins m a 

myograph (Danish MyoTech, Aarhus, Denmark). Vessels were maintained at 37° C and 

continuously aerated with 95% 02, 5% CO2 and allowed to stabilize for at least 45 mins, 

at an optimal passive force of 5.0 mN. After stabilization, tissues were contracted with 

KCl (120 mM) solution to determine the reactivity of the vascular smooth muscle cells. 

To determine the viability of the endothelium, contraction was stimulated via 

phenylephrine (Phe; 1 µM) followed by acetylcholine (ACh; 10 µM). Vessels were then 

washed before performing concentration response curves (CRC) and after each CRC. 

CRCs to ACh in Phe (10 µM)-contracted vessels were performed in the presence of 

vehicle or the following: tempol (02- scavenger), ebselen (ONOO- scavenger), Fe-TPPS 

(ONOO- degradation catalyst). All other chemicals and drugs were purchased from 

Sigma Aldrich, St. Louis, MO. Force measurements were collected using Chart™ 

Software (ADI Instruments, Colorado Springs, CO) for PowerLab data acquisition 

systems (ADI Instruments). 

Dihydroethidium Staining 

VSMC primary cell culture was used in determining reactive oxygen species 

(ROS) and superoxide (02) generation with dihydroethidium (DHE, Invitrogen, 

California), which oxidizes in the presence of ROS, generating fluorescence. VSMC 

were grown to confluence, and then passaged to 6-well plates. Once VSMC reached 80% 

confluency, experiments were performed using: vehicle, ET-1 (0.1 µM), ET-1 plus AS 

(10 µM) and ET-1 plus Gtn (10 µM). VSMC were treated with ET-1 for 2 minutes, in 
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the presence of vehicle, AS or Gtn administered simultaneously. After washing 3 times 

in phosphate buffered saline (PBS, lX) VSMC were incubated with DHE (2 µM) for 20 

minutes. VSMCs were washed with PBS and then fluorescence visualized using (Zeiss, 

Carl Zeiss Microlmaging, Thomwood, NY). 

Statistical Analysis 

Agonist concentration-response curves were fitted using a nonlinear interactive 

fitting program (GraphPad Prism, Graph Pad Software Inc., San Diego CA), and values 

expressed as percent of maximal relaxation graphed against increasing molar 

concentrations of agonist. Agonist potencies and maximum response are expressed as 

negative logarithm of the molar concentration of agonist producing 50% of the maximum 

response (EC5o) and maximum effect elicited by the agonist (Rmax), respectively. Non

linear regression analysis was used to determine EC50 values, where Rmax was normalized 

to 100 percent for calculations. Data are expressed as mean±SEM (n), where n is the 

number of experiments performed. Statistical analysis of the concentration-response 

curves was performed by using the F test for comparisons of best-fit data between groups 

(ECso and Rmax), 

Drugs 

Angeli's Salt was prepared using a 0.0lM NaOH solution. All other stock 

solutions were prepared by using water. Stock solutions originally diluted in DMSO or 

ethanol was used with a final concentration of less than 0.003% v/v in the muscle bath; 

this concentration has been demonstrated to have no effect on vascular reactivity. 

Additionally, solutions containing vehicle levels of ethanol and DMSO were also used 

throughout the experimental protocol. 
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RESULTS 

Aortic rings incubated with endothelin-1 exhibit vascular dysfunction. 

To establish our model of vascular dysfunction, aortas were treated with ET-1 

(0.1 µM and 1 µM) overnight and vascular reactivity assessed by performing CRCs to 

Phe and ACh. In Figure 14, aortic rings treated with ET-1 (0.1 µM), did not exhibit an 

increased contractility to Phe (Rmax 105.1% ± 2.06 vs. 110.0% ± 2.56) (Figure 14a), nor a 

decreased endothelium-mediated relaxation response to A Ch (EC5o -6.84 ± 0.11 vs. -6.95 

± 0.12) (Figure 14b). When the concentration of ET-1 was increased to [1 µM], a 

significant vascular dysfunction was observed. ET-1 treated aortic rings exhibited a 

significantly enhanced Phe-mediated contraction, as compared to those incubated with 

vehicle alone (Rmax 128.3% ± 3.5 vs. 115.5% ± 3.26, p<0.01) (Figure 14c). CRCs were 

then performed to ACh, and ET-1 treated aortic rings exhibited a significantly decreased 

ACh-mediated relaxation response, indicative of endothelial dysfunction (Rmax 58.33% ± 

3.2 vs. 81.68% ± 2.6, p<0.001) (Figure 14d). For the remainder of the experiments, the 

higher ET-1 treatment (1 µM) dose was used. 

Incubation with Angeli's Salt, the HNO donor, reversed the increase in Phe-mediated 

contraction induced by ET-1. 

To determine if Gtn would exacerbate ET-1 mediated vascular dysfunction, CRCs 

were performed in aortic rings incubated with ET-1 overnight and co-treated with Gtn (1 

µM) twice in the last hour. As shown in Figure 15a, vessels incubated with ET-1 

exhibited a significantly increased Phe-mediated contraction, which was not significantly 



68 

altered with Gtn co-treatment (Rmax I2I .7% ± 2.37 vs. I28.3% ± 3.46). In contrast, when 

ET-I vessels were treated with AS, there was a significant decrease in Phe-mediated 

contraction, as compared to those incubated with ET-I alone (Rmax I I 7.2% ± 3.58 vs. 

I28.3% ± 3.46, p<0.05), which was not different than that of vehicle (Figure I5b). 

These data reveal that AS may be able to reverse ET- I-mediated vascular dysfunction. 

Incubation with the HNO donor, Angeli's Salt, reverses ET-I-mediated endothelial 

dysfunction. 

To determine if Gtn treatment would further exacerbate ET- I-mediated 

endothelial dysfunction, CRCs were performed to ACh. Vessels were treated with ET- I 

or vehicle overnight, and then given Gtn twice in the last hour. Aortic rings incubated 

with ET-I exhibited a marked endothelial dysfunction (Rmax 58.33% ± 3.2 vs. 81.68% ± 

2.6, p<0.001) (Figure 16). When these vessels were co-incubated with Gtn, there was an 

improvement in endothelial dysfunction (Rmax 71.3% ± 2.6 vs. 58.3% ± 3.2, p<0.05) 

(Figure 16a), yet relaxation responses remained significantly decreased as compared to 

vehicle. When these vessels were treated with AS, a complete reversal of endothelial 

dysfunction was observed (Rmax 83.2% ± 2.9 vs. 58.3% ± 3.2, p<0.0001) (Figure 16b), 

suggesting AS may be capable of improving ET-1 induced endothelial dysfunction. 

Endothelin-1 treatment increases superoxide generation, which is decreased when co

treated with Angeli's Salt. 
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Using a primary vascular smooth muscle (VSMC) culture, experiments were 

performed to further investigate the mechanism of AS vasoprotection. VSMCs obtained 

from murine thoracic aorta were maintained in cell culture for 4-6 passages before use, 

which has been demonstrated to be an acceptable time period during which VSMC 

maintain their phenotype in culture. 104 VSMCs were treated with: vehicle, ET-1 (0.1 µM, 

2 min), ET-1 plus AS (10 µM, 2 min) or ET-1 plus Gtn (10 µM, 2 min). After treatment, 

DHE staining was performed to visualize 0 2 • generation. As shown in Figure 17b, ET-1 

treatment increased 02· generation, as compared to basal levels. When VSMCs were 

incubated with Gtn (Figure 17d), no changes in DHE staining were apparent. However, 

when VSMCs were incubated with AS (Figure 17c), a decrease in DHE staining was 

observed, suggesting that AS may be preventing or reducing 02· generation in smooth 

muscle cells. 

Superoxide scavenging improved vascular reactivity in ET-1 treated aortic rings. 

To determine a mechanism for the improvement in vascular function seen with 

AS incubation, vessels were treated with the ONOO- decomposition catalyst, FeTPPS (10 

µM) or the superoxide dismutase (SOD) mimetic, tempol (lmM). 

To determine if 0 2• and NO were reacting to form ONOO-, resulting in decreased 

vascular function, vessels were incubated with FeTPPS (FT) for 30min prior to CRCs. 

Interestingly, ET-1 treated aorta incubated with FeTPPS exhibited a marked decrease in 

ACh sensitivity (EC50 -6.19 ± 0.09) and maximal relaxation response (Rmax 52.0% ± 2.4) 

(Figure 18a). In addition, incubation with FeTPPS in ET-1 +Gtn (Figure 18b) resulted in 
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no significant changes while FeTPPS incubation in ET-1 +AS (Figure 18c) reduced ACh

mediated relaxation responses (Rmax 56.l % ± 3.85 vs. 83.2% ± 2.85, p<0.0001). 

In order to determine if the prevention or reduction of 0 2• would induce similar 

effects as incubation with the HNO donor, AS, tempol was used. These aorta were 

incubated with tempol concurrently with ET-1; vessels were then incubated overnight 

before co-treatment with either AS or dtn. Vessels incubated with Gtn and co-incubated 

with tempol exhibited no changes in ACh-mediated relaxation responses as compared to 

ET-1 +Gtn (Figure 19a) (Rmax 71.2% ± 3.6 vs. 71.3% ± 2.6). When ET-1 treated vessels 

were similarly incubated with tempol and AS, no additional effects of tempol were 

observed (Figure 19b) (Rmax 75.2% ± 2.4 vs. 83.2% ± 2.9). However, ET-1 treated 

vessels (Figure 19c) incubated with tempol alone exhibited a significant improvement in 

the maximal ACh-mediated relaxation responses (Rmax 82.6% ± 2.6 vs. 58.3% ± 3.2, 

p<0.0001), with no changes in the sensitivity to ACh. Taken together, these data suggest 

that removal or reduction of either ONOO- or 0 2• does not have a similar vasoprotective 

effect as incubated with the HNO donor, AS. 

DISCUSSION 

The use of nitrosovasodilators, such as Gtn, for the treatment of cardiovascular 

conditions is well established and has been used for decades. Although this class of 

vasodilators mediate rapid and capable vasodilation, they are limited clinically due to the 

development of tolerance and reported increases in ROS generation. 105 The redox variant 

of NO, nitroxyl anion, has recently become the subject of increased investigation. 

HNO/NO- has been demonstrated to induce vasodilatation in an array of vascular beds 
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comparable to NO. Furthermore, researchers have clearly established that AS does not 

induce vascular tolerance, using ex vivo preparations, and more recently, in an in vivo 

chronic model. 61
' 

63 However, there are no data demonstrating whether the use of HNO, 

a more stable gas, would also decrease the vascular wall damage seen with NO donors. 

In this study we proposed that the NO donor, Gtn, would exacerbate ET-1 mediated 

vascular dysfunction and that this would be alleviated by using the HNO donor, AS. 

The role of NO as an EDRF in the vasculature has been intensively studied and 

has been clearly established as an important modulator of vascular tone and relaxation. 

NO elicits VSM relaxation through soluble guanylate cyclase (sGC) and protein kinase G. 

(PKG) activation, as well as direct activation of BKca channels. In addition to its 

vasodilatory properties, NO can also reduce platelet aggregation, increase angiogenesis 

and has potent anti-inflammatory capabilities. The redox variant of NO, NO-, once 

determined to exist protonated at a physiological pH (HNO), has been the subject of 

intense investigation and emerged as an EDRF and as a candidate of EDHF (need ref for 

pH here ).25
' 

54
, 

56
, 

106 Like NO, HNO/NO- was revealed to have a similar anti-aggregating 

effect on platelets, and is protective during ischemia-reperfusion events however, this is 

where the similarities end. 59
• 

64 

The mechanism of HNO-mediated vasorelaxation is still.poorly understood,. but 

likely involves voltage-gated potassium channel (Kv +) activation in resistance vessels, 

adenosine triphosphate (ATP)-sensitive potassium (KATP) activation in coronary arteries 

and through calcitonin-gene related peptite (CGRP) in the capacitance vasculature.54
-
56 

Although sensitive to sGC inhibition by ODQ, infusion of an HNO donor does not lead to 
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an increase in systemic cyclic guanosine monophosphate ( cGMP) but an increase in 

CGRP (reference here). There are still more questions than answers regarding the role of 

endogenous HNO in the vasculature and probable physiological source. 

There is an abundance of literature demonstrating the limited clinical efficacy of 

organic nitrates, such as Gtn, and the phenomenon of nitrate tolerance and cross-tolerance 

is well-documented, but yet the mechanism still not clearly defined. Several hypotheses 

exist including; diminished bioconversion of Gtn, neurohumoral adaptations, and 

vascular oxidative stress. Although it is suspected that the process is multifactorial, the 

latter process has emerged as a principal factor. 100
• 

107 It has been demonstrated that 

treatment with Gtn increased ROS generation using platelets, endothelial and smooth 

muscle cells as well as in animal models. 100
• 

108 Other studies have demonstrated a 

similar mechanism in patients. Schulz and colleagues revealed that patients treated with 

Gtn for 24 hours exhibited endothelial dysfunction and increased ROS production in 

addition to nitrate tolerance. 105
• 

109 In this manuscript, we report that Gtn does not 

exacerbate ET-1 mediate vascular dysfunction, but slightly improves Phe-mediated 

contractile and ACh-mediated relaxation responses (Figures 14a and 15a). In this study, 

the model used was to simulate multiple doses, or a chronic Gtn model. However, there 

are questions as to whether more doses or an increase in incubation time would alter the 

results we observed. 

Various enzymatic sources of ROS have been proposed to induce Gtn tolerance, 

including; xanthine oxidase (XO), nicotinamide adenine diphosphate (NADPH) oxidase 

and mitochondrial ROS production. However, there is a definite link between the 
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NADPH oxidase family of enzyme and their contribution to tolerance induced ROS 

generation and more specifically vascular 0 2• production.99
' 

110
•
111 In 2006, Otto et al. 

demonstrated that apocynin, an inhibitor ofNADPH oxidase, conferred protection against 

nitrate tolerance, and a year later, Fukatsu and colleagues demonstrated that 02 · 

production was decreased in Gtn-treated endothelial cells when NADPH oxidase was 

inhibited.99
' 

112 

In this study, we used an ET-1 induced model of endothelial dysfunction. ET-1 

has been consistently demonstrated to induce hypertension, endothelial dysfunction and 

ROS. Our data demonstrate that overnight incubation ofmurine aorta with ET-1, induces 

an increased Phe-mediated contraction and a decrease in ACh-mediated relaxation 

(Figure 14). The underlying ROS production was a perfect modelto determine if co

incubation with Gtn would exacerbate the vascular dysfunction present (Figures 15a and 

16a). As mentioned previously, we found that Gtn improved vascular function, although 

relaxation and contraction responses remained significantly different to vehicle treated 

aorta. Although surprised by these data, it is difficult to compare this model with studies 

using in vivo and chronic Gtn treatment. 

The most significant finding of the current study was that two treatments of AS, 

the HNO donor, during the last hour of ET-1 incubation could completely reverse the 

vascular dysfunction. It has been shown that AS has positive effects when infused 

chronically, and does not lead to tolerance or cross-tolerance to other NO-donors. 

However, there are no studies demonstrating whether HNO treatment can reduce ROS 

generation. 
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As shown in Figure 17, we observed an increase in ROS production, or 02· 

generation with ET-1 treatment, which is a known contributor to vascular dysfunction 

and is present during hypertension and other cardiovascular disease. We hypothesized 

that giving Gtn, or NO as a free radical gas, may lead to increased ROS production and 

peroxynitrate formation (ONOO} 

In order to determine if the increased ET-1 induced ROS generation is reduced 

with AS treatment; DHE staining was utilized in order to visualize ROS/ 02· production 

in a primary VSM cell culture model (Figure 17). VSM cells which were incubated with 

ET-1 exhibited a greater DHE staining. When the VSM cells were co-incubated with AS 

there was a decrease in DHE staining which did not occur with Gtn co-incubation. These 

data suggest that AS may be reducing the levels of VSM cell ROS/ 02 · production. 

To confirm these data, functional studies were performed as before, but with 

vessels co-incubated with the superoxide dismutase mimetic, tempol (Figure 19). 

Investigators have shown that tempol has a variety of beneficial vascular effects. We did 

not· observe any differences in ET-1 treated vessels incubated with AS or Gtn and co

incubated with tempol. In contrast, when ET-1 treated vessels were co-incubated with 

tempol, a significant improvement in maximal relaxation response were observed. When 

taken in conjunction with the experiments performed in cell culture, these data suggest 

that AS may be exerting vasoprotective effects through a decrease in 02· production, 

given that tempol treatment did improve the relaxation response. However, tempol 

treatment did not confer a similar level of vasoprotection as treatment with AS salt alone. 

In addition, vessels which were co-treated with tempol did not exhibit improved 
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relaxation in the ET-l+Gtn vessels. Taken together, these data suggest that 02· 

production alone is not entirely responsible for the effect of AS treatement. 

To further investigate our hypothesis and determine if the increase in 02· 

production may be reacting to produce increased levels of ONOO-, CRCs were 

performed in vessels incubated with the ONOO- degradation catalyst, FeTPPS (Figure 

18). However, when ET-1 +Gtn treated vessels were incubated with FeTPPS, we found 

that there was no increase in ACh-mediated relaxation. Furthermore, ET-1 treated aorta 

incubated with FeTPPS alone worsened the endothelial dysfunction. Although 

confusing, there is emerging data suggesting a regulatory role for ONOO-, and so the 

quantity of ONOO- necessary to maintain proper vascular function may have been 

compromised in this study. From our data, we can conclude that ET-1 induced ONOO

production may not be a primary cause for the vascular dysfunction present in this model. 

Overall, our data demonstrate that AS, the HNO donor can confer vasoprotection 

in ET-1 mediated vascular dysfunction. We believe that this mechanism may be through 

VSM cell ROS/ 02 · production. Additional mechanisms contributing to this phenomenon 

include. The use of HNO donors may prove to be a beneficial therapeutic alternative to 

organic nitrates in the near future. 
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Figure 14. Aorta incubated with endothelin-1 exhibit vascular dysfunction. 

Concentration response curves to Phe performed in aorta incubated with [0.1 µM] (a) and 

[ 1 µM] ( c) ET-1. Concentration response curves to A Ch were performed in aorta 

incubated with [0.1 µM] (b) and [1 µM] ( d) ET-1 and pre-contracted with Phe (10 µM). 

Relaxation responses were calculated relative to the maximal contraction elicited by Phe. 

Data are represented as mean ± SEM; n=4-9. #p<0.01, lp<0.0001, ET-1. vs. vehicle. 
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Figure 15. Incubation with AS reverses ET-1 induced vascular dysfunction in mouse 
aorta. 

Concentration response curves to Phe performed in intact aorta incubated with either 

endothelin-1 (ET-1), ET-1 plus nitroglycerin (ET-l+Gtn [1 µM]) (2a) or Endothelin-1 

plus Angeli's Salt (ET-l+AS [1 µM]) (2b). Data represented as mean±SEM, n=9-ll, 

#p<0.01, ET-1 vs. vehicle,# p<0.01, ET-1 +AS vs. ET-1. 
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Figure 16. Incubation with the HNO donor, Angeli's Salt, reverses ET-1 mediated 
endothelial dysfunction. 

Concentration response curves to ACh were performed in Phe (10 µM) aorta. (a). 
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Relaxation responses to ACh were assessed in intact aorta incubated with vehicle, ET-1 

[1 µM] or ET-1 +Gtn [1 µM]. (b) Relaxation responses to ACh were assessed in intact 

aorta incubated with vehicle, ET-1 [ 1 µM] or ET-1 + AS [ 1 µM]. Relaxation responses 

were calculated relative to the maximal contraction elicited by Phe. Data are represented 

as mean± SEM; n=S-10. *p<0.05, ET+Gtn vs. vehicle, tp<0.001, ET-1 vs. vehicle. 



a. vehicle b. ET-I 

C. ET-l+AS d. ET-l+Gtn 

Figure 17. Endothelin 1 treatment increases superoxide generation, which is 
decreased when co-incubated with Angeli's Salt. 
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Dihydroethidium (DHE) staining for superoxide production in a primary cell culture of 

aortic vascular smooth muscle cells (VSMC) Cells were treated with vehicle (a), 

endothelin-1 (ET-I [0.1 µM]) (b), ET-I plus Angeli ' s Salt (ET-l+AS [10 µM]) (c) or ET

I plus nitroglycerin (ET- I +Gtn [ 10 µM]) for 2 minutes, and then probed for superoxide 

production using DHE. 
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Figure 18. Incubation with the ONoo· degradation catalyst, FeTPPS, reduces ACh
mediated relaxation responses. 

Concentration response curves to ACh were performed in Phe (10 µM) contracted aorta. 

(a). Relaxation responses to ACh were assessed in intact aorta incubated with vehicle, 

ET-1 [1 µM] or ET-1 +FeTPPS [10 µM]. (b). Relaxation responses to ACh were assessed 

in intact aorta incubated with vehicle, ET-1 [1 µM], ET-l+Gtn [1 µM] or ET-

1 +Gtn+FeTPPS [10 µM]. 5c. Relaxation responses to ACh were assessed in intact aorta 

incubated with vehicle, ET-1 [1 µM], ET-l+AS [1 µM] or ET-l+AS+FeTPPS [10 µM]. 

Relaxation responses were calculated relative to the maximal contraction elicited by Phe. 

Data are represented as mean± SEM; n=4-10. tp<0.0001, ET-1 +FeTPPS vs. ET-1, 

tp<0.0001, ET-l+AS+FeTPPS vs. ET-1+-AS. 
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Figure 19. Incubation with tempol does not improve ACh-mediated relaxation 
responses in Gtn and ET-1 treated aorta. 
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Concentration response curves to ACh were performed in Phe (10 µM) contracted aorta 

incubated overnight with endothelin-1. (a). Relaxation responses to ACh were assessed 

in intact aorta incubated with the HNO donor, AS [1 µM], and with or without tempo! [1 

mM] (a), with the NO donor, Gtn [1 µM], and with or without tempo! (b) and with or 

without tempo! ( c ). Relaxation responses were calculated relative to the maximal 

contraction elicited by Phe. Data are represented as mean± SEM; n=5-10. tp<0.0001, 

Et-1 + T vs. vehicle. 
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III. UNPUBLISHED DATA 

Abstract 

HNO/NO- has emerged as an important modulator of vascular relaxation in 

conduit and resistance arteries. The exact mechanisms accounting for the relaxation 

responses seen in mesenteric and aortic vascular smooth muscle (VSM) is still under 

investigation. It is postulated that HNO/NO- leads to soluble guanylate cyclase (sGC) 

activation, S-nitrosylation (SNO) events and voltage-gated potassium (K+ v) channel 

activation. To determine whether the HNO/NO- donor, Angeli's Salt (AS), can induce 

K+ v channel activation and induce in vitro relaxation responses, whole-cell patch clamp 

and vascular reactivity studies were performed. We hypothesized that AS would produce 

K+ channel activation and that concentration response curves (CRCs) to AS would 

produce vasodilation in mesenteric arteries with pharmacological blockade of other K+ 

channels necessary for relaxation. Male C57Bl6 mice, aged 12-14 weeks were killed and 

aorta and mesenteric arteries removed. A primary vascular smooth muscle cell (VSMC) 

culture was obtained using the explant method, and used for whole-cell patch clamp 

experiments. First order mesenteric arteries were isolated and used on a wire myograph 

for functiqnal studies. Using the whole-cell patch clamp technique, we observed that the 

application of AS induced increased K+ flux, which was abolished with the addition of 

the K+ v channel inhibitor, 4-aminopyridine ( 4AP). In addition, functional experiments 

revealed that AS was capable of producing vasodilation in the presence of inhibitors 

which selectively block SK, IK+ ca and BK+ ca calcium channels. These data demonstrate 



that AS can induce K+ v activation, and that this activation can lead to vasorelaxation in 

mesenteric arteries. 

Methods 

Vascular smooth muscle cell isolation. 

Aorta were dissected and cleaned from male C57 /Bl6 mice, aged 12-14 weeks. 
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Primary aortic VSMC culture was obtained and maintained through first passage. Cells 

were removed from dish, using trypsin, and re-suspended in dissociation buffer ( 110 mM 

NaCl, 5 mM KCl, 0.16 mM CaCh, 10 mM HEPES, 0.5 mM NaH2PO4, 10 mM NaHCO3, 

0.5 mM KH3PO4, 10 mM glucose, 0.49 mM EDTA and 10 mM taurine). For patch

clamp experiments, several drops of the cell suspension were placed in a microscope 

chamber which contained the recording solution (140 mM NaCl, 5 mM KCL, 2 mM 

MgCh, 2 mM CaCh, 20 mM HEPES and 20 mM glucose, pH 7.4). 113 

Whole-cell currents were measured from metabolically intact aortic VSMC using 

the amphotericin perforated-patch technique. 113-116 

Perforated patch-clamp experiments. 

Perforated patch-clamp experiments were performed using pipettes fabricated 

from glass capillaries (7052, Corning, Lowell, MA) with a resistance of 3 n or less. In 

order to measure K+ current, the tips of the pipettes were filled with a solution containing 

90 mM KCH3SO3, 40 mM KCl, 5 mM MgCh and 20 mM HEPES (pH 7.4) to 

approximate normal intracellular [K+] and [Cr]. The remainder of the pipettes was back

filled with a similar solution, and 200 m/mL amphotericin B ( diluted by DMSO). Cells 
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were studied only if the voltage-drop across the series resistance was reduced to :S 5 m V 

within 10-20 min after forming a gigohm seal. Voltage clamp and voltage pulse 

generation was controlled with an Axopatch 200 A patch clamp amplifier (Axon 

Instruments, Downington, PA) and data were analyzed.with pCLAMP 6.0.3 (Axon 

Instruments, Inc.). Voltage-activated currents were filtered at 2 kHz and digitized at 10 

kHz, and capacitative and leakage currents were substracted digitally. All drugs were 

diluted into fresh bath solution and perfused into a 0.5 mL recording chamber (Warner 

Instruments Corp., Hamden, CT). 

Functional experiments 

Vascular reactivity studies were performed, as described earlier in first order 

mesenteric arteries. 

Drugs 

Angeli's Salt ([10 µL], AS, Caymen Chemical) was dissolved in 0.01 M NaOH. 

Iberiotoxin ([500 nM], IbTx, Tocris) and 4-aminopyridine ([1 mM], 4-AP, Tocris) were 

dissolved in distilled water. All drugs were applied directly to the recording chamber. 

All other reagents and equipment needed for the experiment were generously 

provided by Dr. Richard White, Medical College of Georgia. 

Results 

Angeli's Salt induces voltage-gated potassium channel activation in aortic vascular 

smooth muscle cells. 

Whole-cell patch clamp experiments were performed in aortic VSMCs obtained 

from primary cell culture. In Figure 20, outward K+ currents were obtained in aortic 

VSMC at baseline. After generation of currents from the voltage range of -40 mV to +50 
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mV, the HNO/NO- donor, AS, was directly applied to the recording chamber. The 

addition of AS induced an increase in outward K+ current at low voltages (Figure 20), 

and altered the current profile from that of BK+ ca channel to K+ v currents (Figure 21 ). In 

Figure 20c, the addition of 4AP, the selective K+ v channel inhibitor abolished K+ currents 

induced by AS. After a washout period, partial K+ flux was recovered in the cell, 

demonstrating that AS induces and outward K+ channel current. 

Angeli's Salt induced relaxation responses in mesenteric arteries via voltage-gated 

potassium channel activation. 

CRCs to AS were performed in mesenteric arteries to determine whether the 

HNO/NO- can produce relaxation responses in the presence of other K+ channel 

inhibitors. As shown in Figure 22, AS induces relaxation responses in the mesenteric 

arteries with an EC5o of approximately -6.3 M. When CRCs were performed to 

charybdotoxin (ChTx), iberiotoxin (lbTx), and apamin (AP), AS still induced a relaxation 

response the responses were significantly shifted rightward. In addition, when these 

inhibitors were used together, a similar effect of AS was observed. 



Control AS AS+ 4AP Washout 

(a) (b) (c) (d) 

Figure 20. Angeli's Salt, the HNO donor, induces outward potassium current in 
aortic smooth muscle cells. 
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Potassium currents recorded from aortic VSMC, using amphotericin B, over entire range 

of current (-40 to +50 mV). Control recordings obtained from VSMC (a) over range of 

currents generated. Angeli's Salt (b)(AS, [10 µM]) was applied to recording chamber, 

producing an increase in outward potassium (K+) current. Addition of the voltage-gated 

potassium channel (K+ v) inhibitor, 4AP [1 mM], abolished outward K+ current ( c ). In 

panel (d), drug was washed out and partial recovery of K+ current observed. 
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Figure 21. Angeli's Salt induces changes in current kinetics. 

Isolated and enlarged currents of potassium (Kl at +30 mV during control, Angeli's Salt 

(AS, [10 µM]) administration and after wash-out period demonstrating a change in 

kinetics from calcium activated potassium (BK+ ca) channels to voltage-gated potassium 

(K+ v) channels. 
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Figure 22. Concentration response curves to Angeli's Salt in mesenteric arteries 
induces relaxation through voltage-gated potassium channel activation. 

Concentration response curves (CRC) to Angeli's Salt (AS) were performed in 

phenylephrine (Phe [10 µM]) contracted first order mesenteric arteries. CRCs were 

performed in the presence of potassium channel inhibitors charybdotoxin (ChTx [100 

µM]), iberiotoxin (IbTx, [100 nM]), apamin (AP, [1 µM]), ChTx+lbTx and 

ChTx+IbTx+AP. 
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IV. DISCUSSION 

The role of NO has been intensively studied since the discovery that NO was an 

EDRF; however, there is limited knowledge regarding HNO in the vasculature. As 

mentioned previously, until recently HNO was simply regarded as a pharmacological 

phenomenon. This was until a paper published demonstrating that the pKa of Nff /HNO 

was greater than 11, which hinted at a possible endogenous role of HNO in the 

vasculature.33 Since that discovery HNO has emerged as an EDRF. Although limited in 

quantity, sufficient data exists that HNO is a vasodilator in various vascular beds; from 

rodent to human. 

In the aorta, seminal studies by Fukuto and colleagues revealed that a clinically 

used drug, cyanamide, elicited vasodilation, which was not catalase dependent and thus 

mediated by HNO.47
' 

117 From there, it was determined that HNO not only produced 

vasodilation in conductance arteries, but in coronary arteries and resistance vessels. 25
' 

53
-

54, 
56

• 
60 Even though there is an increasing body of knowledge, there have been no studies 

investigating the role of this redox species in the vasculature of hypertensive animals. As 

such, three specific aims were formed. The first was to determine the contribution of 

HNO in the aorta and mesenteric arteries from hypertensive mice. The second was to 

delve into possible mechanisms for HNO-mediated relaxation. The last was to discern a 

possible role for HNO donors in conferring vasoprotection during an ET-1 induced model 

of vascular dysfunction. 

The chemistry of HNO suggests that this gas is probably more stable and would 

be less reactive with ROS.39
-
40 Given the large amounts of ROS produced in the 
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vasculature during CVD, especially hypertension, the question of whether HNO

mediated vasodilation is preserved during hypertension remained at large. 69 During 

conditions of oxidative stress and increased ROS, it is known that NO bioavailability is 

significantly decreased. This study demonstrates that the aorta from Angll-hypertensive 

mice exhibit a preserved AS-mediated relaxation response even though ACh-mediated 

relaxation responses are significantly decreased. In order to determine whether 

endogenously produced HNO is similarly affected in the hypertensive vasculature, CRCs 

to ACh were performed in the presence of scavengers for NO and HNO (C-PTIO and L

eys, resp.). (See Figure 25 for schematic of HNO- and endothelium-mediated 

relaxation.) It was determined that aorta from normotensive mice exhibit a profound 

dependence upon NO for relaxation, as evidenced by a profound decrease in ACh

mediated relaxation responses in the presence of the NO scavenger, C-PTIO. In aorta 

from Angll-hypertensive mice incubated with C-PTIO vasorelaxation was completely 

inhibited, suggesting that during hypertension NO bioavailability is significantly reduced. 

In contrast, when CRCs to ACh were performed in the presence of L-cys only a slight 

decrease in maximal relaxation was observed in aorta from both normotensive and AngII

hypertensive mice. It seems as though HNO does not play a primary role in the 

vasorelaxation of aorta. 

When similar experiments were performed in first order mesenteric arteries an 

opposite effect was revealed. Mesenteric arteries from AngII-hypertensive mice 

exhibited a significant, endothelium-independent decrease in AS-mediated relaxation. 

These data were confirmed using L-cys and CRCs to ACh. Mesenteric arteries from both 
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sham and hypertensive animals exhibited a significantly decreased endothelium

dependent relaxation response when HNO was scavenged. 

Even though these data are the first to determine the role of HNO in vessels from 

hypertensive mice, these data were not surprising. In the past year, HNO has been 

conclusively shown to induce dilations, which seem to be dependent upon potassium 

channel activation.39
' 

55 The conductance vasculature is more dependent upon NO and 

the resistance vasculature more dependent upon EDHF-type mechanisms, only 

supporting this current set of studies. HNO 'can' produce vasorelaxation, such as 

through the donor AS, in both vessel types, however, HNO seems to be more 

physiologically relevant in the small resistance vessels. 

The exact mechanisms of HNO-mediated relaxation in vivo is still under debate, 

but work by Irvine et al. and Kemp-Harper et al. have revealed convincing evidence that 

HNO induces potassium channel activation, specifically the Kv + channel. 54
-
55 There is 

limited data and so whole-cell patch clamp studies were performed with the help of Dr. 

Richard White. Using aortic VSMCs from a primary cell culture, whole cell recordings 

were obtained. In these experiments, we observed that AS induced an increase in 

potassium flux, which was completely abolished when 4-AP, a specific Kv+ channel 

antagonist, was added to the preparation. Interestingly, the kinetics of the channels were 

also altered. Normal BKca channels were active in the VSMC previous to AS 

administration, which was shown by the slope and plateau of the curve. After AS 

administration, the profile of the curves was altered, revealing a quick change in potential 

and a tapering off of the curve. This is indicative of Kv+ channel activation. In 

functional studies using mesenteric arteries, we found that Kv + channel blockade 
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decreased ACh-mediated relaxation, yet almost completely inhibited relaxation in vessels 

from Angil-hypertensive mice. Given that HNO has been demonstrated to activate Kv+ 

channels, we believe that HNO-mediated relaxation is decreased in mesenteric arteries 

from Angil-treated mice via altered Kv+ channel activation (Figure 25). This process, 

. coupled with a decrease in NO bioavailability, may contribute to the pathogenesis of 

hypertension. Although these data support this conclusion, further studies will be needed 

to conclusively demonstrate this event. While there is increasing confirmation of a role 

for HNO as an endogenous mediator of vascular relaxation, new techniques and tools will 

need to be uncovered in order to fully understand its role and production. 

In addition, the regional variability demonstrated in these data; preservation of 

HNO-mediated relaxation in aorta as compared to mesenteric arteries further suggests an 

EDHF-like mechanism as shown here and by others. Vasorelaxation to ACh was 

markedly reduced in the presence of the NO scavenger, CPTIO, in aorta, but not in the 

mesenteric artery. Previously, investigators have shown an increasing reliance upon non

NO vasodilators as the diameter of the vessel decreases. Furthermore, evidence 

demonstrated by whole cell patch clamp reveals that AS produces a robust K+ flux, which 

can be abolished with the use of the Kv+ channel antagonist. Using isolated vessel 

preparations, these data were functionally confirmed using the Kv + channel antagonist in 

CRCs to ACh. Although further investigation is needed, these data suggest that HNO 

may be inducing K+ flux via the Kv+ channels, predominantly in resistance vessels. 

The methods to detect HNO-mediated relaxation and/or by-products of HNO 

bioavailability and function are extremely limited. Thus, CORP levels were assessed in 

resistance vessels as a biomarker for HNO bioactivity. As mentioned previously, levels 
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of CGRP are increased with AS infusion, and investigators suggest that this can be used a 

differentiating marker between HNO and NO. We observed a decrease in CGRP levels 

in mesenteric arteries from the Angll-treated mice, which corroborates our functional 

data suggesting a decrease in HNO bioactivity or availability. However, further data are 

needed to fully understand the role which CGRP plays in HNO-mediated relaxation, and 

the accuracy of CGRP as a biomarker. 

As mentioned previously, HNO 1s thought to be resistant to scavenging, 

especially with regards to 0 2-. Most, if not all, investigators agree that HNO-mediated 

vasodilation via a donor, such as AS, produces relaxation responses which are equal in 

magnitude and consistent with those stimulated by other nitrovasodilators. In contrast to 

other nitrovasodilators, such as Gtn, AS does not induce tolerance to itself or cross

tolerance to other organic nitrates.61
• 

63
• 

66
• 

98
• 

109 In addition, research suggests that 

chronic use of Gtn can induce vascular wall damage, increased ROS generation and 

endothelial dysfunction.66
• 

105
• 

107
• 

109
• 

118 Hence, we hypothesized that AS would not 

exacerbate endothelial dysfunction and ROS production in comparison to Gtn. A model 

of ET-1 vascular dysfunction was chosen, due to the fact that ET-1 stimulates production 

of high levels of ROS. At the time this study was proposed, very little research existed 

regarding overnight ET-1 incubation of murine aorta and the level of resulting vascular 

dysfunction. Accordingly, two doses of ET-1 were chosen for incubation. We found that 

only [1 µM] ET-1 led to a prominent decrease in ACh-mediated relaxation and an 

increase in Phe-mediated contraction. For the remainder of the study, that concentration 

was used. In addition, most studies looking at Gtn tolerance use a model of repeat and/or 

chronic exposure.66
• 

100
, 

105
• 

109
• 

119 For that reason, the protocol of two doses within the 
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last hour of ET-1 treatment was developed as an ex vivo protocol for repetitive dosage. 

CRCs were performed in ET-1 treated aorta, either given the AS or Gtn in the last hour. 

Our results were surprising. We observed a complete reversal of vascular dysfunction in 

vessels incubated with AS. Although there was an unanticipated improvement in vessels 

incubated with Gtn, the improvement was modest and the ACh-mediated relaxation and 

Phe-mediated contractile responses still remained significantly different from that of 

vehicle treated aorta. These data are the first to demonstrate a vasoprotective role for the 

HNO donor, AS. 

Current literature suggests that increased ROS production and ONOO- generation 

is a primary mechanism for Gtn tolerance. However, there were no improvements in 

vascular reactivity in ET-1 +Gtn treated aorta when incubated with the ONOO- scavenger, 

FeTPPS. Moreover, only modest increases in relaxation responses were seen in vessels 

incubated with the SOD mimetic, tempol. These data suggest that Gtn tolerance· may be 

only partially due to ROS production. Also, the fact that two doses of AS within the last 

hour of a high ET-1 doses was able to reverse vascular dysfunction suggests that AS may 

be altering other pathways within the VSMCs leading to increase relaxation. Other 

experiments will be needed to further elucidate possible mechanisms. 
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Figure 23. Schematic of nitroxyl anion mediated relaxation via Angeli's Salt (a) and 
endothelium-mediated relaxation via acetylcholine. 
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Figure 24. Schematic for increased vascular resistance and hypertension. 

A decrease in HNO/NO- bioactivity, coupled with a decrease in NO bioavailability leads 

to a decrease in the ability of the vasculature to relax. This process contributes to 

increase peripheral vascular resistance, contributing to hypertension. 
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V. SUMMARY 

Even though research of HNO/NO- has been increasing, there is still a deficit in 

current knowledge regarding the role of HNO-mediated relaxation. In addition, prior to 

these studies no data existed regarding HNO and hypertension existed. 

From these studies we can conclude that AS-mediated relaxation responses are 

preserved in aorta from Angll-hypertensive mice, while mesenteric arteries from Angll

treated mice.are not, despite a profound decrease in ACh-mediated relaxation. Consistent 

with other findings, the aorta relies heavily upon NO for relaxation and during Angll 

hypertension, NO bioavailability seems to be significantly decreased. In contrast, 

mesenteric arteries exhibit more dependence upon HNO for relaxation, which seems to 

be lost during Angll hypertension. By using whole-cell patch clamp studies, we believe 

that HNO, as released by AS, can preferentially activate Kv+ channels. Our functional 

data suggest that in mesenteric arteries HNO-mediate relaxation is lost via Kv+ channels, 

and this process may be contributing to the compromised endothelial function in Angll 

hypertension. 

Moreover, these data demonstrate a possible difference in endogenous HNO

mediated relaxation as compared to exogenous application, such as by the HNO donor 

AS. In this study we also observed that AS was particularly sGC-dependent, which is 

similar to other investigators in the field. In contrast, AS-mediated relaxation was found 

to be only partially dependent upon Kv+ channel activation, whether in aorta or 

mesenteric arteries .. These results were surprising as Kv + channels seemed to contribute 

significantly to endothelium-mediated relaxation responses in the mesenteric arteries. It 
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should be noted that different laboratories have observed a variation in AS-mediated 

relaxation responses, which may be attributable to buffer concentrations (including 

chelating metal concentrations), oxygen levels, species and vascular bed differences and 

changes within the oxidative environment. 

Treatment for hypertension is an underlying reason for this research, which led us 

to investigate possible therapeutic options for HNO donors, such as AS. We observed 

that treatment with AS completely reversed ET-1 mediated vascular dysfunction. These 

results were surprising, and give compelling evidence for HNO as a vasoprotective 

molecule. However, our investigations into the mechanism left many questions. 

Although we found that AS seemed to decrease ROS/O2 • generation in an aortic VSM 

primary cell culture model, we were not able to replicate the effects of AS by using 

tempol or FeTPPS. These data suggest that AS may be mediating its effects through 

ROS-independent mechanisms and given that HNO is highly thiophillic, S-NO is a 

possibility.39 

In conclusion, these studies contribute to the evidence that HNO is an EDRF, 

inducing vasodilation in the aorta and mesenteric arteries. We also believe that HNO 

may be mediating vasorelaxation in an EDHF-like manner, due to the activation of the 

Kv+ channels seen by us, and others.25
' 

55 Our data suggest that HNO is an important 

mediator in vasorelaxation and that HNO-mediated relaxation is lost, possibly due to Kv + 

channels, in mesenteric arteries from Angll-hypertensive mice. In addition, the use of 

HNO donors, such as AS may prove to be a useful alternative to organic nitrates during 

CVD conditions such as angina or as a vasoprotective molecule. 
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Abstract 

Vasoactive peptides, such as endothelin-1 and angiotensin II, are recognized PY~:§pecific receptor proteins ·located in the cell 
membrane of target cells. After receptor recognition, the spec:;ificity of the cell'ular r~sponse is achieved by G-protein coupling 
of ligand binding to the regulation of intracellular effectors. These intracellti'tar •. ~f:fbctors will be_ the subject of this brief re
view on contractile activity initiated by endothelin-1 and angiotensin II.,,i2lit,y~tion of receptors by endothelin-1 and angio
tensin Il·in smooth muscle cells results in phospholipase C activation •l~~g.ing.to the generation of the second messengers 
inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 stimulatesj:n:ty.c·~1:1u1ar Ca2+ release from the sarcoplasmic retic
ulum and DAG causes protein kinase C activation. Additionally, diffi".'. · Ca2+ entry channels, such as voltage-operated, re
ceptor-operated, and store-operated Ca2+ channels, as well as Ca2+-pe -:able nonselective cation channels, are involved in 
the elevation of intracellular Ca2+ C(?ncentration. The elevation 1~,;;i~~~cellular Ca2+ is transient and initiates contractile ac
tivity by a Ca2+-calmodulin interaction, stimulating myosin ligp~ chani (MLC) phosphorylation. When the Ca2+ concentra-
tion begins to decline, Ca2+ sensitization of the contractile t€ln:'S;J/ signaled _by the RhoA/Rho-kinase pathway to inhibit 
the dephosphorylation of MLC phosphatase (MLCP), ther ' ·iµ.aining force generation. Removal of Ca2+ from the cy-
tosol and stimulation of MLCP initiates the process of sm~ ;~tle relaxation. In pathologic conditions such as hyperten-
sion, alterations in these cellular signaling compo~ts., cart lead to an overstimulated · state causing maintained 
vasoconstriction and blood pressure elevation. J A1I1:·;:::;oc··H,ypertens 2008; ■(■ ):l-13. © 2008 American Society of 
Hypertension. AU rights reserved. · '\ 
Keywords: Calcium channel; Rho-kinase; vasoactive peptides; P,pciip}!Q.i~9iitides. 

,;=; -:..:.··· 

Introduction 

In the vasculature, the small arteries_,,.,a~d"'';arterioles 
regulate the majority of blood flow resist~ceyfiifthe circu
lation. Circulating neurotransmitters, h,9xqiHh~.,ey. endothe
lium-de:ived facto:s, and even sheaf· strt1 -itself plays 
a role m modulatmg smooth muscie~,-~on~l and, conse
quently, lumen diameter. 1

-
3 The fi.n;11'fprgfltl~t is the control 

.iJ' .... 

of blood pressure (BP) and organ 1?.~ood "!ilow. 
•-:~·,:,-: ,,.,/. 
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Arteries are composed of three layers: 1) the tunica: ad
ventitia, 2) tunica media, and 3) tunica intima. Although 
the outer and inner layers are composed mainly of connec-

1 ~ive tissue and endothelial cells, respectively, the tunica me
dia is composed of smooth muscle cells.3 All smooth 
muscle cells, regardless of the stimulus, produce force or. 
contraction . through cross-bridge cycling between actin 
and myos'in filaments. Although vascular smooth muscle 
cells are capable of dynamic changes in gene expression 
to either contractile or differentiation proteins, the contrac
tile phenotype in vascular. smooth muscle predominates.4 

The contractile response of vascular smooth muscle is the 
product of myosin light chain kinase (MLCK) and myosin 
light chain phosphatase (MLCP) activation. In smooth mus
cle, this process is initiated by a c_alcium (Ca2+)-mediated 
change in the thick (myosin) filaments. 2 

· 

In this review, we will discuss the moiecular mechanisms 
by which two common vasoactive peptides, angiotensin II 
and endothelin-1, produce smooth muscle contraction. 

1933-1711/08/$ - see front matter © 2008 American Society of Hypertension. All rights reserved. 
doi:10.1016/j.jash.2008.09.002 
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Because intracellular Ca2+ is fundamental to the contractile 
process, we will also provide a brief review of the cellular 
mechanisms that regulate this cation. 

phosphatases. This receptor isoform has also been docu- 172 
mented to trigger the kinin-NO-cGMP pathway. 8 However, 173 
it is through the AT 1 receptor with which the majority of 174 
physiologic and pathologic actions of angiotensin II is me- 175 
diated, and will be the focus of the signaling in this review. 176 Angiotensin II Signaling The angiotensin II signaling cascade via the AT 1 receptor 177 

Angiotensin II, which is the predominate bioactive pep- is a consequence of the particular G-protein or signaling 178 
tide in the renin-angiotensin system (RAS), promotes the cascade that is activated Gq11 1, Gi, G12, and G13 .

5
•
6 The 179 

maintenance of systemic pressure through various mecha- AT1 receptor signals through three main pathways: classical 180 
nisms in the cardiovascular and renal systems.5 Although phospholipase C (Pi,C). signaling leading to inositol tri- 181 
angiotensin II is crucial to salt and water homeostasis, sphosphate (IP3) a~cl' ~jacylglycerol (DAG) cleavage, phos- 182 
this peptide is also implicated in several cardiovascular pholipase D, also'J·,~jr.1inating in DAG generation; and 183 
conditions, such as hypertension, atherosclerosis, and heart phosphatidylch~iii'I&1~tJ?,hdsphatidic acid and phospholipase 184 
failure, and more specifically in vascular smooth muscle A2, which is r~;~onsi)l~ for arachidonic acid and prosta- 185 
contraction; vascular remodeling including the induction glandin proqµ,,<}tjphr;,•,'-fyrosine phosphorylation, ie, mitogen 186 
of hypertrophy and hyperplasia. Canonical angiotensin II activated pr,oteiii_'?!pnase (MAPK), which is distinctive· for 187 
signaling occurs through a membrane bound heterotrimeric its role in g~g~ttlfactor and cytokine activation, has been 188 
G-protein coupled receptor (GPCR). To date, there are two associa~¢'B~tth"'increased levels of AT1 receptor activation. 189 
GPCRs known to mediate angiotensin II function: the AT 1 Nonreei,Vi.te:)rtyfosine kinase activity has ·also been associ- 190 
and AT2 receptors.5•6 . . atedlw,i,~rangiotensin II, including but not limited to: the 191 

The AT 1 receptor is expressed in a variety of tissues, in- Src(J¥hlly of kinases, praline-rich tyrosine kinases 192 
eluding the kidney, heart, adrenal gland, brain, lung, and (Pyksj;::,e~tracellular signal-regulated kinases (ERKs), pax- 193 
adipose; however, the focus will be on AT 1 receptor activa~ ,illi:111 focal adhesion kinase, phosphoinositide 3 kinase and 194 
tion in arterial smooth muscle. The AT2 receptor is highly .. · an ihflammatory cytokine pathway, janus kinases/signal 195 
expressed in fetal tissues, then declining quickly after birth. · 'ttan~oucers and. activators of transcription.7 Angiotensin 196 
In adults, the AT2 receptor has a varied tissue distribution as/: , · II js a pleiotropic signaling molecule, whose varied path- 1Q7 
well, and is detectable in the kidney and adrenals, pancrec1:~;' ·· : '·f~\~o/-ays is complex and specific, but yet also converges to 198 
ovary, brain, heart, and vasculature. In vessels, the AT2.J_M~::,:;, Bring forth multiple responses. This review will focus on 199 
ceptor is not localized on the smooth muscle, but is maj,ply the PLC pathway, culminating in vascular smooth muscle 200 
expressed in the adventitia. After injury, levels ·of t1fs re.:.:,'.' contraction. 201 
ceptor have been observed to increase, which may.,,d'p>J~i.9,:,/ Recent literature suggests that. the AT 1 receptor couples 202 
current dogma suggesting that the AT2 receptor isrln ved to Gq to mediate vasoconstriction, which is the pathway 203 
in cellular growth. In contrast to the vasoconstric "' ei{s leading to smooth muscle contraction via PLC. 9 In addition, 204 
of the AT1, the AT2 receptor has'bee~ showntRY~ ate angiotensin II was found to elicit a contractile response via 205 
vasodilation.7 Less is known about AT2 re1rf~#"·irlbcha- a~tiva~on of G12'G13 G-proteins and the RGS-RhoGEF 206 

· nisms than the AT 1 receptor; however, it !,S:,k,116-Wa that it s1gnalmg pathway. Recently, insights into this mechanism Q3 207 
couples to Gi and activates tyrosine anc;!{secl¾'"t~lthreonine were discovered and will be discussed in a later 208 

~~i W9 

mysoin light chain 
phosphatase 

•<:;·~~ 

phosphorylated 
myosln light chain 

myosin light chain 
(Inactive) 

myosin light chain 
kinase 

\ 
Ca2+ -calmodulin 

Figure 1. Overview of major contributors to vascular smooth muscle contraction. In smooth muscle, contraction is initiated by a Cai+_ 
mediated change in the thick filaments, or myosin. With myosin light chain phosphorylation, the actin and myosin filaments are capable 
of interacting. ATP hydrolysis is the source for force generation in smooth muscle; with contraction, inorganic phosphate leaves the 
myosin head. Relaxation occurs via the action of myosin light chain phosphatase, which dephosphorylates myosin light chain, inactivat
ing it. ATP, adenosine-5'-triphosphate; Ca2+, calcium. 
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Figure 2. Molecular mechanisms of smooth muscle contractiom::'"'!: . ~ smooth muscle contraction is the summation of MLCK and 
MLCP activity. With receptor bi_nding, an increase in intrace~tdi- , a + occurs, both via channels located in the membrane and intracel
lular stores in the sarcoplasmic reticulum. The Ca2+ inter~i~ w1tH modulin, forming a Ca2+ -calmodulin complex, which activates 
MLCK. MLCK can then MLC-P; allowing for the close iifteractt9n of the actin and myosin filaments for force generation; Relaxation 
occurs with MLCP dephosphorylating MLC. In some inst~ces, . .fbrce generation can be tonic; this is mediated in a Ca2+ -independent 
manner. Rho-kinase becomes activated via the small,,;whctt.;itetfRhoA protein, which subsequently phosphorylates MLCP, rendering 
the enzyme inactive and incapable of de-phosphoryl!!i.'Ung'M4C. In addition, PKC and Rho kinase work in concert to activate CPI-17, 
which inhibits MLCP. Thus, the vascular smooth m~~.sJe'tkQP,'.ot relax and a tonix contraction occurs. Ca2

+, calcium; MLCK, myosin light 
chain kinase; MLCP, myosin light chain phosphatisdMiLC:-P, phosphorylate myosin light chain. 

,:_;·i, ,.r 

section. 10
•
11 After Gq!G11 GPCR activatiih, :tseco~d mes

sengers are generated, beginning with "''F~C activation. 
PLC is a membrane-bound enzyme res~·orlsiQJ~'l·or cleaving 
membrane lipid phosphoinositide 4, 5-:'~}>isphojphate, result
ing in the generation of IP3 and DAg;,2:'tZ9{'and DAG reg
ulate two distinct but parallel pathways l~~ding to increased 
intracellular Ca2+ and ,9plmipat1ng in MLC 
phosphorylation.2•13·14 ·•;.• .... 

IP3 regulates calcium relea'.se.;.j~to· the cytosol from the 
sarcoplasmic reticulum (SR);'·R),edi:ated via the ryanodine 
receptor (RyR). The RyR,,"w.hich')as been shown to be lo
calized centrally as well ai;;·"Pehpherally on the SR, is 
thought to facilitate optimal binding of IP3.

15
•
16 Activation 

of the RyR opens Ca2+ channels, causing· a rapid increase 
in Ca2+ concentration. After cytosolic Ca2+ concentrations 
peak and then decline, there is a sustained elevation of 
Ca2+ above that of basal levels.2 This sustained increase 
in Ca2+ is due to receptor-operated Ca2+ channels on 
plasma membrane facilitating increased cytosolic Ca 2+ 

levels from the extracellular space. 2• 
14 The EF hand · 322 

Ca2+ -bindiI).g protein, calmodulin, is the primary target 323 
for elevated intracellular Ca2+. The Ca2+ -calmodulin com- 324 
plex is then able to activate MLCK.2 It is also or impor- . 325 
tance to note that the Ca2+-tension relationship changes 326 
for stimulation type and during the time of the contraction. 327 
In general, studies show that the receptor-mediated stimula- 328 
tions produce a greater tension for a given Ca2+ concentra- 329 
tion. Moreover, during the sustained phase of contraction, 330 
lower levels of Ca2+ are needed, which is referred to as 331 
Ca2+ sensitization. These are two differential points of reg- 332 
ulation for vascular smooth muscle contraction. 17 333 

DAG mediates vascular smooth muscle contraction via 334 
activation of protein kinase. C (PKC). PKC is a serine/thre- 335 

onine kinase known to exist in several'isoforms, all which 336 
contribute to various physiological activities and are acti- 337 
vated differentially. Of the three known vascular smooth 338 
muscle isoforms, PKCa and PKC/3 are dependent on 339 

DAG activation and intracellular Ca2+ concentrations, 340 
341 
342 
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Figure 3, The concept of ROC Ca2+, VOC Caz+, and SOC Ca2+. ROC chal~J,f~e activated via receptor stimulation of GPCRs directly 
or through the production of s~cond messengers such as IP3 or DAG. IP3 can theWbind to and activate the IP3 receptor on the sarcoplasmic 
reticulum membrane, causing discharge and release of the stored Ca2+. ::Uhe-~lease of Ca2+ from the sarcoplasmi~ reticulum induces Cl_ 
efflux or the influx of Na+ and Ca+ from the ROC channels, which emf then !f~tivate VOC channels. The second messenger, IP3 activates 
the IP3 receptor on the sarcoplasmic reticulum membrane, causing dls~ffar,g~ ahd release of the stored c~2+. After Ca2+ depletion from the 
sarcoplasmic reticulum,·the SOC channels are activated. A, agol}ilit;.~a2+/calcium; DAG, diacylglycerol; GPCRs, G protein-coupled 
receptors; IP3, inositol 1,4,5-trisphosphate; IP3R, IP3 receptor; J;>ll?i;,':ph<:i~phatidylinositol 4,5-bisphosphate; PLC, phospholipase C; R, 
receptor; ROC, receptor-operated channels; TK, tyrosine kinas~ .. ·soc:·itore-operated channels; VOC, voltage-operated channels. . 
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whereas PKCE is DAG-dependent only. PKC modµIites·•· : 
vascular smooth muscle contraction by directly phosphpry~ .. 
la ting MLCK, which subsequentiy phosphorylat¢i Mi:"c'.· ' 
Furthermore, PKC activation leads to the acti~aJ~bn.~of 
several other target proteins promoting- smo,@t9. . ·rriuscle 
contraction. PKC phosphorylates and activ;i~s/ER>Kl/2, 
Rho-kinase (p 160ROCK), and calmod,\;llfrtltl~pendent 
protein kinase II. In addition, intracellul~;,i C.#1't·.elevation 
was suggested to regulate angiotensin-II-in:Utt~,~-d epidermal 
growth factor receptor and ERK activ,at'i'dh:i: 1 · 'Various ion 

. . ~~ ·1. 
channels and ion transporters have b't;,~n dep:ionstrated as 
downstream targets of PKC. This.,-ph~ifo5roJnon has been 
illustrated with the use of the sp!_cific lKC agonists (ie, 
phorbol esters) which induce s~q~h:,-,W,Ji'Scle contraction.2 

All the earlier events described'1'0ulminating in MLCK 
activation, resulting in contr .,,,,,.;,,,.:-.;l(;tftthe phosphorylation 
of Ser19 of the 20 k.Da re i,, ':·protein of MLC. The 
phosphorylation.of MLC alll?,;VS f~r the interaction between. 
actin and myosin filaments. ·tntrinsic adenosine-5 '-triphos
phatase (ATPase) actiyity of myosin is crucial for this pro
cess, because the hydrolysis and subsequent release of ATP 
results in the cycling of the myosin cross-bridges with 
actin, causing force generation.3• 18- 21 -

Smooth muscle cells also contain Ca2+ -independent 
mechanisms to regulate contractility. The process of force 
generation is mediated by . MLCK a~tivation, · and 

subsequent actin-myosin cross-bridging, but the process· 
of force maintenance is mediated in a Ca2+ -independent 
manner.2

•
18

•
22 MLCP is the contender, regulating the inacti

vation- of MLC by removing the high-energy phosphate 
group, promoting smooth muscle relaxation. MLCP is com
posed of two subunits; one _is the catalytic 38 kDa subunit 
of type 1 protein phosphatase (PPlc, o isoform) and two 
other noncatalytic subunits. 12

•
17 This mechanism generates 

force maintenance by means of Ca2+ -sensitization of the 
contractile proteins. This is signaled by the RhoA/Rho ki- -
nase pathway, which inhibits the dephosphory-lation of 
MLC by MLCP. RhoA is a small, monomeric G protein, 
which is regulated by the binding of GTP. This process is 
facilitated by nucleotide exchange factors, RhoGEFs, 
which enable the exchange of GDP for GTP, activating Q4 

RhoA. Upon RhoA activation, the RhoA-GTP complex is 
able to activate Rho kinase, a serine/threonine kinase. 
Rho kinase can then phosphorylate the myosin-binding 
subunit of MLCP, inhibiting it, and thus preventing the de
phosphorylation of MLC, causing maintenance of contrac
tion. 2•

23
·
24 In addition to the re-gulatory effects of Rho 

kinase, CPI-17 is another protein· that regulates MYPT Qs 

phosphorylation status by inhibiting PPlc, thus inactivating 
MLCP .. CPI-17 phosphorylation occurs in a Ca2+ -depen
dent and Ca2+ -independent mechanism. Ca2+ -dependent 
PKC was suggested to regulate. the rapid phosphorylation, 
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ROCK 

/ MLC 

Na+, ca2+ 

MLCP - if ~ MLCK 
MLC·® 

store-operated Ca2+ 

channel 

/JI~=====,::=;; 
I 

SR 
m_~mbrane 

Figure 4. New pathways in vascular smo~th muscle signaling. Orail and S~·-,$6:t-k together to function as Ca2+ sensors within the 
cell. Orail makes up the pore of the CRAC channel, allowing for Ca2+ ent(:~1i_~hereas STIMl senses Ca2+ levels within the SR. Their 
interaction facilitates this process. The !Kea channels are intermediate concftfct@ce Ca2+-activated K+ channels which are of impor
tance in small resistance vessels. 0 12113 sigtiai.ing'thrbughLARG was rec~IJ.tly fou~d to be a mechanism for RhoA/Rho kinase activation, 
leading to MLCP inactivation. Ca2+, calcium; CRAC, Ca2+ -release)i~-ti~ited Ca2+; !Kea?; MLCP, myosin. light chain phosphatase; 
STIM, stromal-interacting molecule. 

5 

whereas phosphorylation by PKC and Rho kinase occur_~•,. ·•· .1A~:ndothelin-l is the main isoform secreted by the end_o
independently of Ca2+ in the later phase. This. has b~e°';,. thelium, and has been shown to act in a paracrine or auto
demonstrated with the use of Rho kinase and PKC inhibi- •;' ".·.,, crine manner on its receptors in vascular smooth muscle. 
tors; however, the effects were dependent on the type §{~g-·. . There are three known endothelin-1 receptors that have 
onist and tissue used. Its activity and expression is a 'f!!,qto~.} an assorted tissue distribution and functional role: ETA 
in the contractile state of vascular smooth muscl~>S'ancf"iifs"' · and ETB are present in mammals and a putative ETc in 
also been shown to be of importance in Ca2+/: ·zi- non-mammals. The typical receptor found on vascular 
tion.12

•
17 Much needs to be explored regardin ~£~g- smooth muscle cells is the ETA receptor, which mediates 

ulation, but regardless, Rho kinase and the vasoconstrictor · effects of endothelin-1.4•
25

•
28 Endothe-

Endothelin-1 Signaling 

acknowledged to be of importance in.vascu!~,. lin-1 receptor activation can lead to diverse responses in 
cle contraction and force maintenance. ,i_:' }·,b,,,, the cell through interaction with pathways that are both per-

.,,,,,,._..,,- tussis toxin-sensitive and toxin-insensitive, leading to the 
::~"•;:;,i~;:'.•;.;);, conclusion that endothelin-1 acts through several GPCRs. 

;~~. Generally ETA receptors have been associated with vaso-
Endoth.elin-1, which is a 21-c!,µu.~k,,a:efd peptide, is constriction and cell growth, whereas ET8 receptors are in-

known as one of the most potent epdoge\ous vasoconstric- valved in the clearance of endothelin-1, inhibition of 
tors as described by Yanagisawa.,~Ca~,i.P;,,1'988.25

-
27 Since its endothelial cell apoptosis, the release of NO and prosta-

discovery, the endothelin-1 system11tas:become increasingly glandins leading to vasorelaxation, and inhibition of the ~x-
complex; several endothelin-fcisio.forrils and receptors have pression of endothelin-1 converting enzyme; however, both 
been identified in a variety o'Jktj~shes, including neuronal, receptors have been found to elicit vasoconstriction.29

-
31 

renal, ·and vascular tissues.,_ Inte~estingly, although some ETA receptors have been shown to be functionally con-
data show a correlation betwe~nrihdothelin-1 levels and hy- pled to the Gq111 protein leading to PLC-(3 activation; Gs 
pertension, these data are not conclusive.4 Overall, endothe- linked leading to increased cAMP and also to Gi, thus in-06 

lin-1 signaling in the vasculature is essentially the same as hibiting adenylate cyclase. 30
•
32

-
34 Activation of G011 1, end-

for angiotensin II signaling. A brief overview will be dis- ing in IP3 and DAG cleavage, can stimulate Ca2+ release 
cussed, but the reader is directed to angiotensin II-GPCR intra.,. and extracellularly, as described for angiotensin · II · 
coupled signaling pathways for a .more iri depth explana- signaling. In addition to second messenger generation, en-
tion. Differing pathways regarding to endothelin-1 signal- dothelin-1 has also been demonstrated to activate Ca2+ 
ing itself will be discussed further. channels on the plasma. membrane and stimulate Ca2+ 
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voltage-operated Ca2+ (VOC), receptor-operated Ca2+ 
(ROC), store-operated Ca2+ (SOC) channels and a Ca2+
permeable nonselective cation channels (NSCC) modulate 
most Ca2+ mobilization within the cell. We will discuss 
these particular vascular smooth muscle Ca2+ entry chan
nels further in the following ~ection. 

Voltage-Operated Ca2 + Channels 

flux from the extracellular space.4
•
35 There is speculation 

that ETA receptor activation can activate the Na+/H+ ex
changer and activate the enzymes phospholipase D generat
ing DAG and phospholipase A2 releasing arachidonic acid. 4 

ET B receptors in rat carotid were shown to mediate vasore
laxation via a cGMP-NO pathway, the production of vaso
dilator cyclooxygenase products and the activation of 
voltage-activated K+ channels. Recently, endothelin-1 
was shown to inhibit NADPH oxidase activity and superox-
ide generation- via ETB 1 -receptors.36 The details of these VOC channels represent ·a major route by which Caz+ 
mechanisms are still poorly understood.31 

· enters vascular s111dotp. cells.43 VOC channel function is 
Both agonists, angiotensin II and endothelin-1, mediate regulated by merrib'tarie potential such that hyperpolariza-

vasoconstriction via an increase in cytosolic Ca2+ although tion closes them -arid 4epolarization opens them; the latter 
mechanisms of this process are different between the two leading to vasoionstriction.1 

agonists. Endothelin-1 increases intracellular Ca2+ by stim- The majoriiy ·of-.. agonist-induced Ca2+ influx probably 
ulating influx through Ca2+ channels and is known to pro- occurs thro,bgh ·L;-type VOC channels. Dihydropyridine-
duce ,a much more sustained contraction by the vascular sensitive, L'~.tyP~. VOC channels are regulated by vasocon-
smooth muscle cells, whereas angiotensin II elicits a potent stnctor~,;ffrat _a,je.-known to activate the PKC pathway. Vaso-
biphasic response that is generated primarily by mobiliza- dilators\.have also been shown to inactivate these channels, 
tion of Ca2+ from an intracellular store. Consequently, but ~ht:9~~h--cAMP production. 1

.4
4 These gated channels 

the actions of angiotensin II actions are relatively rapid in alsQ;;}i,ejolarize in response to membrane stretch, lending 
comparison.37

-4
1 suppott·to the hypothesis that these channels are important 

Given that both of these agonists mediate downstream sig- for1,tp.e myogenic response and vascular tone. Inhibition of 
naling pathways via the-same second messengers, it is easy to ,(yocl. can occur primarily because of increasing intracellu
appreciate how cross-talk occurs between them. Both endo- · .;;: ·1aE5,ga2+ concentration and activation of cGMP-dependent 
thelin-1 and angiotensin II signal through distinct Gq-coupled '' /priiein kinase. 1•

2
.4

4 

GPCRs leading to phosphoinositide production and MAP~ :~;;,, .. l'Endothelin-1 has been shown to activate the VOC chan
activation. However, the mechanism by which this occ~s¾;,;__ "nel in smooth muscle ~ells from porcine coronary arteries, 
varies at some points. It has been demonstrated that endotpe- -~it;_~ and has also been shown to augment Ca2+ channel currents 
lin-1 and angiotensin II both stimulate this pathway vit1Ras-•i(,, in the smooth muscle cell membrane of guinea pig po_rtal 
Raf; yet,. angiotensin II produces phosphorylation of E!gJG(} vein. In a model of cultured thoracic aorta vascular smooth 
2, SAPK/JNK, an~ p38MAPK via c-Src-depend.¢-fit,p"aut:·· muscle cells, Kawanabe et al demonstrated that endothelin-
ways. In contrast, endothelin~ 1 was shown -tthJndQ·te 1 produces a sustained increase in intracellular Ca2+ levels 
MAPK phosphorylation through c-Src,in.c;lyp~dent from VOC channels, as well as others.41

•
45 

pathways.42 
... .... Although endothelin-1 increases intracellular Ca2+ by 

Calcium Mobilizl;ltiori -

Given that Ca2+ is the trigger for sm9ot1r~Jik:le contrac
tion, it is necessary to understand the ~echa~sms by which 
intracellular Ca2+ levels increase. Renee/this, is the focus 
of much research, and the subject:,;bf the·::remainder of this 
review. In vivo, arterial smooth"'µi.iis.G:le,,iells exist with an 
average intracellular Ca2+ concentrat,t9n that is several or
ders of magnitude lower than t(~{ftti:he extracellular fluid. 
Intracellular Ca2+ concentra"fi0n.l~~els do not exist homo
genously throughout the c~,U,. b~i]¢xhibit dynamic changes 
in the cell, temporally and spa'ti~ly, because of Ca2+ flux. 
The changes seen in Ca 2+ flux are a component of several 
different events, which are all dependent on intrace-llular ul
tra-structure as well as the spatial relationship of ion pumps 
and channels in the plasma membrane.4 

Ca2+ entry through channels in the plasma membrane 
and release from the SR ~e the major sources of intracel
lular Ca2+. 1 

•
4

• 
15 Of the- different Ca2+ entry channels the 

stimulating influx through Ca2+ channels, the role of 
VOC channels is limited, and current data suggest that 
other channels are more important; namely the NSCC, as 
evidenced by experiments . using nifedipine.4

1.
46 Even 

though described more than. 60 years ago, the exact mech.: 
anisrils of action of this peptide are not completely 
understood. 

Angiotensin II-GPCR stimulation leading to PLC is· an 
accepted ·mechanism acknowledged to enhance the L-type 
Ca2+ channel. Interestingly, intracellular angiotensin II 
has been demonstrated to stimulate VOC channels simi
larly, but yet independently of extracellular ligand binding 
of angiotensin II to the AT 1 receptor, possibly through the 
actions of PLC, PKC, and/or tyrosine kinase.47

.4
8 

As shown in the smooth muscle cells of the anococcy
geus, there are two v~ry distinct mechanisms for inward 
Ca2+ currents and Ca2+ store depletion.49 The increase in 
Ca2+ concentration· after the activation of VOC channels 
can also lead to a phenomenon known as Ca2+ induced 
Ca2+ release, where the increase in Ca2+ concentration 
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leads to Ca2+ release from intracellular stores. The RyR on 
the SR mediates this process, as they are activated by 
Ca2+.so This produces a membrane depolarization that.pro
motes further VOC channel opening and Ca2+ entry. 

Receptor-Operated Ca2 + Channels 

proliferation and apoptosis.4 SERCA pumps, which are 
found on the membrane of the sarcoplasmic reticulum, func
tion by pumping the Ca2+ ions back into the.SR after a con
tractile event replenishing Ca2+ concentrations. 14

•
15 SERCA 

pumps can be inhibited by cyclopiazonic acid or thapsigar- · 
gin, which deplete intracellular Ca2+ stores and thereby ac
tivate SOC channels.66•

67 Ca2+ entering through the SOC 
Only 20 years ago, the exact mechanism of Ca2+ channel channels can then be pumped into the stores, replenishing 

activation by extracellular ligands, such as hormones and them. According to functional and pharrnacologic experi-
neurotransmitters, was largely unknown. In addition, there · ments, SOC channel entry elicited by specific inhibitors of 
was still uncertainty concerning the mechanism by which SER CA pumps induced a sustained elevation of intracellular 
ca2+· entry was mediated until a model, proposed by Put- Ca2+, which is also d'e.pendent on extracellular Ca2+ entry 
ney et al, detailing the mechanism by which activation of and is attribute9-f<FS,OCE.68 Thus Ca2+ signals generated 
surface membrane receptors causes a sustained Ca2+ entry in response to ricep.tors involve two coupled components: 
into cells from the extracellular space.51 Furthermore, Ben- a transient r~l~jge;-0f Ca2+ stored in the SR, followed by 
ham and Tsien suggested that agonists might activate Ca2+ a slowly i,ievelbping extracellular Ca2+ entry.14

·
15

•
69

•
70 

influx directly, by receptor interaction with Ca2+ -perme- With deplete.g1t,;Sif+ stores, Ca2+ influx factor is generated 
able NSCC.52 Currently, _ROC channels are defined by the and difTuis'€l'~;Je}be plasma membrane where, through a series 
following: · channels where molecules are separate from of reaeti,9_µ@· Ca2 + influx factor activates Ca2+ -independent 
the ligand-binding protein are capable of activating a range pho~k~ii'tfase A2• This generation of lysophospholipids, 
of GPCRs via circulating agonists, and are neither VOC nor in t~t.!!~1[,activates the SOC channels.62 

. . 

SOC channels.28 After ligand binding, ROC channels are The'\faµnily of TRPC is well known for their role in 
generally thought to be activated by GPCRs, which are cou- ,~.Q..GE, although the mechanism allowing for TRPC activa-
pled to PLC, leading to IP3 and DAG generation.53

•
54 _{'tion';,;iom store depletion is largely unknown. There is 

Several members of the transient receptor potential chan- :, --~"ev,i,d¢b.ce for _and against TRPCs actually being a SOC 
nel (TRPC) family are accepted to form ROC channels,_/ ,;iichi'~el, including TRPCl.56

•
58

•
62 Also, interesting _data 

including TRPC3, TRPC6, and TRPC7. Angiotensin If· ·"·<:,.~6m recent high throughput RNAi screens of thapsigar-
has been proposed to activate TRPC6 in rabbit mesente1;fo,: ·gin-activated Ca2+ entry revealed a stromal-interacting 
arteries, whereas endothelin-1 activates TRPC3 a'nd · molecule (STIM) in Drosophila S2 cells and in mammalian 
TRPC?.55- 57 HeLa cells, which are now thought to play an essential role 

Store-Operated Ca2 + Channels 

SOC channels represent yet another mechani~m~~?e,tc;:ita
tion-contraction coupling in smooth muscle. S.PQ}<!liannels 
are activated by means of intracellular Ca2+ _ '-,,•;, j~;pletion, 
and, as a result, are inhibited when Ca2+/ :,~e filled. 
This process was called capacitative cfi:t;,;£'.~ntry, before 
store-operated Ca2+ entry (SOCE) wa-§1 -~·'ft. It should 
be noted that SOCE does not denotef~y "' mechanis·m 
of Ca2+ entry, nor does it refer ~-9-:ic-;'ii'y- 0pfuticular chan
nel. 1.58

-
62 These channels are hi~hly siw!ective for Ca2

+, 

and have been found to be brad)f,lcibi~lJl!,:id ATP jensitive.60 

RyR- or IP3-sensitive stores can"indgce · Ca2+ release se
quentially, possibly amplifyirig:'Jlit·: rise in intracellular 
Ca2+ and further stimulatint,<Q~:~ 'channel-dependent. Cl_ 
channels. SOC channels were des'0ribed in 1986, when Put
ney et al demonstrated thatth~saihe Ca2+ entry mechanism 
normally activated as a result -of Ca2+ -mobilizing agonists 
can be triggered equally as well by depleting the intracellu
lar .Ca2+ pool, even in the absence of receptor activation or 
elevated cellular levels of inositol polyphosphates. 63

-
65 SOC 

channel entry has been proposed to increase cytoplasmic 
Ca2+ -levels not only for contraction, but also cell 

in SOCE and conductance through Ca2+-release activated 
Ca2+ (CRAC) channels.71

-
73 This single membrane span

ning protein is now thought to activate the SOC channels 
by actually sensing Ca2+ within the stores. Pharmacologic 
experiments showed that the actual contribution of SOCE 
to excitation/contraction coupling seems to depend on the 
smooth muscle type, ~d may be more important in tonic 
smooth muscle.62 A canoi:iical TRP channel, TRPC7, which 
is activated by AT 1-coupled GPCR activation and 
DAG, was recently hypothesized to mediate angiotensin 
II-induced myocardial apoptosis. Moreover, angiotensin 
II has been postulated to activate TRPC 1, as evidenced 
by data showing that angiotensin II stimulation increased 
SOCE together with TRPCl expression. These data were 
obtained using a cell cultur~ r,nodel, but given the heteroge
neity of TRPC channels in vascular smooth muscle, there is 
no reason to believe that this occurrence does not exist in 
vivo.74 In a recent study· in vascular smooth muscle cells, 
endothelin-1 activation of TRPC 1 was found to not only 
be involved in a SOCE, but also in_ a ROC channel entry, 
which requires IP3 receptor activation. A possible explana
tion for this exciting phenomenon is the report that TRPCs 
may exist in heterotrimeric complexes, possibly accounting 
for the varying pharmacologic properties seen. 56 
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Nonselective Cation Channels 
I 

The NSCC, so called because it is "nonselective," being 
equally permeable to monovalent cations, such as Na+ and 
K+ in the extra- and intracellular compartments.25

•
28 This 

channel has been revealed to be activated by stimulation 
of native ETA receptors in vascular smooth muscle, and 
the majority of endothelin-1 response being mediated by 
NSCCs; namely, NSCC-1 and NSCC-2.28.41.46•

75 It was 
previously shown, pharmacologically and with electrophys
iology, that the response to endothelin-1 is dose-dependent. 
More specifically, with lower concentrations of endothelin-
1, Ca2+ entry via IP3 formation from intracellular stores oc
curs; however, with higher endcithelin-1 concentrations 
both _the former in addition to extracellular Ca2+ entry oc
curs as well.2s,2s,3s,76,77 

The molecular mechanisms of NSCC activation are still 
not entirely clear. Recent evidence in rabbit internal carotid 
artery shows that endothelin-1 may induce an intracellular 
response after OPCR activation via Pyk2 and the ETA 
receptor. Data from the same laboratory indicate that phos
phoinositide-3 kinase also regulates the activation of Ca2+ 
entry after endothelin-1 GPCR activation and stimulation of 
NSCC-2.46

·
78 

As described previously, Pyk2 is a Ca2+ -sensitive nonre- 856 
ceptor protein tyrosine kinase that is known to associate 857 
With focal 8idhesion sites and is a downstream effector of 858 
angiotensin II and endothelin-1 OPCR stimulation.7•

15
•
80

•
81 

. 859 
Pyk2 phosphorylation and activation has been postulated in 860 
several different pathways, including ERKl/2 signaling in 861 
cardiomyocyt~s, p38MAPK in mesangial cells and recently 862 
in RhoA/Rho kinase activation via PDZ-RhoGEF vascular 863 
smooth muscle cell migration. 15

•
80

•
82

•
83 It has even been 864 

suggested that tyro~ine kinase pathways such as these 865 
may even be impoyfanJ- in angiotensin II signaling leading 866 
to vasoconstrictiori:':~4}fhese alternative signaling pathways 867 
in angiotensin :r;r,,sfgtiaj.1iig should be a new directive for in- 868 
vestigation int&.incre~sed vascular smooth muscle reactiv- 869 
·ity in condi!ioµl;sueh as hypertension. This was a focus 870 
of a recent aiticie'from Oiachini et· al. 85 It is known that in- 871 
creased va;~~~~_.,reactivity to contractile stimuli is present 872 
in vessclf'1ir,Qm'l,DOCA-salt hypertensive mice. Using this QIO 873 
model :Wit,l(~"Iiharmacological approach, mechanistic stud- 874 
ies wer~,performed to determine the role that Pyk2 plays in 875 
the,·typ.erreactivity exhibited in DOCA-salt hypertension. 876 
In mes'en~eric arteries and aorta, Pyk2 inhibition attenuated 877 
Jhe,)ncreased vascular constriction to phenylephrine and 878·; · 

. Western blot data showed increased Pyk2 and phospho- 879 
• · Py~·: in vessels from DOCA-salt treated mice vs. sham, 880 

Hot Topics in Vascular Smooth Muscle Signaling .. .. ··th~s· confirmi~g a role for Pyk2 in_h~peitension.
80

•
85 

881 
. _,:: · .. ,,.,,. -~./A recent discovery of a transcnpt1on factor named the 882 

Within just the past year, exciting n~w insights into v.is,.'ll;~
1

. ·repressor element !-silencing transcriptional (REST) 883 
cular smooth muscle signaling have been discovered._.:We ·'.\::, factor, was shown to have a consensus sequence, KCNN4, 884 
will discuss several recent advancements in the fie\('.that~;i: which is known to encode for the intermediate conductance 885 
have been especially stimulating. ~l;.,. j- Ca2+ -activated K+ channels (IKcJ. These channels are of 886 

As described previously, OPCR signaling can eLi;~it;§ffifl.:" the utmost importance in small resistance vessels where 887 
'ulatory or inhibitory signals in the cell. With reg .g; .'?.! a primary vasodilating agent is endothelium-derived hyper- 888 
cular smooth muscle, the Gq1G11 · G protein polarizing factor. En~othelium-derived hyperpolarizing fac- 889 
accepted as producing contraction via the C. tor not only remains elusive as a factor, but the mechanism by 890 
PLC pathway; however, Ca2+ -independe11-t-s1:o "Jmisms, which it produces vasodilation is only speculation. One such· 891 
not only for force maintenance, but for ,¢Gn:~ae.tion have hypothesis is that K+ efflux from endothelial cells via these 892 
emerged. By means of a. novel murine11knqf~out model IKca channels in coordination with small-conductance 893 
for Gq/G11 and 0 12/013 0 proteins in smoot~ iriuscle cells, Caz+ -activated K+ channels, activates inward rectifier K+ 894 
Wirth et al elaborated upon the knowi~dge ~f how angio- channels. This would lead to vascular smooth muscle relax- 895 
tensin II and endothelin-1 mediate

0 
• .00ritfacfion via G pro- ation. Unpublished results from the laboratory of Webb and 896 

teins. Using aortic -segments th5:y derrt_pnstrated that in Tastes show for the first time that REST expression is closely 897 
OiifG 13 knockout mice, angiot.1t..n§lll,,, .U/and endothelin-1 associated with IKca expression in arteries from hypertensive 898 
were able to elicit a contractio~';'·'~o.wever, both potency animals. Giachini et al demonstrated that REST expression 899 
and efficacy were affected. In.-:;thi:h~/G11 knockout mice, was downregulated, whereas IKca channels were overex- 900 
although endothelin-1 still °];ir-Q,g_µc:ed a severely reduced pressed in arteries obtained from spontaneously hypertensive 901 
contraction, angiotensin LI:.,.~as :'.t11ot capable of eliciting stroke-prone rats, when compared to their Wistar-Kyoto 902 
any contraction. It was also de'm~hstrated that G1zf013 cou- controls. Protein levels of small-conductance Ca2+ -activated 903 
pled G proteins activate the RhoA/Rho kinase signaling K+ channels and IKca were also assessed, and alterations 904 
pathway via interaction of RhoGEFs; in particular, were observed in mesenteric arteries from hypertensive 905 
LARG. Using a LARO murine knockout model, they animals. It seems as though REST may be a negatively mod- 906 
showed that LARO is necessary for full contraction with ulatory mechanism, which controls the levels of IKca in the 907 
angiotensin II and endothelin-1, as demonstrated by the se- spontaneously hypertensive stroke-prone rat vasculature. 908 
verely restriction constriction elicited in aortic segments As mentioned previously, the STIM molecule was shown 909 
from LARG knockout mice.10

•
79 to play an essential role for SOCE and conductance through· 910 

911 
912 
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CRAC channels.71 The recently discovered subunit of the vascular smooth muscle. The contractile apparatus of vas-
CRAC channel pore,. termed Orail, is essential for CRAC cular smooth muscle, actin, and myosin, can be activated 
channel activation.62

•
72

•
86

•
87 However, the exact mechanism in a Ca2+-dependent and Ca2+-independent manner. Via Ii-

for STIM/Orail signaling is not yet known. STIM can un- gand binding to plasma membrane GPCRs, second messen-
dergo phosphorylation at specific serine/threonine sites, as gers are generated and induce the release of Ca2+ through 
well as undergo N-linked glycosylation.88 Sobolff et al de- channels located on the plasma membrane or on the SR 
termined that although STIMl is expressed at the cell sur- producing a rapid and transient increase in intracellular 
face and within the endoplasmic reticulum (ER), the Ca2+. Channels discussed in this review are activated 
STIM2 protein is expressed only intracellularly, which through ligand binding, store depletion, and membrane de-
likely reflects an ER-retention signal that is present in polarization. In the .form of a Ca2+-calmodulin complex, 
STIM2 but riot STIMl.8

6-
90 It was apparent that suppressed subsequent activation of MLCK occurs, inducing contrac-

STIMl expression,' but not STIM2, was able to prevent tion via actin-mybsin; cross-bridges. Contraction also oc-
SOCE and eliminate the store-dependent activation of curs, Ca2+ indetfertde~tly, through the activation of the . 
CRAC channels.71

•
73 Thus the function of STIMl was pas- RhoNRho kinase pat:Jlway leading to MLCP inactivation, 

tulated to act as a Ca2+ sensor in the ER.72 and the maintenartee of contraction. 
On a final note, the question of "blame" for hyperten- Given the vari~d mechanisms for smooth muscle contrac-

sion is argued between two schools of thought: cardiovas- tion, one ca-n.i~!l,g1ne the wide range of areas where dereg-
cular and renal physiologists; the former believing that ulation .can:,'_q~_cur, leading to increased BP or hypertension. 
hypertension is due to increased vascular resistance and On a m~l~cuiar' level, alterations in various cellular signal-
an overail hyperreactivity of vascular tissue, the latter be- . ing ~dEl;l._pbnents, can lead to over stimulation, causing an 
lieving that the kidney has the final say in BP control. _Until incte.~sJtl and maintained vasoconstriction, decreased re-
recently, renal physiologists everywhere cited articles by lax~ti~fi%_and, consequently, elevati~n of systemic BP. 
Guyton, who was the first to clearly demonstrate the phe- .it·~t~. 
nomenon of "pressure natriuresis" and argue for the central :.t.Uncl!ted reference 
role for the kidney in BP control, and Coffman, who uses •, "·y-"·:.::_.

0
/l 

a model of AT lA receptor knockout to illustrate the neces-i'' / ·io. 
sity of the RAS in hyperterision.91 •

92 These elegant studie~•,;,·:-:,{, .. ,/' 
used the AT 1 receptor knockout mice and kidney era_~~;,;,... 'tJncited Figures 
transplantation to show that the AT lA receptor is c~§}al ... ,,,b1, 

to basal BP regulation, as well as hypertension, an(lf'thah, Figure 1-4 
AT lA rec_eptors in the kidney are paramount in hypert6i\§Jon.) 
and the renal response to hypertension. Howey~t, .,th~it 
studies also demonstrated that BP regulation byfA'.fi.A re
ceptors in nonrenal tissues (ie, vasculature) were,·als~·a,liha
jor contributor to systemic BP.93

·
94 An artj'.c.ley'\·ecently 

published in PNAS by Michael et al comp,J.erltea,.ts these 
studies, using a knocking mutant of the ,iGI\1-P"'q~pendent 
protein kinase, PKGfo. PKGI is expressed0'1~fvascular and 
smooth muscle cells and has been show,1f'td•,;11igulate vascu
lar relaxation via endothelial-derived ~2 an1~ther nitrova
sodilators. The most remarkable .dat;afrcittr··tliis study show 
that the LZM-PKGia mutant mi4'.f exlfipit elevated BPs, 
even in the presence of normal ,,terta.:1J,.uiicti6n and normal 
renal salt handling, suggesting i~=~•::iwportant mechanism 
for vascular smooth muscle ii'f-tgfnormal and pathophysi
ologic control of BP.9

~ Ovefurl~jfiese studies reiterate our 
awareness of the comple~ity cif hypertension, and the 
necessity for systemic integr1i.tiori~ 

Conclusion 

Arterial vascular smooth muscle cells constitute the ma
jority of the arterial wall, playing a foremost tole in vascu~ 
lar resistance and blood flow. Angiotensin II and 
endothelin-1 are potent agonists inducing contraction of 
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Mesenteric arteries from spontaneously hypertensive stroke prone rats· 

exhibit an increase in NO-dependent vasorelaxation via iNOS. 
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Abstract 

The pathophysiology of hypertension is known to include increased peripheral 

vascular resistance, inflammatory mediators and endothelial dysfunction. The . 

endothelium is crucial for the mainter:,ance of vascular tone by releasing several 

vasoactive substances, including nitric oxide (NO). In this study, we aimed to 

determine the mechanism for vasorelaxation in the mesenteric arteries of the 

spontaneou~ly hypertensive stroke-prone rat (SHRSP). We hypothesized that 

mesenteric arteries of SHRSP up-regulate eNOS, leading to increase NO 

production to compensate for the endothelial dysfunction. Mesenteric arteries 

were isolated for use in functional studies or Western blot analysis. NOS and 

COX inhibition resulted in a decreased relaxation response to ACh in SHRSP as 

compared to WKY, suggesting a primary role for NO-dependent relaxation in 

SHRSP. To determine the isoform .responsible for the NO-dependent relaxation, · 

mesenteric arteries from SHRSP were incubated with selective iNOS and nNOS 

inhibitors. Vessels from SHRS.P exhibited a decreased relaxation response with 

iNOS inhibition. Western blot analysis revealed an increase in total eNOS, 

phospho-eNOS and iNOS levels in vessels from SHRSP. In addition, increases 

in phospho NF-KB were observed, suggesting a mechanism for increased iNOS 

protein expression. Overall, these data suggest a compen.satory role for NO by 

increased eNOS activation and iNOS expression. 



INTRODUCTION 

Although hypertension is a multifactorial disease with varied etiologies, it 

is widely accepted that increased peripheral vascular resistance and vascular 

wall inflammation play a primary role in the pathogenesis and progression. The 

small diameter arteries and arterioles give rise to the majority of resistance in the 

circulation and hence are the primary mediators of systemic blood pressure. 

These vessels have been shown to be structurally and functionally altered in 

hypertension. (1) 

The vascular endothelium is crucial in the maintenance of proper vessel 

tone, releasing various vasoactive factors, including nitric oxide (NO), 

prostacyclin and various endothelial hyperpolarizing factors (EDHF) and 

contracting factors (EDCF). (2) Our understanding of the mechanisms by which 

the endothelium regulates these vasoactive factors is important in further 

characterizing and treating this disease. 

Nitric ·oxide is an important cell signaling molecule, which is kr1own to 

mediate vascular smooth muscle cell relaxation. (3) While NO serves various 

beneficial roles in the cell, as a second messenger and as a defense mechanism 

during host invasion, excessive or deficient NO.production can lead to 

deleterious results. Furthermore, decreased NO has been implicated in the 

pathophysiology of hypertension, where decreased NO bioavailability leads to 

increased vascular tone. In addition, prolonged, massive quantities of NO 

produced during a pro-inflammatory state is known to exert various noxious 

effects. Taken with the knowledge that this gas is easily diffusible and highly 



reactive, the biosynthesis of NO via nitric oxide synthase (4) is tightly regulated 

and controlled. (5-6) 

There are thr~e NOS genes, each located on different chromosomes 

· leading to three distinct protein products; neuronal NOS (nNOS, also termed as 

NOS1 ), inducible NOS (iNOS, also termed NOS2), and endothelial NOS (eNOS, 

also termed NOS3). Under physiological conditions, NO is produced through the 

5-electron oxidation L-arginine to L-citrulline, requiring various substrates and 

cofactors. In their absence, NOS uncoupling occurs leading to decreased NO 

production and increased reactive oxygen species (ROS) generation. (6) 

Each of these isoforms pe.rforms a specific function in the cell. 

Endothelial NOS is a constitutive, cytosolic enzyme, dnly producing small 

amounts of NO in response to receptor or physical stimulation. However; iNOS is 

activated in macrophages, endothelial or other cell types following feed-forward 

cytokine stimulation, such as interleukin-1 (3, interferon-y and tumor necrosis 

factors. (7) This isoform is not affected by changes in Ca2
+ concentrations, nor 

dependent upon the same cofa,ctors as eNOS. Additionally, iNOS is c~pable of 

producing more than 1000-fold more NO than produced by eNOS for a sustained 

period of time. The massive quantity of NO produced through this process is 

potentially cytotoxic, although the mechanisms of this process are not well 

known. (8-9) 

In the_ central nervous system, NO is a neurotransmitter. The isoform, 

· nNOS, is activated by glutamate acting upon the N-methyl-D-aspartate (NMDA) 

receptor, causing a subsequent increase in Ca2
+ concentration thus activating 



nNOS in the same Ca2+/calmodulin-dependent manner described previously. 

Although constitutive as well, nNOS has been shown to be induced after 

· stimulation or pathological insult. In the periphery, the non-adrenergic, non

cholinergic (NANC) system performs various physiological roles in a NO

dependent mann_er, including neurogenic vasodilation of the penile and airway 

smooth muscle tissues. 

The receptor for NO is soluble guanylate cyclase (sGC), and activation of 

the enzyme le~ds to increased cGMP production. (3) Cyclic GMP levels 

increase to activate cGMP-dependent protein kinase I, which in turn 

phosphorylates a number of protein targets including those which regulate 

vascular smooth muscle (VSM) tone .. 

Given the physiological role of the three NOS isoforms and the importance 

of NO in controlling vascular tone, we aimed to determine the prospective roles 

of these enzymes in the· mesenteric arteries of the spontaneously hypertensive 

stroke prone rat (SHRSP) as compared to normotensive Wistar-Kyoto (WKY) 

rats. We hypothesize that the SHRSP resistance vessels undergo a 'switch' and 

become more NO-dependent as compared to the WKY vessels. We also 

hypothesize that the increased pro-inflammatory milieu present in the 

hypertensive rats leads to increased iNOS NO production, as compared to the 

WKY. 



MATERIALS AND METHODS 

Five month-old male stroke-prone spontaneously hypertensive rats 

(SHRSP) were obtained from the breeding colony at the Michigan State 

University. Age-matched male Wistar-Kyoto (WKY) rats were purchased from 

Harlan (Indianapolis IN). Rats were maintained on a 12-hour light dark cycle, 

housed two per cage and allowed access to normal chow and water ad libitum. 

Systolic blood pressure (SBP) was measured in non-anesthetized animals .by tail 

cuff using a RTBP1001 blood pressure system (Kent Scientific Corporation, 

Connecticut, MA, USA). 

All procedures were performed in accordance with the Guiding Principles 

in the Care and Use of Animals, approved by the Medical College of Georgia 

Committee on the Use of Animals in Research and Education. 

Functional Studies 

After euthanasia with CO2, the mesentery was rapidly excised and bathed 

in ice-cold physiological salt solution (NaCl 120mM, KCI 4.7mM, KH2PO4 

1.18mM, NaHCO3 14.9mM, dextrose 5.6mM, CaC'2·H2O 1.6"!1M). Second order 

mesenteric vessels were carefully isolated and mounted as ring preparations on 

two stainless steel wires (2:200 mm in length with internal diameter = 100 to 150 

µm) in a small-vessel myograph (Danish MyoTech, Aarhus, Denmark). Vessels 

were maintained at 37° and continuously aerated with 95% 02, 5% CO2 and 

allowed to stabilize for at least 45mins, at ·an optimal passive tension of 3.5mN. 

After stabilization, tissues were contracted with KCI (120mM) solution to establish 



a reference for contractile responsiveness. To determine the viability of the 

endothelium, contraction was stimulated via phenylephrine (Phe; 1 0µM) followed 

by acetylcholine (ACh; 1 0µM). Vessels were then washed before performing 

concentration-response curves (CRC) and after each CRC. To determine which 

vasodilator pathway primarily functions in the mesenteric artery, CRC to ACh in 

Phe contracted vessels was performed in the presence of vehicle or the following 

inhibitors:. Nw-nitro-L-arginine methyl ester [L-NAME, NOS inhibitor; 1 00µM] or 
I 

. indomethacin [cyclooxygenase (COX) inhibitor; 1 0µM]. The remainder of 

experiments w~s performed to determine which NOS isoform predominately 

functions as the NO producer, and whether substrate availability is affecting NO· 

production. The inhibitors- used to determine this were: 1400W (iNOS inhibitor; 

100µM), 7-nitroindazole (nNOS inhibitor; 100µM), L-arginine {NOS 

substrate; 1 0µM) and nor-NO HA (arginase inhibitor; 1 0µM) Force measurements 

were collected using Chart™ Software (ADI Instruments, Colorado Springs, CO) 

for Powerlab data acquisition .systems (ADI I.nstruments). 

Tissue homogenization 

·Following dissection and fat removal, mesenteric arteries from SHRSP 

and WKY rats were quick frozen with liquid nitrogen, pulverized in a liquid 

nitrogen-cooled mortar and pestle and solubilized in a 255 mM sucrose/1 0mM 

Tris buffer (pH 7.4) with protease (0.5 mM phenylmethanesulphonylfluoride, 

[PMSF], 2mM ethylene glycol tetraacetic acid [EGTA], 10 µg/ul aprotinin and 1 0 

µg/ml leupeptin) and tyrosine phosphatase (1 mM sodium orthovanadate) 



inhibitors. Homogenates were centrifuged (3000g for 1 hour, 4°C) and 

supernatant total protein (Bio-Rad) measured. 

Western Blotting 

Total supernatant protein (40µg total, 4:1 in denaturing sample buffer and 

boiled for 5 minutes), was separated on a 10% SD_S-polyacrylamide gels (SDS

PAGE) and transferred to lmmobilon-P nitrocellulose membrane. Membranes 

were blocked to rule out non-specific binding using 5% skim milk in Tris-buffered 

saline solution with Tween (0.1 %) for 1 hour at 24°C. Membranes were then 

probed _ overnight (4°C) · with primary antibodies as follows: eNOS (1 :500), 

phospho-eNOS (1:1000), iNOS (1 :500),) Akt (1:1000), phospho~Akt (1:1000), 

NF-KB (1: 1000), phospho-NF-KB (1 :500). All antibodies where purchased from 

Cell Signaling. Blots were washed three times with tris-buffered saline plus 

Tween- 20 (TBS-T) (30 minutes, 5 minutes, 5 minutes) an9 once with TBS (5 

minutes). Depending · upon the antibody, either anti-rabbit or anti-mouse . 

horseradish peroxidase-linked secondary antibody (Amersham Labs) was added 

for one hour and incupated with the blots at 4°C. Blots were washed again using 

the described regimen. Enhanced chemiluminescence· (Super Signals Ultra, 

Pierce) was used to visualize labeled bands. Densitometry was evaluated using 

NIH Image J program. 

Statistical Analysis 



For each agonist concentration-response curves were fitted using a 

nonlinear interactive fitting program (GraphPad Prism, Graph Pad Software Inc., 

San Diego CA), and values expressed as percent of maximal relaxation. Agonist 

potencies and maximum response are expressed as negative logarithm of the 

molar concentration of agonist producing 50% of the maximum response (pO2) 

and maximum effect elicited by the agonist (Emax), respectively. Data are 

expressed as means±SEM (n), where n is the number of experiments performed. 

·statistical analysis of the concentration-response curves was performed by using 

two-way analysis of variance (ANOVA) for comparison between the groups. 

Western blot data were analyzed by one-sample t test. Values of p<0.05 were 

considered a statistically significant differe_nce. 

Drugs 

L-Phenylephrine hydrochloride, acetylcholine, L-NAME, L-arginine an~. 

indomethacin;. 1400W and 7-nitroindazole were all purchased from Sigma

Aldrich. nor-NOHA was purchased from Cayman Chemical. lndomethacin was 

dissolved in ethanol, and nor-NOHA was dissolved in DMSO. All other stock 

solutions were prepared by· using water. Control solutions containing vehicle 

levels of ethanol and DMSO were also used through the experimental protocol. 



RESULTS 

Systolic blood pressure. 

At 22 weeks, SHRSP displayed higher systolic blood pressure (mmHg), in 

comparison with WKY rats (208±6.3 vs. 121±2.7, n=12, respectively). 

Mesenteric arteries from SHRSP exhibit increased dependence upon NO for 

endothelium-mediated relaxation. 

Endothelium-dependent relaxation· responses were determined by CRC to 

ACh, in small-mesenteric arteries. Surprisingly, there was no difference in 

sensitivity to ACh in vessels from SHRSP as compared to WKY controls (n=4, 

Figure 1 a), as. evidenced by the pD2 values (8.03±2.3 vs 8.22±0.25 WKY, n=4 -

Table 1). A small decrease in maximal relaxation in mesenteric arteries from 

SHRSP was observed (Emax 86.5±3.75% vs 101.3±2.3 %\J\/KY, n=4). 

To determine the contribution of NOS and COX pathways in endothelium

dependent relaxation, CRCs to ACh were performed in the presen_ce of L-NAME 

(1 00µM) and indomethacin (1 0µM). As shown in Figure 1 b, NOS inhibition with 

L-NAME did not significantly reduce the relaxation response in WKY vessels; 

however, a significant rightward shift in the dose-response curve was observed in 

L-NAME-treated SHRSP vessels as compared to L-NAME-treated WKY vessels 

(Emax 62.5±11.5% vs. 100.7±6.2%, n=4, respectively). This effect was 

potentiated when SHRSP. vessels were simultaneously incubated_ with L-NAME 

and indomethacin (n=4, Figure 1 c). Similar to NOS only inhibition, the addition of 

indomethacin did .not change the ACh-mediated relaxation in WKY vessels (Emax 



103.7±3.5%, n=4), but ACh-induced relaxation response was drastically 

decreased in arteries from SHRSP (Emax 39.1 ±1.1 %, n=4), suggesting an 

impaired production of EDHF in arteries from hypertensive rats. Together, these 

data suggest a role for NO and COX-derived metabolites in endothelium

dependent relaxation in the mesenteric arteries from the SHRSP. 

Mesenteric arteries from SHRSP depend upon iNOS for NO-mediated relaxation. 

To investigate the NOS isoform which is responsible for the relaxation 

responses in the SHRSP vessels, CRCs were performed in the presence of 

vehicle or 7-nitroindazole, a selective nNOS inhibitor and 1400W, a selective 

iNOS inhibitor. As shown in Figure 2a, the relaxation response to ACh was not 

attenuated in WKY vessels with the nNOS.inhibitor as compared to WKY control 

vessels (Emax 103.8±3% vs. 103.2±2%, n=4, respectively). In SHRSP vessels, a 

small, but insignificant decrease in maximal relaxation was observed in those 

incubated with the nNOS inhibitor as compared to SHRSP controls (Emax 

73.4±3.8%, vs. 92.7±1.7%, n=4, respectively) (Figure 2b). These data suggest 

that nNOS is not significantly contributing to the NO production in SHRSP. 

CRCs were performed, in the presence of a selective iNOS inhibitor or vehicle. 

The vessels from WKY normotensive rats exhibited no decrease in relaxation 

with iNOS inhibition (Emax 98.4±3.2%, vs. 92.1 ±2.5%, n=4, respectively - Figure 

3a); however, iNOS inhibition in SHRSP vessels led to a significantly diminished 

capacity for vasorelaxation (Emax 95.8±1.2%, vs. 59.4±3.5%,n=4, respectively; 

p<0.05 - Figure 3b). These data suggest that iNOS is contributing, at least 

partially, to the ACh-mediated relaxation seen in SHRSP mesenteric arteries. 



Increased protein expression of iNOS, as well a·s increased NF-KB activation, 

was observed in mesenteric arteries from SHRSP. 

· To further investigate the mechanism .of NO-mediated relaxation in the 

SHRSP.vessels, molecular experiments were performed. Total protein was used 

in Western blot analysis from mesenteric arteries of WKY and SHRSP. In blots, 

equally loaded with protein from both WKY and SHRSP mesenteric arteries, a 

sign'ificant increase in iNOS protein expression was detected as compared to 

WKY (n=4, p<0.05) as revealed in Figure 4, confirming the functional data .. 

Knowing that nuclear fa·ctor kappa-light-chain-enhancer of activated B cells or 

NF-KB and cytokines can lead to increased transcription and activation of iNOS, 

membranes were probed for total· and phosphorylated NF-KB. (10-11) Although 

total protein levels for NF-KB were not changed, an increase in phospho-NF-KB 

was observed (Figure 5). 

Mesenteric arteries from SHRSP exhibit increased activation of eNOS and 

upstream activator Akt. 

Increased levels of total eNOS were detected in SHRSP mesenteric 

arteries as compared to WKY. This was accompanied by an increased activation 

state of eNOS as well (n=4, p<0.05 - Figure 6). Endothelial NOS activation was 

determined by measuring the phosphorylation of eNOS at ser1177, a known site 

for post-translational modification and subsequent activation of eNOS. The 

upstream signaling proteins Akt, once activated, are.known to phosphorylate and· 

activate eNOS. Mesenteric arteries from SHRSP did not express higher levels of 



Akt; however, an increased activation of Akt was detected as depicted by 

phospho-Akt (WKY n=5, SHRSP n=4 - Figure 7). 

Increasing substrate for eNOS by arginase inhibition or incubation with L

arginine did not increase ACh-mediated relaxation in SHRSP mesenteric 

vessels. 

NOS utilizes the substrate, L-arginine to increase NO production. Given 

that these data suggest an increased NO production ·or sensitivity in SHRSP,· and 

substrate availability for NO production was determined. CRCs were performed 

in the presence of L-arginine and an arginase inhibitor (nor-NOHA). As shown in 

Figure 8, no differences in relaxation responses were found in SHRSP (b) or 

WKY (b) vessels incubated with L-arginine as compared to control (n=4). CRCs 

were next performed in the presence of the arginase inhibitor, nor-NOHA, to be 

certain that increased arginase 8:Ctivity is not altering NOS substrate and thus NO 

bioavailability. In vessels from SHRSP and WKY, no differences were observed 

in vessels treated with the arginase inhibitor as compared to control (n=4 - Figure 

9). Interestingly, the oscillatory activity of the SHRSP mesenteric arteries after 

ACh-induced relaxation was blocked in vessels incubated with L-arginine (Figure 

10). 



DISCUSSION 

It is well known that resistance vessels mediate relaxation primarily in a 

NO-independent manner, mostly via prostacyclin/COX-derived metabolites and 

EDHF. EDHF dependence increases as the size of the vessel decreases. (12-

16) However, our data suggest a major role for NO in relaxation responses in 

SHRSP resistance vessels,· which is most likely a compensatory mechanism 

accounting for lack of other vasodilators, i.e.-, EDHF_ and increase in EDCF. (17-

18) 

Hypertension is a multi-factorial disease, and increased vascular tone is a 

component of the pathology. Endothelial dysfunction is well characterized in 

hypertension, and although controversial, there is a suggested alteration in NO 

production and/or metabolism. In genetic hypertension, an apparent endothelial 

dysfunction and impaired vasodilatory response to increased ·flow and receptor

dependent agonists have been reported. (8, 19-21) The same has been found 

in th_e SHRSP, with a correlating decrease in ACh-mediated vasorelaxation, 

· signifying that there may be decreased NO production, m~tabolism or 

bioavailability; a likely cause for the increased·tone. (7) However, there is still 

conflicting evidence within the literature, as some investigators have found 

decreased expression of NOS and a controversy still surrounds the mechanisms. 

(7, 22-24) 



It is widely accepted that the primary vasodilators in small resistance 

arteries are EDHF and the prostaglandins, with NO dependence last. 

Interestingly, normotensive, healthy vasculature is capable of compensating for 

lack of various vasodilators. This has been shown by using pharmacological 

inhibitors for NOS and COX, the use of NOS knock~out mice and evidence that 

various EDHFs activate an array of K+ channels in the VSM leading to 

hyperpolarization and relaxation. (3,-25) Our results in WKY support this View, 

as incubation with L-NAME and indomethacin did not attenuate the relaxation 

response. However, in the SHRSP vessels, the significant decrease in relaxation 

that occurred with NOS and COX inhibition suggests that mesenteric arteries 

from SHRSP rely upon different mechanisms for relaxation as compared to WKY. 

Although there is conflicting evidence, other investigators have found similar 

results; increased NO production in in vivo and ex vivo preparations (26-28) and 

decreased EDHF production. (29) The primary mode of relaxation seems to be 

attributed to NO, signifying a switch in vasoactive mediators responsible for 

relaxation in SHRSP. 

Given the increased production of NO in .SHRSP, as suggested by our data, we 

sought to investigate which of the NOS isoforms is primarily responsible for the 

relaxation response in SHRSP. We have shown that iNOS contributes to NO 

production in SHRSP mesenteric arteries. A probable mediator of the increased 

iNOS expression is NF-KB.(10) Corroborating these data are the increased 

levels of phos·pho-NF-KB detected locally in the mesenteric vessels of SHRSP. 



I 

We also report an increase in total eNOS expression and activation, in 

addition to the increased phosphorylation and activation of the upstream eNOS 

mediator Akt. In this study, we observed an increase in mesenteric eNOS 

.expression and activation, suggesting that eNOS is playing a compensatory role 

in the SHRSP resistance vessels. In addition, we observed an increased level of 

phospho-Akt. Akt, when phosphorylated, becomes activated and eNOS is 

accepted as a downstream effector.(30) 

NO production from eNOS is moderate and short-lived, inducing changes· 

in VSM tone. In this scenario, NO is beneficial, serving to enhance the VSM 

relaxation and decrease platelet aggregation. In qontrast, the NO production by 

iNOS is massive and prolonged, possible to the extent which could induce 

cellular damage. Several investigators have shown a role for iNOS in 

hypertension. Yen and colleagues demonstrated in SHR, that inhibition of iNOS 

in vivo can suppress the development of hypertension, and demonstrated an 

increase in iNOS expression the aorta. (5, 8, 32-34) A prominent theory is that 

this sustained NO generation is contributing to the oxidant-mediated endothelium 

dysfunction and that iNOS is a primary contributor to the ROS and NOS levels.· 

(5, 35-36) Schiffrin, et al., and others have recently characterized hypertension to 

be associated with elevated levels of circulating pro-inflammatory cytokines, 

which are known activators of iNOS. (1, 24, 35, 37) This, coupled with the 

increased ROS and superoxide anion that is present, a vicious circle is 

. completed via the activation of NF-kB, thus further enhancing iNOS expression. 

Other studies, showing enhanced iNOS expression, corroborate this hypothesis. 



(33, 38) Our data, showing that in ex vivo preparations from SHRSP, iNOS 

inhibition significantly decreases ACh-mediated relaxation, also confirms the role 

that iNOS plays in hypertension, as the WKY vessels did not exhibit a decreased 

relaxation response. We further established this possibility by showing an 

increased iNOS expression in the mesenteric arteries. 

The increased iNOS expression seems to be increasing NO bioavailability 

. and aiding eNOS in compensating for vascular dysfunction. It is accepted that 

excessive NO production, especially in association with increased inflammatory 

mediators where ROS are pres·ent, lead to peroxynitrite and superoxide 

production. In that, we believe that the increased iNOS expression and NO 

production is damaging to the endothelium and vasculature and is serving to 

further increase cellular toxicity and endothelium injury in the SHRSP. 

Additionally, we aimed to investigate if the substrate for NOS, L-arginine, 

could play a role in the increased production of NO. In our experiments using L

arginine and'the arginase inhibitor, nor-NOHA, we did not observe a difference in 

the relaxation response in SHRSP mesenteric arteries. Although this was 

surprising, as others have shown th~t an increase in NOS substrate can lead to 

increases in receptor-mediated relaxation, it does not seem to be the case here. 

Furthermore, these, data are difficult to interpret, since no ·functional data from 

SHRSP has yet been pµblished regarding L-arginine metabolism. One 

possibility seems to be that the mechanisms of gen·etic hypertension in the 

SHRSP are different than that of other forms of hypertension, and that in the 



SHRSP mesenteric arteries, and in this case, substrate availability is not rate 

limiting. 

Although L-arginine was not able to promote greater relaxation in 

mesenteric arteries from SHRSP, we observed that it was able to prevent 

oscillitary activity, observed after the arteries were contracted with Phe. (39) 

This oscillatory ac~ivity is a phenomenon known to occur in resistan·ce 

arteries; however, the mechanisms are widely unknown. It is speculated that this 

event can occur.in an endothelium-dependent and independent mechanism, and 

relies on many factors. It is, however, generally accepted to be modulated, in 

some vascular beds by NO. (39-40) Vasomotion, which is endothelium

dependent, relies upon NO for hyperpolarization of the vasculature, ·and closure 

of voltage gated Ca2
+ channels (VGCC) either directly through the activation of 

large conductance Ca2
+ activated K+ channels (BKca) or indirectly through protein 

kinase G (PKG). (39, 41-44) 

· In conclusion, we have shown an increased dependence upon NO for 

relaxation in the mesenteric arteries of SHRSP as compared to their · 

normotensive counte.rparts, WKY. We observed increased levels of iNOS protein 

expression, as well as increased eNOS expression and activation levels, 

suggesting these isoforms as the mediators of the increased NO production. 
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Figure 1. In SHRSP mesenteric arteri~s, nitric oxide is the primary vasodilator, as 
compared to WKY. Concentration response curves to ACh in second order mesenteric 
arteries from SHRSP as compared to WKY controls. Relaxation responses to ACh were 
assessed in vessels from SHRSP and WKY rats incubated with (a) vehicle, (b) L-NAME 
(NOS inhibitor, l0OµM) and (c) indomethacin (COX inhibitor, f0µM) plus L-NAME 
(1 0o'µM). Relaxation responses were calculated relative to maximal contraction 
produced from U-46619. Results are presented as mean±SEM of n=4 for each 
experimental group. *p<~.05. -

Figure 2. Neuronal NOS does not contribute to endothelium-mediated relaxation in 
SHRSP or WKY mesenteric arteries. Concentration response curves to ACh in second 
order mesenteric arteries from SHRSP as compared to WKY controls. Relaxation 
responses to ACh were assessed in vessels from (a) WKY or (b) SHRSP incubated with 
the nNOS inhibitor, 7-nitroindozole (lO0mM) or vehicle. Relaxation responseswere 
calculated relative·to maximal contraction produced from U-46619. Results are 
presented as mean±SEM ofri=4 for each experimental group. *p<0.05. . 

Figure 3. Inducible NOS partially contributes to endothelium-mediated relaxation 
in SHRSP mesenteric arteries. Concentration response curves to ACh in s_econd order 
mesenteric arteries from SHRSP as compared to WKY controls. Relaxation responses to 
ACh were assessed in vessels from (a) WKY or (b) SHRSP incubated with the iNOS 
inhibitor, 1400W (lO0mM) or vehicle. Relaxation responses were calculated relative to . 
maximal contraction produced from· U-4119. Results are presented as mean±SEM of n=4 
for each experimental group. *p<0.05. 

Figure 4. Mesenteric arteries from. SHRSP exhibit increased iNOS expression. (a) 
Representative Western blots for iNOS (131kDa) and P-actin (42kl)a). Bar graph 
representing densitized values (in arbitrary units, AU) for protein expression of (b) iNOS 
in mesenteric arteries of WKY and SHRSP. All values were normalized to ~-actin and 
expressed as mean±SEM, n=4. *p<0.05 

Figure 5. Mesenteric arteries from SHRSP exhibit increased expression of 
phosphorylated NF-KB. (a) Representative Western blots for NFKB (65kDa), phospho
NFKB (65kDa) and P-actin ( 42kDa). Bar graph representing densitized values (in 
arbitrary units, AU) for protein expression of (b) phospho-NF1d3 and (c) NFKB in 
mesenteric arteries of WKY and SHRSP. All v~lues were normalized to ~-actin and 
expressed as mean±SEM, n=4. *p<0.05 

Figure 6. Mesenteric arteries from SHRSP exhibit increased expression of 
phosphorylated eNOS. (a) Representative Western blots for eNOS (1_40kDa), phospho
eNOS (140kDa) and ~-actin (42k.Da). Bar graph representing densitized values (in 
arbitrary units, AU) for protein expression of (b) eNOS and (c) phospho-eNOS in 
mesenteric arteries of WKY and SHRSP. All values were norinalized to ~-actin and 
expressed as mean±SEM, n=4. *p<0.05 



Figure 7. Mesenteric. arteries from SHRSP exhibit increased expression of 
phosphorylated Akt. (a) Representative Western blots for Akt (50kDa), phospho-Akt 
(75kDa), and P-actin (42kDa). Bar graph representing densitized values (in arbitrary 
units, AU) for protein expression of (b) Akt and (c) phospho-Akt in mesenteric arteries of 
WKY and_SHRSP. All values were normalized to P-actin and expressed as mean±SEM, 
WKY n=S, SHRSP n=4. *p<0.05 

Figure 8. Incubation with L-a·rginine does not increase relaxation in mesenteric 
arteries from either WKY or SHRSP. Concentration response curves to ACh in 
second order mesenteric arteries from SHRSP as compared to WKY controls. Relaxation 
responses to ACh were assessed in vessels from (a) WKY or (b) SHRSP incubated with 
the NOS substrate, L-arginine, (1 0µM) or vehicle. Relaxation responses were calculated 
relative to maximal contraction produced from U-4119. Results_are presented as 

· mean±SEM of n=4 for each experimental group. 

Figure 9. Arginase inhibition does not increase relaxation response in mesenteric 
arteries from neither WKY nor SHRSP. Concentration response curves to A Ch in 
_ second order mesenteric arteries from SHRSP as compared to WKY controls. Relaxation 
responses to ACh were assessed in vessels from (a) WKY or (b) SHRSP incubated with 
the arginase inhibitor, nor-NO HA (1 0µM) or vehicle. Relaxation responses were 
calculated relative to maximal contraction produced from U-4119. Results are presented 
as mean±SEM of n=4 for each experimental group. 

Figure 10. Incubation with L-arginine blocks oscillatory activity in SHRSP 
mesenteric arteries after ACh-induced relaxation. Second order mesenteric arteries 
from SHRSP were contracted to phenylephrine (1 0µM) and relaxation to acetylcholine 
induced. SHR.SP vessels reacted with oscillatory activity, whereas vessels incubated 
with L-arginine did not exhibit the same oscillatory activity. 
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Figures 2a and b. 
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Figures 3a and b. 
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Figures 4a and b. 
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Figures Sa, band c. 
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Figures 6a, b and c. 
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Figures 7a, band c. 

(a). 

50kDa 

75kDa 

42kDa 

(b). 

1.25 

C 1.00 
t; 
l 0.1s 

c 
·; 0.50 e 
c. 0.25 

WKY 

Akt 

0.00
1

.._ ...... ________ _ 

WKY 

SHRSP 

Akt 

phospho-Akt 

SHRSP 



(c). 

1.00 

c· 
~ 0.75 
(.) 

' co.. 
c 0.50 
·; 
0 a: 0.25 

Akt-phospho 

WKY SHRSP 



Figures 8a and b. 
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Figures 9a and b. 
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·. Table 1. Emax and pD2 values for ACh in resistance mesenteric arteries from SHRSP 
and WKY rats 

WKY SHRSP 

Emax pD2 Emax pD2 

Ach 101.3±2.3% 8.03±0.07 86.55±3. 75% 8.23±0.25 

ACh + L-NAME 100.7±6.2% 8.26±0.6 62.5±5.3% 10.22±5 

ACh + L-NAME + 103±3.5% 7.84±0.15 39±1.0% 7.80±0.11 

I ndomethacin 

7-nitroindozole 103.2±2.0% 8.86±0.72 73.4±3.8% 8.38±0.5 

1400W 92.1±2.5% 7.93±0.09 59.4±3.5% 7.68±0.16 

Values are expressed as means±SEM for n= 12. Maximum effect elicited by the agonist 
(Emax) and negative logarithm of the molar concentration of agonist producing 50% of the 
maximum response (pD2). * indicates p<0.05 vs. vehicle. 




