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ERRATA 

P24, 2
nd

 line from bottom: “vasodilatory capacity of HNO” for “vasodilatory capacity o HNO” 

P32, line 6: “An increase in VSMC” for “An increased in VSMC”   

P76, line 13: “and it has” for “and it jas” 

P122, line 22: “While” for “Whilst” 

P136, Fig 4 Headings: “Lipid content” and “Macrophage content” for “Collagen content” and “α-SMC 

actin content” 



 

Table of Contents 

Acknowledgments  ................................................................................................................................ i 

General Declaration ............................................................................................................................. iii 

Summary  ............................................................................................................................................... v 

Publications arising from this thesis ................................................................................................ vii 

Abbreviations ....................................................................................................................................... ix 

 

CHAPTER 1: GENERAL INTRODUCTION .............................................................................................  

Declaration .......................................................................................................................................... 1 

Manuscript ........................................................................................................................................... 3 

1.1 General Overview ....................................................................................................................... 15 

1.2 Nitroxyl (HNO) .................................................................................................................................  

1.2.1 General Chemistry of HNO .................................................................................................. 16 

1.2.2 Biological Targets of HNO ................................................................................................... 16 

1.2.3 Discriminating Between HNO and NO ................................................................................ 19 

1.2.4 HNO Donors......................................................................................................................... 21 

1.2.5 Actions of HNO in the Cardiovascular System .................................................................... 24 

1.2.6 Potential Adverse Effects of HNO ........................................................................................ 29 

1.2.7 Therapeutic Potential of HNO as a Vasoprotective Agent ................................................... 30 

1.3 Atherosclerosis ................................................................................................................................  

1.3.1 General Overview of Atherosclerosis .................................................................................. 31 

1.3.2 Role of Macrophages in Atherosclerosis ............................................................................. 33 

1.3.3 Role of ROS and NADPH Oxidases in Atherosclerosis....................................................... 34 

1.3.4 The Apolipoprotein E-deficient (ApoE
-/-

) Mouse as a Model of  Atherosclerosis ................. 39 

1.4 Aims of Thesis ............................................................................................................................. 41 

 

CHAPTER 2: Vasorelaxant and Anti-aggregatory Actions of the Nitroxyl (HNO) Donor 

Isopropylamine NONOate are Maintained in Hypercholesterolemia .................................................  

Declaration ........................................................................................................................................ 42 

Manuscript ......................................................................................................................................... 43 

 



 

CHAPTER 3: The Vasoprotective Actions of Endogenous and Exogenously Generated Nitroxyl 

(HNO) are Preserved in Advanced Atherosclerosis ............................................................................  

Declaration ........................................................................................................................................ 53 

Manuscript ......................................................................................................................................... 54 

 

CHAPTER 4: Platelet Nitric Oxide Resistance in Hypercholesterolemia is Circumvented with 

the Nitroxyl (HNO) Donor Isopropylamine NONOate and the sGC Stimulator BAY 41-2272  .........  

Declaration ........................................................................................................................................ 88 

Manuscript ......................................................................................................................................... 89 

 

CHAPTER 5: Nox2 Oxidase Deficiency Improves Plaque Stability in Advanced Atherosclerosis .  

Declaration ...................................................................................................................................... 119 

Manuscript ....................................................................................................................................... 120 

 

CHAPTER 6: GENERAL DISCUSSION ..................................................................................................  

6.1 General Overview  .................................................................................................................... 149 

6.2 The Vasoprotective Actions of HNO Donors are Maintained in Cardiovascular Disorders ...... 150 

6.3 Endogenous HNO can Serve as an EDRF in Atherosclerosis ................................................. 155 

6.4 Role of Nox2 Oxidase in the Pathogenesis of Atherosclerosis ................................................. 157 

6.5 Current Limitations and Future Directions ................................................................................ 160 

6.6 Conclusions ............................................................................................................................... 163 

 

CHAPTER 7: REFERENCES ............................................................................................................. 164 

 

CHAPTER 8: APPENDIX ................................................................................................................... 177 



  Acknowledgements 
 

i 
 

Acknowledgements 

Many individuals have committed time and resources to this project over the last few years and I am 

forever grateful for their support.  

Firstly, I would like to thank my supervisors, Dr Barbara Kemp-Harper and Dr Alyson Miller for your 

overwhelming support, patience and guidance throughout the course of my PhD. Over the last 6 

years the two of you have created such a wonderful environment to work in and have had an 

enormous influence not only on my research but also on me as a person. I believe my time with you 

has allowed me to gain so much confidence, independence and maturity that I almost cannot 

recognise the shy, quite 3
rd

 year student that first walked into your office all those years ago. Whilst 

everything hasn’t been smooth sailing, I know that I can always count on you to give me the 

encouragement and pep talk that I need to get the job done. I would also especially like to thank Barb, 

despite your hectic schedule you are always willing to make time for me whether it be lending a hand 

in the lab setting up myographs or chatting to me about my research for hours on end, your dedication 

to your students is unmatched. I cannot speak more highly of the both of you as people and 

researchers in your own right and I look forward to keeping in touch over the years to come. 

I want to express my gratitude to Janahan Dharmarajah for not only teaching me the techniques of 

mouse platelet isolation and aggregation but providing me with constant support and advice for when 

things inevitable would go wrong. I would also like to thank Dr Brad Broughton, Dr Tracey Gaspari, 

Catlin Lewis and Shalini Krishnan for sharing with me their knowledge and expertise for all things 

immunofluorescence and qPCR related. I also want to make a special mention to Henry Diep, who 

has not only been my go to guy when anything goes wrong but also for your help in harvesting tissues 

for me on days when I would take on more than I can handle to get the most out of my experiments. 

Thank you to all the members of the VBIG lab as well as the entire Department of Pharmacology 

(both past and present). There are too many people to go through individually, but it’s always a 

pleasure to come into work as people are always up for chat over lunch or in the corridors whether it 

be providing helpful advice (both scientific and life in general) or just to discuss the latest footy results. 

Your help and friendship over the last 6 years has been invaluable. However, I would like to make 

special mention to former VBIG PhD students Michael De Silva, Ravina Ravi, Vanessa Brait, Kath 



  Acknowledgements 
 

ii 
 

Jackman, Janahan Dharmarajah and Jen Rivera who were so welcoming and inclusive when I first 

arrived in the lab group as the only honours student. You provided the perfect example of how to 

mentor younger students and still develop a wonderful friendship, which I hope will last for years to 

come. Also, special thanks goes out to Jacquline Ku, Carmel Barber, Kate Maxwell, Yasmean Kal and 

Shalini Krishnan for all the good time we shared whether it be in the lab, over afternoon coffee, 

hanging out in the student room or at our girls nights. Your friendship and support means the world to 

me and I couldn’t have kept my sanity without you. 

To my friends outside of the lab, Jamie, Jodi, Nicole, Sophie, Vanessa and Andrew. Thanks for 

helping me take my mind off work when I needed it. I’ve known you all since high school and 

sometimes it feels like we have never left because whether it has been one week, one month or one 

year since we’ve last seen each other, we always pick up our friendship where we left off. The 

dinners, drinks and movie nights remind me that there is more to life than research and have helped 

keep my sanity throughout this whole process. 

Finally, but by no means least, a very special thanks goes out to my family, Mum, Dad, Ashleigh and 

Nan for all of your love and support. I know I haven’t been the most helpful person over the last few 

months, but you have all been there to motivate and to help me get through it all. Words cannot 

describe how much you guys mean to me and I am so fortunate to be a part of such a wonderful 

family.       

    

  

   

 

 



  General Declaration 
 

iii 
 

General Declaration 
 
In accordance with Monash University Doctorate Regulation 17.2 Doctor of Philosophy and Research 

Master’s regulations the following declarations are made: 

 

I hereby declare that this thesis contains no material which has been accepted for the award of any 

other degree or diploma at any university or equivalent institution and that, to the best of my 

knowledge and belief, this thesis contains no material previously published or written by another 

person, except where due reference is made in the text of the thesis.  

 

This thesis includes 2 original papers published in peer reviewed journals and 3 unpublished 

publications. The core theme of the thesis is “Vasoprotective actions of nitroxyl (HNO) in vascular 

disease”. The ideas, development and writing up of all the papers in the thesis were the principal 

responsibility of myself, the candidate, working within the Pharmacology Department under the 

supervision of Dr Barbara Kemp-Harper and Dr Alyson Miller. 

The inclusion of co-authors reflects the fact that the work came from active collaboration between 

researchers and acknowledges input into team-based research.  

In the case of Chapters 1-5 my contribution to the work involved the following: 

Thesis 

chapter 
Publication title 

Publication 

status* 

Nature and extent of candidate’s 

contribution 

1 

Nitroxyl (HNO) as a 

vasoprotective signaling 

molecule 

Published 

Prepared and wrote the manuscript for 

the review article, with intellectual 

advice and editorial assistance from co-

authors 

2 

Vasorelaxant and anti-

aggregatory actions of the 

nitroxyl donor  isopropylamine 

NONOate are maintained in 

Published 

Conducted all experiments, analysed 

results and wrote manuscript, with with 

intellectual advice and editorial 

assistance from co-authors from co-



  General Declaration 
 

iv 
 

hypercholesterolemia authors 

3 

The vasoprotective actions of 

endogenous and exogenously 

generated nitroxyl (HNO) are 

preserved in advanced 

atherosclerosis 

Ready for 

submission 

Conducted all experiments except 

those for total plasma cholesterol and 

some tissue harvesting, analysed 

results and wrote manuscript, with 

intellectual advice and editorial 

assistance from co-authors 

4 

Platelet nitric oxide resistance in 

hypercholesterolemia is 

circumvented with the HNO 

donor isopropylamine NONOate 

and the sGC stimulator BAY 41-

2272 

Ready for 

submission 

Conducted all experiments, analysed 

results and wrote manuscript, with 

intellectual advice and editorial 

assistance from co-authors 

5 

Nox2 deficiency improves 

plaque stability in advanced 

atherosclerosis 

Ready for 

submission 

Conducted all experiments except 

those for plasma cholesterol and some 

tissue harvesting, analysed results and 

wrote manuscript, with intellectual 

advice and editorial assistance from co-

authors 

 

I have / have not (circle that which applies) renumbered sections of submitted or published papers in 

order to generate a consistent presentation within the thesis. 

 

Signed:  ……………………………………………………………………… 

  MICHELLE LEANNE BULLEN 

 

Date:   ……………………………… 



  Summary 
 

v 
 

Summary 

Nitroxyl (HNO), the one electron reduced and protonated congener of NO has recently gained 

therapeutic interest as HNO exhibits similar vasoprotective actions to that of NO, but does not share 

its limitations. Additionally, HNO displays unique pharmacological actions that may enable its effects 

to be preserved and/or enhanced in disease states where NO function is compromised. This thesis 

examined whether the vasoprotective actions of endogenous and exogenous HNO were maintain in 

the setting of hypercholesterolemia and advanced atherosclerosis (apolipoprotein E-deficient mice 

maintained on a high fat diet for 7 and 21 weeks, respectively; ApoE
-/-

-HFD) and these effects were 

directly compared to NO. Given the role that oxidative stress plays in the pathogenesis of these 

diseases, this thesis also determined whether the absence of the superoxide (
.
O2

-
) generating enzyme 

Nox2-NADPH oxidase, conferred vasoprotection in advanced atherosclerosis.      

In Chapter 2, we confirmed that the vasorelaxant and anti-aggregatory effects of the HNO donors, 

Angeli’s salt and isopropylamine NONOate (IPA/NO) were mediate via HNO and were dependent 

upon sGC/cGMP signalling. Furthermore, in hypercholesterolemic mice (ApoE
-/-

-HFD mice) we 

observed that vasorelaxation responses to IPA/NO and the clinically used NO donor, glyceryl 

trinitrate (GTN) were conserved. However, GTN, but not IPA/NO, was susceptible to vascular 

tolerance development and its anti-aggregatory response was abolished in hypercholesterolemia.  

Given the vasoprotective actions of HNO were preserved in hypercholesterolemia, Chapter 3 sought 

to compare the vasoprotective actions of HNO and NO in advanced atherosclerosis (ApoE
-/-

-HFD 

mice). In these mice, IPA/NO and the NO donor, diethylamine NONOate (DEA/NO) maintained their 

ability to induce relaxation in carotid arteries, inhibit platelet aggregation, supress 
.
O2

-
 generation and 

did not develop vascular tolerance. Whilst relaxation responses to GTN were sustained, GTN 

developed vascular tolerance and it’s anti-aggregatory and 
.
O2

-
 limiting actions were compromised in 

atherosclerotic mice. Additionally, the contribution of HNO to endothelium-dependent relaxation was 

enhanced in advanced atherosclerosis and may compensate for a reduction in endogenous NO.  

In Chapter 4 we found that the ability of the NO donor sodium nitroprusside (SNP) to inhibit platelet 

aggregation and elevate cGMP levels was impaired in hypercholesterolemic (ApoE
-/-

-HFD) mice, 
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indicating a model of platelet NO resistance. In this model, dysfunction at the level of sGC and/or 

downstream mediators of cGMP appeared to contribute to resistance. Our main finding was that the 

anti-platelet effects of NO-independent sGC stimulators IPA/NO and BAY 41-2272 were maintained 

in hypercholesterolemic mice, indicating that IPA/NO and BAY 41-2272 can circumvent platelet NO 

resistance.    

In Chapter 5 we examined the effect of genetic deletion of the 
.
O2

-
 generating enzyme Nox2-NADPH 

oxidase upon vascular function and plaque morphology in advanced atherosclerosis (ApoE
-/-

 mice on 

a HFD for 21 weeks). We observed that Nox2 oxidase deletion had no effect upon endogenous NO 

generation or endothelium-dependent and –independent relaxation responses but reduced vascular 

.
O2

-
 generation in advanced atherosclerosis. Moreover, in aortae and innominate arteries Nox2 

deletion did not reduce lesion size but did lead to an increase in plaque stability and appeared to 

promote an anti-inflammatory (M2) macrophage phenotype. These findings suggest that, Nox2 

oxidase plays an important role in plaque instability in atherosclerosis. 

In conclusion, the findings of this thesis indicate that the vasoprotective actions of endogenous and 

exogenously generated HNO are sustained or augmented, in the setting of hypercholesterolemia and 

advanced atherosclerosis. These properties, coupled with the lack of tolerance development, 

resistance to scavenging by 
.
O2

-
 and an ability of HNO to circumvent platelet NO resistance and 

target sGC/cGMP-independent signalling pathways confers advantages over traditional 

nitrovasodilators. Thus, HNO donors represent an innovative pharmacotherapy for the treatment of 

cardiovascular diseases.                 
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General Introduction 

This thesis focuses on the vasoprotective actions of nitroxyl (HNO) in the setting of vascular disease. 

A comprehensive review of the literature pertaining to the vasoprotective actions of HNO is provided 

in the accompanying article which was published in 2011 and authored by myself and colleagues 

(Bullen et al., 2011  Nitroxyl (HNO) as a vasoprotective signalling molecule, Antioxidants & Redox 

Signaling 14: 1675-1686). The following General Introduction provides an update to this review article 

and also addresses other areas central to this thesis including the general chemistry and biological 

targets of HNO, HNO donors, therapeutic actions of HNO, the pathogenesis of atherosclerosis and 

the role of Nox2 oxidase in vascular dysfunction.  

 



FORUM REVIEW ARTICLE

Nitroxyl (HNO) as a Vasoprotective Signaling Molecule

Michelle L. Bullen,1 Alyson A. Miller,1 Karen L. Andrews,2 Jennifer C. Irvine,3 Rebecca H. Ritchie,3

Christopher G. Sobey,1 and Barbara K. Kemp–Harper1

Abstract

Nitroxyl (HNO), the one electron reduced and protonated form of nitric oxide (NO�), is rapidly emerging as a
novel nitrogen oxide with distinct pharmacology and therapeutic advantages over its redox sibling. Whilst the
cardioprotective effects of HNO in heart failure have been established, it is apparent that HNO may also confer a
number of vasoprotective properties. Like NO�, HNO induces vasodilatation, inhibits platelet aggregation, and
limits vascular smooth muscle cell proliferation. In addition, HNO can be putatively generated within the
vasculature, and recent evidence suggests it also serves as an endothelium-derived relaxing factor (EDRF).
Significantly, HNO targets signaling pathways distinct from NO� with an ability to activate KV and KATP

channels in resistance arteries, cause coronary vasodilatation in part via release of calcitonin-gene related peptide
(CGRP), and exhibits resistance to scavenging by superoxide and vascular tolerance development. As such,
HNO synthesis and bioavailability may be preserved and=or enhanced during disease states, in particular those
associated with oxidative stress. Moreover, it may compensate, in part, for a loss of NO� signaling. Here we
explore the vasoprotective actions of HNO and discuss the therapeutic potential of HNO donors in the treatment
of vascular dysfunction. Antioxid. Redox Signal. 00, 000–000.

Introduction

The biologically active gas, nitric oxide (NO�) is well
recognized as an important modulator of vascular ho-

meostasis with vasorelaxant, anti-aggregatory, and anti-
proliferative properties (55). NO� elicits its vasoprotective
effects primarily through activation of the cytosolic enzyme
soluble guanylyl cyclase (sGC) which catalyses the conversion
of GTP to cGMP (40). An impairment in endogenous NO�-
mediated vasoprotection is associated with a plethora of
cardiovascular pathologies, arising as a consequence of a
decrease in NO� synthesis, impaired NO� bioavailability and=
or dysfunction at the level of its receptor (sGC) and its sig-
naling pathways (31, 78). Such deficiencies in NO� signaling
can be overcome in part by the use of NO� donors, such as the
organic nitrate glyceryl trinitrate (GTN), which have been
utilized for> 100 years in the treatment of angina, heart fail-
ure, and acute hypertensive crises. However, the clinical ef-
ficacy of traditional NO� donors is limited due to their
susceptibility to tolerance development with continued use
and diminished vasoprotective actions under conditions of
oxidative stress (41).

Interestingly, nitroxyl (HNO), the one electron reduced and
protonated form of NO� is rapidly emerging as a novel redox

sibling of NO� with distinct pharmacological actions and
therapeutic advantages over NO� (35) (Table 1). In particular,
its cardioprotective actions have received much attention with
HNO, unlike NO�, increasing myocardial contractility (via
thiol interaction) (8, 63, 79) and conferring protection in the
setting of acute experimental heart failure (62). The concom-
itant ability of HNO to serve as a positive cardiac inotrope and
to unload the heart (via vasodilatation) is of benefit in the
treatment of heart failure. Thus, together with its myocardial
effects, the vascular actions of HNO are also likely to be of
importance and warrant further investigation.

Like NO�, HNO may be produced endogenously within the
vasculature and has similar vasoprotective properties such as
the ability to induce vasorelaxation (3, 19, 20, 33), inhibit
platelet aggregation (5, 56), and inhibit vascular smooth
muscle cell (VSMC) proliferation (80). In contrast to NO�,
HNO targets distinct signaling pathways in the vasculature
that include activation of voltage-sensitive Kþ channels (Kv)
(19, 33) and the release of calcitonin-gene related peptide
(CGRP) (20). In addition, HNO is resistant to scavenging by
superoxide (.O2

-) (54) and is not susceptible to tolerance de-
velopment (34, 37). As such, the vascular actions of HNO may
be preserved under disease conditions, whereas those of NO�

are compromised (i.e., during oxidative stress). Thus, HNO
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donors may offer a superior alternative to traditional ni-
trovasodilators for the treatment of vascular dysfunction. This
review discusses the vasoprotective actions of HNO in the
context of cardiovascular health and disease, exploring the
role of HNO as an endogenous vascular signaling molecule,
as well as the mechanisms via which it modulates vascular
function and the therapeutic potential of HNO donors in the
treatment of vascular disease.

Chemical and Biological Properties of HNO

Prior to discussing the vasoprotective actions of HNO, it is
important to briefly consider the chemistry and biological
targets of this nitrogen oxide. HNO has been shown to be a
weak acid with a pKa value of approximately 11.4 (4), sug-
gesting that at physiological pH, HNO rather than the ni-
troxyl anion (NO-) will predominate. HNO is highly reactive
and undergoes rapid dimerization and dehydration to nitrous
oxide (N2O) (51). As such, HNO cannot be stored as a stable

molecule and is typically studied using HNO donor com-
pounds. Readers are referred to Miranda (51) for a compre-
hensive review on the chemistry of HNO.

HNO donors are essential tools to elucidate the biological
actions of HNO, and in particular Angeli’s salt, discovered
over 100 years ago, has thus far been the mainstay of the
HNO research field (35). Angeli’s salt (Na2N2O3) sponta-
neously decomposes to generate HNO and nitrite (NO2

-)
(32), however, its short half-life (*2.5 minutes) and con-
comitant release of NO2

- confers limitations on its useful-
ness. Isopropylamine NONOate (IPA=NO), a primary
amine diadiazeniumdiolate, has more recently been used to
study HNO-induced effects in the cardiovascular system
(52). Yet, whilst IPA=NO spontaneously decomposes at
physiological pH to generate HNO and exerts similar
physiological effects as Angeli’s salt (52), it too has a short
half life (*2.3 minutes), may also generate NO� (at pH< 7),
and its nitrosamine byproduct may exert nonspecific effects
(35). Ultimately, a pure and longer-lasting HNO donor is

Table 1. Distinct Pharmacology of HNO versus NO
�

in the Vasculature

Properties Nitroxyl (HNO) Nitric oxide (NO�)

General properties
Thiol reactivity High reactivity No direct reactivity
Heme protein targets Fe3þ-heme> Fe2þ-heme Fe2þ-heme
Biomarker of activity Plasma CGRP Plasma cGMP
.O2

- reactivity Resistant to scavenging by .O2
- Scavenged by .O2

-

Pharmacological inhibitors L-cysteine Carboxy-PTIO
N-acetyl-L-cysteine
Dithiothreitol

Hydroxocobalamin

Endogenous generation
Sources Coupled NOS Coupled NOS

Uncoupled NOS S-Nitrosothiols
NOS intermediates Nitrite and nitrate
S-Nitrosothiols
Reduction of NO�

EDRF Large and small arteries Large and small arteries
EDHF (atypical) Small arteries Small arteries
Mediates spreading vasodilatation Small arteries Absent

Vasodilator activity
Vasodepressor Lowers blood pressure Lowers blood pressure
Vasorelaxant Large and small arteries Large and small arteries
Tolerance Resistant Develops tolerance
sGC=cGMP Large and small arteries Large and small arteries

Fe2þ-sGC Fe2þ-sGC
Conversion to NO� required? Direct activation

Kþ channels cGMP-dependent activation cGMP-independent activation
� Rat mesenteric arteries Kv channels KCa channels
� Rat coronary arteries KATP KCa channels
� Mouse mesenteric arteries Kv Unknown
CGRP Rat coronary arteries Unknown

Vascular superoxide generation
NADPH oxidase activity Suppression following acute

administration (in vitro)
Suppression following prolonged

administration (in vitro)
Mechanism cGMP-independent? cGMP-independent

Cellular proliferation
VSMC Inhibition (high concentration) Inhibition (high concentration)

S-phase cell cycle arrest G0=G1 cell cycle arrest
Stimulation? Stimulation (low concentration)

Endothelial cell Inhibition? Stimulation

Platelet activity Anti-aggregatory Anti-aggregatory
Signaling sGC=cGMP sGC=cGMP

cAMP cAMP
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required to further our understanding of the biological ac-
tions of HNO.

Despite the limitations of currently available HNO donors,
they have enabled the pharmacology of this nitrogen oxide to
be substantially delineated. Indeed, the biological activity of
HNO is governed predominantly by its high reactivity with
metallo- and thiol-containing proteins (22, 61). Thus, HNO
reduces metals such as iron, copper, and manganese (22, 53,
58) and preferentially targets ferric (Fe3þ) versus ferrous
(Fe2þ) heme groups in a number of proteins (53). In the vas-
culature, the heme-containing protein, sGC, represents a
major cellular target of HNO. Moreover, the direct interaction
of HNO with thiols underlies many of the distinct pharma-
cological actions of HNO versus NO� (35) and may direct the
actions of HNO to thiol-containing receptors, ion channels,
and enzymes in the blood vessel wall. Studies exploring the
vasoprotective properties of HNO have exploited its high
reactivity with thiols to distinguish its actions from those of
NO� and provide evidence for its endogenous generation.
Thus, high concentrations of thiols such as L-cysteine, N-
acetyl-L-cysteine (NAC), and dithiothreitol will attenuate the
actions of HNO but not those attributable to NO� (20, 33, 34,
63, 64). Conversely, NO� scavengers such as carboxy-PTIO ((2-
(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxy-3-
oxide)) and hydroxocobalamin will scavenge NO� but not
HNO (18, 33, 34, 42, 83).

Employing HNO donors such as Angeli’s salt and IPA=NO
and thiol-based HNO scavengers, the capacity for HNO to
modulate vascular tone, .O2

- generation, VSMC proliferation
and platelet function has been examined.

HNO as an Endothelium-Derived Relaxing Factor

In 1980, Furchgott and Zawadzki identified that a factor
was released from the endothelium that evoked VSMC relax-
ation (24). This endothelium-derived relaxing factor (EDRF)
was subsequently identified as NO� (60) and its biosynthetic
pathway rapidly elucidated (55). Within the endothelium,
nitric oxide synthase (NOS) catalyses NADPH-dependent
oxidation of L-arginine to form the unstable intermediate
N-hydroxy-L-arginine (NOHA), into which O2 is incorporated
to yield NO� and L-citrulline (55). Following synthesis, NO�

diffuses rapidly to the VSMC whereby it stimulates sGC to
form cGMP that can interact with a number of downstream
targets, including cGMP-dependent protein kinases (cGKs),
phosphodiesterases (PDEs), and cGMP-modulated cation
channels to cause vasorelaxation (40).

The importance of NO� as an endogenous regulator of
vascular tone is irrefutable, yet over the last 10 years evidence
has emerged that NO�may not be the sole endothelial-derived
nitrogen oxide, with HNO likely to also play such a role (3, 23,
45, 83). Thus, like NO�, HNO elevates VSMC cGMP to me-
diate vasorelaxation (23, 34) and can potentially be generated
via a number of biosynthetic pathways in the vasculature (Fig.
1). These include direct production of HNO from NOS itself,
whereby HNO serves as an intermediate in the conversion of
L-arginine to NO� (29, 72). In particular, superoxide dismutase
(SOD) facilitates oxidation of HNO to NO�. Moreover, re-
duced levels of the NOS cofactor, tetrahydrobiopterin (BH4),
results in the partial uncoupling of NADPH oxidation and
NO� synthesis to promote the production of HNO over NO�

(71). HNO can also be formed after oxidative degradation of

the NOS intermediate, NOHA (66). NOHA represents a fea-
sible biosynthetic pathway for the generation of HNO in vivo,
given it is detected in plasma (27) and produced by some cells
(90). In addition, heme protein-mediated oxidation of hy-
droxylamine (NH2OH), a product of cellular and NOS me-
tabolism, leads to HNO generation (15). Additionally, HNO
can be formed from non-NOS sources. Whilst a direct re-
duction of NO� to HNO is unlikely to occur spontaneously (4,
61), a number of enzymes catalyze this reaction, including
mitochondrial cytochrome c, ubiquinol, hemoglobin, xan-
thine oxidase, and manganese SOD (35, 61). Finally,
S-nitrosothiols have also been known to generate HNO via
S-thiolation, a reaction between S-nitrosothiols and other thiol
species (87).

Whilst definitive proof for the endogenous generation of
HNO is absent due to the lack of direct and sensitive detection
methods for HNO in mammalian cells, its role as an EDRF can
be inferred from pharmacological studies. Thus, in large
conduit arteries, the profile of the EDRF response resembles
HNO more closely than NO�. For example, the HNO scav-
enger L-cysteine reduces HNO- and ACh-mediated vasor-
elaxation in rat (18) and mouse (83) aortae, yet responses to
NO� gas are unchanged or enhanced in the presence of L-
cysteine. We have shown evidence for a similar contribution
of HNO to ACh-mediated vasorelaxation in resistance-like
arteries, particularly following inhibition of endothelium-
derived hyperpolarizing factor (EDHF) (3). Together, these
findings suggest that HNO contributes, at least in part, to the
EDRF response previously attributed to NO� and that these
two redox siblings work in concert to mediate endothelium-
dependent vasorelaxation.

It is likely that in the blood vessel wall, HNO is derived
predominantly from endothelial NOS (eNOS), as the com-
ponent of endothelium-dependent relaxation attributed to
HNO is, for the most part, sensitive to the NOS inhibitor N-
nitro-L-arginine methyl ester (L-NAME) (3). Interestingly,
neuronal NOS (nNOS) may also serve as a source of HNO
in situ, given the attenuation of nitrergic transmission by

FIG. 1. Putative endogenous sources of nitroxyl (HNO) in
the vascular endothelium. Biochemical studies indicate that
HNO can be synthesised via nitric oxide (NO) synthase
(eNOS)-dependent and -independent pathways. HNO may
be formed directly from eNOS itself and subsequently oxi-
dized to NO� by superoxide dismutase (SOD). A depletion in
the eNOS cofactor, tetrahydrobiopterin (BH4) or oxidation of
the eNOS intermediate, N-hydroxy-L-arginine (NOHA) or
by-product, hydroxylamine (NH2OH) leads to HNO gener-
ation. HNO can also be formed directly from S-nitrosothiols
or via enzymatic reduction of NO�.
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L-cysteine (11, 42). Whether HNO can also be generated en-
dogenously from non-NOS sources is unclear. Our finding in
rat small mesenteric arteries that L-NAME does not abolish
the component of endothelium-dependent relaxation attrib-
uted to HNO (3) may be indicative of the release of HNO from
a non-NOS source such as preformed thiol stores (87) or, al-
ternatively, incomplete inhibition of NOS by L-NAME.

Together with its ability to cause vasorelaxation, exoge-
nous HNO induces VSMC hyperpolarization via opening of
Kv channels (33). As such, endogenous HNO may also serve
as an EDHF distinct from the classical EDHF, which is NOS-
independent and targets calcium-sensitive Kþ channels (KCa)
channels (17). Evidence in support of this concept comes from
our recent findings in rat small mesenteric arteries where,
following negation of EDHF (by KCa inhibition), a hyperpo-
larization response to ACh persisted which, like that of HNO,
was sensitive to Kv channel inhibition (3). Similarly, in mouse
mesenteric arteries, HNO-induced VSMC hyperpolarization
contributes to ACh-mediated vasorelaxation (3). These find-
ings highlight a role for endogenous HNO in local VSMC
hyperpolarization and vasodilatation.

We have now advanced this concept further, with recent
evidence that exogenous HNO can initiate, and endogenous
HNO mediates (in response to ACh) spreading vasodilatation
in pressurized rat small mesenteric arteries (88). Spreading
vasodilatation is dependent upon VSMC hyperpolarization
and is of physiological importance (16). Thus, the local action
of a vasodilator is conducted upstream to ensure a significant
drop in vascular resistance and thereby a sufficient increase in
tissue perfusion. Whilst endothelium-derived HNO appears
to initiate spreading vasodilatation, similar observations have
not been made with NO� (86).

The identification of HNO as an EDRF and EDHF in the
vasculature has heightened interest in this nitrogen oxide (45).
Together, NO� and HNO appear to play an integral role in the
control of vascular tone and we hypothesize that HNO pro-
duction and=or bioavailability is preserved during oxidative
stress and in disease. Thus, uncoupled NOS preferentially
generates HNO over NO� (71), HNO is resistant to scavenging
by .O2

- (54), and disease-associated thiol depletion (6) may
lead to a reduction in HNO scavenging. As such, HNO
may compensate, at least in part, for a loss of endogenous
NO� (3) and classical EDHF (17) under pathophysiological
conditions. We eagerly await the future development of
methods to detect HNO production in biological systems such
that the endogenous generation of HNO can be proved con-
clusively.

Vasodilator Properties of HNO Donors

HNO donors are known to be potent vasodilators both
in vitro and in vivo (35). The seminal work of Fukuto et al. (23)
demonstrated an ability of the HNO donor, Angeli’s salt, to
induce relaxation of isolated rabbit aorta and bovine in-
trapulmonary artery. Such an effect of HNO was distin-
guished from that of NO� via the sensitivity of HNO-mediated
vasorelaxation to scavenging by thiols (64). Subsequently,
Angeli’s salt has been shown to induce vasorelaxation in other
large conduit (18, 34, 83) and small resistance-like arteries (3,
19, 33). Similarly, in the intact circulation, Angeli’s salt dilates
the rat coronary (20) and cat pulmonary (12) vascular beds
and decreases mean arterial blood pressure in anaesthetized

rabbits (44), conscious dogs (62, 63), and rats (37). Although
HNO appears to be a preferential venodilator in vivo (63), such
an effect is lost in the setting of heart failure with equiva-
lent arterial and venous dilation observed (62). Importantly,
there is now evidence that HNO is a potent vasodilator in the
human vasculature, with Angeli’s salt inducing vasorelaxa-
tion of human isolated radial arteries (Andrews et al., un-
published, Fig. 2).

sGC=cGMP signaling

HNO signals predominantly via the sGC=cGMP pathway
to mediate vasorelaxation (Fig. 3). Thus, Angeli’s salt elicits an
increase in vascular cGMP levels (23, 34) and its vasorelaxant
responses are resistant to the NO� scavengers carboxy-PTIO
and hydroxocobalamin (3, 18–20, 33, 83) and markedly at-
tenuated by the sGC inhibitor 1H-(1,2,4)oxadiazole(4,3,-
a)quinoxaline-1-one (ODQ) (3, 19, 20, 33, 34, 83). Interestingly,
HNO-mediated vasorelaxation is more susceptible to inhibi-
tion by ODQ than vasodilator responses to NO gas or NO�

donors such as diethylamine-NONOate (DEA=NO) (3, 19, 33,
34, 83). Together such findings indicate that HNO directly
targets sGC, yet this concept remains a matter of contention.

Biochemical studies originally suggested that NO� was the
only nitrogen oxide capable of activating sGC (14), with HNO

FIG. 2. HNO-mediated relaxation of human arteries.
Concentration-dependent relaxation to the HNO donor,
Angeli’s salt, in radial arteries isolated from patients under-
going coronary artery bypass surgery. Responses were ob-
tained in the absence (*, n¼ 8) and presence of the NO�

scavenger, hydroxocobalamin (HXC, 100mM, 15 min; &,
n¼ 6), HNO scavenger, L-cysteine (3 mM, 3 min; &, n¼ 8),
and soluble guanylyl cyclase inhibitor, ODQ (10mM, 30 min;�, n¼ 8). In brief, arteries (2 mm segments) were mounted in
organ baths, maintained in carbogen bubbled (95% O2, 5%
CO2) Krebs’ solution at 378C and changes in isometric ten-
sion recorded (34). Following equilibration at an optimal
resting tension of 2 g, arteries were maximally contracted
with a Kþ-depolarizing solution (124 mM Kþ, KPSS). Sub-
sequently, cumulative concentration-response curves to An-
geli’s salt were constructed in arteries precontracted to
*50% KPSS with endothelin-1 (10–100 nM). Maximal re-
laxation was ensured by using sodium nitroprusside (10mM)
at the conclusion of each concentration-response curve. Va-
lues are plotted as percentage reversal of the pre-contraction
and expressed as mean� s.e. mean, where n¼ number of
donors. *p< 0.05; for treatment concentration-response curve
vs untreated control (2-way ANOVA, Bonferroni post-hoc
test).
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presumably requiring oxidation to NO� prior to sGC stimu-
lation. However, those studies were performed in the pres-
ence of high concentrations of thiols, sufficient to scavenge
HNO and possibly negate its effect. Recent studies that have
re-examined the interaction of HNO with sGC have now
yielded contrasting results (50, 89). Thus, in the absence of
extracellular thiols and under anaerobic conditions, Miller
and colleagues demonstrated an ability of the HNO do-
nors, Angeli’s salt and 1-nitrosocyclohexyl trifluroacetate
(NCTFA), to directly stimulate purified bovine lung sGC (up
to 60-fold), an effect independent of oxidation of HNO to NO�

(50). In contrast, utilizing purified bovine lung sGC and cul-
tured endothelial cells, Zeller and colleagues reported that
Angeli’s salt had no significant effect on sGC activity and
cGMP levels in the absence of SOD (89). Given that Cu(II),
Zn(II)-SOD (SOD1) has been shown to facilitate the conver-
sion of HNO to NO� in a cell-free assay (58), those investiga-
tors proposed that Angeli’s salt activates sGC predominantly
via SOD-induced oxidation of HNO to NO� (89). Whether the
intracellular concentration of SOD is sufficient to facilitate
such a conversion in the intact cell remains to be determined.
Clearly further work is required to elucidate the precise
mechanisms by which HNO activates sGC.

Aside from the mechanism(s) of sGC activation by HNO, a
number of other interesting observations have been made
regarding its interaction with that heme-containing protein.
First, high concentrations of Angeli’s salt (0.1 mM) cause in-
hibition of sGC activity via an apparent oxidative modifica-
tion of cysteine thiols (50). From a therapeutic standpoint,
such an action of HNO may be beneficial in that it would limit
excessive vasodilatation by HNO donors. Second, the pref-
erence of HNO for Fe3þ versus Fe2þ heme groups (53) sug-
gests that HNO may target the oxidized (Fe3þ) rather than

reduced (Fe2þ) form of sGC. Given the predominance of NO�-
insensitive, oxidized sGC in the diseased vasculature (76),
such a property of HNO may allow its vasorelaxant activity to
be sustained and=or enhanced in the setting of disease
whereas traditional NO� donors may be compromised.
However, surprisingly recent studies failed to demonstrate an
ability of HNO to stimulate oxidized sGC (50, 89) and like
NO�, HNO was found to activate the reduced, ferrous heme
on sGC. Such findings may be indicative of a kinetically slow
interaction of HNO with the ferric form of sGC as compared
with its ability to dimerize or react with thiols (50, 89). In
addition, the presence of multiple cysteine residues on sGC
may contribute to the resistance of ferric sGC to reductive
nitrosylation by HNO (50).

cGMP-independent signaling

Whilst the cGMP-dependence of HNO induced vasor-
elaxation in situ is evident, the HNO donors, Angeli’s salt and
IPA=NO, do not elevate plasma cGMP following intravenous
administration (52, 62, 63). Such discrepancies may be indic-
ative of plasma cGMP levels not reflecting changes at the
cellular level, differential sensitivity in the detection of plasma
versus cellular cGMP, and=or HNO targeting sGC=cGMP-
independent pathways in vivo. Indeed, administration of
Angeli’s salt and IPA=NO to conscious dogs leads to an ele-
vation in plasma levels of the sensory neuropeptide, CGRP,
an effect not observed with NO� donors (52, 62, 63). CGRP
serves as a vasodilator, targeting CGRP1 receptors on the
endothelium and VSMC to stimulate NOS and adenylate
cyclase, respectively (Fig. 3) (7). Interestingly, CGRP appears
to contribute, at least in part, to Angeli’s salt-mediated
vasorelaxation in the rat coronary vasculature (20). The

FIG. 3. Vasodilator actions of
HNO. HNO induces vasorelaxa-
tion predominantly via stimulation
of soluble guanylyl cyclase (sGC)
and subsequent increase in cGMP
concentration. Whether HNO re-
quires intracellular conversion to
NO� prior to activation of sGC re-
mains unclear. HNO can also acti-
vate both voltage-gated (Kv) and
ATP-sensitive (KATP) potassium
channels via a cGMP-dependent
mechanism. In the coronary vas-
culature, at least, HNO may also
stimulate release of the vasodilator
neuropeptide, calcitonin-gene re-
lated peptide (CGRP) from non-
adrenergic noncholinergic (NANC)
nerves. CGRP targets CGRP1 re-
ceptors on the endothelium and
vascular smooth muscle to release
NO� and activate adenylate cyclase
(AC), respectively. The subsequent
increase in cAMP may lead to ac-
tivation of KATP channels.
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mechanisms underlying HNO-mediated release of CGRP
from sensory neurons remain to be elucidated and its role in
vivo is unclear given that vasodepressor responses to HNO
donors are unchanged in the presence of the CGRP receptor
antagonist CGRP8-37 (63). Nevertheless, CGRP remains a
valuable biomarker to distinguish between the effects of HNO
and NO� in the circulation.

Kþ channel activation

Another important pathway involved in HNO-induced
vasodilatation is through activation of Kþ channels (Fig. 3).
Specifically, we have identified an ability of HNO to target Kv

(3, 19, 20, 33) and ATP-sensitive Kþ channels (KATP) (20) in the
resistance vasculature. For instance, Angeli’s salt-induced
relaxation of small mesenteric (rat and mouse) and coronary
(rat) arteries is attenuated by the Kv channel inhibitor, 4-
aminopyridine (4-AP) (3, 19, 33) and KATP channel inhibitor,
glibenclamide (20), respectively. Importantly, electrophysio-
logical studies have confirmed an ability of HNO to target Kv

channels with Angeli’s salt-induced VSMC hyperpolarisation
abolished by 4-AP (19). Although NO� can also activate Kv

channels in vitro and in vivo (75), this is not evident in rat small
mesenteric arteries. Rather, in these vessels, NO� targets KCa

channels via a cGMP-independent mechanism (65). More-
over, we have shown that HNO is more efficacious in eliciting
VSMC hyperpolarization than NO� in resistance arteries (19).
Together, these findings serve to further highlight the distinct
vascular actions of NO� and HNO and indicate that the nature
of HNO signaling (i.e, type of Kþ channel activated, role of
CGRP) may be dependent on the vessel size and vascular bed.

Given the reactivity of HNO with thiols (35, 61), it is
tempting to speculate that HNO directly modifies cysteine
residues on Kv and KATP channels to modulate their activity.
However, recent findings suggest that HNO primarily acti-
vates Kþ channels via a cGMP-dependent mechanism. Thus,
in rat small mesenteric arteries, sGC inhibition (ODQ) virtu-
ally abolishes Angeli’s salt-induced VSMC hyperpolarization
(19). Furthermore, VSMC hyperpolarization in response to the
cGMP elevating agent YC-1 (a NO�-independent stimulator of
sGC) is attenuated by 4-AP (19). Together these findings in-
dicate that HNO induces VSMC hyperpolarization via cGMP-
dependent activation of Kv channels.

It is clear that the vascular actions of HNO and NO� differ
with respect to the Kþ channels they target and their depen-
dence upon sGC=cGMP signaling (i.e, HNO>NO�). How-
ever, given both HNO and NO� will lead to an elevation in
vascular cGMP levels, it is difficult to reconcile the finding
that HNO, but not NO�, targets Kþ channels via a cGMP-
dependent mechanism. It is possible that the distinct chem-
istry of these two redox siblings confers such biological
differences. Given that HNO is resistant to scavenging by .O2

-,
we predict that it has a longer intracellular half-life than NO�,
potentially leading to alternate cellular targets and modes of
activation. In addition, cellular thiol concentrations may
compartmentalise the actions of HNO such that it targets
membrane-bound molecules where the thiol concentration is
low (85).

HNO’s distinct pharmacology (Table 1), in conjunction
with its vasodilator capacity, may confer therapeutic advan-
tages over traditional NO� donors. A major limitation of
currently used nitrovasodilators such as the organic nitrate,

GTN, is that they develop tolerance with continued use. The
mechanisms underlying tolerance development are likely to
be multifactorial, involving reduced biotransformation of
GTN, desensitization of sGC, increased activity of cGMP-
degrading PDEs, or reduced NO� bioavailability (41). Im-
portantly we have shown that unlike GTN, Angeli’s salt does
not develop tolerance following administration either acutely
in vitro (34) or chronically in vivo (37). Moreover, cross-toler-
ance is not observed such that the vasodilator efficacy of HNO
is sustained in animals rendered tolerant to GTN (34, 37). This
is of particular relevance in a clinical setting as HNO donors
may be of use in patients resistant to the effects of GTN and
administered alone or in conjunction with traditional ni-
trovasodilators for the treatment of vascular pathologies such
as angina and heart failure.

In addition to tolerance development, a loss of potency of
NO�-based therapeutics per se is observed in a number of
cardiovascular disorders (47, 70) as a consequence of the high
degree of oxidative stress associated with these pathologies
(21, 48). Thus, NO� bioavailability could be reduced due to
scavenging by the reactive oxygen species (ROS), .O2

- gener-
ating the powerful oxidant, peroxynitrite (ONOO-). ONOO-

can also reduce NO� efficacy by oxidizing the NO� target sGC,
to its NO-insensitive ferric or heme-free form (76). In contrast
to NO�, HNO is resistant to scavenging by .O2

- (54), may target
oxidized ferric heme-proteins, does not develop tolerance,
and its bioavailability may be augmented in the face of dis-
ease-associated thiol depletion (35). As such, the efficacy of
HNO donors may be preserved and=or enhanced under
pathological conditions. Whilst this concept remains to be
fully explored, evidence to date indicates that the vasodilator
activity of HNO is sustained in heart failure. Thus, the vaso-
depressor action of Angeli’s salt in conscious dogs (63) ap-
pears to be maintained in the setting of acute heart failure (62).
Further work is needed to determine if the efficacy of HNO
donors is similarly preserved in other cardiovascular disease
states.

Importantly, HNO can induce relaxation of human arteries
(Fig. 2), with a similar potency and efficacy as GTN. Coupled
with its lack of tolerance development and potential for pre-
served bioavailability under conditions of oxidative stress,
HNO donors may represent a realistic novel therapeutic ap-
proach to the treatment of vascular disorders such as angina,
hypertension, and heart failure.

Anti-Aggregatory Properties of HNO Donors

NO� plays an important role in the prevention of platelet
adhesion and aggregation (82). Like its redox sibling, HNO
also modulates platelet function by exerting anti-aggregatory
actions. Thus, Angeli’s salt has been shown to inhibit aggre-
gation of human platelets induced by adenosine diphosphate
(ADP), arachidonic acid, adrenaline, thrombin, and collagen
(5, 56). A role for HNO in these actions was confirmed by
partial reversal of the anti-aggregatory effects of Angeli’s salt
by the HNO scavenger, L-cysteine (5). Moreover, HNO de-
creases markers of platelet activation (5) and has been found
to modify cysteine residues in up to 10 platelet proteins, some
of which are involved in cytoskeletal changes, metabolic
processes, and platelet activation (30).

Currently, the mechanisms by which HNO inhibits platelet
aggregation remain to be fully elucidated. Most of the inhib-
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itory effects of NO� in platelets are via the sGC=cGMP path-
way (82). Similarly, HNO appears to target platelet sGC,
given that Angeli’s salt increases platelet cGMP levels and its
anti-aggregatory actions are partially reversed by the sGC
inhibitor, ODQ (5). The effects of cGMP in the platelet are
transduced predominantly via cGMP-PDEs and cGKs (82).
Interestingly, despite an ability of Angeli’s salt to elevate
platelet cGMP, its anti-agreggatory effect in human platelets
is resistant to a cGK inhibitor, yet reversed by a cAMP-
dependent protein kinase (cAK) inhibitor (5). Similar obser-
vations in human platelets have been made with NO� donors
(36, 46). Taken together, these findings are indicative of po-
tential cross-talk between the cGMP and cAMP signaling
pathways following platelet stimulation with HNO (Fig. 4),
and PDE3 may serve as the link. Thus, binding of cGMP to
PDE3 inhibits its hydrolysis of cAMP, which can then accu-
mulate (36, 46) subsequently activating cAK and inhibiting
platelet aggregation. Clearly, the potential role of cAMP=cAK
in the regulation of platelet function by HNO warrants further
investigation.

With an ability to inhibit platelet aggregation, HNO donors
may be of use in the treatment of atherothrombotic syn-
dromes and offer advantages over traditional nitrovaso-
dilators. Thus, patients with cardiovascular diseases such as
angina, ischemic heart disease, and diabetes often display
resistance to the anti-aggregatory effects of NO� (9, 84). Such
resistance is independent of prior exposure to organic nitrates
and may arise as a consequence of decreased NO� efficacy due
to scavenging by .O2

- and dysfunction of sGC (9). Given the
resistance of HNO to scavenging by .O2

-, it is anticipated that
HNO donors will retain their anti-aggregatory properties
under conditions of oxidative stress. Indeed, the anti-
aggregatory effect of Angeli’s salt is sustained in patients
suffering from sickle cell disease (56), a condition associated
with vascular oxidative stress (25). Furthermore, we have made
similar observations in platelets from hypercholesterolemic
mice (Bullen et al., unpublished). Together, these results indi-
cate that platelets do not develop resistance to HNO donors

during disease and as such these compounds may serve as
effective anti-aggregatory agents.

Whilst it is well recognized that NO� also modulates the
function of other blood cell types such as leukocytes (2), little
is known with respect to the effects of HNO on leukocyte
adhesion, rolling, and intravasation. To date, HNO has been
shown to stimulate human neutrophil migration (81), and
indirect evidence suggests that it may increase neutrophil
accumulation during myocardial ischemia (44). Future stud-
ies exploring HNO-mediated modulation of leukocyte func-
tion will be of importance, particularly in light of recent
findings that the innate and acquired immune systems are
central to the pathology of vascular diseases such as hyper-
tension (26).

.O2
- Suppressing Properties of HNO Donors

An augmentation of ROS production and=or impairment in
ROS metabolism is thought to lead to vascular oxidative
stress, which plays a pivotal role in the pathogenesis of nu-
merous cardiovascular pathologies (21, 48). Indeed, increased
levels of ROS such as .O2

-, hydrogen peroxide (H2O2), hy-
droxyl (OH.), and ONOO- cause many of the vascular changes
associated with cardiovascular disease, including endothelial
dysfunction, vascular remodeling, and inflammation (78).
Although there are several sources of pathological ROS, the
family of enzymes called the NADPH-oxidases are emerging
as strong candidates for the excessive ROS production that
leads to oxidative stress (49, 74). As such, an ability to limit
ROS production by NADPH-oxidase and=or other sources is a
desirable trait of a vasoprotective drug.

Evidence exists that HNO limits oxidative stress via a
number of mechanisms. For example, HNO may serve as a
one-electron reductant via donation of its hydrogen atom. In
nonvascular cells, HNO has been shown to inhibit mem-
brane lipid peroxidation (43) and stimulate the expression
and activity of the antioxidant protein, heme oxygenase-1
(56). Moreover, we have preliminary evidence that HNO
suppresses activity of the .O2

- generating enzyme, NADPH
oxidase, in neonatal rat cardiomyocytes (68). Based upon
these observations, it is anticipated that HNO donors will
also limit NADPH oxidase activity in the vasculature. We
have previously shown that in human endothelial cells,
prolonged treatment with the NO� donor DETA=NONOate
leads to inhibition of NADPH oxidase-stimulated .O2

- pro-
duction, possibly via S-nitrosylation of its regulatory cyto-
solic subunit p47phox (73). Pilot studies also indicate that the
HNO donors, Angeli’s salt and IPA=NO, rapidly attenuate
.O2

- production by NADPH oxidase, in both the cerebral
and peripheral vasculature (Miller et al., unpublished, Fig.
5). Such a property of HNO appears to be sGC=cGMP-
independent and may arise as a consequence of post-
translational modifications of reactive cysteine thiols within
NADPH oxidase. By suppressing .O2

- generation, HNO do-
nors may help to preserve the bioavailability of endogenous
NO� and limit oxidation of sGC, thereby maintaining vas-
cular NO�- and HNO-mediated signaling. Given that
NADPH oxidase has been identified as a major contributor
to oxidative burden in the vasculature (74), an ability of
HNO to modulate its activity is of significant potential
therapeutic benefit and the mechanisms underlying such
actions warrant further investigation.

FIG. 4. Mechanisms via which HNO inhibits platelet
aggregation. HNO inhibits human platelet aggregation via
cGMP-dependent actions. Stimulation of platelet soluble
guanylyl cyclase (sGC) by HNO leads to an increase in
cGMP which may directly impair aggregation. In addition,
binding of cGMP to the cAMP-degrading phosphodiester-
ase (PDE3) inhibits its activity leading to an increase in
cAMP and attenuated aggregation. Note NO. can also target
cGMP- and cAMP-dependent pathways to inhibit platelet
aggregation.
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Regulation of Growth and Proliferation
of Vascular Cells by HNO Donors

Amongst its vasoprotective actions, NO� is known to reg-
ulate VSMC proliferation and migration with stimulatory and
inhibitory effects observed at low and high concentrations,
respectively (40). The antiproliferative actions of NO� have the
potential to limit VSMC migration and mitogenesis in ath-
erosclerosis (69). Conversely, NO� stimulates endothelial cell
proliferation, leading to endothelial regeneration following
vascular injury (1). Until recently, little was known with re-
spect to HNO-mediated regulation of endothelial and VSMC
proliferation and migration.

However, Tsihilis and colleagues (80) have recently shown
that a high concentration of IPA=NO (1 mM) inhibits prolif-
eration, but not migration, of VSMC and endothelial cells in
culture. This effect of IPA=NO in VSMC was via S-phase cell
cycle arrest, yet NO� induces G0=G1 cell cycle arrest in the
same cell type (80). In addition, following topical application
of IPA=NO powder (10 mg) to the periadventitial surface of
carotid arteries immediately post balloon injury, a modest
reduction in neointimal hyperplasia together with reduced
VSMC proliferation and macrophage infiltration was ob-
served 14 days later (80).

Whilst IPA=NO limited neointimal hyperplasia following
vascular injury, it also appeared to attenuate endothelial re-
generation (80). Although it is currently unclear if such effects
were due to HNO itself or other components of IPA=NO de-
composition (i.e, isopropylamine, isopropanol), such findings
are indicative of a potential anti-angiogenic property of HNO.
This notion is further supported by the observation that Angeli’s
salt reduces overall blood vessel density in mouse tumours with
an associated trend for decreased serum levels of vascular en-
dothelial growth factor (VEGF) (59). Such an anti-angiogenic
activity may indicate potential for the use of HNO donors in the
treatment of cancer, yet it also raises the question as to their
ability to preserve endothelial integrity post vascular injury.

It is important to note that research on the vascular actions
of HNO is in its infancy, and many important questions re-
main unanswered. Thus, whilst in vivo administration of
IPA=NO led to a modest attenuation of neointimal hyperplasia
and impaired endothelial regeneration, which was associated
with high mortality (80), it remains to be determined if these

effects were attributable to HNO itself or to the breakdown
products of IPA=NO. Moreover, in the same study the mode of
administration of IPA=NO (i.e., topical application) prevents
accurate determination of the effective concentration of HNO
donor applied and may limit access of HNO across the blood
vessel wall, as well as facilitating nonspecific effects such as a
chemical interaction with the adjacent vagal nerve. Further
investigation into the antiproliferative effects of HNO in the
vasculature will be essential to ascertain the clinical feasibility
of such an action of HNO donors.

Therapeutic Potential of HNO Donors

The therapeutic application of HNO-donating compounds
is tenable given the HNO donor, cyanamide, is currently used
in the treatment of chronic alcoholism with minimal adverse
effects (13, 61). Attention is now being afforded to the po-
tential use of HNO donors in the treatment of heart failure,
given the unique ability of HNO to increase myocardial
contractility and unload the heart (via vasodilatation) (62, 67).
In fact, a pure, small molecule HNO donor, CXL-1020 de-
veloped by Cardioxyl Pharmaceuticals (Chapel Hill, NC), is
currently being tested in a Phase I=IIA clinical trial in patients
with stable heart failure and we await the outcomes of this
trial with interest.

With respect to the vascular actions of HNO, its ability to
induce vasodilatation, inhibit platelet aggregation, and sup-
press .O2

- generation, coupled with its resistance to scavenging
by .O2

- and lack of tolerance development indicate that HNO
donors may be of use in the treatment of vascular dysfunction
associated with angina and atherothrombotic syndromes. The
clinical efficacy of traditional nitrovasodilators, such as GTN,
in these pathologies is limited by their susceptibility to toler-
ance development and potential resistance in platelets. As
such, HNO donors may represent novel stand-alone or com-
bination therapies (i.e., with GTN), and be of particular use in
those patients exhibiting tolerance and=or resistance to NO�

treatment.
However, it should be recognized that the apparent thera-

peutic benefits of HNO may be tempered by possible nonspe-
cific and toxic effects. Thus, toxic actions of HNO, albeit at high
concentrations (2–4 mM Angeli’s salt), have been reported in
cells such as neurons (28) and involve DNA oxidation and thiol

FIG. 5. Evidence for HNO-induced sup-
pression of NAPDH-oxidase derived su-
peroxide in the vasculature. The effect of
acute administration of Angeli’s salt (1mM)
upon angiotensin II (0.1 mM, activator of
NADPH oxidase)-stimulated superoxide
production in (A) cerebral (pooled basilar
and middle cerebral) and (B) systemic
(common carotid, 2–3 mm segments) ar-
teries isolated from male C57Bl6=J mice.
Following excision, arteries were placed in
Krebs-HEPES solution and transferred to a
96-well Opti-plate containing lucigenin
(5mM) and angiotensin II (0.1 mM) in the
absence and presence of Angeli’s salt
(1mM). Lucigenin-enhanced chemilumines-

cence was measured over 30 min using a Plate Chameleon Luminescence Reader (38). Background counts were subtracted
and superoxide production by each vessel segment was expressed as counts=s=mg dry tissue weight. Results are expressed as
mean� s.e. mean (n¼ 6–9 for both). *p< 0.05 versus vehicle (0.01 M NaOH), unpaired t-test.
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loss. Moreover, Angeli’s salt has been shown to exacerbate is-
chemia-reperfusion injury in both the brain (10) and heart (44).
It remains to be determined if such deleterious effects of HNO
are due to its ability to decrease blood pressure and potentially
reduce organ perfusion, stimulate neutrophil migration (77), or
directly modulate cellular function. Despite these potential
adverse effects of HNO, the anti-alcoholism drug, cyanamide,
has few reported side effects in man and the long-term ad-
ministration of Angeli’s salt in animals is well tolerated (LD50

> 130 mg=kg) with no observable carcinogenesis (39).
Clearly more work is required before the therapeutic utility

of HNO donors can be fully assessed. Nevertheless the va-
soprotective actions of HNO coupled with its distinct phar-
macology, as compared with NO�, confer potential for the use
of HNO donors in the treatment of vascular disease.

Perspectives

The redox siblings, NO� and HNO, have distinct biological
and pharmacological properties which are readily apparent in
the cardiovascular system (35) (Table 1). In recent years,
considerable attention has been afforded to HNO as it has
been demonstrated to increase myocardial contractility and
decrease cardiac preload in the setting of heart failure. Likely
to be of equal therapeutic importance is the action of HNO in
the vasculature, with evidence emerging that endogenous
and exogenous HNO target novel signaling pathways to
confer a number of vasoprotective properties.

Whilst the role of HNO as an endogenous modulator of
vascular function remains to be proven conclusively, we
should no longer consider NO� as the sole endothelium-
derived nitrogen oxide. Rather, with the potential to be gen-
erated from NOS-dependent sources, HNO appears to work
in concert with NO� to mediate endothelium-dependent va-
sodilatation and it may compensate for a disease-associated
reduction in NO� bioavailability. The field now awaits the
development of new approaches to detect HNO selectively in
the intact cell and thus confirm its endogenous generation.

In the vasculature, HNO shares some similar features with
NO�, such as an ability to induce vasodilatation, limit VSMC
proliferation and .O2

- generation, and inhibit platelet aggre-
gation (Fig. 6). However, often in contrast to traditional
nitrovasodilators, HNO donors appear to activate distinct
vascular signaling mechanisms (i.e., Kv and KATP channels,
CGRP release), are not scavenged by .O2

- nor do they develop
vascular tolerance. Intriguingly, these properties may allow
the vasoprotective actions of HNO to be preserved under
conditions of oxidative stress in which those to NO� are
compromised.

Although it is clear that HNO donors offer considerable
advantages over traditional nitrovasodilators, a number of
important issues must be addressed before the therapeutic
potential of HNO donors can be fully realized. Namely, the
potential for HNO to inhibit endothelial regeneration and
exert nonspecific effects due to its high thiol reactivity, re-
quires further investigation. A comprehensive evaluation of
the efficacy of HNO donors under disease and oxidative stress
conditions is also needed. In addition, pure, longer-acting
HNO donors are urgently required for experimental evalua-
tion in order to advance the field through the study of long-
term vascular effects of HNO.

In summary, the vasoprotective actions of HNO coupled
with its lack of tolerance development and potential for
preserved bioavailability under conditions of oxidative
stress indicate that HNO donors may represent novel strat-
egies for the treatment of vascular dysfunction associated
with diseases such as angina, hypertension, and atheroscle-
rosis. Undoubtedly, as research continues in this area, fur-
ther novel properties and therapeutic applications of HNO
will emerge.
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1.1 General Overview 

The biologically active gas, nitric oxide (NO) is well recognised as an important modulator of vascular 

homeostasis with vasorelaxant, anti-aggregatory and anti-proliferative properties (Moncada and Higgs 

2006). NO elicits its vasoprotective effects primarily through activation of the cytosolic enzyme 

soluble guanylyl cyclase (sGC), which catalyses the conversion of GTP to cGMP (Kemp-Harper and 

Schmidt 2008). An impairment in endogenous NO-mediated signalling is associated with a plethora 

of cardiovascular pathologies, arising as a consequence of decreased NO synthesis, increased NO 

inactivation and/or dysfunction at the level of its receptor (sGC) or downstream signaling pathways 

(Huang 2009; Thomas et al. 2008). Such deficiencies in NO signaling can be overcome in part, 

through the use of NO donors, such as the organic nitrate glyceryl trinitrate (GTN), which have been 

utilised for >100 years in the treatment of angina, heart failure and acute hypertensive crises. 

However, the clinical efficacy of traditional NO donors is limited due to their susceptibility to tolerance 

development with continued use and diminished vasoprotective actions under conditions of oxidative 

stress (Klemenska and Beresewicz 2009).  

Thus, there is a need to develop novel therapies that have a similar vasoprotective profile as NO 

donors, but do not display the limitations associated with these drugs. Importantly, nitrogen oxide 

(NO) can exist in three different redox forms; as the uncharged free radical (NO), nitroxyl anion (NO
-
) 

and nitrosonium cation (NO
+
). NO

+
 is unlikely to have a functional role in the vasculature, as it is only 

found in aqueous solution of very low pH (Hughes 1999). In contrast, NO
-
 exists in its protonated form 

at physiological pH, suggesting that nitroxyl (HNO) may have biological function in the vasculature 

(Miranda 2005). Indeed, over the last decade HNO has emerged as a viable therapeutic option, 

displaying a number of cardio- and vasoprotective actions. Moreover, HNO exhibits distinct 

pharmacological actions to that of NO (Irvine et al. 2008; Paolocci et al. 2007), as such, HNO-based 

therapies may have therapeutic advantages over clinically used NO donors.   
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1.2 Nitroxyl (HNO) 

1.2.1 General Chemistry of HNO 

Initially, HNO was reported to exist in its deprotonated state (NO
-
) at physiological pH, with a pKa 

value of ~4.7 (Grätzel et al. 1970). However, subsequent studies have proven HNO to be a weak acid 

with a pKa value of ~11.4 (Bartberger et al. 2002; Shafirovich and Lymar 2002), indicating that at 

physiological pH, HNO rather than NO
-
 will predominate. Moreover, HNO and NO

-
 exist in different 

electronic ground states, HNO as a singlet and NO
-
 in a triplet ground state (Fukuto and Carrington 

2011). As such, deprotonation of HNO to NO
-
 is limited by a spin-forbidden reaction (rate constant; k 

= 5 x 10
4
 M

-1
s

-1
) (Fukuto and Carrington 2011). Additionally, direct reduction of NO


 to NO

-
 is unlikely 

to occur, due to the reaction being thermodynamically unfavorable (Miranda et al. 2003). Taken 

together, these findings suggest that HNO is the biologically active species, with little contribution by 

NO
-
 (Fukuto and Carrington 2011).  

Importantly, HNO can readily cross the cellular membrane and is highly reactive, since it can serve as 

either an electrophile or nucleophile depending on environmental conditions (Fukuto and Carrington 

2011). Thus, HNO can interact with a variety of biological targets, including thiols and metalloproteins.  

The fate of HNO is governed by the concentration of its target molecules and also its ability to rapidly  

dimerise (k = 8 x 10
6
 M

-1
s

-1
) to yield hyponitrous acid (H2N2O2), which can undergo spontaneous 

decomposition via dehydration to produce nitrous oxide (N2O) (Miranda 2005). As such, HNO cannot 

be stored as a stable molecule and is typically studied using HNO donor compounds. It is important to 

note that although HNO can also interact with superoxide (
.
O2

-
) this reaction is very slow and as such 

is unlikely to impact upon the actions of HNO in vivo (Miranda et al. 2003). 

 

1.2.2 Biological targets of HNO 

HNO is gaining interest as a therapeutic alternative to clinically used NO donors, as it displays similar 

vasoprotective actions, but has a distinct pharmacological profile to that of NO. These differences 

between redox species enable HNO to target distinct signalling pathways in the vasculature and 

circumvent many of the limitations surrounding clinically used NO donors. Indeed, the biological 
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activity of HNO is governed predominantly by its reactivity with metallo- and thiol-containing proteins 

(Fukuto et al. 2005; Paolocci et al. 2007).  

 

Interaction with metalloproteins  

HNO reduces metals such as iron (Fe), copper (Cu) and manganese (Fukuto et al. 2005; Miranda et 

al. 2003; Nelli et al. 2000) and preferentially targets ferric (Fe
3+

) versus ferrous (Fe
2+

) haem groups 

(Miranda et al. 2003). Specifically, HNO can interact with oxidised Fe
3+

 haem proteins through 

reductive nitrosylation to form a stable Fe
2+

-nitrosyl complex (Reaction 1). In contrast, NO 

preferentially targets Fe
2+

 haem groups over Fe
3+

 haem groups, to generate the same Fe
2+

-nitrosyl 

complex as HNO (Reaction 2; Miranda et al. 2003). These observations indicate that HNO may target 

oxidised haem groups in proteins such as haemoglobin, myoglobin, cytochromes and peroxidases 

(Miranda et al. 2003).  

HNO + Fe
3+

-Heme  ON-Fe
2+

-Heme + H
+
  (Reaction 1) 

   NO + Fe
2+

-Heme  ON-Fe
2+

-Heme               (Reaction 2) 

The most recognised heme-containing protein that both HNO and NO target is sGC. Indeed the 

vasoprotective actions of HNO and NO are predominantly mediated via sGC/cGMP signalling (Irvine 

et al. 2008; Moncada and Higgs 2006; Paolocci et al. 2007). Whilst HNO has previously been 

reported to mediate its actions through sGC, in its reduced (Fe
2+

) state (Miller et al. 2009), it remains 

contentious whether HNO can interact directly with sGC or first requires conversion to NO (Zeller et 

al. 2009). Indeed, HNO can be converted to NO, via reductive nitrosylation, by enzymes such as 

Cu(II) and zinc(II)-SOD (Nelli et al. 2000; Zeller et al. 2009). Whilst a recent study indicates that SOD-

stimulated conversion of HNO to NO is required to activate sGC (Zeller et al. 2009), another study 

demonstrated that HNO can directly activate sGC (Miller et al. 2009). In addition, given HNO 

preferentially targets ferric heme groups, it has been proposed that HNO may stimulate oxidised 

(Fe
3+

), rather than reduced, sGC, however studies to date have found no evidence for this interaction 

(Miller et al. 2009; Zeller et al. 2009).  



  Chapter 1: General Introduction 
 

18 
 

Interaction with thiols   

The electrophilic nature of HNO enables it to target many nucleophiles including thiols (Donzelli et al. 

2006; Fukuto and Carrington 2011; Shen and English 2005). Due to its highly thiophilic nature, HNO 

may interact with thiol-containing receptors, ion channels and enzymes in the vasculature to modify 

their function. Depending on the reaction conditions the interaction between HNO and thiols can occur 

in either a reversible or irreversible manner. Both pathways require an initial nucleophilic attack of the 

thiol by HNO, leading to the formation of an unstable N-hydroxysulfenamide intermediate (Reaction 3; 

Donzelli et al. 2006; Fukuto and Carrington 2011). N-hydroxysulfenamide can react readily with 

additional thiols, in a reversible manner, to produce hydroxylamine and a disulfide. Alternatively, N-

hydroxysulfenamide can undergo rearrangement resulting in the formation of a sulfinamide (Reaction 

3; Donzelli et al. 2006; Fukuto and Carrington 2011), an irreversible process. NO also has the 

capacity to interact with thiols, however it first needs to be converted to a reactive NO species, which 

can lead to S-nitrosylation (Selemidis et al. 2007; Wink et al. 1994).  

              Hydroxylamine + Disulfide 

HNO + Thiol                 N-hydroxysulfenamide      (Reaction 3) 

            Sulfinamide 

Importantly, the direct interaction of HNO with thiols underlies many of the distinct biological actions of 

HNO versus NO. Indeed, in non-vascular cells, HNO was shown to target critical thiol residues on 

enzymes such as aldehyde dehydrogenase (DeMaster et al. 1998; Shoeman et al. 2000), 

glyceraldehyde 3-phosphate dehydrogenase (Lopez et al. 2005), N-methyl-D-aspartate receptor (Kim 

et al. 1999), cysteine proteases (Vaananen et al. 2005; Vaananen et al. 2008) and mitochondrial 

respiratory complexes I and II (Shiva et al. 2004) to inhibit their activity.  Moreover, the thiophilic 

nature of HNO underlies its unique pharmacology in the cardiovascular system. Specifically HNO, but 

not NO serves as a positive cardiac inotrope, mediating its inotropic and lusitropic effects through 

modification of cysteine residues on cardiac ryanodine receptors, ATP-dependent SR Ca
2+

-ATPase 

(SERCA2a), the SERCA2a inhibitor phospholamban and myofilaments to improve myocardial 

contractility (Froehlich et al. 2008; Lancel et al. 2009; Tocchetti et al. 2007).  

excess thiols 
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Given the propensity of HNO to interact with thiols, it is conceivable that this interaction may lead to 

non-specific actions. However, HNO has a minimal effect on glutathione (GSH) levels or the ratio 

between GSH and oxidised GSH, suggesting that HNO may target specific thiol-containing proteins 

(Hammond and Fry 1999; Lopez et al. 2005). Indeed, the affinity of HNO for certain protein thiols may 

be influenced by various reaction conditions such as the cellular concentrations of a specific protein 

thiol, its rate of reaction with HNO, whether the reaction is thermodynamically favorable and/or 

reversible (Fukuto and Carrington 2011; Lopez et al. 2005). Additionally, the electrophilic and 

hydrophobic nature of HNO may lend it to targeting thiolates over sulfhydryls and HNO may also 

interact more readily with membrane-bound molecules (Flores-Santana et al. 2011; Kemp-Harper 

2011). Nevertheless, the interaction between HNO and thiols represents an important area for further 

research into the unique signaling actions of HNO in the vasculature.    

 

1.2.3 Discriminating between HNO and NO 

Due to the unstable nature of HNO, there is a lack of direct and sensitive detections methods for this 

nitrogen oxide in mammalian cells.  Rather, the distinct interaction of HNO with thiols has been used 

to discriminate between HNO and NO. Indeed, high concentrations of thiols such as L-cysteine, N-

acetyl-L-cysteine (NAC) and dithiothreitol (DTT) can attenuate the actions of HNO both in vivo and in 

vitro but not those attributable to NO (Favaloro and Kemp-Harper 2007; Irvine et al. 2003; Irvine et al. 

2007; Paolocci et al. 2001; Pino and Feelisch 1994). Conversely, the use of NO scavengers such as 

carboxy-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxy-3-oxide) and 

hydroxocobalamin will lead to scavenging of NO, but not HNO (Ellis et al. 2000; Irvine et al. 2003; 

Irvine et al. 2007; Li et al. 1999; Wanstall et al. 2001). Whilst these scavengers play a key role in 

differentiating between HNO and NO, they provide little information with regard to the generation of 

HNO.  

The most common method for measuring HNO in a cell free system is to assess one of the final 

reaction products of HNO dimerisation, N2O (Fukuto et al. 1992). However, this technique has in vitro 

and in vivo limitations, as it is unlikely that dimerisation of HNO will account for all of HNO’s 

interactions, as HNO can interact with thiols and N2O can also be generated from non-HNO sources 
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(Reisz et al. 2011). Given measurement of N2O is of limited use in biological systems, a number of 

other approaches have been taken to develop HNO sensors. The direct interaction of HNO with thiols 

(Donzelli et al. 2006; Shen and English 2005) leads to the formation of HNO-derived sulfinamides, 

which is thought to be unique to HNO (Donzelli et al. 2006). Recently, isotope-edited nuclear 

magnetic resonance has been used to detect HNO-derived sulfinamides (Keceli et al. 2013) and 

could be used as a means to distinguish between HNO and NO signaling. In addition to targeting 

thiols, HNO preferentially targets oxidised metalloproteinases such as metmyoglobin (Miranda et al. 

2003) and manganese (III) porphyrins (Marti et al. 2005), leading to reductive nitrosylation and the 

formation of  stable nitrosyl complexes. The formation of these nitrosyl complexes is then analysed 

via UV-visible spectroscopy or electron paramagnetic resonance to measure HNO and distinguish its 

effects from those of NO (Miranda et al. 2005; Paolocci et al. 2007). However, the use of this 

technique in vivo is not feasible since nitrosyl complexes can form via multiple signaling pathways 

(Reisz et al. 2011).  

Recently, Cu
2+

-based probes have been developed to act as near-infrared fluorescent sensors of 

HNO (Apfel et al. 2013; Rosenthal and Lippard 2010; Wrobel et al. 2014). In the presence of HNO, 

probes such as CuBOT1 and CuDHX1 are reduced from a Cu
2+

 to a Cu
1+

 complex, leading to the 

detection of a fluorescent signal (Rosenthal and Lippard 2010; Wrobel et al. 2014). Importantly, 

fluorescence can be measured in live cells and may also provide information with regard to the 

cellular localization of HNO (Rosenthal and Lippard 2010; Wrobel et al. 2014). Whilst probes are 

selective for HNO, hydrogen sulfide may also produce a fluorescent signal, although the intensity of 

this signal is ~2-fold less than HNO (Wrobel et al. 2014) and AS at a concentration of 50µM can be 

detected by these probes (Rosenthal and Lippard 2010). However, further development is required 

before these probes are useful in detecting HNO in mammalian cells. 

Another promising class of HNO sensors are carbamates, which use a phosphine-based method for 

HNO detection (Reisz et al. 2011). Currently there are two carbamates that are available for 

commercial use; HNO detector 15a (4-Nitrophenyl(2-(diphenylphosphino)-ethyl)carbamate) and HNO 

detector 15b (Phenyl (2-(Diphenylphsophino)ethyl)carbamate). Upon HNO binding, these compounds 

undergo phosphine-ligation leading to the production of aza-ylides and subsequently the generation of 

HNO-derived urea, which can be assessed via mass spectrometry (Reisz et al. 2011). HNO detector 



  Chapter 1: General Introduction 
 

21 
 

15a is also a colourmetric sensor as it yields ρ-nitrophenol and forms a yellow solution that can be 

analysed via UV-visible spectroscopy (Reisz et al. 2011). Although susceptible to oxidation and 

hydrolysis at pH>7 (Reisz et al. 2011), these HNO detectors are designed for both in vitro and in vivo 

use, thus warrant further investigation into their use as a direct method of HNO detection in 

mammalian cells.  

 

1.2.4 HNO donors 

Due to the rapid dimerization of HNO, it is unable to be stored as a stable molecule. Thus, there is a 

need to develop donor compounds to elucidate the biological actions of HNO. In recent times, the 

most commonly used donors for cardiovascular research include Angeli’s salt (AS), primary amine 

diadiazeniumdiolates and acyloxy nitroso compounds and further discussion will be focused on these 

compounds (Table 1; DuMond and King 2011). It should be noted that HNO can also be generated 

via a number of other donors including, but not limited to, Piloty’s acid and cyanamide (Table 1; 

DuMond and King 2011). 

Angeli’s salt   

The mainstay of the HNO research field is AS (sodium trioxodinitrate; Na2N2O3), a diazeniumdiolate 

which was discovered over 100 years ago (Irvine et al. 2008). The generation of HNO from AS is 

dependent upon first-order kinetics and influenced by pH. Whilst AS is relatively stable at high pH 

(above pH 8), it can spontaneously decompose to generate HNO and nitrite (NO2
-
) from pH 4-8 

(Hughes and Cammack 1999). At physiological temperatures (37˚C), AS has a rate constant of 4-5 x 

10
3
 M

-1
s

-1
 and a half-life of ~2.5 minutes (DuMond and King 2011; Hughes and Cammack 1999; 

Maragos et al. 1991). Importantly, numerous experimental studies have observed that AS displays 

both cardioprotective and vasoprotective actions under non-disease conditions (Irvine et al. 2008; 

Paolocci et al. 2007; Tocchetti et al. 2011). However, the short half-life of AS impedes its use as a 

viable therapeutic treatment. In addition to generating HNO, AS co-releases NO2
-
 (Demoncheaux et 

al. 2003) and acts exclusively as an NO donor at pH below 4 and at concentrations exceeding 10 µM 

(Irvine et al. 2008). Whilst both HNO and NO2
-
, can exert physiological effects in their own right, the 

concentrations of NO2
-
 required for biological function (i.e. vasorelaxation) far exceed those of HNO 
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(>15,000 fold). Thus it is unlikely that NO2
-
 contributes to the cardioprotective and vasoprotective 

actions of AS (Irvine et al. 2003).   

 

Table 1 HNO donors and their properties  

  

HNO Donor Structure Properties 

Angeli’s salt  

(sodium trioxodinitrate; 
Na2N2O3; AS) 

           

                              
(DuMond and King 2011) 

 Dissociates at physiological pH and    
temperature to yield HNO 

 Half-life ~2.5 min (DuMond and King 
2011; Hughes and Cammack 1999; 
Maragos et al. 1991) 

 NO donor at pH < 4 and high 
concentrations (>10µM) (Irvine et al. 
2008) 

 Co-releases nitrite (Demoncheaux et 
al. 2003)  

Primary amine    
diazeniumdiolate   

- Isopropylamine 
NONOate (IPA/NO)        

(Miranda et al. 2005)  

 Dissociates at physiological pH and 
temperature to yield HNO 

 Half-life ~2.3 minutes (DuMond and 
King 2011; Maragos et al. 1991) 

 Donates NO at  pH < 7 (DuMond and 
King 2011; Miranda et al. 2005) 

 No co-release of nitrite 

 Nitrosamine by-product (DuMond 
and King 2011; Miranda et al. 2005) 

Acyloxy nitroso 
compounds 

- 1-nitrosocyclohexyl 
acetate (1-NCA) 

    

(Irvine et al. 2008; Sha et 
al. 2006)  

 Undergoes hydrolysis to yield HNO 
(Sha et al. 2006) 

 Rate of HNO release dependent upon 
pH (Sha et al. 2006) 

 Neutral pH, half-life ~800-890 min 
(Sha et al. 2006) 

 Co-releases nitrite and NO (Sha et al. 
2006) 

 Lower efficacy than AS and IPA/NO 
(Donzelli et al. 2013; Sha et al. 2006)  
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Acyloxy nitroso compounds  

Recently, interest has been generated surrounding acyloxy nitroso compounds such as 1-

nitrosocyclohexyl acetate (1-NCA), as they have the potential to serve as longer acting HNO donors. 

Indeed, at pH 7 1-NCA undergoes hydrolysis to generate HNO and a corresponding ketone, with a 

half-life between 13-15 hours (Sha et al. 2006). Yet under basic pH conditions (pH~12.4), the half-life 

of 1-NCA is significantly reduced to ~8 minutes (Sha et al. 2006). At present, the biological actions of 

1-NCA have not been fully elucidated, although there is evidence to suggest that 1-NCA has 

cardioprotective (El-Armouche et al. 2010; Gao et al. 2012) and vasoprotective actions (Donzelli et al. 

2013; Sha et al. 2006) and its vasorelaxant effects appear to be preserved under disease conditions 

(Donzelli et al. 2013). Despite having a lower efficacy than AS and IPA/NO (Donzelli et al. 2013; Sha 

et al. 2006), 1-NCA appears to be a more pure HNO donor, generating minimal amounts of NO (0.4-

0.5%) and NO2
-
 (3-4%) at neutral pH (Sha et al. 2006). Nevertheless, the prolonged actions of 1-NCA 

warrant an investigation into any potential off-target effects. Taken together, acyloxy nitroso 

compounds have the potential to be an important tool in translating the protective actions of HNO 

donors seen in the laboratory, into a more therapeutically relevant setting.  

 

Table 1 HNO donors and their properties  

HNO Donor Structure Properties 

Piloty’s acid       

                               (Irvine 
et al. 2008; Paolocci et al. 
2007)  

 Decomposes to release HNO 

 Rate of HNO release dependent upon 
pH (Hughes and Cammack 1999)  

 HNO donor only above physiological 
pH (Pino and Feelisch 1994; Zamora 
et al. 1995)  

 NO donor at physiological pH (Pino 
and Feelisch 1994; Zamora et al. 
1995) 

 Co-releases benzensulfinate (Zamora 
et al. 1995) 

Cyanamide 

(H2NCN) 

  H2NC≡N      

                               
(DuMond and King 2011) 

 Enzymatic biotransformation to  
generate HNO (DeMaster et al. 1998) 

 Co-releases cyanide (DeMaster et al. 
1998) 
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1.2.5 Actions of HNO in the cardiovascular system 

Endogenous generation of HNO and its role as an endothelium-derived relaxation factor (EDRF) 

There are a number of different biological pathways via which HNO can be generated endogenously 

and there is pharmacological evidence to suggest that HNO contributes, in part, to endothelium-

dependent relaxation previously attributed solely to NO. The potential biosynthetic pathways of HNO 

in the vasculature and the evidence in support of HNO as an EDRF are described in detail in the 

accompanying review article (see Bullen et al., 2011; Antioxidants & Redox Signaling, 14: pages 

1677-1678). Building upon this knowledge, it has recently been proposed that the ability of HNO to 

serve as an EDRF may be sustained and/or enhanced in disease states where oxidative stress is 

augmented. Indeed, recent evidence demonstrated a contribution of HNO to endothelium-dependent 

relaxation in diabetic and hypertensive mice (Leo et al. 2012; Wynne et al. 2012). This effect was 

augmented in diabetes (Leo et al. 2012) and could reflect increased HNO generation due to 

uncoupling of endothelial nitric oxide synthase (eNOS) or through eNOS-independent mechanisms 

(Ponnuswamy et al. 2012; Rusche et al. 1998). Alternatively, the bioavailability of HNO could be 

preserved due to its resistance to scavenging by 
.
O2

-
 and/or improved in the face of disease-

associated thiol depletion (Leo et al. 2012; Miller 2013; Miranda et al. 2002). Interestingly, these 

findings suggest that HNO contributes to endothelium-dependent relaxation in disease and may 

compensate for a loss of NO under conditions of oxidative stress. 

Vasorelaxant properties of HNO 

It has been well-characterised that AS can mediate vasorelaxation both in vitro and in vivo, primarily 

through activation of the sGC/cGMP pathway. In addition, it has been proposed that HNO can also 

target voltage- and ATP-sensitive potassium channels (Kv and KATP) and may elevate calcitonin gene 

related peptide (CGRP) levels to mediate its vasodilatory effects. Please refer to Bullen et al., 2011 

(Antioxidants & Redox Signaling, 14: pages 1678-1680) for a detailed discussion of the vasodilator 

properties of HNO. In accordance with these studies, a recent report demonstrated that the 

vasorelaxant responses to 1-NCA are also mediated by HNO and display a sGC- and CGRP-

dependent component (Donzelli et al. 2013). The majority of these studies have examined the 

vasodilatory capacity of HNO under physiological conditions. However given resistance of HNO to 

both tolerance development and direct scavenging by 
.
O2

-
, it has been hypothesised that the efficacy 
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of HNO donors may be preserved and/or enhanced under pathological conditions. Indeed, recent 

studies in animal models of acute heart failure (Paolocci et al. 2003; Paolocci et al. 2001), 

atherosclerosis (Donzelli et al. 2013), hypertension (Irvine et al. 2013; Wynne et al. 2012) and 

diabetes (Leo et al. 2012) have demonstrated sustained vasorelaxant activity of HNO both in vitro and 

in vivo. As such, these studies indicate that HNO donors represent a viable strategy to improve 

vascular function in cardiovascular diseases.  

Anti-aggregatory properties of HNO 

A detailed overview of the anti-platelet effects of HNO is provided in Bullen et al., 2011 (Antioxidants 

& Redox Signaling, 14: pages 1680-1681). However, since this was written, a recent report has 

demonstrated that 1-NCA can also serve as anti-aggregatory agents in platelets from healthy 

volunteers and its effects were maintained in the presence of the NO scavenger carboxy-PTIO but 

were partially reversed by the sGC inhibitor, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) 

(Donzelli et al. 2013). As such, the authors suggest that HNO is mediating the effects of 1-NCA by 

targeting sGC/cGMP signalling. Furthermore, it appears that the anti-platelet effects of HNO are 

conserved under disease conditions. Since the ability of IPA/NO to inhibit platelet aggregation and 

elevate platelet cGMP levels was maintained in platelets from patients with ischemic heart disease 

(Dautov et al. 2013). In contrast, the anti-platelet actions of sodium nitroprusside (SNP) were 

compromised in platelets from these patients (Dautov et al. 2013). Since these donors were 

administered acutely, it is possible that the reduced responses observed with SNP could be attributed 

to the development of platelet NO resistance.  

Unlike tolerance, platelet NO resistance occurs in the absence of prior exposure to NO donors and is 

not exclusive to organic nitrates (Horowitz 2000). Previously, platelet NO resistance has been 

reported in platelets from patients with congestive heart failure, aortic stenosis, stable angina pectoris, 

acute coronary syndrome, type 2 diabetes and obesity (Anderson et al. 2004; Anfossi et al. 1998; 

Anfossi et al. 2004; Chirkov et al. 1996; Chirkov et al. 1999; Chirkov et al. 2004; Chirkov et al. 2002; 

Chirkov et al. 2001). Moreover, impaired responses to NO were associated with scavenging of NO 

by 
.
O2

-
 (Chirkov et al. 1999; Lopez Farre and Casado 2001) and/or dysfunctional platelet sGC 

(Chirkov et al. 1999; Dautov et al. 2013) as signalling mechanisms downstream of cGMP appear to 

be conserved in platelets from patients with SAP (Chirkov et al. 1996; Chirkov et al. 1999). Given that 
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NO donors represent an important anti-platelet therapy in acute thrombotic events, it is important to 

develop new treatments that can circumvent this platelet NO resistance. Given the anti-aggregatory 

actions of IPA/NO were preserved in ischemic heart disease (Dautov et al. 2013), this suggests that 

HNO donors could represent a novel strategy in circumventing platelet NO resistance. 

Superoxide (
.
O2

-
) supressing actions of HNO  

Enhanced oxidative stress is a hallmark of many cardiovascular disorders, thus developing strategies 

to limit reactive oxygen species (ROS) generation is a desirable trait of any vasoprotective drug. 

Please refer to Bullen et al., 2011 (Antioxidants & Redox Signaling, 14: page 1682) for a detailed 

discussion examining the ROS limiting properties of HNO. Since this review was written, subsequent 

studies have demonstrate that AS and IPA/NO can supress angiotensin II (Ang II)-stimulated 
.
O2

-
 

generation in both neonatal rat cardiomyocytes (Lin et al. 2012; Ritchie et al. 2007) and mouse 

cerebral arteries (Miller 2013). Unlike NO, the ability of HNO to limit 
.
O2

-
 production was not through 

direct scavenging of 
.
O2

-
 (Leo et al. 2012; Miller 2013). Instead, AS significantly reduced 

.
O2

-
 levels 

(~2.5-fold) and mRNA expression of the Nox2 isoform of the pro-oxidant enzyme nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (~4-fold) in Ang II-stimulated cardiomyocytes (Lin 

et al. 2012). Furthermore, IPA/NO did not reduce 
.
O2

-
 production in cerebral arteries from Nox2 

oxidase deficient mice (Miller 2013). Collectively, these results suggest that HNO has the potential to 

directly modulate Nox2 oxidase expression and/or activity to limit 
.
O2

-
 production. Interestingly, HNO 

limited 
.
O2

-
 generation in a sGC/cGMP-dependent manner in cardiomyocytes, yet its effects in the 

vasculature appear to be independent of sGC/cGMP (Lin et al. 2012; Miller 2013). Since HNO is 

highly thiophilic and has previously been shown to target thiol residues to modulate its 

cardioprotective effects, it is possible that HNO modulates Nox2 oxidase in the vasculature through a 

similar mechanism (Tocchetti et al. 2011). Previously, prolonged treatment with the NO donor, 

diethylenetriamine NONOate has been shown to supress endothelial Nox2 oxidase activity via S-

nitrosylation of thiol residues of the cytosolic subunit p47
phox

 (Selemidis et al. 2007). Thus with an 

ability to act as a ROS limiting agent and inhibit Nox2-derived 
.
O2

-
 generation, HNO donors represent 

a future therapeutic strategy in limiting oxidative stress.   
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Anti-inflammatory actions of HNO 

Inflammation is a key driving factor in the pathogenesis of many cardiovascular disorders, however at 

present it is unclear the exact role HNO plays in modulating the immune system. Importantly, HNO 

reduced macrophage infiltration into the vascular wall after vascular injury (Tsihlis et al. 2010) and 

was recently reported to limit leukocyte adhesion to the endothelium [Andrews et al., unpublished]. 

Similarly, HNO donors can reduce the ability of the cytokine, leukemia inhibitory factor to activate the 

signal transducer and activator of transcription 3 in cardiomyocytes and endothelial cells (Zgheib et al. 

2012), leading to decreased expression of the pro-inflammatory molecules intracellular adhesion 

molecule 1 (ICAM-1) and CCAAT/enhancer binding protein delta (Zgheib et al. 2012). Suggesting that 

HNO can modulate leukocyte recruitment and the activation of inflammatory genes. This is supported 

by the fact that AS reduced the level of the pro-inflammatory cytokines tumour necrosis factor alpha 

(TNFα) and interleukin (IL)-1β in hyperalgesic rats (Zarpelon et al. 2013). However, it is important to 

note that AS increased neutrophil accumulation and ICAM-1 expression in renal ischemia-reperfusion 

(Takahira et al. 2001) and at high concentrations was cytotoxic to human lymphocytes (Augustyniak 

et al. 2013). As such there is a need for further investigation into the anti-inflammatory effects of HNO 

in order to fully elucidate the therapeutic applications of HNO donors.   

Regulation of vascular smooth muscle cell (VSMC) growth and proliferation by HNO 

With an ability to inhibit VSMC and endothelial cell proliferation, reduce neointimal hyperplasia and 

limited blood vessel density in mouse tumours, HNO has potential anti-proliferative and anti-

angiogenic properties (Norris et al. 2008; Tsihlis et al. 2010). Please refer to Bullen et al., 2011 

(Antioxidants & Redox Signaling, 14: page 1682-1683) for a full overview of the anti-proliferative 

actions of HNO. 

Cardioprotective actions of HNO   

Unlike NO donors, AS and 1-NCA display positive lusitropic and inotropic actions to improve 

myocardial contractility under non-disease conditions (Gao et al. 2012; Tocchetti et al. 2011). A brief 

overview of the cardioprotective effects of HNO was discussed in Bullen et al., 2011 (Antioxidants & 

Redox Signaling, 14: pages 1683) and this General Introduction will expand upon this knowledge.  

HNO improves excitation-contraction coupling within cardiac cells predominantly through enhanced 

sarcoplasmic reticulum (SR) calcium (Ca
2+

) cycling (Tocchetti et al. 2011). In the heart, Ca
2+

 can enter 
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the SR through voltage-dependent Ca
2+

 channels, which promotes the release of Ca
2+

 from the SR 

via Ca
2+

-gated channels (ryanodine receptors; RyR) (Tocchetti et al. 2011). This in turn enables Ca
2+

 

to interact with myofilaments within the sarcomere to promote contraction of myocardial cells 

(Tocchetti et al. 2011). HNO can enhance Ca
2+

 release from the SR by targeting RyR’s to increase 

the opening probability of these channels and the frequency of intracellular Ca
2+

 release (Ca2+ 

sparks; Cheong et al. 2005; Tocchetti et al. 2007). Additionally, HNO can influence SR Ca
2+

 reuptake 

by interacting with SERCA2a and the SERCA2a inhibitor phospholamban, yet has no effect on 

sodium-Ca
2+

 exchange (Froehlich et al. 2008; Lancel et al. 2009; Tocchetti et al. 2007).  

The ability of HNO to serve as a cardioprotective agent  appears to be independent of sGC/cGMP 

signalling as ODQ and a cGMP-dependent protein kinase inhibitor were unable to reverse the positive 

inotropic effects of AS (Chin et al. 2014; Tocchetti et al. 2007). Instead, HNO may target these 

proteins by thiol-modification as S-glutathiolation of SERCA2a was found to be increased in the 

presence of AS (Lancel et al. 2009). This idea was further supported by the fact that the reducing 

agent DTT impaired the ability of AS to enhance S-glutathiolation and activity of SERCA2a, RyR 

opening probability and Ca
2+

 spark frequency (Cheong et al. 2005; Lancel et al. 2009; Tocchetti et al. 

2007). Similarly, the ability of HNO to target SERCA2a and phospholamban was lost when cysteine 

residues were mutated in critical regions of these proteins (Froehlich et al. 2008; Lancel et al. 2009). 

Finally, HNO was shown to directly target cysteine residues on myofilaments to enhance their 

sensitivity to Ca
2+

 (Dai et al. 2007; Gao et al. 2012). Taken together these findings indicate that HNO 

enhances myocardial contractility via a reversible thiol-sensitive mechanism. Importantly, these 

positive inotropic and lusitropic effects of AS are preserved in experimental heart failure (Paolocci et 

al. 2003). Thus it appears under disease conditions, HNO maintains its ability to improve myocardial 

contractility.    

In addition to having a direct effect upon the myocardium, HNO is also beneficial in heart failure due 

to its ability to unload the heart via vasodilatation (Chin et al. 2014; Tocchetti et al. 2011). Numerous 

studies have demonstrated that HNO can mediate vasorelaxation systemically in both large conduit 

and small resistance arteries (as discussed previously). HNO also displays vasodepressor effects and 

can act as a preferential venodilator in vivo under non-disease conditions (Irvine et al. 2011; Irvine et 

al. 2013; Miranda et al. 2005; Paolocci et al. 2001). These actions appear to be mediated by both 
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sGC-dependent and –independent mechanisms as ODQ partially impaired relaxation responses to 

AS in rat coronary arteries and AS increased cGMP levels in rat aortae (Chin et al. 2014; Irvine et al. 

2011). In contrast, AS appears to mediate both arterial and venous dilation in heart failure (Paolocci et 

al. 2003), yet maintained its vasodepressor actions in spontaneously hypertensive rats (Irvine et al. 

2013). Taken together, these findings indicate that the ability of HNO to unload the heart contributes 

to the protective actions of HNO in heart failure. In fact, the cardioprotective actions of a pure, small 

molecule HNO donor, CXL-1020 have recently been tested in both a canine models of cardiac failure 

and in patients with decompensated heart failure (Sabbah et al. 2013). In accordance with previous 

studies, CXL-1020 exhibited positive inotropic and lusitropic actions and displayed a mild 

vasodepressor effect in an in vivo model of experimental heart failure (Sabbah et al. 2013). For the 

first time in humans, CXCL-1020 improved cardiac output and unloaded the heart in a heart rate 

independent manner (Sabbah et al. 2013). Importantly, these effects were maintained over a 6 hour 

infusion period and adverse reactions were minimal (Sabbah et al. 2013). Given NO donors does not 

display inotropic or lusitropic effects (Paolocci et al. 2003; Paolocci et al. 2001), this evidence 

indicates that HNO donors may be superior to traditional nitrovasodilators and represent a novel 

therapy for the treatment of heart failure.      

 

1.2.6 Potential adverse effects of HNO 

Whilst it is clear that HNO displays both vasoprotective and cardioprotective actions, it must be 

recognised that HNO has previously been shown to display cytotoxic actions at high concentrations 

and have deleterious actions in ischemia-reperfusion models. For a full overview of the potential 

adverse interactions of HNO please refer to Bullen et al., 2011 (Antioxidants & Redox Signaling, 14: 

page 1683).  

 

  



  Chapter 1: General Introduction 
 

30 
 

1.2.7 Therapeutic potential of HNO as a vasoprotective agent 

Notwithstanding potential toxicity of HNO, the therapeutic potential of this nitrogen oxide is clear, 

although further work is required to fully elucidate the clinical benefits of HNO donors. Specifically, the 

vasoprotective actions of endogenous and exogenously generated HNO need to be assessed in 

disease states associated with oxidative stress and reduced NO bioavailability. Moreover, with a lack 

of tolerance development and resistance to scavenging by 
.
O2

-
,
 
HNO donors have the potential to be 

more advantageous than traditional nitrovasodilators in patients where nitrate tolerance and/or 

platelet NO resistance has developed. Thus additional studies are needed to directly compare the 

vasoprotective actions of HNO donors to those of NO donors under disease states where 

endogenous NO bioavailability may be compromised. 

Although not examined in this thesis, there is also a need to confirm that the protective actions of 

HNO seen in animal models of disease correlate with those observed in cardiovascular disease 

patients. Importantly, previous studies have indicate that the vasoprotective and cardioprotective 

effects of HNO were conserved in patients with decompensative heart failure (Sabbah et al. 2013), in 

arteries from patients with coronary artery disease Bullen et al. 2011, (Antioxidants & Redox 

Signaling, 14: page1678) and in platelets from patients with ischemic heart disease (Dautov et al. 

2013).  

Taken together, these findings indicate that HNO donors may also be protective in other disease 

states, such as atherosclerosis, which is associated with dyslipidaemia, enhanced oxidative stress, 

impaired endogenous NO bioavailability, endothelial dysfunction, vascular remodelling and 

inflammation (Libby et al. 2011). Whilst a recent report suggested that vasorelaxation responses to 1-

NCA are maintained in atherosclerosis (Donzelli et al. 2013), additional studies are required to fully 

explore the vasoprotective actions of HNO in the setting of atherosclerosis.         
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1.3 Atherosclerosis  

Cardiovascular disease is the leading cause of death in western society and accounts for ~30% of 

deaths worldwide, with atherosclerosis a key underlining cause (Libby et al. 2013). Current 

pharmacological interventions such as lipid-lowering statins, reduce the incidence of cardiovascular 

mortality by ~30%, however this leaves ~70% of the population at risk of experiencing a 

cardiovascular event (Mihaylova et al. 2012). Thus, there is a need to develop alternative therapeutic 

strategies to limit the burden of cardiovascular disease upon society.  

Atherosclerosis is a chronic inflammatory disorder characterised by the formation of atherosclerotic 

lesions within the vessel wall. It is a major risk factor for a number of cardiovascular complications 

including myocardial infarction, unstable angina and stroke (Libby et al. 2013). Many of these 

complications arise from either abnormal narrowing of a blood vessel or plaque rupture leading to 

thrombus formation and vessel occlusion (see Figure 1; Libby et al. 2011). Thus from a therapeutic 

viewpoint, a reduction in lesion size and improvement in lesion stability are sought.  

When considering the pathogenesis of atherosclerosis targeting oxidative stress and the immune 

system are emerging as viable strategies as they play a key role in the formation and progression of 

lesions in the arterial wall. Endothelial dysfunction and a loss of vasoprotective NO, is a critical 

initiating step in the development of lesions and can be triggered by a number of factors including 

oxidative stress (Landmesser et al. 2004; Vasquez et al. 2012). Endothelial damage leads to the 

release of cytokines which induce activation of the endothelium leading to increased expression of 

adhesion molecules and the recruitment and infiltration of monocytes and T lymphocytes into the 

vessel wall (Fenyo and Gafencu 2013; Libby 2008; Libby 2012). Subsequent differentiation of 

monocytes into macrophages promotes the expression of cell surface scavenger receptors and 

enables macrophages to internalise low density lipoprotein (LDL) particles (Fenyo and Gafencu 2013; 

Libby et al. 2011), leading to lipid retention within macrophages and foam cell formation (Fenyo and 

Gafencu 2013; Libby 2008).  

Whilst it is important to develop therapeutic strategies to limit lesion progression, it has become 

increasingly evident that promoting plaque stabilisation is also essential to reducing the burden of 

atherosclerosis. Indeed, lipids, inflammatory cells, VSMC and extracellular matrix molecules such as 

collagen and elastin are all important for lesion stability (Silvestre-Roig et al. 2014). In advanced 
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atherosclerosis, high levels of inflammatory cells within the lesion can promote macrophage and 

VSMC apoptosis (Silvestre-Roig et al. 2014). This in turn leads to the development of a large necrotic 

core, inflammation, thinning of the fibrous cap and reduced extracellular matrix deposition, resulting in 

unstable plaques that are prone to rupture (Silvestre-Roig et al. 2014). Whereas stable atherosclerotic 

lesions are associated with greater VSMC content within the lesion and at the fibrous cap (Silvestre-

Roig et al. 2014). An increase in VSMC content can lead to the production of extracellular matrix 

molecules such as collagen and elastin, which can reinforce the fibrous cap, improve the structural 

integrity of the lesion and limit necrotic core formation (Silvestre-Roig et al. 2014). Thus, developing 

therapeutic strategies that promote plaque stability will reduce the likelihood of rupture and 

subsequently thrombosis. A current limitation of this field is that there are no animal models of plaque 

rupture that specifically mimic the effects of plaque rupture in human atherosclerosis (Libby et al. 

2013; Silvestre-Roig et al. 2014). Although, murine models of hyperlipidaemia are commonly used to 

assess atherosclerotic lesion development as they display similar characteristics to human 

atherosclerosis, plaque rupture is rarely observed in these mice (Libby et al. 2013; Silvestre-Roig et 

al. 2014). Nevertheless, these models of hyperlipidaemia are still useful for evaluating the effect of 

different therapies on plaque stability.         
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Figure 1. Atherosclerotic lesion development and rupture. Left: Cytokine-induced activation of 

endothelial cells leads increases the expression of adhesion molecules, which allows blood 

leukocytes to adhere and migrate into the vessel wall. Monocytes can then mature into macrophages, 

which can uptake low density lipoprotein particles and can form foam cells and further lesion 

development. Right: Atherosclerotic lesions are primarily comprised of lipid, collagen, macrophages 

and VSMCs, which are integral to lesion progression and stability. Unstable lesions often display a 

thin fibrous cap, large-necrotic core and the extracellular matrix is less developed, making these 

lesions more prone to rupture. A physical disruption to a lesion can result in rupture, as a fracture of 

the fibrous cap can trigger the formation of a thrombus, which can extend into the vessel lumen and 

limit blood flow. Adapted from (Libby et al. 2011). 

 

1.3.1 Role of macrophages in atherosclerosis 

Macrophages are important in lesion progression as they are a major source of cytokines, ROS and 

matrix metalloproteinases, which are important in extracellular matrix remodelling (Libby 2008; Libby 

2012; Tavakoli and Asmis 2012). Previous studies have indicated a variety of roles for macrophages 

including recruitment of other inflammatory cells (T and B lymphocytes, granulocytes, mast cells), 

VSMC proliferation and apoptosis, removal of apoptotic cells (efferocytosis) and extracellular matrix 

remodelling (Fenyo and Gafencu 2013; Libby 2008; Libby 2012; Libby et al. 2013; Tavakoli and Asmis 

2012). Additionally, macrophages exist as a heterogeneous population within atherosclerotic lesions 

and display different functional roles. The two most studied phenotypes are the M1, or classically 

activated, macrophages and the M2, or alternatively activated, macrophage (Fenyo and Gafencu 

2013; Libby 2012; Tavakoli and Asmis 2012), although there is a certain degree of plasticity, as 

macrophages can switch phenotypes depending upon the local cytokine milieu (Khallou-Laschet et al. 
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2010; Leitinger and Schulman 2013). It appears that M1 macrophages may be more detrimental in 

atherosclerosis, as a greater accumulation of M1 macrophages was observed in a mouse model of 

advanced atherosclerosis (Khallou-Laschet et al. 2010) and patients with coronary artery disease 

(Hirata et al. 2011). Similarly, in atherosclerotic patients, M1 macrophages tend to accumulate in the 

necrotic core and the shoulder region of a plaque, which are the areas that are often prone to rupture 

(Chinetti-Gbaguidi et al. 2011; Stoger et al. 2012). M1 macrophages may promote plaque instability 

via secretion of pro-inflammatory cytokines (TNFα, IL-1β, IL-6 and IL-12) and are a major source of 

Nox2-derived ROS (Tavakoli and Asmis 2012), which can activate matrix metalloproteinases (MMPs) 

to degrade the fibrous cap and extracellular matrix (Leitinger and Schulman 2013; Papaharalambus 

and Griendling 2007; Tavakoli and Asmis 2012). Indeed, oxidative stress was previously 

demonstrated to be linked to M1 macrophage polarisation [44]. In contrast, M2 macrophages may be 

protective in atherosclerosis as they release anti-inflammatory cytokines (transforming growth factor 

beta; TGF-β, IL-4, IL-13, IL-10), produce less ROS than M1 macrophages, promote angiogenesis and 

collagen synthesis (Gordon and Martinez 2010; Khallou-Laschet et al. 2010; Leitinger and Schulman 

2013; Tavakoli and Asmis 2012). Hence, a shift towards an M2 macrophage phenotype may be 

protective in atherosclerosis. 

 

1.3.2 Role of ROS and NADPH oxidases in atherosclerosis 

As indicated previously, inflammation and oxidative stress both play an integral role in atherogenesis. 

Indeed, augmented vascular 
.
O2

-
 generation is observed in human atherosclerosis and experimental 

models of atherosclerosis, and is attributed primarily to the increased expression and activity the ROS 

generating enzymes, NAPDH oxidases (Drummond et al. 2011; Konior et al. 2013; Violi et al. 2009). 

The NADPH oxidase family consists of seven isoforms in mammals; Nox1-5 and Duox1-2, however at 

present, only Nox1, Nox2, Nox4 and Nox5 have been associated with atherosclerosis, which will be 

discussed in more detail (Gray et al. 2013; Guzik et al. 2008; Guzik et al. 2006; Judkins et al. 2010; 

Sheehan et al. 2011; Sorescu et al. 2002). Each isoform contains a core Nox catalytic subunit, 

however Nox1, Nox2 and Nox4-containing NADPH oxidases require up to five additional subunits, 

such as the membrane-bound subunit (p22
phox

), the cytosolic regulatory subunits (NoxA1, p40
phox

, 

p47
phox 

and p67
phox

) and the GPTase Rac (see Figure 2; Drummond et al. 2011; Konior et al. 2013). 
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The activity of Nox4 oxidase also appears to be regulated by polymerase δ-interacting protein 2 

(POLDIP2) and Nox4 has been shown to be constitutively active (Drummond et al. 2011; Konior et al. 

2013). Activation of these enzymes requires the formation of the NADPH complex at the cellular 

membrane, which facilitates an electron transfer from NADPH leading to the generation of 
.
O2

-
 and/or 

H2O2 (Drummond et al. 2011; Konior et al. 2013). In contrast, Nox5 does not appear to interact with 

any known NADPH oxidase regulatory subunits, although Nox5 oxidase is associated with four EF 

hand motifs and is activated by Ca
2+

 (see Figure 2; Drummond et al. 2011; Konior et al. 2013). Whilst 

Nox1 and Nox2 primarily generate 
.
O2

-
, Nox4 produces H2O2 rather than 

.
O2

-
 and Nox5 has been 

reported to generate both 
.
O2

-
 and H2O2 (Drummond et al. 2011; Konior et al. 2013). Additionally, 

expression of Nox1 and Nox4 has only been reported in cells in the vascular wall (Drummond et al. 

2011; Konior et al. 2013). Whereas Nox2 has been identified in the vascular wall and immune cells in 

atherosclerosis (Drummond et al. 2011; Konior et al. 2013) and there is evidence to suggest that 

Nox5 oxidase may also be expressed in both locations (Lewis et al., unpublished,  Drummond et al. 

2011; Konior et al. 2013). However, Nox5 oxidase is only expressed in primates and does not appear 

to be found in rodents (Drummond et al. 2011; Konior et al. 2013), which is a limitation when 

translating findings from mice to humans. Nevertheless, NADPH oxidases are an important source of 

ROS in blood vessels and immune cells and NADPH oxidase-dependent oxidative stress has been 

associated with a number of cardiovascular diseases including atherosclerosis, hypertension, 

restenosis after injury, pulmonary hypertension and cardiac failure (Drummond et al. 2011; Konior et 

al. 2013).        
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Figure 2. Structure of Nox1, Nox2, Nox4 and Nox5 NADPH oxidases. The Nox1-containing 

isoform consists of two membrane-bound subunits (Nox1 and p22phox), two regulatory subunits 

(p47
phox

 and NoxA1) and the GTPase Rac. The structure of Nox2-containing NADPH is similar to the 

Nox1 isoform as it is comprised of two membrane-bound subunits (Nox2 and p22phox), three 

regulatory subunits (p40
phox

, p47
phox 

and p67
phox

) and the GTPase Rac. Similarly the Nox4-containing 

isoform consists of two membrane-bound subunits (Nox4 and p22phox) and appears to be regulated 

by polymerase δ-interacting protein 2 (POLDIP2). In contrast, the Nox5-containing isoform does not 

appear to interact with known NADPH oxidase regulatory subunits, although Nox5 oxidase is 

associated with four EF hand motifs. Adapted from (Drummond et al. 2011).    

 

In atherosclerosis, enhanced 
.
O2

-
 production can lead to endothelial dysfunction and impaired 

endogenous NO bioavailability (Landmesser et al. 2004; Vasquez et al. 2012). NO can be generated 

in a eNOS-dependent manner, however under conditions of oxidative stress, eNOS can become 

uncoupled due to depletion of the eNOS co-factor tetrahydrobiopterin and the levels of the eNOS 

inhibitor asymmetric dimethyl-L-arginine may be elevated, leading to reduced NO generation from 

this enzyme (Ponnuswamy et al. 2012). Additionally, oxidative stress can reduce the efficacy of NO in 

atherosclerosis, through increased scavenging by 
.
O2

-
 or due to a shift towards an NO-insensitive 

form of sGC (Stasch et al. 2006). Impaired NO bioavailability may also contribute to endothelial 

dysfunction, as NO is an important mediator of endothelium-dependent vasorelaxation and a 
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deficiency in NO also leads to a proinflammatory and prothrombotic environment (Landmesser et al. 

2004; Siegel-Axel et al. 2008). Indeed, relaxation responses to acetylcholine were impaired in aortas 

from atherosclerotic mice, which was attributed to increased scavenging by 
.
O2

-
 (d'Uscio et al. 2001). 

Thus, targeting the NO system to improve NO bioavailability may have a protective effect in 

atherosclerosis.  

In addition to impaired endogenous NO bioavailability, oxidative stress has also been implicated in 

lesional development. In experimental models of atherosclerosis, genetic deletion of either Nox2 or its 

cytosolic subunit, p47
phox

, led to a reduction in lesion area along the length of the aorta (Barry-Lane et 

al. 2001; Judkins et al. 2010; Vendrov et al. 2007), although did not alter lesion size in the aortic sinus 

(Barry-Lane et al. 2001; Hsich et al. 2000; Kirk et al. 2000). Suggesting that the effects of Nox2 

oxidase may be dependent upon the arterial site of the lesion. Nonetheless, Nox2-derived 
.
O2

-
 may 

play a role in oxidation of LDL (Libby et al. 2013; Tavakoli and Asmis 2012), as a deficiency in 

macrophage Nox2 oxidase led to reduced plasma oxLDL levels and macrophage accumulation in  

early atherosclerosis (Vendrov et al. 2007). Furthermore, oxidative stress has also been implicated in 

endothelial cell activation, increased expression of adhesion molecules and cytokine release, leading 

to the infiltration and retention of inflammatory cells within the vascular wall (see Figure 1; Libby et al. 

2013; Tavakoli and Asmis 2012). Specifically, a deficiency of Nox2 oxidase in the vessel wall was 

previously shown to limit endothelial cell activation and macrophage accumulation in early 

atherosclerosis (Vendrov et al. 2007), whereas overexpression of endothelial Nox2 oxidase increased 

macrophage recruitment (Douglas et al. 2012). Taken together these findings indicate that Nox2 

oxidase plays an important role in the initiation and development of atherosclerotic lesions. However, 

at present it is unclear what effect Nox2 oxidase has upon plaque stability. Nonetheless Nox2 oxidase 

represents a viable therapeutic target, which may be beneficial in reducing the burden 

atherosclerosis.   

Given current pharmacological interventions such as lipid-lowering statins are only beneficial in ~30% 

of the population, new therapies are sought that have anti-inflammatory actions together with an 

ability to induce vasorelaxation and limit thrombus formation. NO donors represent an alternative 

therapeutic strategy, as they display a number of vasoprotective actions. Specifically, NO donors 

were previously found to induce vasorelaxation, inhibit platelet aggregation, has anti-proliferative 
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properties and can modulate Nox2 oxidase activity to reduce 
.
O2

-
 generation in human endothelial 

cells (Moncada and Higgs 2006; Selemidis et al. 2007). However, the susceptibility of clinically used 

NO donors to tolerance development and impaired efficacy under conditions of enhanced oxidative 

stress  (Klemenska and Beresewicz 2009), may limit their effectiveness in atherosclerosis.  

As discussed in Bullen et al. 2011, (Antioxidants & Redox Signaling, 14: pages 1675-1686), HNO 

donors demonstrate similar vasoprotective actions to those of NO donors. Additionally, HNO displays 

distinct pharmacological actions to that of NO, which could enable its vasoprotective actions to be 

sustained and/or enhanced in atherosclerosis. As previously mentioned, atherosclerosis is associated 

with eNOS uncoupling, enhanced oxidative stress (Ponnuswamy et al. 2012) and depletion of cellular 

thiol levels (Park and Oh 2011). Since one of the proposed mechanisms for HNO generation is via 

uncoupled eNOS, there is potential for HNO generation to be augmented in atherosclerosis 

(Ponnuswamy et al. 2012; Rusche et al. 1998). Similarly, the bioavailability of HNO could be 

preserved as it is resistant to scavenging by 
.
O2

-
 (Leo et al. 2012; Miller 2013), does not develop 

tolerance with continual use (Irvine et al. 2010; Irvine et al. 2007) and HNO donors are more 

efficacious in the absence of thiol scavengers (Wink et al. 1998). Importantly, previous studies have 

reported that the vasoprotective actions of HNO are sustained in other cardiovascular disease states 

(Dautov et al. 2013; Donzelli et al. 2013; Leo et al. 2012; Wynne et al. 2012). Thus, HNO donors may 

be more advantageous than traditional nitrovasodilators in the setting of atherosclerosis. However, at 

present, little is known about the vasoprotective actions of HNO in hypercholesterolemia or 

atherosclerosis. 
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1.3.3 The Apolipoprotein E-deficient (ApoE
-/-

) mouse as a model of atherosclerosis 

The ApoE
-/-

 mouse model was developed concurrently by two laboratories in the United States in 

1992 and targets the ApoE gene via homologous recombination of embryonic stem cells (Piedrahita 

et al. 1992; Plump et al. 1992). ApoE
-/-

 mice were originally developed on either C57BL/6J, BALB/cJ 

or 129 mouse genetic backgrounds and as such these strains can be used as wild-type controls 

(Piedrahita et al. 1992; Plump et al. 1992). These mice lack apolipoprotein E which is involved in the 

transport of plasma lipoproteins to the liver for metabolism (Zhang et al. 1992). As a result, ApoE
-/-

 

mice are associated with hypercholesterolemia and spontaneous atherosclerotic lesion formation, 

making these mice an appropriate model of atherosclerosis (Zhang et al. 1992). Moreover, 

maintaining these mice on a high fat diet leads to an acceleration in atherosclerosis development 

(Meyrelles et al. 2011). 

The development of atherosclerotic lesions in ApoE
-/-

 mice occurs at a relatively young age between 

8-10 weeks of age and these lesions are mainly comprised of smooth muscle and foam cells (Kolovou 

et al. 2008; Meyrelles et al. 2011). However, as the disease progresses, more advanced, fibrous 

plaques start to appear between 15-20 weeks of age (Kolovou et al. 2008; Meyrelles et al. 2011). 

Eventually these plaques lead to almost total occlusion of blood vessels at a very old age of ~70 

weeks (Meyrelles et al. 2011). In addition to atherogenesis, lesional stability also plays a crucial role 

in the pathogenesis of atherosclerosis as an acute physical disruption of a lesion can trigger 

thrombosis, which can lead to a number of different vascular complications (Libby et al. 2013; 

Tavakoli and Asmis 2012). Whilst it is a matter of contention whether plaque rupture occurs in the 

ApoE
-/-

 mouse model, advanced lesions do share many commonalities to human atherosclerosis 

(Bond and Jackson 2011; Getz and Reardon 2012; Meyrelles et al. 2011; Rosenfeld et al. 2008). As 

such, ApoE
-/-

 mice can be used to assess how pharmacological interventions (Bea et al. 2002; 

Gaspari et al. 2013) and/or genetic mutations can affect plaque composition and stability.  

Atherogenesis in patients and ApoE
-/-

 mice is characterised by spontaneous atheroma development, 

enhanced oxidative stress, endothelial dysfunction and hypercholesterolemia (Kolovou et al. 2008; 

Meyrelles et al. 2011). Whereby augmented 
.
O2

-
 production in the vasculature is attributed in part, to 

upregulation of Nox2 oxidase expression in human and animal models of atherosclerosis (Guzik et al. 

2006; Judkins et al. 2010; Sorescu et al. 2002). As such, the ApoE
-/-

 mouse model is an appropriate 
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model to study vasoprotective properties and the effects of oxidative stress upon plaque formation 

and stability. 
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1.4 Aims 

The vasoprotective actions of HNO are well-established such that HNO i) can mediate vasorelaxation, 

inhibit platelet aggregation, suppress Nox2-derived 
.
O2

-
 production and is resistant to tolerance 

development under non-disease conditions, ii) display distinct pharmacological actions that may 

confer advantages over traditional nitrovasodilators and iii) may be generated endogenously, serving 

as an EDRF. The vasoprotective actions of HNO in the setting of vascular disease are not well 

characterised and as such the specific aims of this thesis were to;    

 

1) Determine if the vasoprotective actions of the HNO donor, IPA/NO are preserved in an ApoE
-/-

 

mouse model of hypercholesterolemia and subsequently compare its effects to the NO

 

donor, GTN (Chapter 2) 

 

2) Examine the vasoprotective actions of IPA/NO and elucidate the contribution of endogenous 

HNO to endothelium-dependent vasorelaxation in an ApoE
-/-

 mouse model of advanced 

atherosclerosis and subsequently compare the effects of IPA/NO with those of the NO

 

donors, GTN and diethylamine NONOate (DEA/NO; Chapter 3) 

 

 

3) Establish a model of platelet NO

 resistance in ApoE

-/-
 mice, such that impaired anti-

aggregatory responses to the NO

 donor, SNP were apparent. Subsequently determine the 

potential mechanism of resistance and elucidate whether the NO

-independent sGC 

stimulators, IPA/NO and BAY 41-2272 can circumvent platelet NO

 resistance in this model 

(Chapter 4) 

 

4) Examine what effect genetic deletion of Nox2 oxidase has upon vascular function, lesion size, 

lesion stability and macrophage phenotype in an ApoE
-/-

 mouse model of advanced 

atherosclerosis (Chapter 5) 
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Bullen ML, Miller AA, Dharmarajah J, Drummond GR,
Sobey CG, Kemp-Harper BK. Vasorelaxant and antiaggregatory
actions of the nitroxyl donor isopropylamine NONOate are main-
tained in hypercholesterolemia. Am J Physiol Heart Circ Physiol
301: H1405–H1414, 2011. First published July 29, 2011;
doi:10.1152/ajpheart.00489.2011.—Nitroxyl (HNO) displays phar-
macological and therapeutic actions distinct from those of its redox
sibling nitric oxide (NO•). It remains unclear, however, whether the
vasoprotective actions of HNO are preserved in disease. The ability of
the HNO donor isopropylamine NONOate (IPA/NO) to induce vas-
orelaxation, its susceptibility to tolerance development, and antiag-
gregatory actions were compared with those of a clinically used NO•

donor, glyceryl trinitrate (GTN), in hypercholesterolemic mice. The
vasorelaxant and antiaggregatory properties of IPA/NO and GTN
were examined in isolated carotid arteries and washed platelets,
respectively, from male C57BL/6J mice [wild-type (WT)] maintained
on either a normal diet (WT-ND) or high fat diet (WT-HFD; 7 wk) as
well as apolipoprotein E-deficient mice maintained on a HFD
(ApoE�/�-HFD; 7 wk). In WT-ND mice, IPA/NO (0.1–30 �mol/l)
induced concentration-dependent vasorelaxation and inhibition of
collagen (30 �g/ml)-stimulated platelet aggregation, which was pre-
dominantly soluble guanylyl cyclase/cGMP dependent. Compared
with WT-HFD mice, ApoE�/�-HFD mice displayed an increase in
total plasma cholesterol levels (P � 0.001), vascular (P � 0.05) and
platelet (P � 0.05) superoxide (O2

·�) production, and reduced en-
dogenous NO• bioavailability (P � 0.001). Vasorelaxant responses to
both IPA/NO and GTN were preserved in hypercholesterolemia,
whereas vascular tolerance developed to GTN (P � 0.001) but not to
IPA/NO. The ability of IPA/NO (3 �mol/l) to inhibit platelet aggre-
gation was preserved in hypercholesterolemia, whereas the actions of
GTN (100 �mol/l) were abolished. In conclusion, the vasoprotective
effects of IPA/NO were maintained in hypercholesterolemia and, thus,
HNO donors may represent future novel treatments for vascular
diseases.

nitric oxide; vasorelaxation; platelet aggregation

THE THERAPEUTIC UTILITY of the nitric oxide (NO•)-soluble
guanylyl cyclase (sGC) signaling pathway has long been rec-
ognized, with organic nitrates, such as glyceryl trinitrate
(GTN), used in the treatment of angina pectoris and heart
failure for over 100 yr. However, the clinical efficacy of such
traditional nitrovasodilators is limited due to their susceptibil-
ity to tolerance development with continued used (4) and their
impaired antiplatelet (3) and vasodilatory efficacy (26) during
oxidative stress. Thus, there is a need for a new generation of
novel NO•-like drugs.

Nitroxyl (HNO), the one electron reduced and protonated
congener of NO•, displays distinct pharmacological actions
and may have therapeutic advantages over its redox sibling
NO• (2, 13). Unlike NO•, HNO appears to be resistant to
scavenging by superoxide (O2

·�) (18, 20, 27), does not develop
tolerance with continued use (10, 13), and serves as a positive
cardiac inotrope (via thiol interaction) (22, 28). As such, HNO
donors confer protection in the setting of acute experimental
heart failure (22), where NO• donors have negligible effects.

In addition to its cardioprotective properties, HNO displays
vasoprotective actions (2). Using HNO donors, such as An-
geli’s salt and isopropylamine NONOate (IPA/NO), HNO has
been shown to serve as a potent vasodilator in vitro (7, 9, 11,
12) and in vivo (10, 22, 23). Like NO•, HNO elicits vasore-
laxation, at least in vitro, predominantly via the activation of
sGC (8, 11) and subsequent generation of cGMP (9, 12).
However, HNO can also signal through distinct mechanisms
such as via the release of calcitonin gene-related peptide
(CGRP) (8, 23) or activation of vascular voltage-dependent K�

(Kv) channels (7, 11) and ATP-sensitive K� (KATP) channels
(8). Moreover, Angeli’s salt can also serve as an antiaggrega-
tory agent, inhibiting human platelet aggregation in response to
a variety of stimuli (1, 21), via a sGC-dependent mechanism
(1). Thus, under nondisease conditions, HNO donors serve as
potent vasodilators and antiaggregatory agents.

From a therapeutic perspective, it is important to determine
if such vasoprotective actions of HNO are preserved in disease
states associated with oxidative stress and compromised NO•

signaling. Given that HNO, unlike NO•, has been postulated to
be resistant to scavenging by O2

·�, (18, 20, 27), does not
develop tolerance under physiological conditions (10, 12), can
target distinct signaling pathways in the vasculature (Kv chan-
nels, KATP channels, and CGRP), and its bioavailability may be
augmented in the face of disease-associated thiol depletion, it
may be anticipated that HNO donor efficacy will be preserved
and/or enhanced under pathophysiological conditions. Indeed,
a handful of studies to date have indicated, albeit indirectly,
that the vasoprotective properties of HNO may be sustained in
disease. Thus, Angeli’s salt has been shown to lower blood
pressure in the setting of acute experimental heart failure (22)
and inhibit the aggregation of platelets from patients with
sickle cell disease (21). In addition, IPA/NO has been reported
to limit neointimal hyperplasia in rat carotid arteries after
balloon injury (29).

The present study sought to fully explore the concept of
preserved vasoactivity to HNO in disease and compare, for the
first time, the vasoprotective actions of HNO with the clinically
used nitrovasodilator GTN under conditions associated with
oxidative stress. Using a model of hypercholesterolemia in
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mice [apolipoprotein E-deficient (ApoE�/�) mice placed on a
high-fat diet (HFD) for 7 wk], which is characterized by
increased plasma cholesterol, elevated vascular O2

·� genera-
tion, and reduced endogenous NO• bioavailablity (14), the
vasorelaxant and antiaggregatory actions of the HNO donor
IPA/NO and its susceptibility to tolerance development were
compared with GTN.

METHODS

This study was approved by the School of Biomedical Sciences
Animal Ethics Committee of Monash University (Clayton, Victoria,
Australia) and conformed with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Experimental animals. Wild-type (WT) and ApoE�/� mice were
obtained from the Animal Resources Centre (Canning Vale, WA,
Australia). All mice studied were male and fully backcrossed to the
C57BL/6J background. From 5 wk of age, C57BL6/J mice were either
maintained on a normal diet of standard chow (WT-ND) or a HFD
(WT-HFD; 21% fat and 0.15% cholesterol, Speciality Feeds) for 7
wk. ApoE�/� mice were also maintained on a HFD for 7 wk from 5
wk of age. For all experiments, mice were deeply anesthetized by
isoflurane inhalation (Baxter Healthcare) before being euthanized by
decapitation.

Measurement of total plasma cholesterol levels. Blood from WT-
HFD and ApoE�/�-HFD mice was collected from the inferior vena
cava into heparinized tubes, and plasma was isolated via centrifuga-
tion (4,000 g, 4°C, 10 min). Plasma total cholesterol levels were then
determined using a Roche MODULAR 917 (Roche Diagnostics,
Castle Hill, NSW, Australia) enzymatic colorimetric array.

Histological experiments. Internal and common carotid arteries
from WT-HFD and ApoE�/�-HFD mice were examined for the
presence of atherosclerotic lesions. Arteries were isolated, cut into 2-
to 3-mm-long segments, mounted in an OCT Tissue-Tek mould, snap
frozen in liquid nitrogen, and stored at �80°C. Arteries were sec-
tioned (10 �m) and thaw mounted onto poly-L-lysine-coated micro-
scope slides. Slides were fixed with paraformaldehyde (4%, 10 min)
before being washed in 60% isopropyl alcohol (1.5 min) and left to
dry. Sections were then stained with oil red O (0.5% in 60% isopropyl
alcohol, 60 min). Excess stain was removed with 60% isopropyl
alcohol (5 min) and distilled water (1 min), and sections were then
counterstained with hematoxylin (25%, 2 min) as previously de-
scribed (14, 17). Sections were viewed using an Olympus BX51
microscope (Olympus, Tokyo, Japan) equipped with a �40 oil im-
mersion lens. Images were digitized using a color OP70 Peltier cooled
digital camera and captured with a data-acquisition system (Analysis
LS Starter version 3.0, Olympus Soft Imaging Solutions, Munster,
Germany).

Superoxide detection. L-012 (100 �mol/l)-enhanced chemilumi-
nescence was used to measure basal and phorbol 12,13-dibutyrate
(PDB; 10 �mol/l)-stimulated O2

·� production by isolated common
carotid artery segments or platelets from WT-HFD and ApoE�/�-
HFD mice, as previously described (14).

Carotid arteries were excised, cleaned, and cut into segments of �2
mm in length. Background chemiluminescence signals were obtained
over a 30-min period using a Plate Chameleon Luminescence Reader
(Hidex) with separate wells of a white 96-well Opti-plate containing
Krebs-HEPES [composed of (in mmol/l) 99 NaCl, 4.7 KCl, 1.2
MgSO4·7H2O, 1.0 KH2PO4, 19.6 Na2HCO3, 20 Na-HEPES, 11.1
D-glucose, 2.5 CaCl2, and 0.026 EDTA; pH 7.4] and L-012 (100
�mol/l). In semi-darkness, arteries were placed in separate wells, and
L-012-enhanced chemiluminescence was measured every 2 min over
a 30-min period. Experiments were performed in duplicate. O2

·�

production for each ring segment was calculated by subtracting the
background chemiluminescence signal (in relative light units/s) from
the signal in the presence of the artery and then normalized to dry
tissue weight (in mg).

Platelets were isolated from whole blood, resuspended in Tyrode
buffer [composed of (in mmol/l) 12 NaHCO3, 10 HEPES, 137 NaCl,
2.7 KCl, and 5.5 D-glucose with 0.026 EDTA; pH 7.2–7.4, 5 � 107

platelets/ml] and equilibrated for 30 min at 37°C as described in
Platelet aggregation. Background counts were obtained over a 20-min
period in a 96-well OptiPlate containing Krebs-HEPES and L-012
(100 �mol/l). In semi-darkness, platelets (5 � 108 platelets/ml) were
placed in separate wells, and basal chemiluminescence was measured
every 2 min over a 20-min period. PDB (10 �mol/l) was then added
to the wells, and chemiluminescence was measured every 2 min over
a 40-min period. Experiments were performed in quintuplicate. Basal
chemiluminescence was calculated by subtracting the background
chemiluminescence signal from the basal platelet chemiluminescence
signal. PDB-stimulated chemiluminescence was calculated by sub-
tracting the basal platelet chemiluminescence signal from the PDB-
stimulated platelet chemiluminescence signal.

Vascular function experiments. Common carotid arteries from
WT-ND, WT-HFD, and ApoE�/�-HFD mice were isolated, cleaned
of fat and connective tissue, and cut into �2-mm-long ring segments.
Arteries were mounted in a Mulvany-style small vessel myograph
(Danish Myo Technology, Skejbyparken, Denmark) for the measure-
ment of isometric tension as previously described (11). Vessels were
maintained in Krebs-bicarbonate solution [composed of (in mmol/l)
118 NaCl, 4.5 KCl, 0.5 MgSO4, 1.0 KH2PO4, 25 NaHCO3, 11.1
glucose, 2.5 CaCl2 and 0.026 EDTA; pH 7.4] at 37°C and bubbled
with carbogen (95% O2-5% CO2). After a 30-min equilibration
period, arteries were stretched to a resting tension of 5 mN before
being maximally contracted with U-46619 (1 �mol/l; Fmax). To
examine vasorelaxation responses, arteries were precontracted to
�50% Fmax with titrated concentrations of U-46619 (3–30 nmol/l). In
carotid arteries from WT-ND mice, cumulative concentration-re-
sponse curves to the HNO donors IPA/NO (1 nmol/l–30 �mol/l) and
Angeli’s salt (1 nmol/l–30 �mol/l) were constructed in the absence or
presence of the HNO scavenger L-cysteine (3 or 10 mmol/l, 5-min
preincubation), the NO• scavenger carboxy-[2-(4-carboxyphenyl)-
4,4,5,5-tetramethyl-imidazoline-1-oxy-3-oxide] (carboxy-PTIO; 200
�mol/l, 10-min preincubation), and the sGC inhibitor 1H-[1,2,4]ox-
adiazolo-[4,3-a]quinoxaline-1-one (ODQ; 10 �mol/l, 30-min preincu-
bation). Maximal relaxation was achieved using diethylamine NONOate
(DEA/NO; 1 �mol/l) or levcromakalim (10 �mol/l) at the conclusion of
each concentration-response curve. Only one concentration-response
curve to any vasodilator was obtained for each vessel.

To assess the effect of hypercholesterolemia on vasorelaxant re-
sponses, cumulative concentration-response curves to IPA/NO (1
nmol/l–30 �mol/l), the NO• donor GTN (1 nmol/l–30 �mol/l), and
the endothelium-independent vasodilator papaverine (10 nmol/l–30
�mol/l) were constructed in external common carotid arteries from
WT-HFD and ApoE�/�-HFD mice as described above.

To investigate the potential development of tolerance to GTN or
IPA/NO in hypercholesterolemia, carotid arteries from WT-HFD and
ApoE�/�-HFD mice were incubated in either the absence or presence
of GTN (30 �mol/l) or IPA/NO (30 �mol/l) for a period of 60 min
(12). Vessels were then washed thoroughly every 15 min for 60 min.
Subsequently, arteries were precontracted to �50% Fmax with titrated
concentrations of U-46619 (3–30 nmol/l) before concentration-re-
sponse curves to GTN or IPA/NO were obtained.

Contractile responses to the NO synthase inhibitor N�-nitro-L-
arginine methyl ester (L-NAME; 100 �mol/l) were measured as an
indicator of NO bioavailability in external common carotid artery
segments from WT-HFD and ApoE�/�-HFD mice. Vessels were
precontracted to �20–30% Fmax with titrated concentrations of
U-46619 (4–20 nmol/l). Once the U-46619 contraction was stable,
L-NAME (100 �mol/l) was added, and the contractile response was
recorded once it reached a plateau.

Platelet aggregation. Platelets were isolated from whole blood
collected from the inferior vena cava of WT-ND, WT-HFD, and
ApoE�/�-HFD mice and stimulated for aggregation experiments as
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previously described (6). To prevent coagulation, blood was treated
with a combination of low-molecular-weight heparin (clexane; 400
U/ml) and acid citrate dextrose buffer [composed of (in mmol/l) 85
trisodium citrate, 72.9 citric acid, and 110 D-glucose] immediately
after collection. Blood was then washed with platelet wash buffer
[composed of (in mmol/l) 4.3 K2HPO4, 4.3 Na2HPO4, 24.3 NaH2PO4,
113 NaCl, and 5.5 D-glucose with 10% BSA and 20 U/ml clexane; pH
6.5] and centrifuged at 200 g (37°C, 2 min). This was performed three

times, and each time the platelet rich plasma was removed. After
centrifugation of the pooled platelet-rich plasma (2,000 g, 1 min), the
pellet was resuspended in Tyrode buffer to give a concentration of
5 � 107 platelets/ml. Platelets were added to siliconized cuvettes
containing fibrinogen (2 mg/ml) and allowed to equilibrate at 37°C for
30 min before stimulation with collagen (30 �g/ml). Platelet aggre-
gation was measured using a four-chamber turbidometric platelet
aggregometer (AggRAM, Helena Laboratories) as a change in light
transmission over 30 min under continuous stirring (600 rpm, 37°C).

To characterise the antiaggregatory actions of IPA/NO, platelets
from WT-ND mice were treated with either vehicle (1 mmol/l NaOH,
2 min) or IPA/NO (0.1–3 �mol/l, 2 min) before stimulation with
collagen (30 �g/ml). The effects of ODQ (10 �mol/l, 30 min) and the
cGMP-dependent protein kinase (cGK) inhibitor Rp-8-pCPT-cGMPS
(200 �mol/l, 10 min) on the ability of IPA/NO (1 �mol/l) to inhibit
collagen-stimulated platelet aggregation were also examined.

To compare the antiaggregatory actions of HNO and NO• in
hypercholesterolemia, platelets from WT-HFD and ApoE�/�-HFD
mice were preincubated in the presence of vehicle (1 mmol/l NaOH or
0.5% ethanol, 2 min), IPA/NO (3 �mol/l, 2 min), or GTN (100
�mol/l, 2 min) before stimulation with collagen (30 �g/ml).

Data and statistical analysis. Vasorelaxation responses were ex-
pressed as the percent reversal of U-46619 precontraction. Contractile
responses to L-NAME were expressed as a percentage of the maxi-
mum response to U-46619 (1 �mol/l; Fmax). Individual relaxation
curves were fitted to a sigmoidal logistical equation (GraphPad Prism,
version 5.0) to provide an estimate of the concentration of agonist
causing a 50% relaxation (pEC50 value; in �log mol/l). Differences
between mean pEC50 and maximum relaxation values were tested
using either a Student’s unpaired t-test or one-way ANOVA with
either a Dunnett’s or Bonferroni post hoc test. Where pEC50 values
could not be obtained, concentration-response curves were compared
by means of two-way ANOVA with a Tukey post hoc test (Sigma
Stat 3.5).

Platelet aggregation responses were expressed as either total ag-
gregation area under the curve (AUC; in arbitrary units) in percent
increments of light transmission over the 30-min period after the
addition of collagen or time to half-maximal aggregation (in s).
Statistical comparisons were performed using one-way ANOVA with
a Bonferroni post hoc test (GraphPad Prism, version 5.0). All results
are expressed as means � SE, with the number of animals denoted by
n. P values of �0.05 were considered statistically significant.

Drugs and their sources. Drugs and their sources were as follows:
clexane (enoxaparin sodium, Aventos), collagen (bovine, Helena
Laboratories), GTN (Mayne), aquatex, isopentane, isopropyl alcohol,
and paraformaldehyde (Merck), IPA/NO (a kind gift from K. Mi-
randa, University of Arizona), L-012 (Wako), levcromakalim (Tocris
Bioscience), Angeli’s salt (sodium trioxodinitrate), carboxy-PTIO
potassium salt, ODQ, and U-46619 (Sapphire Bioscience), and DEA/
NO, fibrinogen-bovine serum type I, L-cysteine hydrochloride, L-

Fig. 1. Concentration-dependent vasorelaxation responses to Angeli’s salt (A)
and isopropylamine NONOate (IPA/NO; B) in common carotid arteries from
wild-type (WT) mice on a normal diet (WT-ND) in the absence (control; n 	
10) or presence of carboxy-[2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazo-
line-1-oxy-3-oxide] (carboxy-PTIO; 200 �mol/l, n 	 6–10), L-cysteine (3
mmol/l, n 	 6–7), and 1H-[1,2,4]oxadiazolo-[4,3-a]quinoxaline-1-one (ODQ;
10 �mol/l, n 	 6). Values are expressed as the percent reversal of precon-
traction and are given as means � SE, where n is the number of animals.
***P � 0.001 for the treatment concentration-response curve vs. the untreated
control (two-way ANOVA, Tukey post hoc test); #P � 0.05 and ###P � 0.001
for the response at 30 �mol/l vs. the untreated control (one-way ANOVA,
Dunnett modified t-test).

Table 1. Effect of the NO• scavenger carboxy-PTIO, nitroxyl scavenger L-cysteine, and soluble guanylyl cyclase inhibitor
ODQ on vasorelaxation responses to Angeli’s salt and IPA/NO in common carotid arteries from WT mice on a normal diet

Nitrovasodilator Treatment

Angeli’s Salt IPA/NO

n pEC50 Rmax n pEC50 Rmax

Control 9 6.13 � 0.15 88 � 2 10 5.91 � 0.13 88 � 3
Carboxy-PTIO (200 �mol/l) 6 5.57 � 0.28 80 � 3 10 6.03 � 0.24 92 � 2
L-Cysteine (3 mmol/l) 6 ND 63 � 9† 7 5.21 � 0.04* 74 � 6†
ODQ (10 �mol/l) 6 ND 34 � 6‡ 5 ND 20 � 5‡

Values are mean � SE; n, number of animals. pEC50 values are expressed as �log M. Maximum relaxation (Rmax) values are expressed as the percent reversal
of the level of precontraction in response to 30 �mol/l of the nitrovasodilator. ND, pEC50 value not determined as a plateau was not obtained. WT, wild type;
NO•, nitric oxide radical; carboxy-PTIO, carboxy-[2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxy-3-oxide]; ODQ, 1H-[1,2,4]oxadiazolo-[4,3-
a]quinoxaline-1-one; IPA/NO, isopropylamine NONOate. *P � 0.001 for the treatment concentration-response curve vs. the untreated control (two-way
ANOVA, Tukey post hoc test); †P � 0.05 and ‡P � 0.001 for the response at 30 �mol/l vs. the untreated control (one-way ANOVA, Dunnett’s modified t-test).
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NAME, oil red O, papaverine, and Rp-8-pCPT-cGMPS (Sigma).
Clexane was prepared at 400 U/ml in saline (100%). Fibrinogen was
prepared at 20 mg/ml in 0.9% saline, and all subsequent dilutions
were in distilled water. GTN was prepared as a 10 mmol/l stock in
50% ethanol, and all subsequent dilutions were in distilled water.
Angeli’s salt, DEA/NO, and IPA/NO were prepared at 10 mmol/l in
0.01 mol/l NaOH, and all subsequent dilutions were in 0.01 mol/l
NaOH. L-012 was prepared at 100 mmol/l in DMSO, and all subse-
quent dilutions were in Krebs-HEPES (pH 7.4) solution. Levcromaka-
lim was prepared at 10 mmol/l in 100% methanol. ODQ was prepared
at 10 mmol/l in 100% ethanol. Oil red O was prepared as a 0.5% stock
solution in 100% isopropyl alcohol and then diluted to a 60%
isopropyl alcohol working solution. All other drugs were dissolved
and diluted in distilled water.

RESULTS

Vasorelaxant responses to HNO donors. The HNO donors
Angeli’s salt and IPA/NO elicited concentration-dependent
relaxation in endothelium-intact carotid arteries from WT-ND
mice that were of similar potency and efficacy (Fig. 1, A and B,
and Table 1). Vasorelaxation to these donors was unchanged in
the presence of the NO• scavenger carboxy-PTIO, but their
potencies were decreased by up to 10-fold (P � 0.001) by the
HNO scavenger L-cysteine (3 mmol/l; Fig. 1, A and B, and
Table 1). Increasing the concentration of L-cysteine to 10
mmol/l further attenuated IPA/NO-mediated vasorelaxation
such that the response to 10 �mol/l was inhibited by 28.3 �
7.7% (n 	 8) versus 42.4 � 6.5% (n 	 5) in the presence of
3 and 10 mmol/l L-cysteine, respectively. In contrast, vasore-
laxation to the NO• donor GTN was unchanged in the presence
of L-cysteine (3 mmol/l; data not shown). The sGC inhibitor
ODQ markedly attenuated vasorelaxation to both Angeli’s salt
and IPA/NO (P � 0.001; Fig. 1, A and B, and Table 1). Given
that Angeli’s salt and IPA/NO displayed similar vasorelaxant
potency, and because IPA/NO (unlike Angeli’s salt) does not
decompose to generate nitrite (13, 19), all subsequent experi-
ments used IPA/NO.

Antiaggregatory actions of IPA/NO. IPA/NO caused con-
centration-dependent inhibition of collagen-stimulated aggre-
gation of washed platelets from WT-ND mice (Fig. 2A), with
concentrations of 1 and 3 �mol/l IPA/NO decreasing total
aggregation by �50% (P � 0.05; Fig. 2B). This was accom-
panied by a delay in the onset of platelet aggregation, which
reached statistical significance at 3 �mol/l IPA/NO (P � 0.05;
Fig. 2C).

Mechanisms underlying the antiaggregatory actions of
IPA/NO. ODQ reversed the ability of IPA/NO (1 �mol/l) to
inhibit collagen-stimulated aggregation of platelets from
WT-ND mice (P � 0.01; Fig. 3, A and B). Similarly, the cGK
inhibitor Rp-8-pCPT-cGMPS partially reversed (P � 0.05) the
antiaggregatory effects of IPA/NO (1 �mol/l; Fig. 3, C and D).
In platelets from a subset of mice, we confirmed that neither
ODQ (total aggregation AUC: control 62,563 � 4,178 vs.
ODQ 50,353 � 6,250, n 	 6) nor Rp-8-pCPT-cGMPS (total
aggregation AUC: control 47,468 � 3,263 vs Rp-8-pCPT-
cGMPS 48,728 � 6,591, n 	 3) alone significantly altered
collagen-stimulated aggregation.

Plasma cholesterol, vascular morphology, vessel and plate-
let function in WT-HFD and ApoE�/�-HFD mice. Total
plasma cholesterol levels were approximately fourfold higher
(P � 0.001) in ApoE�/�-HFD than in WT-HFD mice
(Table 2). Atherosclerotic lesions were apparent in the internal,

but not common, carotid arteries of ApoE�/�-HFD mice (Fig. 4,
B and D). No lesions were detected in WT-HFD carotid
arteries (Fig. 4, A and C). Despite the absence of lesions, basal
O2

·� production by common carotid arteries from ApoE�/�-
HFD mice was �60% greater than levels generated by arteries
from WT-HFD mice (P � 0.05; Table 2). Contractile re-

Fig. 2. A: average aggregation responses (expressed as a percentage of light
transmission) of washed platelets from WT-ND mice after the addition of
collagen (30 �g/ml) in the absence (control) or presence of either vehicle (1
mmol/l NaOH) or increasing concentrations of IPA/NO (0.1–3 �mol/l). Error
bars are omitted for clarity. B and C: effect of IPA/NO on total aggregation
(expressed as the area under the curve, in arbitrary units; B) and time to
half-maximal aggregation (in s; C) in response to collagen. Values are given as
means � SE; n 	 5–14 platelet samples from separate mice. *P � 0.05 for
treatment vs. vehicle (one-way ANOVA, Bonferroni post hoc test).
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sponses of common carotid arteries from ApoE�/�-HFD mice
to L-NAME (100 �mol/l) were markedly attenuated versus
WT-HFD mice (P � 0.001; Table 2), indicative of decreased
endogenous NO bioavailability. Basal O2

·� production by
platelets from WT-HFD and ApoE�/�-HFD mice did not
differ; however, PDB-stimulated O2

·� production was
�80% greater in ApoE�/�-HFD mice (P � 0.05; Table 2).
Whereas total aggregation to collagen was similar between
platelets from WT-HFD and ApoE�/�-HFD mice, platelets
from ApoE�/�-HFD mice aggregated more rapidly (P �
0.05; Table 2).

Vasorelaxant responses to IPA/NO in ApoE�/�-HFD
mice. IPA/NO-induced vasorelaxation was preserved in ca-
rotid arteries from ApoE�/�-HFD mice, with a small but
significant 2.5-fold (P � 0.01) increase in sensitivity com-
pared with WT-HFD arteries (Fig. 5A). Relaxant responses

to the NO• donor GTN and the NO-independent vasodilator
papaverine were similar in carotid arteries from ApoE�/�-
HFD and WT-HFD mice (Fig. 5, B and C).

Pretreatment of carotid arteries from WT-HFD and ApoE�/�-
HFD mice with 30 �mo/l GTN for 60 min caused up to an
�16-fold (P � 0.001) decrease in sensitivity to the subse-
quent application of GTN (Fig. 6, B and D). In contrast,
pretreatment of carotid arteries from WT-HFD and ApoE�/�-
HFD mice with IPA/NO (30 �mol/l, 60 min) had no effect
on their subsequent vasorelaxation to IPA/NO (Fig. 6, A
and C).

Antiaggregatory actions of IPA/NO in ApoE�/�-HFD
platelets. IPA/NO (3 �mo/l) inhibited collagen-induced aggre-
gation in ApoE�/�-HFD mice (32 � 7% inhibition) to a
similar extent as in WT-HFD platelets (39 � 14% inhibition;
Fig. 7A). In addition, IPA/NO caused a comparable increase

Table 2. Plasma cholesterol, vascular morphology, and vessel and platelet function in 12-wk-old WT-HFD
and ApoE�/�-HFD mice

Parameter

WT-HFD ApoE�/�-HFD

n Means � SE n Means � SE

Total plasma cholesterol levels, mmol/l 7 5.7 � 0.4 9 21.5 � 2.2†

Common carotid artery

Atherosclerotic lesions 3 Not apparent 3 Visible lesions in the internal carotid artery
Basal superoxide, RLU·s�1·mg�1 7 14,365 � 4,525 7 24,387 � 6,272*
L-NAME contraction, % U-46619 (1 �mol/l) 9 56 � 5 10 24 � 5*

Platelets

Basal superoxide, RLU/s 6 259 � 52 5 310 � 39
PDB (10 �mol/l)-stimulated superoxide, RLU/s 6 5,453 � 541 5 9,843 � 1,667*
Collagen (30 �g/ml)-stimulated platelet aggregation

Total aggregation (area under the curve), arbitrary units 10 48,888 � 5,394 16 52,395 � 4,199
Time to half-maximal aggregation, s 10 507 � 82 16 335 � 36*

Values are means � SE; n, number of animals. WT and apolipoprotein E-deficient (ApoE�/�) mice were maintained on a high-fat diet (HFD) from 5 wk of
age. RLU, relative light units; L-NAME, N�-nitro-L-arginine methyl ester; PDB, phorbol 12,13-dibutyrate. *P � 0.05 and †P � 0.001 vs. WT-HFD (Student’s
unpaired t-test).

Fig. 3. Effect of IPA/NO (1 �mol/l) on
collagen (30 �g/ml)-stimulated aggregation
(vehicle; 1 mmol/l NaOH) of washed plate-
lets from WT-ND mice in the absence (IPA/
NO) or presence of ODQ (10 �mol/l;
IPA/NO � ODQ; A and B) or Rp-8-pCPT-
cGMPS (200 �mol/l; IPA/NO � Rp-8-
pCPT-cGMPS; C and D). Aggregation re-
sponses are expressed as total aggregation
(area under the curve, in arbitrary units; A
and C) or time to half-maximal aggregation
(in s; B and D) and are given as means � SE;
n 	 7–13 platelet samples from separate
mice. **P � 0.01 and ***P � 0.001 for
treatment vs. vehicle; #P � 0.05, ##P �
0.01, and ###P � 0.001 for treatment vs.
IPA/NO (one-way ANOVA, Bonferroni post
hoc test).
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in the time to half-maximal aggregation in ApoE�/�-HFD
and WT-HFD platelets (Fig. 7B). In contrast, the antiaggre-
gatory actions of GTN (100 �mol/l, 40 � 10% inhibition)
were abolished in platelets from ApoE�/�-HFD mice (Fig.
7, C and D).

DISCUSSION

This study demonstrated, for the first time, that the vasopro-
tective actions of HNO are equally effective in nondisease and
disease conditions associated with elevated vascular and plate-
let O2

·� generation and reduced endogenous NO• bioavailabil-
ity. Specifically, we found that the ability of the HNO donor
IPA/NO to induce vasorelaxation, exhibit resistance to vascu-
lar tolerance development, and inhibit platelet aggregation was
preserved in hypercholesterolemic mice. Furthermore, these
findings contrast with those observed with the clinically used
NO• donor GTN, which developed vascular tolerance and
exhibited an impaired ability to inhibit platelet aggregation in
the setting of hypercholesterolemia. Together, these findings
suggest that HNO donors may offer a therapeutic alternative to
the currently used organic nitrates in the treatment of vascular
disorders.

Before we examined the vasoprotective actions of HNO in
hypercholesterolemia, it was important to fully characterise the
vasorelaxant and antiaggregatory effects of this nitrogen oxide
under nondisease conditions. This was achieved using the
HNO donors Angeli’s salt and IPA/NO, both of which caused
relaxation of mouse common carotid arteries with a similar
potency. Using the well-established HNO and NO• scavengers
L-cysteine (11, 12) and carboxy-PTIO (11, 12), respectively,
we confirmed that HNO, and not NO•, mediates vasorelaxation
in response to both Angeli’s salt and IPA/NO. Moreover, in

accordance with previous studies (7, 8, 11, 12) in large conduit
and small resistance arteries, the sGC inhibitor ODQ markedly
attenuated vasorelaxant responses to both Angeli’s salt and
IPA/NO in carotid arteries from nondiseased mice, indicating a
predominant role for the sGC/cGMP pathway in HNO-medi-
ated vasorelaxation. While both IPA/NO and Angeli’s salt
spontaneously decompose at physiological pH to donate HNO
with similar half-lives (�2.5 min) (13, 19), subsequent exper-
iments used IPA/NO to avoid the potentially confounding
effect of nitrite, which is concomitantly released with HNO by
Angeli’s salt (13).

In addition to characterizing the vasodilator capacity of
HNO, we demonstrated for the first time in mice that IPA/NO
induces concentration-dependent inhibition of collagen-in-
duced platelet aggregation. These findings are consistent with
studies in human and mouse platelets, where Angeli’s salt was
shown to exert antiaggregatory properties in response to ara-
chidonic acid, ADP, collagen, and thrombin (1, 21) as well as
collagen (5), respectively. Furthermore, in accordance with
these studies (1, 5), we found that HNO primarily inhibits
platelet aggregation via a sGC/cGMP-dependent signaling
pathway with the antiaggregatory effects of IPA/NO reversed
by ODQ and attenuated, in part, by the cGK inhibitor Rp-8-
pCPT-cGMPS.

While numerous studies, including the present one, have
shown that HNO has vasoprotective actions under nondisease
conditions, little is known about its efficacy during disease.
Studies in support of preserved vascular actions of HNO under
pathophysiological conditions include the finding that Angeli’s
salt-mediated inhibition of ADP-stimulated platelet aggrega-
tion was sustained in patients with sickle cell disease (21).
IPA/NO has also been shown to limit neointimal hyperplasia in

Fig. 4. Representative photomicrographs
showing oil red O-stained sections of the
internal (A and B) and common (C and D)
carotid arteries from 12-wk-old WT mice
and apolipoprotein E-deficient (ApoE�/�)
mice maintained on a high-fat diet (HFD)
from 5 wk of age. Images are representative
of n 	 3 animals. Magnification: �400.
Scale bar 	 100 �m.

H1410 HNO IN HYPERCHOLESTEROLEMIA

AJP-Heart Circ Physiol • VOL 301 • OCTOBER 2011 • www.ajpheart.org

 on F
ebruary 25, 2012

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org/


rats (29), and Paolocci and colleagues (22) have indirectly
shown that the hemodynamic actions of HNO are sustained in
acute experimental heart failure. However, it remains unclear
whether HNO donors offer advantages over traditional nitro-
vasodilators, such as GTN, in the treatment of vascular dis-
eases where there is increased generation of ROS such as O2

·�

and reduced NO• signaling. These are clinically relevant ques-
tions as the therapeutic efficacy of GTN is limited due to its
propensity to induce tolerance to subsequent drug exposures
(4), resistance of platelets to its antiaggregatory effects (3), and
its reduced efficacy under conditions of elevated ROS gener-
ation (26) due to scavenging of NO• by O2

·� and dysfunction
of sGC itself (16).

To begin to address these issues, this study used ApoE�/�

mice maintained on a HFD for 7 wk as a model of hypercho-
lesterolemia and early stage of disease. In agreement with
previous studies (14, 15, 17), we found that these ApoE�/�-
HFD mice displayed elevated plasma cholesterol levels, in-
creased vascular O2

·� production, reduced vascular NO• bio-
availability, and atherosclerotic lesions in the internal carotid
artery.

In addition to the vascular changes, we found that platelets
from ApoE�/�-HFD mice were able to aggregate more rapidly
compared with those from WT-HFD. Moreover, consistent
with findings of elevated O2

·� generation in hypercholester-
olemic patients (24, 25), O2

·� production in response to PDB,
an activator of PKC, was elevated in platelets from ApoE�/�-
HFD mice. As PKC can activate the ROS-generating enzyme
NADPH oxidase, we hypothesize that increased activity of
NADPH oxidase may account for the greater O2

·� production
in hypercholesterolemic mice. Taken together, these findings
indicate that ApoE�/� mice maintained on a HFD for 7 wk
display the hallmark characteristics associated with hypercho-
lesterolemia.

Interestingly, in the setting of hypercholesterolemia, the
vasodilator capacity of HNO was preserved with a small but
significant increase in vasorelaxant potency to IPA/NO ob-
served in carotid arteries from ApoE�/�-HFD compared with
normocholesterolemic WT-HFD mice. Similarly, vasorelaxant
responses to the NO• donor GTN and the sGC-independent
vasodilator papaverine were unchanged in carotid arteries from
ApoE�/�-HFD versus normocholesterolemic mice. Our find-
ing that vasorelaxant responses to GTN were maintained in
hypercholesterolemia is not surprising given the relatively
early stage of vascular disease. Indeed, oxidative stress and
dysfunction of the NO-sGC-cGMP signaling pathway are more
prominent in the later stages of hypercholesterolemia/athero-
sclerosis (16). Thus, future studies using ApoE�/� mice main-
tained on a HFD for a more prolonged period of time may
unmask differential vasodilator effects of HNO versus NO•

donors.
Importantly, a further limitation of nitrovasodilators, such as

GTN, is their susceptibility to tolerance development with
continued use. Tolerance is a multifactorial process that may
arise as a consequence of neurohumoral counterregulation,
reduced mitochondrial biotransformation of organic nitrates,
impaired sGC function, increased activity of cGMP-degrading
phosphodiesterases, or increased O2

·� generation (4). We have
previously shown that, in contrast to GTN, the HNO donor
Angeli’s salt does not develop tolerance either in vitro (12) or
when chronically administered in vivo (10). This resistance to
tolerance development is likely due to the ability of Angeli’s
salt to spontaneously donate HNO, whereas GTN requires
biotransformation to generate NO•. Here, we extended these
observations, reporting for the first time that in a cardiovascu-
lar disease associated with increased O2

·� generation, HNO
donors, unlike GTN, are resistant to tolerance development in
both normocholesterolemic and ApoE�/�-HFD mice. Thus,
preservation of the vasodilator efficacy of HNO, together with
its lack of tolerance in disease, represents significant advan-
tages over GTN.

Similarly, we found that the antiaggregatory actions of HNO
are sustained in hypercholesterolemia with IPA/NO inhibiting
collagen-induced platelet aggregation to a similar extent in

Fig. 5. Concentration-response curves to IPA/NO (n 	 7; A), glyceryl
trinitrate (GTN; n 	 7–9; B) and papaverine (n 	 5– 6; C) in common
carotid arteries from 12-wk-old WT and ApoE�/� mice maintained on a
HFD from 5 wk of age. Values are expressed as the percent reversal of
precontraction and are given as means � SE, where n is the number of
animals. **P � 0.01 for pEC50 value vs. WT-HFD mice (Student’s
unpaired t-test).
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ApoE�/�-HFD versus normocholesterolemic mice. These
findings are consistent with a previous report (21) that showed
that the antiaggregatory actions of Angeli’s salt were preserved
in platelets from patients with sickle cell disease. In contrast to
HNO, GTN failed to inhibit platelet aggregation in ApoE�/�-
HFD mice. A loss of responsiveness to GTN has also been
reported in platelets from patients with stable angina pectoris,
acute coronary syndromes, and obesity (3), and this is com-

monly referred to as NO• resistance. This phenomenon of NO•

resistance at the level of platelet aggregation has been attrib-
uted to scavenging of NO• by O2

·� as well as to dysfunction
of sGC (3). As discussed, we found that O2

·� generation in
response to PDB was elevated in platelets from ApoE�/� mice.
Thus, we predict that the hyporesponsiveness to GTN in
hypercholesterolemic mice may have arisen due to scavenging
of NO• by O2

·�. In addition, an elevation of ROS may lead to

Fig. 6. Concentration-response curves to
IPA/NO (A and C) and GTN (B and D) in
common carotid arteries from 12-wk-old
WT-HFD and ApoE�/�-HFD mice after a
1-h incubation in either the absence (control;
n 	 7) or presence of 30 �mol/l IPA/NO
(n 	 7) or GTN (n 	 7). Values are ex-
pressed as the percent reversal of precontrac-
tion and are given as means � SE, where n
is the number of animals. ***P � 0.001 for
the treatment concentration-response curve
vs. the untreated control (two-way ANOVA,
Tukey post hoc test); #P � 0.05 and ###P �
0.001 for the response at 30 �mol/l vs. the
untreated control (Student’s unpaired t-test).

Fig. 7. Effect of IPA/NO (3 �mol/l, n 	
6–10; A and B) and GTN (100 �mol/l, n 	
7–9; C and D) on collagen (30 �g/ml)-
stimulated aggregation of isolated washed
platelets from 12-wk-old WT and ApoE�/�

mice maintained on a HFD from 5 wk of
age. Aggregation responses are expressed as
total aggregation (area under the curve, in
arbitrary units; A and C) or time to half-
maximal aggregation (in s; B and D). Values
are given as means � SE; n is the number of
platelet samples from separate mice. *P �
0.05 and **P � 0.01 for treatment vs. vehi-
cle (Student’s paired t-test). The vehicle in A
and B was 1 mmol/l NaOH; the vehicle in C
and D was 0.5% ethanol.
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a reduced capacity of platelets to biotransform GTN to NO•

(4). Based on our preliminary evidence showing that IPA/NO
does not scavenge O2

·� in a xanthine/xanthine oxidase cell-
free assay (data not shown), we anticipate that the resistance of
HNO to scavenging by O2

·� may underlie its preserved anti-
aggregatory actions in hypercholesterolemia.

In conclusion, this study has demonstrated, for the first
time, that the vasodilator and antiaggregatory capacities of
HNO are preserved in the early stages of vascular disease in
which increased O2

·� generation and compromised NO•

signaling is evident. Importantly, HNO donors may circum-
vent the vascular tolerance development and platelet hypo-
responsiveness to NO• observed with clinically used nitro-
vasodilators such as GTN. Thus, the novel cardioprotective
actions of HNO (22), coupled with its vasoprotective prop-
erties (2), may offer significant advantages over traditional
nitrovasodilators. Moreover, we predict that the vasoprotec-
tive actions of HNO, as demonstrated in this study, will be
sustained in more advanced models of cardiovascular dis-
ease, a concept that is currently under investigation.
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Abstract  

Atherosclerosis is a cardiovascular disease associated with impaired nitric oxide (NO) bioavailability 

caused primarily by oxidative stress. As such, therapeutic strategies are required to overcome this 

vascular dysfunction. Nitroxyl (HNO), the redox sibling of NO, is emerging as an endogenous 

regulator of vascular function with distinct pharmacological properties. Additionally, the vasoprotective 

properties of HNO donors are preserved in diseases that are risk factors for atherosclerosis (ie. 

hypertension, hypercholesterolemia). Thus, we sought to determine if HNO could compensate for 

impaired NO function in a mouse model of advanced atherosclerosis. Apolipoprotein E-deficient 

(ApoE
-/-

) mice maintained on high fat diet for 21 weeks displayed atherosclerotic lesions, elevated 

total plasma cholesterol, reduced vascular NO• function and increased vascular superoxide (
.
O2

-
) 

generation compared to wild-type mice. The ability of HNO to serve as an endothelium-derived 

relaxation factor (EDRF) was enhanced, whereas NO• was compromised, in isolated common carotid 

arteries from ApoE
-/-

 mice. Next, the vasorelaxant, anti-aggregatory and 
.
O2

-
 suppressing actions of 

the HNO donor isopropylamine NONOate (IPA/NO) were compared with the NO• donors glyceryl 

trinitrate (GTN) and diethylamine NONOate (DEA/NO) in atherosclerosis. Vasorelaxant responses to 

IPA/NO, GTN and DEA/NO were preserved in common carotid arteries from ApoE
-/-

 versus wild-type 

mice, although GTN developed vascular tolerance (P<0.001). Despite elevated 
.
O2

-
 levels in carotid 

arteries from ApoE
-/-

 mice (P<0.05), the 
.
O2

-
 supressing capabilities of IPA/NO and DEA/NO, but not 

GTN were sustained (P<0.01). Similarly, the ability of IPA/NO and DEA/NO, but not GTN, to inhibit 

collagen-stimulated platelet aggregation was also maintained (P<0.05). In conclusion, this study 

demonstrates that endogenous HNO appears to compensate for impaired NO• function in a model of 

advanced atherosclerosis and shows that the vasoprotective actions of exogenous HNO are 

preserved.  

 

Keywords: nitric oxide; nitroxyl; vasorelaxation; platelet aggregation; superoxide; atherosclerosis 
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Introduction: 

Nitroxyl (HNO), the one electron reduced and protonated redox sibling of nitric oxide (NO•), is gaining 

interest as a novel therapeutic agent for the treatment of cardiovascular disorders (Tocchetti et al. 

2011). In addition to serving as a positive cardiac inotrope and conferring protection in acute 

experimental heart failure (Paolocci et al. 2003; Tocchetti et al. 2011), HNO can regulate vascular 

homeostasis (Irvine et al. 2008; Paolocci et al. 2007). Indeed, the vasoprotective properties of HNO 

donors include an ability to cause vasorelaxation (Favaloro and Kemp-Harper 2009; Fukuto et al. 

1992; Irvine et al. 2007), inhibit platelet aggregation (Donzelli et al. 2013; Mondoro et al. 2001), limit 

NADPH oxidase-derived superoxide (
.
O2

-
) generation (Lin et al. 2012; Miller 2013) and reduce 

vascular smooth muscle cell proliferation (Tsihlis et al. 2010). Whilst NO• also displays such 

vasoprotective properties, it is well recognised that NO• signalling (endogenous and exogenous) may 

be compromised in cardiovascular disease states associated with oxidative stress. Importantly, unlike 

NO•, HNO is not directly scavenged by 
.
O2

-
 (Leo et al. 2012; Miller 2013; Miranda et al. 2002), does 

not develop tolerance with continual use (Irvine et al. 2010; Irvine et al. 2007) and can target distinct 

vascular signalling pathways (i.e calcitonin-gene related peptide release, voltage- and ATP-sensitive 

K
+
 channels (Donzelli et al. 2013; Favaloro and Kemp-Harper 2009; Favaloro and Kemp-Harper 2007; 

Irvine et al. 2003). Thus, with the potential for preserved bioavailability and efficacy under conditions 

of oxidative stress, HNO donors represent a viable alternative to traditional nitrovasodilators in the 

treatment of vascular dysfunction. 

Whilst much attention has been directed towards the vasoprotective actions of exogenously 

generated HNO, it appears that HNO may also serve as an endogenous regulator of vascular 

function. Indeed, it has been proposed that HNO can be generated via a number of biosynthetic 

pathways in the vasculature. HNO has the potential to be generated from endothelial nitric oxide 

synthase (eNOS) itself, as reduced levels of the NOS cofactor tetrahydrobiopterin can lead to the 

partial uncoupling, promoting the production of HNO over NO• (Ponnuswamy et al. 2012; Rusche et 

al. 1998). HNO can also be formed following oxidative degradation of the NOS metabolites N-

hydroxy-L-arginine (Pufahl et al. 1995) and hydroxylamine (Donzelli et al. 2008). Additionally, HNO 

can be synthesised from non-NOS sources. Although direct reduction of NO• is unlikely to occur 

spontaneously (Bartberger et al. 2002), HNO generation via NO• can occur in the presence of a 

number of enzymes such as mitochondrial cytochrome c, ubiquinol, hemoglobin, xanthine oxidase 
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and manganese superoxide dismutase (Irvine et al. 2008; Paolocci et al. 2007). Finally, S-

nitrosothiols have also been known to generate HNO via S-thiolation (Arnelle and Stamler 1995; 

Wong et al. 1998). Together, these biochemical studies provide support for the potential endogenous 

generation of HNO, however for definitive proof of its generation, techniques need to be developed for 

the direct detection of HNO. Despite an inability to directly detect HNO in the vasculature, a number of 

studies have inferred that HNO can serve as an endothelial-derived relaxing factor (EDRF). Indeed, 

the ability of HNO to act as an EDRF was observed in both large conduit (Ellis et al. 2000; Wanstall et 

al. 2001) and small resistance arteries (Andrews et al. 2009), by utilising scavengers for HNO (L-

cysteine) and NO• (carboxy-PTIO and hydroxocobalamin). Additionally, spreading vasodilatation was 

found to be dependent upon generation of HNO, but not NO•, in resistance arteries (Yuill et al. 2010). 

Interestingly, in disease states where oxidative stress is enhanced and endogenous NO• is 

compromised, the effects of endogenous HNO may be preserved or enhanced. As HNO generation 

may be enhanced due to uncoupling of eNOS (Ponnuswamy et al. 2012; Rusche et al. 1998) and its 

bioavailability preserved due to its resistance to scavenging by 
.
O2

-
 (Leo et al. 2012; Miller 2013; 

Miranda et al. 2002). This idea is supported by recent studies in the setting of hypertension (Wynne et 

al. 2012) and diabetes (Leo et al. 2012) where the ability of HNO to serve as an EDRF was sustained. 

Furthermore, if the bioavailability of HNO is conserved, there is potential for HNO to compensate, at 

least in part, for a reduction in endogenous NO• bioavailability. Thus, improving endogenous HNO 

bioavailability may also serve as a viable therapeutic option in disease states where endogenous NO• 

function is impaired.   

 

In support of this concept, we and others have recently shown that the vasoprotective actions of HNO 

donors such as Angeli’s salt, isopropylamine NONOate (IPA/NO) and 1-nitrosocyclohexyl acetate (1-

NCA) are preserved in experimental models of vascular disease. Indeed, the vasodilatory capacity of 

HNO is sustained in acute experimental heart failure (Paolocci et al. 2003; Paolocci et al. 2001), 

atherosclerosis (Donzelli et al. 2013), hypertension (Irvine et al. 2011; Wynne et al. 2012) and 

diabetes (Leo et al. 2012). In addition, HNO donors maintain their ability to inhibit platelet aggregation 

in patients with sickle cell disease (Mondoro et al. 2001) and ischemic heart disease, where the anti-

aggregatory actions of the NO• donor, sodium nitroprusside (SNP) were impaired (Dautov et al. 

2013). Moreover, HNO donors do not develop tolerance under both physiological conditions (Irvine et 
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al. 2010; Irvine et al. 2007) and have been shown to limit neointimal hyperplasia in a carotid artery 

injury model (Tsihlis et al. 2010). However, little is known with regard to the vasoprotective role of 

HNO in more advanced cardiovascular disease states. This is of particular relevance, given disorders 

such as atherosclerosis are associated with enhanced oxidative stress, inflammation, reduced NO• 

bioavailability and cardiovascular remodelling (Libby et al. 2011). Thus the focus of the present study 

was to examine the vasoprotective role of endogenous and exogenously generated HNO in the 

setting of advanced atherosclerosis. 

In apolipoprotein E-deficient (ApoE
-/-

) mice maintained on high fat diet for 21 weeks, the relative 

contributions of endogenous HNO and NO• to endothelium-dependent relaxation were examined to 

determine if HNO can compensate for a loss in NO• bioavailability. Moreover, the vasoprotective 

properties of the HNO donor IPA/NO were compared to the spontaneous NO• donor diethylamine 

NONOate (DEA/NO), and the clinically used nitrovasodilator glyceryl trinitrate (GTN; undergoes 

biotransformation to release NO•). Given DEA/NO releases NO• with a similar kinetic profile as the 

release of HNO from IPA/NO, we were able to determine if any atherosclerosis-associated changes in 

the vasoprotective actions of nitrogen oxide donors were specific for the redox form of NO released or 

the mode of generation (i.e biotransformation vs. spontaneous release). Collectively, this study will 

provide important insight into the vasoprotective role of both endogenous and exogenously generated 

HNO in an advanced stage of vascular disease. 
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Methods  

This study was approved by the School of Biomedical Sciences Animal Ethics Committee, Monash 

University, Australia and conforms to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. 

Experimental animals 

Wild-type (WT) and Apolipoprotein E-deficient (ApoE
-/-

) mice were obtained from Monash Animal 

Services (Clayton, Vic, Australia). All mice studied were male, backcrossed to a C57BL/6J 

background. From 5 weeks of age, all mice were maintained on a high-fat diet (21% fat, 0.15% 

cholesterol; Speciality Feeds, WA, Australia) for 21 weeks. In all experiments, mice were deeply 

anaesthetized by isoflurane inhalation (Baxter Healthcare) prior to being euthanized by decapitation. 

Measurement of total plasma cholesterol levels 

Blood from WT and ApoE
-/-

 mice was collected from the inferior vena cava into heparinised tubes and 

plasma was isolated via centrifugation (4,000g, 4°C, 10 min). Plasma total cholesterol levels, high and 

low density cholesterol (HDL and LDL) and triglyceride levels were then determined using a Roche 

MODULAR 917 (Roche Diagnostics, Castle Hill, NSW, Australia) enzymatic colorimetric array. 

Histological studies 

Internal and common carotid arteries from WT and ApoE
-/-

 mice were examined for the presence of 

atherosclerotic lesions as previously described (Judkins et al. 2010; Miller et al. 2010). As fibrotic 

lesion formation has been reported in vessels from ApoE
-/-

 mice at a similar time point (15-20 weeks 

of age) (Meyrelles et al. 2011). Briefly, internal and common carotid arteries were mounted in an OCT 

Tissue-Tek mould and stored at -80°C. Arteries were then sectioned (10 µm) and thaw mounted onto 

poly-L-lysine-coated microscope slides. Sections were fixed with paraformaldehyde (4%, 10 min) and 

then stained with Oil Red O (0.5% in 60% isopropyl alcohol, 60 min), followed by counterstaining with 

haematoxylin (25%, 2 min). Sections were viewed using an Olympus BX51 microscope (Olympus, 

Tokyo, Japan) equipped with a 40× oil immersion lens. Images were digitized using a colour OP70 

Peltier cooled digital camera and captured with a data acquisition system (Analysis LS Starter Version 

3.0, Olympus Soft Imaging Solutions, Munster, Germany). 
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Vascular function studies 

Tissue preparation 

Common carotid arteries from WT and ApoE
-/-

 mice were isolated, cleared of fat and connective 

tissue and cut into ~2mm long ring segments. Arteries were mounted in a Mulvany-style small vessel 

myograph (Danish Myo Technology A/S, Inc., Skejbyparken, Denmark) for the measurement of 

isometric tension as previously described (Irvine et al. 2003). Vessels were maintained in Krebs-

Bicarbonate solution [composed of (in mmol/l) 118 NaCl, 4.5 KCl, 0.5 MgSO4,
 
1.0 KH2PO4, 25 

NaHCO3, 11.1 glucose, 2.5 CaCl2 and 0.026 EDTA; pH 7.4] at 37°C and bubbled with carbogen (95% 

O2, 5% CO2). Following a 30 min equilibration period, arteries were stretched to a resting tension of 

5mN before being maximally contracted with the thromboxane A2 mimetic, U46619 (1 μmol/l; Fmax).  

    

Vascular NO• function  

Contractile responses to the NO• synthase inhibitor N
ω
-nitro-L-arginine methyl ester (L-NAME) were 

measured in common carotid arteries from WT and ApoE
-/-

 as an indicator of basal NO•
 
bioavailability 

as previously described (Irvine et al. 2003). Briefly, vessels were pre-contracted to ~20-30% Fmax with 

titrated concentrations of U46619 (1-25 nmol/l). Once the U46619 contraction was stable, L-NAME 

(100 µmol/l) was added and the contractile response recorded once it reached a plateau. 

Contribution of endogenous HNO and NO to endothelium-dependent relaxation 

Responses to vasodilators were examined in arteries from WT and ApoE
-/-

 mice precontracted to 

~50% Fmax with titrated concentrations of U46619 (3-100 nmol/l). The contribution of endogenous 

HNO and NO• to endothelium-dependent relaxation was assessed by constructing cumulative 

concentration-response curves to acetylcholine (ACh; 1 nmol/l - 30 μmol/l) in the absence and 

presence of (i) the HNO scavenger, L-cysteine (3 mmol/l; 5-min preincubation); (ii) the NO• 

scavenger, hydroxocobalamin (HXC 100 µmol/l; 15-min preincubation); (iii) HXC and L-cysteine in 

combination; (iv) L-NAME (100 µmol/l; 30-min preincubation) alone or in combination with (v) the sGC 

inhibitor, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ 10 µmol/l; 30-min preincubation); (vi) L-

cysteine or (vii) hydroxocobalamin.   
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Vasorelaxant effects of exogenously generated HNO and NO 

Cumulative concentration-response curves to the HNO donor IPA/NO (1 nmol/l - 30 μmol/l), the NO• 

donors GTN (1 nmol/l - 30 μmol/l) or DEA/NO (1 nmol/l - 30 μmol/l) and the endothelium-independent 

vasodilator papaverine (10 nmol/l – 30 μmol/l) were constructed in common carotid arteries from WT 

and ApoE
-/-

 mice to assess the effect of exogenously generated HNO and NO•. 

Tolerance development in response to exogenously generated HNO and NO 

To determine whether tolerance to IPA/NO, GTN or DEA/NO develops in advanced atherosclerosis, 

common carotid arteries from ApoE
-/-

 mice were incubated in either the absence or presence of 

IPA/NO (30 μmol/l), GTN (30 μmol/l) or DEA/NO (30 μmol/l) for a period of 60 min (Irvine et al. 2007). 

Vessels were then washed thoroughly every 15 min for 60 min. Subsequently, arteries were 

precontracted to ~50% Fmax with titrated concentrations of U46619 (5-26 nmol/l) and cumulative 

concentration-response curves to IPA/NO, GTN or DEA/NO were obtained. To ensure maximal 

relaxation, isoprenaline (1 µmol/l) and levcromakalim (10 µmol/l) were added at the end of each 

concentration-response curve.      

Platelet aggregation 

Platelets were isolated from whole blood collected from the inferior vena cava of WT and ApoE
-/-

 mice 

and collagen-stimulated aggregation was measured as previously described (Dharmarajah et al. 

2010). Briefly, to prevent coagulation, blood was treated with a combination of a low molecular weight 

heparin (clexane, 400 U/ml) and acid citrate dextrose buffer [composed of (in mmol/l) 85 trisodium 

citrate, 72.9 citric acid, 110 D-glucose] immediately following collection. Blood was then washed with 

platelet wash buffer [composed of (in mmol/l)  4.3 K2HPO4, 4.3 Na2HPO4, 24.3 NaH2PO4, 113 NaCl, 

5.5 D-glucose, 10% BSA and 20 U/ml Clexane, pH 6.5] and centrifuged at 200×g, (37°C, 2 min). This 

was performed three times, and each time the platelet rich plasma (PRP) was removed and pooled. 

Following centrifugation of the pooled PRP (2000×g, 1 min), the pellet was resuspended in Tyrode’s 

buffer to give a final concentration of 5×10
7
 platelets/ml. Platelets were added to siliconised cuvettes 

containing fibrinogen (2 mg/ml) and were allowed to equilibrate at 37°C for 30 minutes prior to 

stimulation with collagen (30 μg/ml). Platelet aggregation was measured using a four-chamber 
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turbidometric platelet aggregometer (AggRAM™, Helena Laboratories, USA) as a change in light 

transmission over 30 minutes under continuous stirring (600 rpm, 37°C). To assess the anti-

aggregatory actions of IPA/NO, GTN and DEA/NO in advanced atherosclerosis, platelets from WT 

and ApoE
-/-

 mice were pre-incubated in the presence of vehicle (1 mmol/l NaOH or 0.5% EtOH, 2 

min), IPA/NO (3 μmol/l, 2 min), GTN (100 μmol/l, 2 min) or DEA/NO (100μmol/l, 2 min) before 

stimulation with collagen (30 μg/ml). 

Vascular and platelet superoxide detection 

L-012 (100 μmol/l)-enhanced chemiluminescence was used to measure basal 
.
O2

-
 levels in common 

carotid arteries, and also basal and phorbol 12, 13-dibutyrate (PDB; 10 μmol/l)-stimulated 
.
O2

-
 levels 

in platelets from WT and ApoE
-/-

 mice, as previously described (Judkins et al. 2010). Briefly, 

background chemiluminescence signals were obtained over a 20 minute period using a Plate 

Chameleon Luminescence Reader (Hidex), in separate wells of a white 96-well Opti-plate containing 

Krebs-HEPES [composed of (in mmol/l) 99 NaCl, 4.7 KCl, 1.2 MgSO4.7H2O, 1.0 KH2PO4, 19.6 

Na2HCO3, 20 Na-HEPES, 11.1 D-Glucose, 2.5 CaCl2, 0.026 EDTA, pH 7.4] and L-012 (100 μmol/l).  

Carotid arteries were excised, cleaned and cut into segments of ~2mm in length. In semi-darkness, 

arteries were placed in separate wells and L-012-enhanced chemiluminescence was measured every 

minute over a 20 minute period and experiments were performed in duplicate.  

Platelets were isolated from whole blood, resuspended in Tyrode’s buffer to give a final concentration 

of 5 x 10
8
 platelets/ml and equilibrated for 30 minutes at 37°C as described above. In semi-darkness 

platelets were added to separate wells and basal chemiluminescence was measured every minute 

over a 20 minute period. To measure 
.
O2

-
 levels in activated platelets, the protein kinase C activator 

PDB (10 μmol/l) was then added and chemiluminescence measured every minute over a 20 minute 

period. Experiments were performed in quintuplicate. 

The effect of IPA/NO, GTN and DEA/NO on 
.
O2

-
 levels in common carotid arteries from ApoE

-/-
 and 

WT mice was assessed using lucigenin (5 µmol/l)-enhanced chemiluminescence as previously 

described (Miller 2013; Miller et al. 2009; Miller et al. 2005). Briefly, angiotensin II (Ang II; 0.1 µmol/l)-

stimulated 
.
O2

-
 production (in the presence of 100 µmol/l NADPH) by common carotid arteries from 

WT and ApoE
-/-

 mice was measured in the presence of vehicle (1 mmol/l NaOH or 0.05% EtOH), 



  Chapter 3 
 

63 
 

IPA/NO (3 μmol/l), GTN (10 μmol/l) or DEA/NO (1 μmol/l). Vehicle, HNO and NO• donors were added 

immediately prior to measuring 
.
O2

-
 levels. In all experiments, 

.
O2

-
 counts were measured every 

minute for 30 minutes and experiments were performed in duplicate. 

Data and statistical analysis  

All results are presented as mean ± SE and P<0.05 was considered statistically significant. 

Vasorelaxation responses were expressed as a percentage reversal of U46619 precontraction. 

Contractile responses to L-NAME were expressed as a percentage of the maximum response to 

U46619 (1 µmol/l; Fmax). Individual relaxation curves were fitted to a sigmoidal logistical equation 

(GraphPad Prism, Version 5.0) to provide an estimate of the pEC50 value (concentration of agonist 

causing a 50% relaxation), expressed as –log mol/l and maximum relaxation (Rmax). Differences 

between mean pEC50 and maximum relaxation values were tested using either a Student’s unpaired t-

test or 1-way ANOVA with a Bonferroni post hoc test. Where pEC50 values could not be obtained, 

concentration-response curves were compared by means of a 2-way ANOVA with a Bonferroni post-

hoc test (Sigma Stat 3.5). Platelet aggregation responses were expressed as either total aggregation 

= area under the curve (AUC; arbitrary units) of percent increments of light transmission over the 30 

minute period following collagen addition or time to half maximal aggregation (seconds). Statistical 

comparisons were performed using either a Student’s unpaired t-test or one-way ANOVA with a 

Bonferroni post hoc test.  Basal 
.
O2

-
 and Ang II-stimulated 

.
O2

-
 levels were determined by subtracting 

background counts from the chemiluminescence signal and expressed as either relative light units per 

second (RLU
.
s

-1
) or normalised to dry tissue weight (RLU

.
s

-1.
mg

-1
 tissue). PDB-stimulated 

.
O2

-
 

production was calculated by subtracting basal counts from the PDB-stimulated chemiluminescence 

signal and expressed as RLU
.
s

-1
. Statistical comparisons were performed using either a Student’s 

unpaired or paired t-test.     
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Drugs and their sources 

Drugs and there sources were: angiotensin II (Auspep, Australia); clexane (enoxaparin sodium; 

Aventos, New Zealand); collagen (bovine; Helena Laboratories, Australia); GTN (Mayne, United 

Kingdom); isopropyl alcohol and paraformaldehyde (Merck, Germany); IPA/NO (kind gift from K. 

Miranda; University of Arizona, USA); L-012 (Wako, Japan); levcromakalim (Tocris Bioscience, United 

Kingdom); carboxy-PTIO potassium salt, ODQ, DEA/NO and U46619 (Sapphire Bioscience, Australia) 

and all other drugs (Sigma, Australia). Angiotensin II was prepared at 10 mmol/l in 50 mmol/l acetic 

acid and all subsequent dilutions were in Krebs-HEPES (pH 7.4) solution. Clexane was prepared at 

400 U/ml in saline (100%). GTN was prepared as a 10 mmol/l stock in 50% ethanol and all 

subsequent dilutions were in distilled water. IPA/NO and DEA/NO were prepared at 10 mmol/l in 0.01 

mol/l NaOH and all subsequent dilutions were in 0.01 mol/l NaOH. L-012 was prepared at 100 mmol/l 

in dimethyl sulfoxide (DMSO) and all subsequent dilutions were in Krebs-HEPES (pH 7.4) solution. 

Levcromakalim was prepared at 10 mmol/l in 100% methanol and ODQ at 10 mmol/l in 100% ethanol. 

Fibrinogen was prepared at 20 mg/ml in 0.9% saline and all subsequent dilutions were in distilled 

water. Oil Red O was prepared as a 0.5% stock solution in 100% isopropyl alcohol then diluted to a 

60% isopropyl alcohol working solution. All other drugs were dissolved and diluted in distilled water. 
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Results: 

Plasma cholesterol, vascular morphology, vessel and platelet function in WT and ApoE
-/-

 mice 

Total plasma cholesterol and LDL cholesterol levels were ~7-fold (P<0.001) and ~18-fold (P<0.001) 

higher, respectively, in ApoE
-/-

 compared to WT mice (Table I). Furthermore, HDL cholesterol levels 

were ~5-fold (P<0.001) lower in ApoE
-/- 

and trigylceride levels were similar between ApoE
-/-

 and WT 

mice (Table I).  Atherosclerotic lesions were apparent in the internal and common carotid arteries 

from ApoE
-/-

, but absent in arteries from WT mice (Table I, Figure 1). In ApoE
-/-

 mice, common carotid 

artery basal 
.
O2

-
 levels were ~2-fold higher when compared to WT mice (P<0.05; Table I), and this 

was associated with a marked reduction in the contractile response to L-NAME (100 µmol/l; basal 

NO• production) (P<0.01; Table I). Basal 
.
O2

-
 levels in platelets from WT-HFD and ApoE

-/-
 mice did not 

differ, however PDB-stimulated 
.
O2

-
 levels in platelets were ~2-fold higher in ApoE

-/-
 mice (P<0.05; 

Table I). Total aggregation and time to half maximal aggregation, in response to collagen, were 

similar between platelets from WT and ApoE
-/-

 mice (Table I). 

 

Contribution of endogenous HNO and NO• to endothelium-dependent vasorelaxation in advanced 

atherosclerosis 

Relaxation responses to ACh in common carotid arteries from ApoE
-/-

 were comparable to responses 

in arteries from WT mice (Table I, Figure 2). Pre-treatment with the NOS inhibitor, L-NAME (100 

µmol/l) and the sGC inhibitor, ODQ (10 µmol/l) in combination virtually abolished ACh-mediated 

relaxation in WT and ApoE
-/-

 mice (P<0.001; Figure 2a & 2c), indicating that endothelium-dependent 

relaxation was mediated predominantly by a nitrogen oxide species (NO• and/or HNO). To identify the 

redox form of NO responsible for endothelium-dependent relaxation in WT and ApoE
-/-

 mice, NO• 

(HXC; 100 µmol/l) and HNO (L-cysteine; 3 mmol/l) scavengers were employed. In carotid arteries 

from WT mice, HXC reduced the sensitivity to ACh ~7-fold and suppressed the maximum response 

by 57 ± 6% (P<0.001, Figure 2a). By contrast, the effect of HXC on ACh-mediated relaxation was less 

pronounced in ApoE
-/-

 mice with only a ~3-fold reduction in potency and a 32 ± 8% decrease in the 

maximum response obtained (P<0.001, Figure 2c). Whilst the contribution of NO• to endothelium-

dependent relaxation was attenuated in atherosclerosis, the contribution of HNO appeared to be 

augmented. Thus, pre-treatment with L-cysteine lead to a greater reduction in the maximum response 
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to ACh in ApoE
-/-

 mice (43 ± 8%, P<0.001; Figure 2c) when compared to WT mice (16 ± 8%, P<0.05; 

Figure 2a). As endothelium-dependent relaxation was primarily NO•-mediated (P<0.001, Figure 2c) in 

WT mice (Figure 2a), whereas NO• and HNO contributed equally to ACh-mediated relaxation in ApoE
-

/-
 mice (Figure 2c). Furthermore, the combination of L-cysteine and HXC inhibited ACh-mediated 

vasorelaxation to a similar extent as L-NAME and ODQ in combination in both WT and ApoE
-/-

 mice 

(Figure 2a & 2c). 

Next, we examined whether endogenous NO• and HNO generation was dependent upon eNOS. In 

the presence of L-NAME, the potency of ACh was reduced in both WT (P<0.001) and ApoE
-/-

 mice 

(P<0.001) and the maximum response was impaired in WT mice (P<0.01, Figure 2b). However, L-

NAME alone did not inhibit ACh-mediated vasorelaxation to the same extent as the combination of L-

NAME and ODQ (Figure 2). Furthermore, the combination of L-NAME and HXC reduced the 

sensitivity of ACh (P<0.001) and inhibited maximum relaxation (P<0.05) to a greater extent than L-

NAME alone in WT (Figure 2b), but not ApoE
-/-

 mice (Figure 2d). In contrast, the combination of L-

NAME and L-cysteine markedly reduced the potency of ACh (P<0.001) and maximum vasorelaxation 

responses to ACh in both WT (P<0.01, Figure 2b) and ApoE
-/-

 mice (P<0.05, Figure 2d).        

 

Vasorelaxant responses to IPA/NO, GTN and DEA/NO in advanced atherosclerosis 

The HNO donor, IPA/NO, caused concentration-dependent vasorelaxation in common carotid arteries 

from WT and ApoE
-/-

 mice, which was similar in potency and efficacy (Figure 3a, Table II). Likewise, 

relaxation responses to the NO• donors DEA/NO and GTN and the NO-independent vasodilator, 

papaverine, were comparable between ApoE
-/-

 and WT mice (Figure 3b-d, Table II).  
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Susceptibility of IPA/NO, GTN and DEA/NO to tolerance development in advanced atherosclerosis 

In common carotid arteries from ApoE
-/-

 mice, pre-treatment with either IPA/NO (30 µmol/l, 60 min) or 

DEA/NO (30 µmol/l, 60 min) had no effect upon subsequent vasorelaxation responses to IPA/NO or 

DEA/NO, respectively (Figure 4a & 4b). In contrast, GTN was susceptible to vascular tolerance in 

ApoE
-/-

 mice, as pre-treatment with GTN (30 µmol/l, 60 min) caused a significant right-ward shift in the 

subsequent concentration-response curve to GTN (P<0.001; Figure 4c).  

 

Effect of IPA/NO, DEA/NO and GTN on vascular 
.
O2

-
 levels in advanced atherosclerosis 

Angiotensin II (0.1 µmol/l)-stimulated 
.
O2

-
 levels were ~2.5-fold higher in common carotid arteries from 

ApoE
-/-

 mice (10704±2040 RLU
.
s

-1.
mg

-1
, n=19; P<0.05) when compared to levels in arteries from WT 

mice (3971±490 RLU
.
s

-1.
mg

-1
, n=13). IPA/NO (3 µmol/l) attenuated 

.
O2

-
 levels by 48 ± 7% (P<0.001) 

and 62 ± 5% (P<0.001) in arteries from WT and ApoE
-/-

 mice, respectively (Figure 5a). Similarly, the 

ability of DEA/NO (1 µmol/l) to reduce 
.
O2

-
 levels was maintained in arteries from ApoE

-/-
 mice (42 ± 

15% inhibition) as compared with WT mice (49 ± 11% inhibition; Figure 5b).  By contrast, GTN (100 

µmol/l) had no significant effect on 
.
O2

-
  levels in arteries from ApoE

-/-
 mice (Figure 5c) despite 

reducing 
.
O2

-
 levels by 43 ± 15% (P<0.05) in arteries from WT mice.  

 

Anti-aggregatory actions of IPA/NO, DEA/NO and GTN in advanced atherosclerosis 

IPA/NO (3 µmol/l) inhibited collagen (30 µg/ml)-induced aggregation in ApoE
-/-

 mice (36 ± 5%; 

P<0.001) to a similar extent as in WT mice (49 ± 5%; P<0.001) (Figure 6a). Similarly, the anti-

aggregatory effects of DEA/NO (100 µmol/l) were comparable between WT (50 ± 9% inhibition; 

P<0.01) and ApoE
-/-

 mice (48 ± 8% inhibition; P<0.05; Figure 6c). Whilst, GTN (100 µmol/l) inhibited 

platelet aggregation in WT mice by 29 ± 7% (P<0.05 Figure 6e), its anti-aggregatory actions were 

attenuated in platelets from ApoE
-/-

 mice (10 ± 3%; Figure 6e).  

Additionally, WT and ApoE
-/-

 mice displayed a similar increase in time to half maximum response to 

IPA/NO and DEA/NO (Figure 6b, d). However the time to half maximum response for GTN was 

diminished in ApoE
-/-

 mice when compared to WT mice (Figure 6f).   
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 Table I. Plasma cholesterol, vascular morphology, and vessel and platelet function in 26-

week-old WT and ApoE
-/-

 mice maintained on a high fat diet (HFD) from 5 weeks of age. 

Values are given as mean ± SE, where n=number of animals.  

HDL = high density lipoprotein; LDL = low density lipoprotein; RLU = Relative light units; AUC = 

area under the curve; L-NAME = N
ω

-nitro-L-arginine methyl ester; PDB = phorbol 12,13-

dibutyrate; pEC
50

 = concentration of agonist causing a 50% relaxation.  

*P<0.05, **P<0.01, ***P<0.001 vs WT-HFD (Student’s unpaired t-test).  



 

 

 

 

 

 

 

Figure 1: Representative photomicrographs showing the presence or absence of atherosclerotic 

lesions (Oil Red-O staining) in the common (A, B) and internal (C, D) carotid arteries from 26 week-

old wild-type (WT) and apolipoprotein E-deficient (ApoE
-/-

) mice maintained on a high-fat diet (HFD) 

from 5 weeks of age. Images are representative of n=5 animals. Magnification: x20.  
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Figure 2: Concentration-dependent vasorelaxation responses in common carotid arteries from WT–

HFD (A, B) and ApoE
-/-

-HFD (C, D) mice. A and C: Relaxation responses to acetylcholine in the 

absence (○, n=7-8) or presence of hydroxocobalamin (HXC, 100 µmol/l; □, n=6-7), L-cysteine (3 

mmol/l; ●, n=6-7), HXC and L-cysteine in combination (■, n=3-5) or L-NAME (100 µmol/l) and ODQ 

(10 µmol/l; ∆, n=3-5) in combination. B and D: Relaxation responses to acetylcholine in the absence 

(○, n=4-5) or presence of L-NAME (100 µmol/l; ▲, n=4-5) alone or in combination with either 

hydroxocobalamin (HXC, 100 µmol/l; □, n=4-5) or L-cysteine (3 mmol/l; ●, n=4-5). Values are 

expressed as percent reversal of precontraction and given as mean ± SE, where n=number of 

animals. *P<0.001 for treatment curve vs control (2-way ANOVA, Tukey post hoc test), #P<0.05, 

##P<0.01, ###P<0.001 for response at 30 µmol/l vs control, ɸP<0.001 for treatment vs HXC alone, 

†P<0.001 for response at 30 µmol/l vs HXC alone, ΨΨΨP<0.001 for treatment vs L-NAME alone, 

‡P<0.05, ‡‡P<0.01 for response at 30 µmol/l vs L-NAME alone (1-way or 2-way ANOVA, Bonferroni 

or Tukey post-hoc test).  
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Figure 3: Concentration-response curves to IPA/NO (A; n=6-7), DEA/NO (B; n=5-7), GTN (C; n=6-8) 

and papaverine (D; n=6-8) in common carotid arteries from WT–HFD and ApoE
-/-

-HFD mice. Values 

are expressed as the percent reversal of precontraction and given as mean ± SE, where n=number of 

animals. 
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Table II. Vasorelaxation responses to IPA/NO, DEA/NO, GTN and papaverine in common 

carotid arteries from 26 week old WT and ApoE
-/- 

mice maintained on a high fat diet (HFD) from 

5 weeks of age.  

Values are given as mean ± SE, where n=number of animals. 

IPA/NO = isopropylamine NONOate; DEA/NO = diethylamine NONOate; GTN = glyceryl 

trinitrate; pEC
5O

 = concentration of agonist causing 50% relaxation and is expressed as –log M. 

Maximum relaxation (R
max

) = % reversal of the level of precontraction in response to 30 mol/l of 

the vasodilator. 



 

 

 

 

 

 

 

Figure 4: Concentration-response curves to IPA/NO (A), DEA/NO (B) and GTN (C) in common 

carotid arteries from ApoE
-/-

-HFD mice after a 60 min incubation in the presence of either vehicle 

(0.01 mol/L NaOH or 0.05% EtOH; ○, n=5-6, Control) or 30 µmol/l IPA/NO (A; ■, n=5), DEA/NO (B; ■, 

n=6) or GTN (C; ■, n=5). Values are expressed as the percent reversal of precontraction and given as 

mean ± SE, where n=number of animals. ***P<0.001 for treatment curve vs control (2-way ANOVA, 

Bonferroni post-hoc test). 
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Figure 5: Effect of IPA/NO (3 µmol/l, n=6-8; A), DEA/NO (1 µmol/l, n=6-7; B) and GTN (100 µmol/l, 

n=5-7; C) upon angiotensin-II (0.1 µmol/l)-stimulated superoxide levels  in common carotid artery 

segments from WT-HFD and ApoE
-/-

-HFD mice, as measured by lucigenin (5 µmol/l)-enhanced 

chemiluminescence. Experiments were performed in the presence of NADPH (100 µmol/l). Values are 

expressed as % of levels in vehicle treated arteries, and are given as mean ± SE, where n= number 

of animals. *P<0.05, **P<0.01, ***P<0.001 for treatment vs vehicle (either 0.01 mol/l NaOH or 0.5% 

EtOH; Student’s paired t-test).  
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Figure 6: Effect of IPA/NO (A & B; 3 µmol/l, n=6-8), DEA/NO (C & D; 100 µmol/l, n=6) and GTN (E & 

F; 100 µmol/l, n=6-7) upon collagen (30 µg/ml)-stimulated aggregation in washed platelets from WT-

HFD and ApoE
-/-

-HFD mice. Aggregatory responses are expressed as either percent vehicle (area 

under the curve, arbitrary units; A, C, E) or time to half maximum response (B, D, F) and given as 

mean ± SE, where n= number of animals. *P<0.05, **P<0.01, ***P<0.001 for treatment vs vehicle 

(Student’s paired t-test). 
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Discussion: 

This study has provided the first evidence for sustained vasoprotective actions of both endogenous 

and exogenously generated HNO in advanced atherosclerosis. Whilst a loss in endogenous NO• 

bioavailability was evident in atherosclerotic mice, the contribution of HNO to endothelium-dependent 

relaxation was augmented such that vasorelaxation to ACh was maintained. Moreover, the ability of 

the HNO donor IPA/NO, to induce vasorelaxation, limit 
.
O2

-
 production and inhibit platelet aggregation 

was preserved in advanced atherosclerosis. Whilst these protective effects were similar to those seen 

with the NO• donor DEA/NO, we found that in the setting of atherosclerosis, GTN, a clinically used 

NO• donor, was unable to supress 
.
O2

-
 levels or serve as an anti-aggregatory agent and was also 

susceptible to vascular tolerance development. Thus, it appears that HNO donors represent a 

therapeutic alternative to current nitrovasodilators in disease states such as atherosclerosis.   

To investigate and compare the vasoprotective properties of HNO and NO• in advanced 

atherosclerosis, this study used ApoE
-/-

 mice maintained on a HFD for 21 weeks. The ApoE
-/-

 mouse 

is a well-established model of atherosclerosis and it has previously been shown that advanced fibrotic 

lesions are present at this time point (Meyrelles et al. 2011). Additionally, the ApoE
-/-

 mouse model 

shares many commonalities with atherogenesis in patients, including spontaneous atheroma 

development, enhanced oxidative stress, endothelial dysfunction and hypercholesterolemia (Kolovou 

et al. 2008; Meyrelles et al. 2011). In accordance with previous reports (Judkins et al. 2010; Miller et 

al. 2010), we found that the ApoE
-/-

 mice had elevated LDL and total plasma cholesterol levels, 

reduced HDL cholesterol and atherosclerotic lesions in carotid arteries. Moreover, both basal vascular 

and PDB-stimulated platelet 
.
O2

-
 production was elevated and basal NO• bioavailability was reduced 

(measured via contraction to L-NAME) in atherosclerotic mice. Whilst NO• production has previously 

been shown to be elevated in atherosclerosis (Ponnuswamy et al. 2012), this does not necessarily 

correlate with NO• bioavailability. As this study also showed vascular 
.
O2

-
 levels were elevated and 

there also appeared to be a partial uncoupling of eNOS (Ponnuswamy et al. 2012). Together, this 

suggests that despite an increase in NO• production, uncoupling of eNOS may contribute to elevated 

vascular 
.
O2

-
 levels, which are in the proximity to directly scavenge NO• and impair its bioavailability.   

Although we observed an impairment in basal NO• bioavailability, ACh-mediated vasorelaxation and 

collagen-stimulated platelet aggregation were unchanged in atherosclerotic mice. Impairment of ACh-
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mediated vasorelaxation has previously been reported in carotid arteries from ApoE
-/-

 mice 

maintained on a HFD for 26 weeks (d'Uscio et al. 2001; Matsumoto et al. 2003). However, it was not 

clear how well matched the level of precontraction with U46619 was between WT and ApoE
-/-

 mice, 

as a greater level of contraction in ApoE
-/-

 mice may lead to functional antagonism and an apparent 

reduction in ACh-mediated relaxation (Matsumoto et al. 2003). This study used titrated concentrations 

of U46619 to reach ~50% of the maximal contractile response, thereby eliminating any influence the 

level of pre-contraction has upon ACh-mediated vasorelaxation. Moreover, we have previously 

reported, that relaxation responses to ACh were sustained in carotid arteries from ApoE
-/-

 mice, 

maintained on a HFD for 7 weeks (Chapter 2). Similar results have also been demonstrated in carotid 

arteries from aged ApoE
-/-

 mice, maintained on a regular diet for 18 months (Crauwels et al. 2003).  

Finally, endothelium-dependent relaxation may have been preserved in our study due to changes in 

the relative contribution of NO’s under non-disease and disease conditions. Whilst NO• is traditionally 

considered the predominant EDRF under physiological conditions, recent pharmacological studies 

have identified that HNO may also contribute to endothelium-dependent relaxation in both large 

conduit (Ellis et al. 2000; Leo et al. 2012; Wanstall et al. 2001; Wynne et al. 2012) and small 

resistance vessels under physiological conditions (Andrews et al. 2009; Yuill et al. 2011). This study 

provides further evidence to support a role for HNO as an EDRF in large arteries under physiological 

conditions (i.e. in common carotid arteries from WT mice). However, the major novel finding of these 

experiments was that the contribution of HNO to endothelium-dependent relaxation appears to be 

augmented during atherosclerosis to compensate for a loss of endogenous NO•. Specifically, we 

found that whilst a small component of EDRF was attributed to HNO in vessels from WT mice, HNO 

had an equal contribution to that of NO• in ApoE
-/-

 mice. These findings are in accordance to a 

previous report in diabetic rats, where the contribution of endogenous HNO as an EDRF was 

augmented and may account for the absence of endothelial dysfunction (Leo et al. 2012). 

Furthermore, HNO also serves as an EDRF in Ang II-induced hypertension, although HNO was 

unable to compensate for a marked reduction in ACh-mediated relaxation in this model (Wynne et al. 

2012). The greater contribution of HNO to endothelium-dependent vasorelaxation in this model of 

atherosclerosis could reflect increased HNO synthesis and/or preserved bioavailability of HNO. 

Indeed, several biochemical pathways have been associated with HNO synthesis, including 

uncoupled NOS and oxidation of NOS intermediates (Irvine et al. 2007; Paolocci et al. 2007). 
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Atherosclerosis is associated with eNOS uncoupling and enhanced oxidative stress (Ponnuswamy et 

al. 2012), which may lead to enhanced HNO generation. Alternatively, the bioavailability of HNO could 

be preserved in atherosclerosis. As HNO can potentially be generated via uncoupled eNOS (Rusche 

et al. 1998) and its bioavailability is thought to be enhanced under condition of thiols depletion (Park 

and Oh 2011).  

In addition to the enhanced contribution of HNO as an EDRF, we were also interested in the source of 

HNO, since HNO can be generated via both NOS-dependent and NOS-independent mechanisms. In 

atherosclerotic mice, pre-treatment with the NOS inhibitor, L-NAME led to partial inhibition of ACh-

mediated relaxation, suggesting responses to ACh are mediated, in part through NOS-dependent 

mechanisms. When L-NAME was added in combination with HXC a similar ACh response was 

observed to that of L-NAME alone. In contrast, ACh-mediated relaxation was further impaired with the 

combination of L-NAME and L-cysteine. Taken together, this provides strong evidence in support of a 

NOS-independent source of HNO in atherosclerosis. A similar observation has also been reported in 

diabetic mice, where part of the EDRF response was attributed to non-NOS derived HNO (Leo et al. 

2012). These NOS-independent sources of HNO may include direct enzymatic reduction of NO• itself 

(which is unlikely; Irvine et al. 2007; Paolocci et al. 2007) or through thiolation of S-nitrosothiols 

(Arnelle and Stamler 1995; Wong et al. 1998). Furthermore, under non-disease conditions, the 

addition of L-NAME in combination with either L-cysteine or HXC, led to a greater inhibition of ACh-

mediate relaxation than L-NAME alone. Suggesting that both NO• and HNO mediate the response to 

ACh, in part through NOS-independent mechanisms. Indeed, it has been proposed that NO• can exist 

in pre-formed stores (Chauhan et al. 2003). However, these stores do not appear to contribute to 

ACh-mediated relaxation in atherosclerosis and this may account for HNO, but not NO• being 

upregulated in atherosclerosis.   

After establishing a role for endogenous HNO in atherosclerosis, we next examined the 

vasoprotective actions of exogenous HNO. The effects of the HNO donor IPA/NO were compared to 

those of the well characterised NO• donors GTN, an organic nitrate which must first undergo 

biotransformation to release NO• and DEA/NO, a spontaneous NO• donor with a similar kinetic profile 

to IPA/NO. Interestingly, all three donors mediate their vasoprotective (i.e. vasorelaxant, anti-

aggregatory) actions predominantly via the sGC/cGMP-dependent signalling pathway (Andrews et al. 
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2009; Bermejo et al. 2005; Dautov et al. 2013; Irvine et al. 2007). To determine if the specific NO 

species generated and/or the mode of NO generation are critical to maintaining the vasoprotective 

effects of these donors. In the present study, we found that vasorelaxant responses to IPA/NO, 

DEA/NO, GTN and the sGC-independent vasodilator, papaverine were preserved in common carotid 

arteries from atherosclerotic mice when compared to non-diseased vessels. These findings concur 

with our previous observations in hypercholesterolemic mice, where relaxation responses to IPA/NO 

and GTN were sustained (Chapter 2). Importantly, the vasodilatory actions of HNO donors have been 

shown to be preserved in other cardiovascular disease states such as experimental heart failure 

(Paolocci et al. 2003), hypertension (Ang II-induced and spontaneously hypertensive rats; Irvine et al. 

2013; Wynne et al. 2012) and diabetes (Leo et al. 2012). 

Whilst, endogenous NO• is commonly impaired under disease conditions, there are conflicting reports 

whether the vasorelaxant effects of NO• donors are diminished. For instance, vasorelaxation to GTN 

was preserved in the abdominal aorta, but not the aortic arch in hypercholesterolemic rabbits 

(Verbeuren et al. 1986). Similarly, in atherosclerotic mice relaxation responses to DEA/NO were 

compromised in aortic, but not carotid arteries (d'Uscio et al. 2001; d'Uscio et al. 2001). Moreover, 

atherosclerosis has also been associated with reduced sGC activity in rabbits (Melichar et al. 2004). 

In this study, we found that relaxation responses to DEA/NO and GTN were conserved in carotid 

arteries from atherosclerotic mice. Despite evidence for enhanced oxidative stress and reduced 

endogenous NO• bioavailability. Taken together, these reports indicate that responses to NO• donors 

during atherosclerosis may be dependent upon both the stage of the disease and the nature of the 

vessel studied.  

Although we found the acute vasorelaxant effects of GTN to be preserved, a major clinical limitation 

surrounding its use is its susceptibility to tolerance development with continued use (Daiber et al. 

2009). Indeed, we demonstrated that tolerance developed to GTN in common carotid arteries from 

atherosclerotic mice. By contrast, the vasorelaxant actions of both IPA/NO and DEA/NO were 

resistant to tolerance development. These results are in accordance with our previous ex vivo and in 

vivo experiments where Angeli’s salt, IPA/NO and DEA/NO were found to be resistant to self-

tolerance and cross-tolerance to GTN under non-disease conditions (Irvine et al. 2007; Irvine et al. 

2010) and in hypercholesterolemia (Chapter 2). Thus in atherosclerosis, tolerance is not dependent 
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upon the NO species generated (i.e HNO or NO•) rather the nature of the nitrovasodilator utilised. 

IPA/NO and DEA/NO spontaneously decompose at physiological pH and temperature to generate 

HNO and NO•, respectively and were both found to be resistant to tolerance development (DuMond 

and King 2011). In contrast, GTN, which requires biotransformation to release NO•, is susceptible to 

tolerance development (Chen et al. 2002). Suggesting that tolerance in atherosclerosis is likely to due 

to impaired biotransformation of GTN. However, given tolerance is a multi-factorial process, we 

cannot discount that other mechanisms such as increased PDE activity that could play a role in the 

development of vascular tolerance (Daiber et al. 2009). Nevertheless, the resistance of HNO donors 

to tolerance development in advanced atherosclerosis has major clinical implications with regards to 

the chronic treatment in cardiovascular disorders such as coronary artery disease. 

Another major advantage of HNO donors, is that they are resistant to scavenging by 
.
O2

-
 (Leo et al. 

2012; Miller 2013; Miranda et al. 2002) and recently it was identified that HNO limits vascular 
.
O2

-
 

generation in a Nox2 oxidase-dependent manner (Miller 2013). Nox2 oxidase is a member of the 

NADPH oxidase family and plays a central role in vascular oxidative stress and dysfunction in a 

number of cardiovascular disorders (Drummond et al. 2011). Indeed, we have previously reported 

increased expression of Nox2 oxidase in ApoE
-/-

-HFD mice (Judkins et al. 2010; Miller et al. 2010). As 

such, it was important to determine if the ability of HNO to limit 
.
O2

-
 levels was conserved in 

atherosclerosis. Importantly, this study provides the first demonstration that HNO can supress 

vascular 
.
O2

-
 levels under disease conditions. Specifically, IPA/NO maintained its ability to limit 

angiotensin II-stimulated 
.
O2

-
 generation in common carotid arteries from atherosclerotic mice. Given 

angiotensin II is a potent stimulator of Nox2 oxidase (Miller 2013), it appears that IPA/NO is mediating 

its 
.
O2

-
 supressing actions by reducing Nox2 oxidase activity. Additionally, DEA/NO and GTN were 

found to limit 
.
O2

-
 levels under non-disease conditions. Whilst, the NO• donor, diethylenetriamine 

NONOate has previously been shown to supress endothelial Nox2 oxidase-dependent 
.
O2

-
 

generation, a prolonged treatment period (6 hours) was required to achieve this effect (Selemidis et 

al. 2007). In the present study, DEA/NO and GTN were administered acutely, thus it is more likely that 

NO• is being directly scavenged by 
.
O2

-
, as opposed to limiting its generation from Nox2 oxidase.  

Interestingly, the 
.
O2

-
 supressing actions of DEA/NO, but not GTN, were conserved in atherosclerosis. 

Under non-disease conditions, it is likely that NO• donors are limiting 
.
O2

-
 levels via direct scavenging 
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of 
.
O2

-
 by NO•. However, in atherosclerosis, where vascular 

.
O2

-
 production is enhanced, this system 

could become overwhelmed. As such, the preserved actions of DEA/NO, as compared to GTN, could 

be attributed to a greater amount of NO• generated from this NO• donor. As 2 moles of NO• are 

released per mole of DEA/NO, whereas GTN generates the equivalent of 1 mole of NO• per parent 

compound (Miranda et al. 2005). Alternatively, the inability of GTN to limit vascular 
.
O2

-
 levels in 

atherosclerosis may reflect impairment of biotransformation of this organic nitrate to NO•, as this has 

been reported in diabetic rats (Wang et al. 2011). 

Nitrovasodilators are also well recognised for their anti-aggregatory actions and we have compared, 

for the first time, the ability of IPA/NO, DEA/NO and GTN to inhibit collagen-stimulated platelet 

aggregation in WT-HFD and ApoE
-/-

-HFD mice. Consistent with previous reports (Chapter 2; Chirkov 

et al. 2001; Crane et al. 2005; Gudmundsdottir et al. 2005) all three donors displayed anti-aggregatory 

actions in platelets from WT-HFD mice, albeit higher concentrations of DEA/NO and GTN were 

required to inhibit aggregation to a similar extent as IPA/NO. Suggesting that IPA/NO could be a more 

potent anti-aggregatory agent. Given the anti-aggregatory actions of HNO are predominantly 

mediated by sGC/cGMP (Bermejo et al. 2005; Dautov et al. 2013), it is possible that the potency of 

IPA/NO could be attributed to an elevation in platelet cGMP. Indeed, we have found that IPA/NO 

elevates basal cGMP levels to a greater extent than the NO• donor, sodium nitroprusside (SNP) 

(Chapter 4) and Angeli’s salt has previously been shown to increase cGMP levels to a greater extent 

that SNP in human platelets (Bermejo et al. 2005). Alternatively, the greater potency of IPA/NO may 

be due to HNO targeting unique signalling pathways, such as the modification of thiol residues on 

platelet proteins. As Angeli’s salt has been shown to target key platelet surface receptors and 

cytoskeletal associated proteins that are involved in platelet activation (Hoffman et al. 2009), albeit, 

the impact of such modifications on platelet aggregation remains to be elucidated. 

A further limitation of clinically used nitrovasodilators is that patients with stable angina, acute 

coronary syndrome and chronic heart failure can display reduced responsiveness to these donors 

(Chirkov et al. 2010; Chirkov et al. 1999; Chirkov et al. 2001). This phenomenon, known as platelet 

NO• resistance is distinct from tolerance, as resistance occurs without prior exposure to a 

nitrovasodilator (Horowitz 2000). Importantly, we observed that the anti-aggregatory actions of 

IPA/NO and DEA/NO were maintained in platelets from atherosclerotic mice, whereas the ability of 
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GTN to inhibit platelet aggregation was impaired. These results supports previous findings in 

hypercholesterolemia, showing the preservation of the anti-aggregatory actions of IPA/NO, but not 

GTN (Chapter 2). Suggesting that the reduced responsiveness to GTN could be attributed to platelet 

NO• resistance or an impairment in biotransformation of GTN. Where platelet NO• resistance may be 

the result of either reduced NO• bioavailability through scavenging of NO• by 
.
O2

-
 or due to an 

impairment in sGC/cGMP signalling (Chirkov et al. 1999; Dautov et al. 2013). Albeit, the anti-

aggregatory actions of DEA/NO were sustained, but this may reflect its ability to generate a larger 

amount of NO• (2 moles of NO• per parent compound) to overcome reduced NO• bioavailability. 

Whereas, the ability of HNO to serve as an anti-aggregatory agent in atherosclerosis is most likely 

due to its resistance to scavenging by vascular 
.
O2

-
 or could act through sGC/cGMP-independent 

mechanisms.  

By comparing the vasoprotective actions of a HNO donor with two NO• donors, that release NO• via 

different mechanisms (ie. spontaneous release vs. biotransformation), we have gained valuable 

insight into the mechanisms underlying diminished nitrovasodilator responsiveness in atherosclerosis. 

Under conditions of enhanced oxidative stress, diminished endogenous NO• bioavailability and 

vascular remodelling, the vasorelaxant, anti-aggregatory and 
.
O2

-
 supressing actions of donors that 

spontaneously release either HNO or NO• were sustained. By contrast the vasoprotective actions of 

the NO• donor that needs to undergo biotransformation were compromised. Taken together this data 

indicates that it is not the nature of the NO species per se but possibly the mode of release and the 

amount of NO• generated that impacts the effectiveness of a donor in cardiovascular disease states.     
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Conclusion: 

In conclusion, the findings of this study provide the first evidence that the vasoprotective actions of 

endogenous and exogenously generated HNO are preserved in an advanced model of 

atherosclerosis. Strikingly, our pharmacological evidence infers that endogenous HNO generation is 

augmented in atherosclerosis to compensate for a reduction in endogenous NO• production, thereby 

preserving endothelium-dependent relaxation. Importantly, in this advanced disease state, where 

oxidative stress was evident, the vasoprotective actions (i.e. vasorelaxant, anti-aggregatory, 
.
O2

-
 

suppressing) of exogenous HNO were also conserved. As such, HNO donors may have therapeutic 

advantages over the clinically used nitrovasodilator, GTN, which is susceptible to vascular tolerance 

and exhibits diminished anti-aggregatory and 
.
O2

-
 limiting actions. Whilst DEA/NO also maintained its 

vasoprotective effects, the therapeutic application of this class of NO• donor is limited due its 

correlation with systemic hypotension and generation of hepatocarcinogens (Fathi et al. 2011; Keefer 

2003). Consequently, the cardioprotective actions of HNO, together with its preserved bioavailability 

in advanced vascular disease, make HNO donors an appealing therapeutic option in the treatment of 

vascular dysfunction associated with diseases such as atherosclerosis.   
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Abstract: 

Nitric oxide (NO) donors have a clinical role as acute anti-platelet therapies, yet in several 

cardiovascular disorders platelets can display “NO resistance” whereby the responsiveness to NO 

donors is diminished. This phenomenon is distinct from nitrate tolerance, as NO resistance occurs 

independently of prior nitrate therapy. Previous evidence indicates that resistance is attributed to 

scavenging of NO by superoxide or through an impairment of the soluble guanylyl cyclase 

(sGC)/cGMP signalling cascade. As such, there is a clinical need to develop anti-platelet agents that 

can circumvent this resistance. NO–independent sGC stimulators display similar anti-aggregatory 

actions to NO, but are not directly scavenged by superoxide, hence their effectiveness has the 

potential to be maintained in cardiovascular disorders where NO function is compromised. In this 

study, washed platelets were isolated from male wild-type (WT) and apolipoprotein E-deficient (ApoE
-

/-
) mice maintained on either a normal diet (ND) or high fat diet (HFD) for 7 weeks. The ability of the 

NO donor, sodium nitroprusside (SNP), the HNO donor, isopropylamine NONOate (IPA/NO) and the 

NO-independent sGC stimulator, BAY 41-2272 to inhibit platelet aggregation and elevate intra-

platelet cGMP accumulation was assessed. All three donors induced concentration-dependent 

inhibition of collagen (30 µg/ml)-stimulated platelet aggregation and increased intracellular cGMP 

levels in a time-dependent manner in platelets from WT-ND mice. However, the ability of SNP (10 

µmol/l) to serve as an anti-aggregatory agent and elevate cGMP levels was compromised in platelets 

from ApoE
-/-

-HFD mice. The anti-aggregatory effects of SNP were not improved in the presence of the 

antioxidant enzymes polyethylene glycol-catalase and polyethylene glycol-superoxide dismutase, yet 

were partially restored following the addition of the phosphodiesterase (PDE) 5 inhibitor, sildenafil (0.1 

µmol/l). By contrast, the anti-aggregatory actions of IPA/NO (3 µmol/l; P > 0.001) and BAY 41-2272 

(10 µmol/l; P > 0.01) were maintained, in ApoE
-/-

-HFD mice. Similarly, the ability of IPA/NO and BAY 

41-2272 to increase cGMP levels was sustained in ApoE
-/-

-HFD mice. Thus, under conditions where 

anti-aggregatory responses to SNP were diminished, IPA/NO and BAY 41-2272 were able to 

circumvent NO resistance. As such, NO-independent sGC stimulators may be useful anti-platelet 

agents in the setting of cardiovascular disease. 
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Introduction: 

Platelets play an integral role in haemostasis, yet in several disease states abnormal platelet 

activation leads to vascular thrombosis and acute clinical events such as myocardial infarction and 

stroke. As such, anti-platelet agents are sought to prevent aggregation and thrombus formation. 

Current anti-platelet therapies involve chronic treatment with drugs such as aspirin and clopidogrel, 

which reduce platelet activation by inhibiting the aggregatory effects of thromboxane and ADP, 

respectively (Gouya et al. 2014). However, there is also interest in anti-aggregatory therapies such as 

nitric oxide (NO) donors for the treatment of acute thrombotic events (Zhou and Frishman 2010).  

In addition to its vasodilatory actions, NO is an effective anti-platelet agent as it can inhibit platelet-

vessel wall interactions, aggregation and thrombosis formation (Gkaliagkousi et al. 2007; Rajendran 

and Chirkov 2008). These potent anti-aggregatory actions of NO are mediated predominantly via its 

ability to stimulate soluble guanylyl cyclase (sGC) and elevate cGMP (Gkaliagkousi et al. 2007). In 

turn, cGMP can activate cGMP-dependent protein kinases (cGKs) to prevent agonist-evoked 

mobilisation of calcium from intracellular stores and in part, prevent the entry of calcium into platelets 

(Rajendran and Chirkov 2008). Additionally, NO can indirectly increase cAMP levels through 

inhibition of phosphodiesterase (PDE) 3, allowing NO to target cAMP-dependent mechanisms to 

reduced aggregation (Gkaliagkousi et al. 2007). Consequently, downstream targets of cGK and 

cAMP-dependent protein kinases (cAKs) are primarily responsible for the anti-platelet actions of NO 

donors. Indeed, phosphorylation of the cGK and cAK substrate, vasodilator-stimulated phospho 

protein (VASP) has previously been shown to act as a negative regulator for integrin signalling and 

platelet adhesion (Rajendran and Chirkov 2008).  

However, several studies have found that obese patients and patients with ischemic heart diseases 

such as congestive heart failure, aortic stenosis, stable angina pectoris, acute coronary syndrome and 

type 2 diabetes can display reduced responsiveness to the anti-aggregatory actions of NO donors 

(Anderson et al. 2004; Anfossi et al. 1998; Anfossi et al. 2004; Chirkov et al. 1996; Chirkov et al. 

1999; Chirkov et al. 2004; Chirkov et al. 2002; Chirkov et al. 2001). This phenomenon termed “platelet 

NO resistance” can be distinguished from nitrate tolerance, as resistance is independent of any prior 
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nitrate therapy (Horowitz 2000). Furthermore NO resistance is independent of the nature of the NO 

donor as opposed to tolerance, which is exclusive to organic nitrates (Horowitz 2000).  

Impaired anti-platelet responses to NO donors such as glyceryl trinitrate (GTN) and sodium 

nitroprusside (SNP) in patients with chronic heart failure, stable angina pectoris and acute coronary 

syndrome have previously been attributed to the increased oxidative stress associated with these 

diseases (Chirkov et al. 1999; Lopez Farre and Casado 2001). Under these conditions, NO• 

bioavailability is diminished due to the scavenging of NO by superoxide (
.
O2

-
) (Chirkov et al. 1999; 

Worthley et al. 2007). Furthermore, evidence from patients with stable angina pectoris indicates that 

platelet NO resistance may also reflect a desensitisation of platelet sGC to NO (Chirkov et al. 1999; 

Dautov et al. 2013). Interestingly, the effects downstream of cGMP appear to be maintained (Chirkov 

et al. 1996; Chirkov et al. 1999), suggesting that impaired NO signalling may be associated with 

either a decrease in NO bioavailability or dysfunction of sGC. As such, a viable treatment option to 

ameliorate NO resistance could be to restore sGC/cGMP signalling. Indeed, chronic treatment with 

angiotensin-converting enzyme (ACE) inhibitors, perhexiline or stains aim to improve platelet 

responsiveness to NO by limiting oxidative stress in patients with ischemic heart diseases, 

hypercholesterolemia and type 2 diabetes (Rajendran and Chirkov 2008; Willoughby et al. 2012). 

Thus statins have previously been shown to inhibit the production of NAPDH oxidase-derived 
.
O2

-
 in 

platelets thereby reducing  NO scavenging by 
.
O2

-
 (Violi and Pignatelli 2014). Similarly, in patients 

with chronic heart failure, chronic treatment with ACE inhibitors enhanced anti-platelet responses to 

SNP, as a result of diminished plasma 
.
O2

-
 levels and improved NO bioavailability   (Chirkov et al. 

2004). However, for acute thrombotic complications such as acute myocardial infarction, there is a 

need for alternative therapies which can rapidly circumvent NO resistance. One such strategy is the 

use of NO-independent stimulators of sGC, which could potentially maintain their anti-platelet actions 

under conditions where NO function is compromised. 

Nitroxyl (HNO), the redox sibling of NO displays similar vasoprotective properties to NO including an 

ability to inhibit platelet aggregation (Bermejo et al. 2005). Additionally, the anti-aggregatory actions of 

HNO are also predominantly mediated via activation of the sGC/cGMP signalling pathway (Bermejo et 

al. 2005; Dautov et al. 2013), although HNO also has the potential to interact directly with thiols 

(Fukuto and Carrington 2011; Fukuto et al. 2013) to modify platelet proteins (Hoffman et al. 2009). 
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Moreover, unlike NO, HNO is not directly scavenged by 
.
O2

-
 (Leo et al. 2012; Miller 2013; Miranda et 

al. 2002), nor is it susceptible to tolerance development or cross-tolerance with organic nitrates (Irvine 

et al. 2007; Irvine et al. 2010). Thus it is anticipated that HNO donors can circumvent NO resistance 

and maintain their anti-aggregatory actions in the face of oxidative stress and sGC dysfunction. 

Indeed, it was recently reported that  HNO can partially circumvent platelet NO resistance in patients 

with ischemic heart disease (Dautov et al. 2013). Indeed, the anti-platelet effects of the HNO donor, 

isopropylamine NONOate (IPA/NO) were shown to be conserved in platelets where responses to 

SNP were compromised (Dautov et al. 2013). However, the mechanisms via which HNO donors 

circumvent platelet NO resistance remain to be fully elucidated and the efficacy of HNO donors as 

oppose to NO-independent sGC stimulators has not yet been compared.  

In addition to HNO donors, NO-independent sGC stimulators such as BAY 41-2272 may represent 

novel strategies to overcome platelet NO resistance (Stasch et al. 2001). Like NO, BAY 41-2272 

stimulates sGC in a heme-dependent manner and is an effective anti-aggregatory agent, in both 

platelet-rich plasma and washed platelets (Hobbs and Moncada 2003; Roger et al. 2010; Stasch et al. 

2001), and can also prolong tail-bleeding time in rats (Stasch et al. 2001). Additionally, BAY 41-2272 

can act as an allosteric modulator, to increase the sensitivity of sGC to both NO and prostacyclin 

thereby augmenting the anti-platelet actions of these agents (Hobbs and Moncada 2003; Roger et al. 

2010; Stasch et al. 2001). However, little is known with regard to the ability of BAY 41-2272 to inhibit 

platelet aggregation under disease conditions. Interestingly, a recent study reported that BAY 41-2272 

served as an anti-aggregatory agent in obese rats, however, like SNP, its efficacy was reduced when 

compared to rats on a standard diet (Monteiro et al. 2012). Given BAY 41-2272 targets the reduced 

(Fe
2+

) form of sGC (Stasch et al. 2001), such an observation may be indicative of oxidation of sGC 

into the NO-insensitive (Fe
3+

) state in obesity. These findings highlight the need to assess and 

compare the antiaggregatory actions of NO-independent sGC stimulators, such as BAY 41-2272 and 

HNO donors under disease conditions in order to fully elucidate their potential to circumvent platelet 

NO resistance. In the present study we first sought to establish, and characterise, a model of platelet 

NO resistance in hypercholesterolemic mice. Subsequently we aimed to evaluate the antiaggregatory 

efficacy of the HNO donor, IPA/NO and NO-independent sGC stimulator, BAY 41-2272 as a means 

to circumvent platelet NO resistance. 
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Methods: 

This study was approved by the School of Biomedical Sciences Animal Ethics Committee, Monash 

University, Australia, and conforms to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. 

Experimental Animals 

Wild-type (WT) and apolipoprotein E deficient (ApoE
-/-

) mice were obtained from the Animal 

Resources Centre (Canning Vale, WA, Australia). All mice studied were male and fully backcrossed to 

the C57BL/6J background. From 5 weeks of age, mice were either maintained on a normal diet of 

standard chow (ND) or high-fat diet (HFD; 21% fat, 0.15% cholesterol; Speciality Feeds, WA, 

Australia) for 7 weeks. For all experiments, mice were deeply anaesthetized by isoflurane inhalation 

(Baxter Healthcare), prior to being euthanized by decapitation. 

Platelet Aggregation 

Platelets were isolated from whole blood collected from the inferior vena cava of WT-ND, WT-HFD 

and ApoE
-/-

-HFD mice and stimulated for aggregation studies as previously described (Dharmarajah 

et al. 2010). To prevent coagulation, blood was treated with a combination of a low molecular weight 

heparin (clexane, 400 U/ml) and acid citrate dextrose buffer [composed of (in mmol/l) 85 trisodium 

citrate, 72.9 citric acid, 110 D-glucose] immediately following collection. Blood was then washed with 

platelet wash buffer [composed of (in mmol/l)  4.3 K2HPO4, 4.3 Na2HPO4, 24.3 NaH2PO4, 113 NaCl, 

5.5 D-glucose, 10% BSA and 20 U/ml Clexane, pH 6.5] and centrifuged at 200×g, (37°C, 2 min). This 

was performed three times to achieve maximum yield, and each time the platelet rich plasma (PRP) 

was removed. Following centrifugation of the pooled PRP (2000×g, 1 min), the pellet was 

resuspended in Tyrode’s buffer [composed of (in mmol/l) 12 NaHCO3, 10 HEPES, 137 NaCl, 2.7 KCl, 

5.5 D-glucose and 20 mg/ml EDTA, pH 7.2-7.4] at 1 × 10
7
 platelets/ml. Platelets (5 × 10

8
 platelets/ml) 

were added to siliconised cuvettes containing fibrinogen (2 mg/ml), which is required for platelet-

platelet interactions and were allowed to equilibrate at 37°C for 30 min prior to stimulation with 

collagen (30 μg/ml). Platelet aggregation was measured using a four-chamber turbidometric platelet 

aggregometer (AggRAM™, Helena Laboratories, USA) as a change in light transmission over 30 min 

under continuous stirring (600 rpm, 37°C). 
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Washed platelets from WT-ND mice were treated with either vehicle (dH2O, 1 mmol/l NaOH or 5% 

DMSO), SNP (0.1-1 mmol/l), IPA/NO (0.1-3 μmol/l) or BAY 41-2272 (0.1-10 μmol/l) 2 min prior to 

stimulation with collagen (30 μg/ml) to induce aggregation. To characterise the anti-aggregatory 

effects of SNP (10 μmol/l), IPA/NO (3 μmol/l) and BAY 41-2272 (10 μmol/l), platelets were treated 

with either the NO scavenger, hydroxocobalamin (HXC; 30 μmol/l, 10 min), the sGC inhibitor, 1H-

[1,2,4]Oxadiazolo[4,3-a]quinoxaline-1-one (ODQ; 10 μmol/l, 30 min), the cGMP-dependent protein 

kinase inhibitor, Rp-8-pCPT-cGMPs (cGK inhibitor; 200 μmol/l, 30 min) or the cAMP-dependent 

protein kinase inhibitor, Rp-8-pCPT-cAMPs (cAK inhibitor; 100 μmol/l, 30 min) prior to addition of the 

anti-aggregatory agents. 

To examine the anti-aggregatory actions of SNP, IPA/NO and BAY 41-2272 in hypercholesterolemia, 

washed platelets from WT-HFD and ApoE
-/-

-HFD mice were incubated in the presence of vehicle 

(dH2O, 1 mmol/l NaOH or 5% DMSO), SNP (10 μmol/l or 1 mmol/l), IPA/NO (3 μmol/l) or BAY 41-

2272 (10 μmol/l) for 2 min before stimulation with collagen (30 μg/ml). The effect of the 

phosphodiesterase 5 (PDE5) inhibitor, sildenafil (0.1 μmol/l, 30 min) or the combination of 

polyethylene glycol-catalase (PEG-CAT; 1000 U/ml, 30 min) and polyethylene glycol-superoxide 

dismutase (PEG-SOD; 300 U/ml, 30 min) upon the anti-aggregatory actions of SNP (10 μmol/l) was 

also assessed in platelets from ApoE
-/-

-HFD mice.  

Extraction and measurement of cGMP  

Platelets were isolated from whole blood collected from the inferior vena cava of WT-ND, WT-HFD 

and ApoE
-/-

-HFD mice as previously described in Platelet Aggregation and re-suspended in Tyrode’s 

buffer at 1 x 10
7
 platelets/ml. Intra-platelet cGMP was extracted and measured with an enzyme 

immunoassay (EIA) kit, as previously described (Monteiro et al. 2012; Morganti et al. 2010). 

Platelets (5 × 10
8
 platelets/ml) were allowed to equilibrate at 37°C for 30 min in the presence of the 

PDE inhibitor, 3-isobutyl-1-methyl-xanthine (IBMX; 2 mmol/l). After the equilibration period, samples 

were incubated with either vehicle (dH2O, 1 mmol/l NaOH or 5% DMSO), SNP (10 μmol/l or 1 mmol/l), 

IPA/NO (3 μmol/l) or BAY 41-2272 (10 μmol/l) for 2, 5, 10 or 30 min. The reaction was stopped by the 

addition of cold-acidified absolute ethanol (67%, vol/vol) and samples were vortexed for 30 sec. 

Samples were then centrifuged (4000 g, 30 min at 4˚C), the supernatant dried at 55-60˚C under a 

gentle stream of nitrogen before being snap frozen in liquid nitrogen and stored at -80˚C. cGMP levels 
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were assessed by using an EIA kit (standard non-acetylation protocol) from Cayman Chemicals and 

measured with a spectrophotometer at a wavelength of 405 nm (Versa Max Micro Plate Reader; 

Molecular Devices, USA). Experiments were performed in triplicate. The limit of cGMP detection for 

this kit is 1 pmol/ml.       

Data and Statistical Analysis 

Platelet aggregation responses were expressed as either: 1) total aggregation = area under the curve 

(AUC; arbitrary units) of percent increments of light transmission over the 30 min period following 

collagen addition; or 2) time to half maximal aggregation (seconds). Intra-platelet cGMP 

concentrations (pmol per 5 × 10
8
 platelets/ml) were obtained using set standards and a linear 

regression analysis (GraphPad Prism Version 5.02; GraphPad Software Inc, USA). The relationship 

between platelet responsiveness to SNP and IPA/NO or SNP and BAY 41-2272 was examined using 

linear regression. Statistical comparisons were performed using either a one-way or two-way ANOVA 

with Bonferroni post-hoc test, or an unpaired t-test, with Mann-Whitney U post hoc test (GraphPad 

Prism). All results are expressed as either dot plots or mean ± standard error of mean (SEM), with the 

number of platelet samples from separate mice denoted by n, P < 0.05 was considered statistically 

significant. 

Drugs and their Sources 

Drugs and there sources were: BAY 41-2272 (kind gift from J-P. Stasch, Bayer HealthCare, 

Germany), clexane (enoxaparin sodium, Aventos, New Zealand); collagen (Bovine, Helena 

Laboratories, Australia); IPA/NO (kind gift from K. Miranda, University of Arizona, Arizona, USA); 

ODQ (Sapphire Bioscience, Australia); all other drugs were purchased from (Sigma, Australia).  

BAY 41-2272 was prepared at 10 mmol/l in 100% DMSO, diluted to 1 mmol/l in 50% DMSO and all 

subsequent dilutions in distilled water.  Clexane was prepared at 400 U/ml in saline (100%). 

Fibrinogen was prepared at 20 mg/ml in 0.9% saline and all subsequent dilutions in distilled water. 

IBMX was prepared at 100 mmol/l in 100% DMSO and all subsequent dilutions in distilled water. 

IPA/NO was prepared at 10 mmol/l in 0.01 mol/l NaOH and all subsequent dilutions were in 0.01 mol/l 

NaOH. ODQ was prepared at 10 mmol/l in 100% ethanol and all subsequent dilutions in distilled 

water. All other drugs were dissolved and diluted in distilled water. 
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Results: 

Anti-aggregatory actions of SNP, IPA/NO and BAY 41-2272 

The addition of collagen (30 µg/ml) induced aggregation (total aggregation = 61591 ± 2552 area 

under the curve, arbitrary units; time to half-maximum aggregation 415 ± 28 seconds, n = 25) in 

platelets from WT-ND mice. SNP, IPA/NO and BAY 41-2272 all induced concentration-dependent 

inhibition of collagen-stimulated aggregation in washed platelets from WT-ND mice (Figure 1A, D and 

G). Total aggregation was reduced by 47 ± 7% with SNP (10 µmol/l, P < 0.001, n = 5-7), 37 ± 11% 

with IPA/NO (3 µmol/l, P < 0.001, n = 7-9) and 55 ± 6% with BAY 41-2272 (10 µmol/l, P < 0.001, n = 

5-9). This was accompanied by an increase in time to half maximum aggregation (P < 0.05; Figure 

1B, E and H).  

 

Effect of SNP, IPA/NO and BAY 41-2272 on platelet cGMP accumulation 

In platelets from WT-ND mice, SNP (10 µmol/l) and BAY 41-2272 (10 µmol/l) caused a time-

dependent increase in cGMP accumulation with significant increases observed 30 minutes after 

addition of either SNP (5.4 ± 0.1 to 13.9 ± 1.7 pmol/5x10
8
 platelets/ml, P < 0.001, n = 3; Figure 1C) or 

BAY 41-2272 (5.3 ± 0.6 to 22.5 ± 5.9 pmol/5x10
8
 platelets/ml, P < 0.01, n = 3; Figure 1I). In contrast, 

IPA/NO (3 µmol/l) induced a more rapid response such that a significant elevation in cGMP levels was 

observed at 2 minutes (5.4 ± 1.3 to 19.4 ± 3.7 pmol/5x10
8
 platelets/ml; P < 0.05, n =3) and sustained 

over the ensuing 30 minute period (25.2 ± 3.8 pmol/5x10
8
 platelets/ml, P < 0.01, n = 3; Figure 1F).  

 

Mechanisms underlying the anti-aggregatory actions of SNP, IPA/NO and BAY 41-2272 

The anti-aggregatory actions of SNP (10 µmol/l) were abolished by the NO scavenger, 

hydroxocobalamin (HXC, P < 0.01, n = 5; Figure 2A, B), yet responses to IPA/NO (3 µmol/l, n = 7) 

and BAY 41-2272 (10 µmol/l, n = 7) were sustained (Figure 2C-F). The sGC inhibitor, ODQ and cGK 

inhibitor, Rp-8-pCPT-cGMPs reversed the ability of SNP (P < 0.01, n =5-10; Figure 3A, B) and 

IPA/NO (P < 0.01, n = 5-12; Figure 3C, D) to inhibit platelet aggregation. In contrast, the anti-

aggregatory actions of BAY 41-2272 were unchanged in the presence of ODQ, yet abolished in the 

present of the cGK inhibitor (n = 5-9; Figure 3E, F). The cAK inhibitor, Rp-8-pCPT-cAMPs had no 

significant effect on the anti-aggregatory actions of SNP, IPA/NO or BAY 41-2272 (Figure 3). 
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Additionally, the presence of HXC, ODQ, cGK and cAK inhibitors alone had minimal effect on platelet 

aggregation (Table I).        

 

Platelet function in WT-HFD and ApoE
-/-

-HFD mice 

Total aggregation to collagen (30 µg/ml) was significantly reduced by ~11% in platelets from ApoE
-/-

-

HFD when compared to WT-HFD mice (P< 0.05, n = 24-32; Table II). Yet, the time to half maximal 

aggregation was similar between WT-HFD and ApoE
-/-

-HFD mice (n = 24-32; Table II). 

 

Effect of SNP on platelet aggregation and cGMP accumulation in ApoE
-/-

-HFD mice  

SNP (10 µmol/l) inhibited collagen-induced aggregation in WT-HFD platelets (54 ± 10% inhibition, P < 

0.001, n = 10), yet this effect was markedly reduced in platelets from ApoE
-/-

-HFD mice (14 ± 4% 

inhibition, P < 0.05, n =13; Figure 4A). The ability of SNP to increase cGMP accumulation, over a 30 

minute period, was also impaired in platelets from ApoE
-/-

-HFD mice (P < 0.01, n = 3; Figure 4B). 

Increasing the concentration of SNP to 1 mmol/l did not overcome resistance to its anti-aggregatory 

actions in platelets from ApoE
-/-

-HFD mice. Specifically, 1 mmol/l SNP inhibited aggregation by 20 ± 

10% versus 40 ± 4% (n = 7; Table III) in platelets from ApoE
-/-

-HFD and WT-HFD mice, respectively. 

Additionally, the ability of 1mmol/l SNP to increase platelet cGMP levels in ApoE
-/-

-HFD mice was also 

significantly impaired at 2 (P < 0.01, n =4) and 30 minutes (P < 0.001, n = 4; Table III) after treatment.   

 

Mechanism underlying platelet NO resistance in ApoE
-/-

-HFD mice 

The antioxidant enzymes PEG-CAT (1000 U/ml) and PEG-SOD (300 U/ml), were unable to restore 

the anti-aggregatory effects of SNP (10 µmol/l) in platelets from ApoE
-/-

-HFD mice (n = 5; Table III). In 

contrast, the PDE5 inhibitor, sildenafil (0.1 µmol/l) augmented the anti-aggregatory actions of SNP (10 

µmol/l) in WT-HFD and ApoE
-/-

-HFD mice such that platelet aggregation was inhibited by 78 ± 7% and 

59 ± 10%, respectively (P < 0.001, n = 3; Table III).     
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Circumventing platelet NO resistance with IPA/NO and BAY 41-2272  

In contrast to SNP, the anti-aggregatory actions of both IPA/NO (3 µmol/l; 39 ± 8% inhibition) and 

BAY 41-2272 (10 µmol/l; 43 ± 8% inhibition) were sustained in platelets from ApoE
-/-

-HFD mice 

(IPA/NO: 29 ± 4% inhibition; BAY 41-2272: 31 ± 5% inhibition, n = 5-9; Figure 4C and E). Additionally, 

the anti-aggregatory actions of IPA/NO (3 µmol/l) were partially reversed by ODQ (Figure 4C), whilst 

responses to BAY 41-2272 were unchanged in platelets from ApoE
-/-

-HFD mice (Figure 4E). The 

ability of IPA/NO (3 µmol/l) to elevate platelet cGMP levels was impaired after 2 minutes in ApoE
-/-

-

HFD mice (P < 0.001, n = 3; Figure 4D). Yet 30 minutes following the addition of IPA/NO, platelet 

cGMP levels were similar to that of WT-HFD mice (n = 3; Figure 4D). BAY 41-2272 also maintained 

its ability to elevated platelet cGMP levels in ApoE
-/-

-HFD mice (n = 3; Figure 4F).  

 

Relationship between the anti-aggregatory responses to SNP and IPA/NO 

The relationship between the anti-aggregatory actions of SNP versus IPA/NO in WT-HFD and ApoE
-/-

-

HFD mice was further explored via fitting the data to a hyperbolic function and comparing the 

IPA/NO:SNP response ratios in each group. Such analysis indicated that platelets from ApoE
-/-

-HFD 

mice were consistently more responsive to IPA/NO than SNP (n = 9-18; Figure 5A) with a significant 

increase in the IPA/NO:SNP response ratio (P < 0.01; Figure 5B).  

 

 



 

 

 

 

 

 

 

Figure 1. Concentration-dependent effect of SNP (0.1-10 µmol/l; A and B), IPA/NO (0.1-3 µmol/l; D 

and E) and BAY 41-2272 (0.1-10 µmol/l; G and H) on total aggregation (expressed as % vehicle; left 

panel) and time to half maximal aggregation (in sec; middle panel) in response to collagen (30 µg/ml) 

in isolated washed platelets from WT-ND mice Values are given as mean ± SE; n = 5-9 platelet 

samples from separate mice. Also shown is time course of cGMP accumulation (Right panel) in 

isolated washed platelets from WT-ND mice after a single addition of either SNP (10 µmol/l; C), 

IPA/NO (3 µmol/l; F) or BAY 41-2272 (10 µmol/l; I). cGMP concentrations are given as pmol per 5 x 

10
8
 platelets/ml and expressed as mean ± SE; n = 3 platelet samples from separate mice. *P < 0.05, 

**P < 0.01, ***P < 0.001 for treatment vs. vehicle (1-way or 2-way ANOVA, Bonferroni post hoc test). 

The vehicle in A, B and C was dH2O; the vehicle in D, E and F was 1 mmol/l NaOH; the vehicle in G, 

H and I was 5% DMSO. 
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Figure 2. Effect of SNP (10 µmol/l; A and B), IPA/NO (3 µmol/l; C and D) and BAY 41-2272 (10 

µmol/l; E and F) upon collagen (30 µg/ml)-stimulated aggregation of isolated washed platelets from 

WT-ND mice in the absence or presence of hydroxocobalamin (30 µmol/l; HXC). Aggregation 

responses are expressed as total aggregation (% vehicle; left panel) or time to half maximal 

aggregation (in sec; right panel) and given as mean ± SE; n = 5-7 platelet samples from separate 

mice. **P < 0.01, ***P < 0.001 for treatment vs. vehicle, ##P < 0.01 vs. SNP alone (one-way ANOVA, 

Bonferroni post hoc test). The vehicle in A and B was dH2O; the vehicle in C and D was 1 mmol/l 

NaOH; the vehicle in E and F was 5% DMSO. 
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Figure 3. Effect of SNP (10 µmol/l; A and B), IPA/NO (3 µmol/l; C and D) and BAY 41-2272 (10 

µmol/l; BAY 41; E and F) upon collagen (30 µg/ml)-stimulated aggregation of isolated washed 

platelets from WT-ND mice in the absence or presence of ODQ (10 µmol/l), Rp-8-pCPT-cGMPs (200 

µmol/l; cGK inhibitor) or Rp-8-pCPT-cAMPs (100 µmol/l; cAK inhibitor). Aggregation responses are 

expressed as total aggregation (% vehicle; left panel) or time to half maximal aggregation (in sec; 

right panel) and given as mean ± SE; n = 5-12 platelet samples from separate mice. **P < 0.01, ***P < 

0.001 for treatment vs. vehicle, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. SNP, IPA/NO or BAY41-

2272 alone (one-way ANOVA, Bonferroni post hoc test).  The vehicle in A and B was dH2O; the 

vehicle in C and D was 1 mmol/l NaOH; the vehicle in E and F was 5% DMSO. 
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Table I. Effect of HXC, ODQ, cGK inhibitor and cAK inhibitor on collagen (30µg/ml)-stimulated 

platelet aggregation in washed platelets from 12 week old WT-HFD and ApoE
-/-

-HFD mice 

Aggregation responses are expressed as total aggregation (area under the curve, AUC, in 

arbitrary units) or time to half maximum aggregation (in seconds).  

Values are given as mean ± SE, where n=platelet samples from separate animals.  

Wild-type (WT) and apolipoprotein E-deficient (ApoE
-/-

) mice were maintained on a high-fat diet 

(HFD) from 5 weeks of age.  

HXC = hydroxocobalamin, ODQ = 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one, cGK = cGMP-

dependent protein kinase, cAK = cAMP-dependent protein kinases where Rp-8-pCPT-cGMPs is 

a cGK inhibitor and Rp-8-pCPT-cAMPs is a cAK inhibitor  
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Table II. Platelet aggregation in response to collagen (30µg/ml) in washed platelets from 12 

week old WT-HFD and ApoE
-/-

-HFD mice 

Aggregation responses are expressed as total aggregation (area under the curve, AUC, in 

arbitrary units) or time to half maximum aggregation (in seconds).  

Values are given as mean ± SE, where n=platelet samples from separate animals.  

Wild-type (WT) and apolipoprotein E-deficient (ApoE
-/-

) mice were maintained on a high-fat diet 

(HFD) from 5 weeks of age. 

*P < 0.05 vs WT-HFD (Student’s unpaired t-test).  



 

 

 

 

 

 

 

Figure 4. Left panel: Effect of SNP (10 µmol/l; A), IPA/NO (3 µmol/l; C) and BAY 41-2272 (10 µmol/l; 

BAY 41; E) upon collagen (30 µg/ml)-stimulated aggregation of isolated washed platelets from 12-wk-

old WT and ApoE
-/-

 mice maintained on a HFD from 5-wk of age in the absence or presence of ODQ 

(10 µmol/l). Aggregation responses are expressed as total aggregation (% vehicle) and given as 

mean ± SE; n = 5-10 platelet samples from separate mice. Right panel: Time course of cGMP 

accumulation in washed platelets from WT-HFD (open symbols) and ApoE
-/-

-HFD mice (closed 

symbols) after a single addition of SNP (10 µmol/l; B), IPA/NO (3 µmol/l; D) or BAY 41-2272 (10 

µmol/l; BAY 41; F). cGMP concentrations are given as pmol per 5 x 10
8
 platelets/ml and given as 

mean ± SE; n = 3 platelet samples from separate mice. *P < 0.05, **P < 0.01, ***P < 0.001 for 

treatment vs. vehicle, #P < 0.05 for ApoE
-/-

-HFD vs. WT-HFD vs., ɸP < 0.05 for IPA/NO + ODQ vs. 

IPA/NO (two-way ANOVA, Bonferroni post hoc test). The vehicle in A and B was dH2O; the vehicle in 

C and D was 1 mmol/l NaOH; the vehicle in E and F was 5% DMSO. 
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Table III. Effect of SNP on collagen (30µg/ml)-stimulated platelet aggregation and cGMP 

accumulation in washed platelets from 12 week old WT-HFD and ApoE
-/-

-HFD mice 

Total aggregation was calculated as area under the curve (AUC, arbitrary units) and expressed as 

a percentage of the response to collagen in the presence of the vehicle (dH
2
O).  

cGMP accumulation was measured at 30min after the addition of SNP.  

Values are given as mean ± SE, where n=platelet samples from separate animals.  

Wild-type (WT) and apolipoprotein E-deficient (ApoE
-/-

) mice were maintained on a high-fat diet 

(HFD) from 5 weeks of age. 

SNP = sodium nitroprusside; PEG-CAT = polyethylene glycol-catalase; PEG-SOD = polyethylene 

glycol-superoxide dismutase; ND = not determined  

*P < 0.05, **P < 0.01, ***P < 0.001 vs Vehicle (2-way ANOVA), 
##

P < 0.01, 
###

P < 0.001 vs SNP 

(2-way ANOVA), †P < 0.05, †††P < 0.001 vs WT-HFD (2-way ANOVA). 



 

 

 

 

 

 

 

Figure 5. The relationship between platelet responsiveness to SNP (10 µmol/l) and IPA/NO (3 µmol/l) 

in isolated washed platelets from 12-wk-old WT (■) and ApoE
-/-

 (▲) mice maintained on a HFD from 

5-wk of age. Aggregation responses are expressed as either percentage inhibition of total aggregation 

to collagen (30 µg/ml; % inhibition; A) or as a ratio of the response (% inhibition) between 

IPA/NO:SNP (B). Results are given as a scatter dot plot with the median response, where n = 9-18 

platelet samples from separate mice. **P < 0.01 for ApoE
-/-

-HFD vs. WT-HFD (unpaired t-test, Mann-

Whitney U post hoc). 
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Discussion: 

This study has demonstrated that ApoE
-/-

 mice, maintained on a HFD, display platelet NO resistance. 

Specifically, we found that the anti-aggregatory actions of SNP in ApoE
-/-

-HFD mice were reduced, 

together with a decrease in intracellular cGMP generation. Whilst NO resistance was not overcome 

by the antioxidants PEG-SOD and PEG-CAT, inhibition of PDE5 partially restored the anti-

aggregatory actions of SNP. Moreover, the anti-aggregatory actions of the NO-independent sGC 

stimulators IPA/NO and BAY 41-2272 were, for the most part, sustained in ApoE
-/-

-HFD mice, 

indicative of an ability of these agents to circumvent platelet NO resistance. As such, NO-

independent sGC stimulators represent an alternative approach in the management of acute 

atherothrombotic events.  

Before comparing the anti-aggregatory actions of SNP and NO-independent sGC stimulators in 

platelets from ApoE
-/-

 mice, we first characterised the signalling pathway via which SNP, IPA/NO and 

BAY 41-2272 exerted their anti-aggregatory actions under non-disease conditions. All three agents 

were able to inhibit platelet aggregation and increase platelet cGMP levels in platelets from WT mice. 

By using the well-characterised NO scavenger, hydroxocobalamin (Leo et al. 2012; Miller 2013; 

Wanstall et al. 2001), we confirmed that the effects of SNP, but not IPA/NO or BAY 41-2272 were 

mediated via NO. However, we were unable to confirm that the response to IPA/NO was HNO-

dependent, as the HNO scavengers, L-cysteine and N-acetyl-L-cysteine alone exert direct anti-

aggregatory effects (Anfossi et al. 2001; Lale et al. 2003). Nevertheless, given the anti-aggregatory 

actions of IPA/NO were unaffected by hydroxocobalamin, together with previous a report that IPA/NO 

mediates its vascular effects (e.g. vasodilatation) via HNO (Irvine et al. 2013), suggests that in this 

study the effects of IPA/NO were also mediated by HNO, rather than NO. BAY 41-2272 has also 

been reported to inhibit platelet aggregation in an NO-independent manner (Hobbs and Moncada 

2003; Roger et al. 2010).  

This study also provided evidence for a predominant role of the sGC/cGMP/cGK signalling pathway in 

the anti-aggregatory actions of SNP and IPA/NO. Thus both SNP and IPA/NO elevated intracellular 

cGMP levels and inhibition of sGC (via ODQ) and cGK (via Rp-8-pCPT-cGMPs) abolished their anti-

aggregatory responses. This is consistent with previous findings in human platelets, in which inhibition 
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of aggregation by SNP, GTN, IPA/NO and Angeli’s salt is sensitive to ODQ and associated with an 

increase in intracellular cGMP (Bermejo et al. 2005; Dautov et al. 2013). Whilst the effects of cGMP 

are transduced by cGMP-PDE’s and cGKs, it is important to note, that in human platelets both NO 

(ie. SNP and 3-morpholinosydnonimine) and HNO donors (i.e Angeli’s salt) have also been shown to 

target cAMP-dependent pathways to inhibit platelet aggregation (Bermejo et al. 2005; Maurice and 

Haslam 1990). Indicating there is potential for cross-talk between the cGMP and cAMP signalling 

pathways, as cGMP can bind to PDE3 to inhibit the hydrolysis of cAMP, leading to cAK-dependent 

inhibition of platelet aggregation (Jang et al. 2002; Maurice and Haslam 1990). However, we found no 

evidence of cross-talk between cGMP/cAMP signalling pathways in mouse platelets as responses to 

SNP, IPA/NO and BAY 41-2272 were unchanged in the presence of the cAK inhibitor, Rp-8-pCPT-

cAMPs. These differences in platelet signalling between humans and mice is a limitation of the 

current study and the use of murine platelets to characterise the anti-aggregatory effects of NO and 

HNO. Nevertheless, in human platelets cGK and cAK have previously been reported to activate 

similar downstream targets, such as phosphorylated VASP (Li et al. 2003), and as such NO and 

HNO may converge on the same target irrespective of cGK or cAK activation. An advantage of 

exploring platelet responses in mice is that patients with cardiovascular diseases are often on a 

variety of drug therapies that may affect platelet responses, making it difficult to assess the 

advantages of individual therapies. There is also the added benefit of being able to genetically modify 

mouse platelets, to gain a better understanding of signalling mechanisms. As such, our mouse model 

of hypercholesterolemia represents a useful tool in exploring the mechanisms of platelet NO 

resistance.          

In contrast to the findings with regard to SNP and IPA/NO, we observed that the antiaggregatory 

actions of BAY 41-2272 were resistant to the inhibitory effects of ODQ, but associated with an 

increase in intraplatelet cGMP and abolished in the presence of the cGK inhibitor, Rp-8-pCPT-

cGMPs. The resistance of BAY 41-2272 to the inhibitory actions of ODQ is somewhat surprising and 

may be indicative of an ability of BAY 41-2272 to either target oxidised/heme-free sGC, overcome the 

inhibitory actions of ODQ or elevate platelet cGMP via sGC-independent mechanisms. Given ODQ 

binds to, and oxidises, the heme group of sGC, leading to NO-insensitive Fe
3+

 and heme-free states 

(Schrammel et al. 1996), a sustained anti-aggregatory action of BAY 41-2272 in the presence of ODQ 

may reflect an ability of this compound to target sGC in its oxidised form. Whilst there is little evidence 
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to support such an action of BAY 41-2272 at oxidised sGC, previous studies have shown that ODQ 

does not abolish the ability of BAY 41-2272 to stimulate purified sGC (Stasch et al. 2001) or exert 

anti-aggregatory and cGMP elevating actions in rat platelets (Roger et al. 2010). Such observations 

may reflect an ability of high concentrations of BAY 41-2272 to overcome the inhibitory actions of 

ODQ, as has been observed for the NO donor, DEA/NO in platelets from WT mice (Lies et al. 2013). 

Specifically, the ability of ODQ to reduce VASP phosphorylation was overcome with elevated 

concentrations of DEA/NO (Lies et al. 2013). Moreover, it has been proposed that intracellular 

reducing agents may convert oxidised heme to its reduced form, thus overcoming the inhibitory 

effects of ODQ (Lies et al. 2013). However this is unlikely to account for the sustained actions of BAY 

41-2272 under our experimental conditions, as both SNP and IPA/NO were unable to inhibit platelet 

aggregation in the presence of ODQ. Alternatively, BAY 41-2272 could elevate cGMP and inhibit 

platelet aggregation via a secondary sGC-independent pathway. Indeed, BAY 41-2272 may increase 

cGMP levels via inhibition of the cGMP degrading enzyme, PDE5. Thus a previous report by 

Mullerhausen and colleagues observed that BAY 41-2272 had the ability to inhibit PDE5 activity and 

augment cGMP accumulation in cultured HEK293 cells and in human platelets, when sGC was 

maximally activated with the NO donor S-nitrosoglutathione (Mullershausen et al. 2004). By contrast, 

BAY 41-2272 failed to inhibit purified recombinant human PDE5 and had no effect on the activity of 

other PDE’s (Bischoff and Stasch 2004). As such, the impact of BAY 41-2272 on PDE5 activity 

remains to be resolved and future studies in murine platelets should determine if BAY 41-2272 

modulates PDE5. Nevertheless, we observed that BAY 41-2272 elevated cGMP levels, resulting in 

inhibition of platelet aggregation and this effect was not mediated by NO. Together, these findings 

indicate that BAY 41-2272 is exerting its anti-aggregatory actions via a NO-independent cGMP-

dependent signalling mechanism.  

Having characterised the mechanisms via which the HNO donor, IPA/NO and the NO-independent 

sGC stimulator, BAY 41-2272 exert their anti-aggregatory actions under physiological conditions we 

next sought to identify an experimental model of platelet NO resistance. This is of particular 

importance given the phenomenon of platelet NO resistance has is observed in patients with 

cardiovascular diseases. Indeed, it has previously been reported that the efficacy of SNP and GTN 

are impaired in platelets from patients suffering from cardiovascular diseases such as stable angina 
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pectoris, acute coronary syndrome, type 2 diabetes and ischemic heart disease, when compared to 

healthy subjects (Chirkov et al. 1996; Chirkov et al. 1999; Chirkov et al. 2001; Worthley et al. 2007). 

Additionally, reduced efficacy of NO donors has been observed in platelets from obese patients and 

lipid lowering therapies can improve the anti-aggregatory actions of NO by reducing oxidative stress 

in patients with hypercholesterolemia (Anfossi et al. 1998; Anfossi et al. 2004; Stepien et al. 2003). 

Taken together these observations indicate that platelet NO resistance is associated with 

cardiovascular risk factors and established disease. Furthermore, patients with mild 

hypercholesterolemia displayed platelet hyperactivity when compared with normocholesterolemic 

patients (Haramaki et al. 2007; Stepien et al. 2003). To address platelet NO resistance, this study 

examined the anti-platelet actions of the NO donor, SNP in ApoE
-/-

 mice maintained on a HFD for 7 

weeks. Previously, we have demonstrated that these mice exhibit an ~4-fold elevation in total plasma 

cholesterol, increased phorbol 12,13-dibutyrate (PDB)-stimulated platelet 
.
O2

-
 production (~80%), a 

more rapid aggregatory response to collagen and the presence of atherosclerotic lesions in the 

carotid artery (Chapter 2), modelling a state of hypercholesterolemia and associated atherosclerosis.   

In the current study, we found that the anti-aggregatory actions of SNP were impaired in platelets 

from ApoE
-/-

-HFD mice and this was associated with reduced cGMP accumulation. Importantly, 

resistance was not overcome by increasing the concentration of SNP to 1 mmol/l. Previous studies 

have indicated that oxidative stress, and inactivation of NO•
 
by 

.
O2

-
, is associated with reduced anti-

aggregatory responses of NO• donors (GTN and SNP) in patients with stable angina pectoris and 

diabetes (Chirkov et al. 1999; Worthley et al. 2007). Additionally, 
.
O2

- 
can be decompose to hydrongen 

peroxide (H2O2), which can amply collagen-induced platelet aggregation (Pignatelli et al. 1998). In the 

current study, we observed that the combination of the antioxidant enzymes polyethylene glycol-

superoxide dismutase and polyethylene glycol-catalase did not restore the anti-aggregatory actions of 

SNP in platelets from ApoE
-/-

-HFD mice, which suggests that inactivation of NO•
 
by 

.
O2

-
 did not 

contribute to platelet NO• resistance. Similarly, a recent report in patients with ischemic heart disease 

found no significant relationship between reactive oxygen species generation and SNP responses 

(Dautov et al. 2013), suggesting that the underlying cause of resistance may differ between disease 

models.  



  Chapter 4 

112 
 

Another potential contributor to platelet NO• resistance is dysfunction at the level of sGC. Indeed, 

sGC dysfunction has previously been linked with platelet NO• resistance in patients with ischemic 

heart disease (Dautov et al. 2013) and stable angina pectoris (Chirkov et al. 1999). As discussed 

above, SNP demonstrated an impaired ability to increase cGMP levels in platelets from ApoE
-/-

-HFD 

mice. However, the levels of cGMP achieved with SNP in ApoE
-/-

-HFD mice should be sufficient to 

mediate its anti-aggregatory effects. Indeed, in platelets from WT-HFD mice we observed ~40-50% 

inhibition of aggregation at relatively low concentrations of cGMP (~14-20 pmol/5x10
8
 platelets/ml). 

Moreover, in platelets from ApoE
-/-

-HFD mice, 1 mmol/l SNP elevated cGMP levels to a similar level 

(~20 pmol/5x10
8
 platelets/ml), yet its anti-aggregatory effects remained impaired. Together, these 

findings indicate that dysfunction at the level of sGC and/or the downstream targets of cGMP (ie. 

cGK, cGMP-metabolising PDEs) may contribute to platelet NO• resistance.   

In platelets, cGMP is degraded predominantly via PDE5 and its enhanced activity may contribute to 

platelet NO• resistance. Interestingly, the anti-aggregatory actions of SNP in ApoE
-/-

-HFD mice were 

partially restored in the presence of the PDE5 inhibitor, sildenafil. However, enhanced PDE5 activity 

did not account entirely for NO resistance in our mouse model as sildenafil did not restore the anti-

aggregatory responses of SNP to the levels observed in platelets from WT-HFD mice. In addition, in 

ApoE
-/-

-HFD mice, intraplatelet cGMP accumulation in response to SNP, remained impaired despite 

the assay being performed in the presence of the non-selective PDE inhibitor, IBMX. These findings 

support previous studies in which PDE activity was found to be unchanged in platelets from patients 

with stable angina pectoris (Chirkov et al. 1999) and in platelet cytosol fractions (Chirkov et al. 1996). 

Taken together these findings suggest that in the murine model of hypercholesterolemia employed in 

the current study, platelet NO• resistance was likely to be associated with sGC dysfunction.  

Currently, platelet NO• resistance can be overcome through chronic treatment with angiotensin-

converting enzyme inhibitors, perhexiline and stains. While these agents have no direct anti-

aggregatory actions, they improve the responsiveness of platelets to NO• donors and improve NO• 

bioavailability by reducing oxidative stress. However, in an acute/emergency setting, more effective 

anti-platelet treatments are needed to circumvent NO• resistance. Although the anti-aggregatory 

actions of IPA/NO and BAY 41-2272 appeared to be slightly diminished (~30% inhibition) as 

compared to (~40% inhibition) these changes did not reach statistical significance. Additionally, we 
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observed that cGMP accumulation to IPA/NO and BAY 41-2272 was conserved in platelets from NO•-

resistant mice, although we saw a slight delay in cGMP accumulation in ApoE
-/-

 mice. Thus unlike 

SNP, IPA/NO and BAY 41-2272 circumvented NO• resistance. These findings are in agreement with 

those in patients with ischemic heart disease in which IPA/NO, but not SNP, maintained its ability to 

inhibit platelet aggregation and elevate platelet cGMP levels (Dautov et al. 2013). Similarly, the ability 

of BAY 41-2272 to inhibit platelet anti-aggregation (~30% inhibition) and elevate platelet cGMP levels 

was fairly well maintained in obese rats (Monteiro et al. 2012). Providing further evidence that IPA/NO 

and BAY 41-2272 can circumvent platelet NO• resistance in disease.    

It is also important to note that intraplatelet cGMP accumulation in response to IPA/NO, in both WT 

and ApoE
-/-

-HFD mice, occurred more rapidly and reached higher levels than either SNP or BAY 41-

2272. Such findings suggest that HNO donors may display greater potency and efficacy than NO• 

donors as antiplatelet agents. This concept is further supported by studies in patients with ischemic 

heart disease, in which IPA/NO was found to inhibit platelet aggregation and increased cGMP levels 

to a greater extent than SNP in NO• resistant subjects (Dautov et al. 2013). Given the greater efficacy 

of IPA/NO as compared to SNP, it is possible that IPA/NO may also target unique signalling 

pathways. In this study, we observed that ODQ did not abolish the anti-aggregatory effects of IPA/NO 

in platelets from ApoE
-/-

 mice, suggesting that the anti-aggregatory actions of IPA/NO were not 

completely dependent upon sGC/cGMP signalling. Similarly, in human platelets ODQ was only able to 

partially reverse the anti-aggregatory responses of IPA/NO and Angeli’s salt (Bermejo et al. 2005; 

Dautov et al. 2013). In addition to directly interacting with ferrous (Fe
2+

) heme sGC, a previous report 

demonstrated that a high concentration of Angeli’s salt can modify thiols on sGC, leading to inhibition 

of sGC activity (Miller et al. 2009). However, it remains to be determined if HNO, at lower 

concentrations can modify cysteine residues to potentially enhance its function. Additionally, given the 

preference of HNO for ferric (Fe
3+

) groups, it is possible that HNO may target oxidised sGC and thus 

displaying resistance to ODQ. Although two recent studies have refuted an ability of HNO to target 

oxidised sGC, these studies were performed using purified sGC and cultured cells and may not reflect 

the intact platelet (Miller et al. 2009; Zeller et al. 2009). Furthermore, a recent study utilising platelets 

from healthy humans observed that Angeli’s salt can interact with 10 different cysteine-containing 

platelet proteins leading to dose-dependent, reversible sulfinamide modifications (Hoffman et al. 

2009). Many of these proteins are important to platelet activation and have a range of functions from 
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metabolism, cytoskeletal rearrangement and signal transduction (Hoffman et al. 2009). However it is 

not known what effect these HNO-modifications will have on platelet function. Nevertheless, there is 

potential for HNO to mediate its anti-platelet effects through thiol-modification and this may account 

for its preserved actions in NO•-resistant platelets.  

Like IPA/NO, BAY 41-2272 maintained its ability to inhibit platelet aggregation and elevate cGMP 

levels in NO•-resistant platelets, and thus may represent a viable anti-platelet therapy over NO• 

donors. In addition to stimulating sGC in an NO•-independent manner (Boerrigter and Burnett 2007; 

Stasch et al. 2001), BAY 41-2272 can also synergise with NO donors, prostacyclin and carbon 

monoxide (Hobbs and Moncada 2003; Martin et al. 2005; Roger et al. 2010; Stasch et al. 2001), 

which could enable BAY 41-2272 to stimulate sGC under disease conditions where NO bioavailability 

is compromised. Moreover, this study and others have found that ODQ does not completely inhibit the 

ability of BAY 41-2272 to stimulate sGC (Roger et al. 2010; Stasch et al. 2001), indicating that BAY 

41-2272 may also stimulate oxidised or heme-free sGC, which is predominate under conditions of 

enhanced oxidative stress, overcome sGC inhibition by ODQ or have sGC-independent actions such 

as inhibition of PDE5 activity (Mullershausen et al. 2004). Thus, it will be important to study the anti-

aggregatory actions of a heme-free NO•-independent sGC stimulator such as BAY 58-2667 in 

disease states associated with platelet NO• resistance. Nonetheless, these findings indicate that NO•-

independent sGC stimulators may have clinical use as a novel therapy to circumvent the 

phenomenon of platelet NO• resistance. 
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Conclusion: 

In conclusion, this study has established a murine model of platelet NO• resistance which displays 

many of the characteristics of platelet NO• resistance in man. Thus placing ApoE
-/-

 mice on a HFD for 

7 weeks lead to an impaired ability of the NO• donor, SNP to inhibit platelet aggregation and elevate 

intraplatelet cGMP levels. These mice also displayed similar NO•/sGC/cGMP dysfunction to that seen 

in man, although we found no evidence that elevated ROS contributed to platelet NO• resistance. As 

such, hypercholesterolemic mice represent a robust and useful tool to study platelet NO• resistance. 

Additionally, we have provided the first comparisons of the ability of HNO donors and NO•-

independent sGC stimulators to circumvent platelet NO• resistance. Moreover, the ability of IPA/NO to 

limit vascular 
.
O2

-
 generation (Miller 2013), could be useful in reducing oxidative stress, which has 

previously been shown to be an underlying cause of platelet NO• resistance in stable angina pectoris 

and diabetes (Chirkov et al. 1999; Worthley et al. 2007). As such, we believe that HNO donors and 

NO•-independent sGC stimulators such as BAY 41-2272 represent attractive anti-platelet therapies in 

an emergency situation where NO• function is compromised. 
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Abstract  

Atherosclerosis is a chronic disease, yet many of its complications (e.g. myocardial infarction, 

ischemic stroke) are the result of an acute, physical disruption of a lesion leading to thrombosis. 

Consequently, the stabilisation of atherosclerotic plaques represents an important preventive 

therapeutic strategy. Enhanced oxidative stress, which occurs largely as a result of enhanced activity 

of the superoxide (
.
O2

-
) generating enzyme Nox2 oxidase, has been implicated in early atherogenesis. 

However, it is not clear whether Nox2 oxidase influences plaque stability. Thus, this study aimed to 

determine if limiting 
.
O2

-
 generation, via genetic deletion of Nox2 oxidase, is protective in a mouse 

model of advanced atherosclerosis. To achieve this aim we studied wild-type, apolipoprotein E-

deficient (ApoE
-/-

) and Nox2
-/y

ApoE
-/- 

mice that were maintained on a high fat diet for 21 weeks.   

ApoE
-/-

 mice displayed dyslipidaemia (P<0.001), enhanced vascular 
.
O2

-
 generation (P<0.05), reduced 

endogenous nitric oxide (NO) bioavailability (P<0.05) and marked atherosclerotic lesions. The 

absence of Nox2 oxidase (i.e. in Nox2
-/y

ApoE
-/- 

mice) resulted in an ~70% reduction in vascular 
.
O2

-
 

production (P<0.001) but had minimal effect upon plasma cholesterol levels and endogenous NO 

bioavailability. Similarly, Nox2 deletion did not reduce lesional area, but was associated with changes 

in plaque composition that improved plaque stability. Specifically, collagen and α-SMC actin 

accumulation were increased in Nox2
-/y

ApoE
-/- 

mice by ~2.4-fold (P<0.01) and ~1.9-fold (P<0.05) 

respectively, and lipid deposition was reduced by ~40% (P<0.01). Whilst lesional macrophage content 

was unchanged, Nox2 deletion appeared to promote an anti-inflammatory M2 macrophage 

phenotype. In conclusion, this study indicates that a deficiency in Nox2 oxidase was associated with 

reduced vascular 
.
O2

-
 production and improved plaque stability. Thus, targeting Nox2 oxidase may 

protect against cardiovascular complications associated with atherosclerosis.  

Keywords: atherosclerosis; plaque stability; superoxide; macrophage polarisation   
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Introduction: 

Reactive oxygen species (ROS) are required for a number of redox-dependent signalling processes 

within the vasculature, yet excessive generation of ROS contributes to the pathogenesis of several 

cardiovascular disorders (Drummond et al. 2011). Indeed, excess levels of ROS, derived largely from 

both vascular and inflammatory cells, plays a key role in atherosclerosis (Guzik et al. 2006; Judkins et 

al. 2010; Sorescu et al. 2002). Specifically, ROS can lead to a decrease in vasoprotective nitric oxide 

(NO) and increased expression of adhesion molecules on the endothelium (Libby et al. 2013; 

Tavakoli and Asmis 2012). This in turn, leads to infiltration and retention of inflammatory cells within 

the vessel wall and the release of pro-inflammatory cytokines, resulting in lesional development (Libby 

et al. 2013; Tavakoli and Asmis 2012). Additionally, oxidation of low density lipoproteins (ox-LDL) by 

ROS was reported to generate cytotoxic by-products [25, 40]. Moreover, ox-LDL can be scavenged 

by macrophages and lead to foam cell formation (Libby et al. 2013; Tavakoli and Asmis 2012). ROS 

also have the potential to affect the structural integrity of atheromas, by promoting vascular smooth 

muscle cell (VSMC) proliferation, migration and apoptosis and oxidising matrix metalloproteinases 

(MMPs) (Tavakoli and Asmis 2012). Taken together, this evidence suggests that ROS may play an 

important role in the initiation, development and instability of atherosclerotic plaques.  

NADPH oxidases (or Nox oxidases) are a family of multi-subunit enzyme complexes, which generate 

superoxide (
.
O2

-
) via the transfer of electrons from NADPH to molecular oxygen via a membrane-

bound catalytic subunit (Nox 1-5; Drummond et al. 2011). Importantly, increasing evidence indicates 

that Nox1, Nox2, Nox4 and Nox5 oxidases are major sources of ROS in the vasculature. Of particular 

interest is the Nox2 oxidase isoform, as its expression is upregulated in endothelial and inflammatory 

cells within human plaques (Guzik et al. 2006; Sorescu et al. 2002) and in an animal model of 

atherosclerosis (Judkins et al. 2010). Indeed the importance of Nox2 in the development of 

atherosclerosis is highlighted in studies utilising ApoE
-/-

 mice in which genetic deletion of either Nox2 

or its cytosolic subunit, p47
phox

, leads to a reduction in lesion area along the length of the aorta (Barry-

Lane et al. 2001; Judkins et al. 2010; Vendrov et al. 2007). Whilst Nox2 contributes to early 

atherosclerotic plaque development in the descending aorta, Nox2 and p47
phox

 deletion does not alter 

lesion size in the aortic sinus of ApoE
-/-

 mice (Barry-Lane et al. 2001; Hsich et al. 2000; Kirk et al. 

2000). Together these findings suggest that the ability of Nox2 oxidase to modulate atherogenesis 

may be dependent upon the arterial site of the lesion. Whilst limiting lesion size per se, is an important 
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therapeutic strategy, it has become increasingly evident that plaque stability also plays a key role in 

atherosclerosis.  

Plaque stabilisation is an important aspect in the therapeutic management of atherosclerosis, as 

many vascular complications (myocardial infarction, unstable angina and ischemic stroke) arise from 

an acute physical disruption of the atherosclerotic plaque (Libby et al. 2013; Tavakoli and Asmis 

2012). Lesions are primarily comprised of a lipid-rich necrotic core, inflammatory cells, VSMC and an 

extracellular matrix comprising of collagen, elastin, which are integral to the structural integrity of an 

atherosclerotic plaque (Silvestre-Roig et al. 2014). Plaques that are prone to rupture often display a 

thin fibrous cap and are composed of a large lipid-rich necrotic core, where the extracellular matrix is 

less developed and contains fewer VSMC (Libby et al. 2013; Tavakoli and Asmis 2012). Whilst a 

number of mechanisms are associated with plaque instability a key driving force is oxidative stress. 

Indeed, it has been proposed that ROS may promote inflammation through activation of nuclear factor-

κB (NF-ΚB) to release pro-inflammatory cytokines (Drummond et al. 2011). ROS also oxidises MMPs, 

leading to their activation and breakdown of the extracellular matrix (Papaharalambus and Griendling 

2007; Tavakoli and Asmis 2012; Violi et al. 2009). Similarly, inhibition of Nox2 oxidase has previously 

been shown to reduce MMP activity in cultured mouse macrophages (Kim et al. 2010). Additionally, 

Nox2-derived ROS was previously found to be associated with endoplasmic reticulum stress, 

apoptosis of macrophages and may contribute to necrotic core formation (Laurindo et al. 2014; Li et 

al. 2010). Finally, macrophages exist as a heterogeneous population, with the two most studied 

phenotypes being M1 and M2 macrophages. M1 or classically activated macrophages have been 

shown to be an important source of ROS (Pelegrin and Surprenant 2009) and can release a number 

of pro-inflammatory cytokines (Khallou-Laschet et al. 2010; Leitinger and Schulman 2013). 

Conversely, ROS generation is lower in M2 or alternatively activated macrophages (Balce et al. 2011; 

Pelegrin and Surprenant 2009) and these macrophages express a number of anti-inflammatory 

cytokines to promote angiogenesis and vascular remodelling (Gordon and Martinez 2010; Khallou-

Laschet et al. 2010; Leitinger and Schulman 2013). Given macrophage polarisation is dependent 

upon environmental stimuli (Leitinger and Schulman 2013), it is possible that elevated Nox2-derived 

.
O2

-
 from vascular and immune cells could promote M1 macrophage polarisation in atherosclerosis. 

Thus, developing therapeutic strategies that shift macrophages towards an M2 phenotype might lead 
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to improved plaque stability and an atheroprotective environment. However to date the role of Nox2 

oxidase in macrophage polarisation has not been elucidated in atherosclerosis. 

We hypothesised that Nox2 oxidase contributes to plaque instability in advanced atherosclerosis, via 

generation of vascular 
.
O2

-
, decreasing lesional collagen content and promoting the inflammatory M1 

macrophage phenotype. To test this hypothesis, vascular 
.
O2

-
 generation, endogenous NO 

bioavailability and plaque formation and stability were assessed in aortae and innominate arteries 

from wild-type (WT), apolipoprotein E-deficient (ApoE
-/-

) and Nox2
-/y

/ApoE
-/-

 double knockout mice 

maintained on high fat diet (HFD) for 21 weeks.  
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Methods  

This study was approved by the School of Biomedical Sciences Animal Ethics Committee, Monash 

University, Australia and conforms to the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. 

Experimental animals 

Nox2-deficient (Nox2
-/-

) mice were originally generated in the laboratory of Professor Mary Dinauer 

(Pollock et al. 1995) and bred at Ozgene (Bentley DC, WA, Australia). WT and ApoE
-/-

 mice were 

obtained from the Animal Resources Centre (Canning Vale, WA, Australia). All mice studied were 

male and fully backcrossed to the C57BL/6J background. Nox2
-/-

 mice were bred with ApoE
-/-

 mice to 

generate a Nox2
-/y

ApoE
-/-

 double knockout colony and a genetically related ApoE
-/-

 single knockout 

colony, as previously described (Judkins et al. 2010). Genotypes were determined by PCR 

amplification of tail DNA. From 5 weeks of age, mice were maintained on a HFD (21% fat, 0.15% 

cholesterol; Speciality Feeds, WA, Australia) for 21 weeks. Mice were deeply anaesthetized by 

isoflurane inhalation (Baxter Healthcare) prior to being euthanized by decapitation. 

Measurement of plasma lipids 

Blood from WT, ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 mice was collected from the inferior vena cava into 

heparinised tubes and plasma was isolated via centrifugation (4,000g, 4°C, 10 min). Plasma total 

cholesterol levels, high density lipoprotein (HDL) cholesterol, LDL cholesterol and triglyceride levels 

were then determined using a Roche MODULAR 917  enzymatic colorimetric array (Roche 

Diagnostics, Castle Hill, NSW, Australia). 

Assessment of atherosclerotic lesion size  

Atherosclerotic lesion burden in aorta and innominate arteries from WT, ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 

mice was assessed as previously described (Bullen et al. 2011; Gaspari et al. 2013; Judkins et al. 

2010; Miller et al. 2010). Whole aorta was assessed as a comparison to our previous study in whole 

aorta from ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 mice at 12 and 19 weeks (Judkins et al. 2010) and innominate 

arteries were chosen as the represent a site of established unstable plaque formation (Bond and 

Jackson 2011). In brief, aortas were dissected in their entirety from just distal (~1 mm) to the coronary 

sinus to just proximal (~1 mm) to the iliac bifurcation and cut open longitudinally along the ventral 
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surface. Arteries were stained with Oil Red O (0.5% saturated oil red O, 30 min) and excess stain was 

removed with 60% isopropyl alcohol. Innominate arteries were mounted in an OCT Tissue-Tek mould 

and stored at -80°C. Arteries were then sectioned (10 µm) and thaw mounted onto poly-L-lysine-

coated microscope slides. Three sections (100 µm apart) per mouse were stained with Oil Red O 

(0.5% saturated oil red O, 60 min) and counterstained with haematoxylin (25%, 2 min). Sections were 

viewed using a using an Olympus BX51 microscope (Olympus, Tokyo, Japan) and images digitized 

using a colour OP70 Peltier cooled digital camera and captured with a data acquisition system 

(Analysis LS Starter Version 3.0, Olympus Soft Imaging Solutions, Munster, Germany). 

Atherosclerotic plaque size was expressed as either an intima-to-media ratio (IMR) or as a 

percentage of the total luminal area.  

 

Assessment of plaque stability 

Plaque stability was evaluated via assessment of lipid, collagen, α-smooth muscle cell actin (α-SMC 

actin) and macrophage content of the plaque. Cryocut cross-sections (10 µm) of the innominate artery 

were prepared and three sections (100 µm apart) per mouse were either: (1) stained with Oil Red O 

(0.5% saturated oil red O, 60 min) and counterstained with haematoxylin (25%, 2 min) for lipid 

deposition and imaged under bright-field light, (2) stained with picrosirius red (0.05% saturated 

picorsirius red, 60 min) for collagen content and imaged under a polarised light or (3) incubated 

overnight at 4˚C with either a rabbit polyclonal antibody against α-SMC actin (1:1000; Dako, Glostrup, 

Denmark), rat monoclonal antibody against monocytes/macrophages (F4/80, 1:100; Serotec, Raleigh, 

NC, USA) or antibody diluent (negative control). The following day sections were washed in a 

phosphate buffer saline solution (PBS) and incubated for 3 hours at 4˚C with either the fluorescence 

labelled secondary antibody Alexa594 (goat anti-rabbit IgG; 1:1000), Alexa488 (goat anti-rat IgG; 

1:500; Invitrogen, Carlsbad, CA, USA) or PBS (negative control). Sections were washed in PBS, 

coverslipped using a Vectorshield mounting medium for fluorescence (Vector Laboratories, 

Burlingame, CA, USA) before being viewed under a fluorescence microscope (BX51, Olympus) at x20 

magnification where images were taken (OP70 Peltier cooled digital camera). All sections were coded 

so that images could be analysed in a blinded fashion. The percentage of immunofluorescence in the 

atherosclerotic plaque was quantified using ImageJ 1.46 software (Java, NIH, Bethesda, MD, USA), 

and averaged from the three artery sections per animal. Plaque stability was represented as a plaque 
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stability score as previously described (Gaspari et al. 2013; Mitani et al. 2003; Naghavi et al. 2003). 

Plaque stability score was calculated using the formula (collagen + α-SMC actin positive 

area)/(macrophage + lipid positive area). 

Superoxide detection 

Basal 
.
O2

-
 production was assessed in segments (~2 mm length) of thoracic aortae from WT, ApoE

-/-
 

and Nox2
-/y

/ApoE
-/-

 mice via L-012 (100 μmol/l)-enhanced chemiluminescence, as previously 

described (Bullen et al. 2011; Judkins et al. 2010). Briefly, background chemiluminescence signals 

were firstly obtained over a 20 minute period using a Plate Chameleon Luminescence Reader 

(Hidex), in separate wells of a white 96-well Opti-plate containing Krebs-HEPES [composed of (in 

mmol/l) 99 NaCl, 4.7 KCl, 1.2 MgSO4.7H2O, 1.0 KH2PO4, 19.6 Na2HCO3, 20 Na-HEPES, 11.1 D-

Glucose, 2.5 CaCl2, 20 mg/ml EDTA, pH 7.4] and L-012 (100 μmol/l). In semi-darkness, arteries were 

placed in separate wells and L-012-enhanced chemiluminescence was then measured every minute 

over a 30 minute period. Experiments were performed in duplicate, as two vascular segments were 

obtained per animal. Basal 
.
O2

-
 production for each ring segment was determined by subtracting the 

background chemiluminescence signal (in relative light units/s; RLU s
-1

) from the signal in the 

presence of the artery and then normalised to dry tissue weight (RLU
.
s

-1.
mg

-1
). 

Quantitative real-time polymerase chain reaction 

Quantitative real-time polymerase chain reaction (qPCR) was used to assess mRNA expression of 

the macrophage marker, CD68 and markers of both M1 (Tumour necrosis factor alpha; TNF, 

Chemokine (C-X-C motif ligand 2; Cxcl2) and M2 (Arginase 1; Arg1, Resistin-like molecule alpha 1; 

Fizz1) macrophages in thoracic aorta and the aortic arch of WT, ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 mice as 

previously described (Chan et al. 2012). Gene expression, relative to levels in WT mice, was 

calculated using the comparative CT method (Schmittgen and Livak 2008). In brief, RNA was 

extracted from aortae using a RNeasy Micro Kit-RNA (Qiagen, Venlo, Netherlands), quantified using a 

Nanodrop 1000D spectrophotometer (Thermo Scientific, Waltham, MA, USA) and reverse transcribed 

into complementary DNA (cDNA) using a RT
2
 First Strand Kit (Qiagen). The resultant cDNA was then 

used as a template in qPCR to measure the genes of interest relative to the house-keeping gene β-

actin. cDNA (20-100 ng) was loaded, in triplicate, into the wells of a 96-well plate together with a 

TaqMan Universal Master Mix (Applied Biosystems, USA) and predesigned Taqman primers and 
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probes for Arg1 (Mm00475988_m1), CD68 (Mm03047340_m1), Cxcl2 (MIP-2, Mm00436450_m1), 

Fizz1 (Retnla, Mm00445109_m1), Nox2 (Cybb, Mm01287743_m1), TNFα (Mm00443260_g1) and -

actin (ACTB, 4352341E; Applied Biosystems, USA). Real-time PCR was performed using a CFX96 

Touch Real-Time PCR Detection machine (Bio-Rad, Hercules, CA, USA). 

Vascular function studies 

Ring segments from the abdominal aortae (~2 mm long) of WT, ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 mice were 

mounted in a Mulvany-style small vessel myograph (Danish Myo Technology A/S, Inc., Skejbyparken, 

Denmark) for the measurement of isometric tension as previously described (Bullen et al. 2011; Irvine 

et al. 2003). Vessels were maintained in Krebs-Bicarbonate solution [composed of (in mmol/l) 118 

NaCl, 4.5 KCl, 0.5 MgSO4,
 
1.0 KH2PO4, 25 NaHCO3, 11.1 glucose and 2.5 CaCl2, pH 7.4] at 37°C and 

bubbled with carbogen (95% O2, 5% CO2). Following a 30 min equilibration period, arteries were 

stretched to a resting tension of 5 mN before being maximally contracted with the thromboxane A2 

mimetic, U46619 (1 μmol/l; Fmax).     

Contractile responses to phenylephrine (Phe; 1 nmol/l - 30 μmol/l) were obtained in aortae from WT, 

ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 mice. Ring segments were then washed with Krebs-Bicarbonate solution 

before contractile responses to the NO synthase inhibitor, N
ω
-nitro-L-arginine methyl ester (L-NAME, 

100 µmol/l) were measured as an indicator of basal NO bioavailability as previously described (Irvine 

et al. 2003). Briefly, vessels were pre-contracted to ~20-30% Fmax with titrated concentrations of 

U46619 (1-25 nmol/l). Once the U46619 contraction was stable, L-NAME (100 µmol/l) was added and 

the contractile response recorded once it reached a plateau (~30 minutes).  

Responses to vasodilators were examined in aortic rings from WT, ApoE
-/-

 and ApoE
-/-

Nox2
-/y

 mice 

precontracted to ~50% Fmax with titrated concentrations of U46619 (3-100 nmol/l). Cumulative 

concentration-response curves to acetylcholine (ACh; 1 nmol/l - 30 μmol/l) were constructed to 

assess endothelium-dependent vasorelaxation. Ring segments were then washed with Krebs-

Bicarbonate solution, precontracted with U46619 (~50% Fmax) and endothelium-independent 

vasorelaxation to the NO donor, diethylamine NONOate (DEA/NO; 1 nmol/l - 30 μmol/l) was 

examined. To ensure maximal relaxation, the β-agonist, isoprenaline (1 µmol/l) and the ATp-sensitive 

potassium channel opener, levcromakalim (10 µmol/l) were added at the end of each curve. 
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Data and statistical analysis  

All results are presented as mean ± SE, with the number of animals denoted by n. P<0.05 was 

considered statistically significant. Statistical comparisons were performed using either a Student’s 

unpaired t-test or a 1-way ANOVA with a Bonferroni post hoc test using GraphPad Prism, Version 5.0 

(GraphPad Software Inc).    

Vasorelaxation responses were expressed as a percentage reversal of U46619 precontraction. 

Contractile responses to PE and L-NAME were expressed as a percentage of the maximum response 

to U46619 (1 µmol/l; Fmax). Individual contraction and relaxation curves were fitted to a sigmoidal 

logistical equation to provide an estimate of the pEC50 value (concentration of agonist causing a 50% 

response), expressed as –log mol/l (GraphPad Prism). Differences between mean pEC50 and 

maximum contraction or relaxation values were determined.     

Drugs and their sources 

Drugs and there sources were: isopropyl alcohol and paraformaldehyde (Merck, Germany); L-012 

(Wako, Japan); levcromakalim (Tocris Bioscience, United Kingdom); DEA/NO and U46619 (Sapphire 

Bioscience, Australia) and all other drugs (Sigma, Australia). DEA/NO were prepared at 10 mmol/l in 

0.01 mol/l NaOH and all subsequent dilutions were in 0.01 mol/l NaOH. L-012 was prepared at 100 

mmol/l in dimethyl sulfoxide (DMSO) and all subsequent dilutions were in Krebs-HEPES (pH 7.4) 

solution. Levcromakalim was prepared at 10 mmol/l in 100% methanol. Oil Red O was prepared as a 

0.5% stock solution in 100% isopropyl alcohol then diluted to a 60% isopropyl alcohol working 

solution. Picrosirius Red was prepared as a 0.05% stock solution in 100% picric acid. All other drugs 

were dissolved and diluted in distilled water. 
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Results:  

Plasma lipid profiles in WT, ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 mice 

Total plasma cholesterol levels were elevated ~7-fold (P<0.001) in ApoE
-/-

 compared to WT mice 

(Table I).  This change in plasma cholesterol was associated with a ~22-fold (P<0.001) increase and 

~4-fold (P<0.001) decrease in LDL and HDL cholesterol, respectively. Plasma triglyceride levels were 

also elevated ~2-fold (P<0.05) in ApoE
-/- 

versus WT mice (Table I). Plasma lipid profiles did not differ 

between ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 mice (Table I).  

 

Effect of Nox2 deletion on vascular superoxide generation, NO bioavailability and function in aorta 

from ApoE
-/-

 mice. 

 

Aortic Nox2 mRNA expression was elevated ~15-fold (P<0.001) in ApoE
-/-

 mice as compared to WT 

(Figure 1A). This increase in Nox2 expression in ApoE
-/-

 mice was associated with an ~2-fold 

(P<0.01) increase in thoracic aortic 
.
O2

-
 (Figure 1B) and a reduction in basal NO bioavailability in the 

abdominal aorta (Figure 1C), as assayed via the contractile response to the NOS inhibitor, L-NAME. 

The loss of Nox2 oxidase led to impaired aortic 
.
O2

-
 generation in Nox2

-/y
/ApoE

-/-
 mice, such that 

levels were similar to those observed in WT mice, yet did not improve endogenous NO bioavailability 

and aortic Nox2 mRNA expression was negligible in WT and Nox2
-/y

/ApoE
-/-

 mice (Figure 1). 

Contractile responses to phenylephrine did not differ between aortic segments from WT, ApoE
-/-

 and 

Nox2
-/y

/ApoE
-/-

 mice (Figure 2A). Similarly, endothelium-dependent and –independent vasorelaxation 

by ACh (Figure 2B) and the NO donor, DEA/NO (Figure 2C), respectively remained unaltered in 

aortic segments from all study groups.  

 

Effect of Nox2 deletion on atherosclerotic plaque development and stability in ApoE
-/- 

mice 

Atherosclerotic lesions were evident in whole aortae and innominate artery segments from ApoE
-/-

 

and Nox2
-/y

/ApoE
-/-

, but not WT mice (Figure 3). Nox2 deletion did not alter the degree of lesion 

development in either whole aortae (Figure 3A) or innominate arteries as assessed via the 
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measurement of lesion size (Figure 3E) and intima-to-media ratio (Figure 3F). Although Nox2 deletion 

did not influence lesion size, the lipid content of plaque was reduced in Nox2
-/y

/ApoE
-/-

 mice as 

compared to ApoE
-/-

 mice (P<0.01; Figure 4A & 4C), whilst macrophage content remained unchanged 

(Figure 4B & 4D). In contrast, both collagen (P<0.01; Figure 5A & 5C) and α-SMC actin (P<0.05; 

Figure 5B & 5D) content were elevated in plaques from Nox2
-/y

/ApoE
-/-

 mice when compared to ApoE
-

/-
. Collagen and α-SMC actin were also predominant on the fibrous cap of the lesion. As such, the 

deletion of Nox2 in innominate arteries from ApoE
-/-

 mice lead to a significant increase in the plaque 

stability score (quantified as the ratio of collagen and α-SMC actin content to lipid and macrophage 

content; P<0.01; Figure 5E).  

 

Effect of Nox2 deletion on macrophage polarisation in ApoE
-/- 

mice 

Although macrophage content was similar in plaques from ApoE
-/-

 and Nox2
-/y

/ApoE
-/-

 mice (Figure 

4D), we wished to determine if Nox2 deletion had an effect on macrophage phenotype within the 

plaque. Quantitative reverse transcription polymerase chain reaction demonstrated that thoracic 

aortae from ApoE
-/-

 mice had significantly higher mRNA levels of the macrophage marker, CD68 (~9-

fold increase; P<0.01) as compared to WT mice (Figure 6A). In addition, mRNA for TNFα and Cxcl2, 

markers of pro-inflammatory M1 macrophages, was significantly increased (up to 5-fold; P<0.05) in 

ApoE
-/-

 mice (Figure 6B & 6C).  By contrast, expression of the anti-inflammatory M2 markers, Arg1 

and Fizz1 were not altered in ApoE
-/-

 versus WT (Figure 6D & 6E).  Whilst Nox2 deletion did not alter 

aortic macrophage content per se in ApoE
-/-

 mice (Figure 6A), a change in macrophage phenotype 

was apparent.  Specifically, a deficiency in Nox2 lead to a reduction in mRNA expression of the M1 

macrophage marker, TNFα in ApoE
-/-

 (P<0.05, Figure 6B), such that levels were comparable to that in 

WT mice. Moreover, expression of the M2 macrophage marker, Arg1 was elevated ~5-fold (P<0.05, 

Figure 5D) in aortae from Nox2
-/y

/ApoE
-/-

 versus ApoE
-/-

 mice. However, Nox2 deletion did not 

modulate the expression of the M1 marker, Cxcl2 or M2 marker Fizz1 in ApoE
-/-

 mice.  
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Table I. Plasma lipid profiles in 26 week-old wild-type (WT), apolipoprotein E-deficient (ApoE
-/-

) 

and Nox2
-/y

ApoE
-/-

 mice maintained on a high fat diet from 5 weeks of age.  

Values are given as mean ± SE, where n= number of animals. 

*P < 0.05, ***P < 0.001 vs WT (1-way ANOVA, Bonferroni post-hoc test).        



 

 

 

 

 

 

 

 

Figure 1: A: mRNA expression of Nox2 oxidase in aortic arch, B: basal superoxide production in 

aortic segments as measured by L-012 (100 µmol/L)-enhanced chemiluminescence (n=8) and C: 

contractile response to L-NAME (100 µmol/L) in aortic segments from 26 week-old wild-type (WT), 

apolipoprotein E deficient (ApoE
-/-

) and Nox2
-/y

ApoE
-/-

 mice maintained on a high fat diet from 5 weeks 

of age. Values are expressed as mean ± SE, where n= number of animals. *P<0.05, ***P<0.001 vs 

WT mice, 
##

P<0.01, 
###

P<0.001 vs ApoE
-/-

 mice (1-way ANOVA, Bonferroni post-hoc test). 
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Figure 2: Concentration-response curves to phenylephrine (A; n=7-8), acetylcholine (ACh; B; n=7-8) 

or DEA/NO (C; n=7-8) in aortic segments from 26 week-old WT, ApoE
-/-

 and Nox2
-/y

ApoE
-/-

 mice. 

Values are expressed as either a percentage of the contractile response to 1 µmol/L U46619 (A) or 

the percent reversal of precontraction (B and C) and given as mean ± SE, where n= number of 

animals. 
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Figure 3: A: En face lesion coverage of the aorta from 26 week-old ApoE
-/-

 and Nox2
-/y

ApoE
-/- 

mice 

(n=5-7). B-D: Atherosclerotic lesions are present in innominate arteries from 26 week-old ApoE
-/-

 and 

Nox2
-/y

ApoE
-/- 

mice, but absent in WT mice (n=6-9). Effect of Nox2 oxidase deletion on lesion size (E) 

and intima:media ratio (F) in innominate arteries from 26 week-old ApoE
-/-

 and Nox2
-/y

ApoE
-/-

 mice 

maintained on a high fat diet from 5 weeks of age. Values are expressed as mean ± SE, where n= 

number of animals.   
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Figure 4: A and B: Representative photomicrographs of lipid deposition (Oil Red-O staining; A) and 

macrophage content (B) as highlighted by arrows, in innominate arteries from 26 week-old ApoE
-/-

 

and Nox2
-/y

ApoE
-/-

 mice maintained on a high-fat diet from 5 weeks of age. C and D: Group data 

(mean ± SE) of lipid (C) and macrophage (D) content. Images representative of n=9 animals and 

values are expressed as a percentage of the total plaque area. Magnification: x20. **P<0.01 vs ApoE
-

/-
 mice (Student’s unpaired t-test).    



  Chapter 5 

136 
 

0

1 0

2 0

3 0

4 0

A p o E
- / -

N o x
- / y

A p o E
- / -

* *

L
ip

id
 c

o
n

te
n

t

(%
 o

f 
to

ta
l 

p
la

q
u

e
 a

r
e

a
)

0

1 0

2 0

3 0

A p o E
- / -

N o x 2
- / y

A p o E
- / -

M
a

c
r
o

p
h

a
g

e
 c

o
n

te
n

t

(%
 o

f 
to

ta
l 

p
la

q
u

e
 a

r
e

a
)

 

 

 

50 µm 

 

 

D 

ApoE
-/-

 Nox2-/yApoE
-/-

 Nox2-/yApoE
-/-

 

50µm 50µm 50µm 50µm 

ApoE
-/-

 

Lipid content Macrophage content 

A B 

C D 



 

 

 

 

 

 

 

Figure 5: A and B: Representative photomicrographs of collagen (A) and α-SMC actin (B) content as 

highlighted by arrows, in innominate arteries from 26 week-old ApoE
-/-

 and Nox2
-/y

ApoE
-/-

 mice 

maintained on a high-fat diet from 5 weeks of age. C and D: Group (mean ± SE) data of collagen (C) 

and α-SMC actin (D) deposition. Images representative of n=9 animals and values are expressed as a 

percentage of the total plaque area. Magnification: x20. E: Plaque stability score in innominate 

arteries from ApoE
-/-

 and Nox2
-/y

ApoE
-/- 

mice. The plaque stability score was calculated using the 

formula (collagen + α-SMC actin positive area)/(macrophage + lipid positive area). Values are 

expressed as mean ± SE, where n= number of animals. *P<0.05, **P<0.01, ***P<0.001 vs ApoE
-/-

 

mice (Student’s unpaired t-test).       
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Figure 6: A-E: mRNA expression of the macrophage marker CD68 (A; n=7), pro-inflammatory M1 

macrophage markers TNFα (B; n=6-7), Cxcl2 (C; n=7) and the M2 macrophage markers Arg1 (D; 

n=6-7) and Fizz1 (E; n=7) in thoracic aorta from 26 week-old WT, ApoE
-/-

 and Nox2
-/y

ApoE
-/- 

 mice 

maintained on a high-fat diet from 5 weeks of age. Values are expressed as mean ± SE, where n= 

number of animals. *P<0.05, **P<0.01 vs WT mice, 
#
P<0.05 vs ApoE

-/-
 mice (1-way ANOVA, 

Bonferroni post-hoc test). 
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Discussion: 

This study has demonstrated for the first time that the absence of Nox2 oxidase is associated with 

reduced vascular 
.
O2

-
 production and improved plaque stability in advanced atherosclerosis. Although, 

Nox2 oxidase deletion had minimal impact on plaque size, Nox2
-/y

ApoE
-/-

 mice displayed reduced lipid 

deposition and increased lesional α-SMC actin and collagen accumulation when compared to ApoE
-/-

 

mice. Whilst macrophage content was similar between ApoE
-/-

 and Nox2
-/y

ApoE
-/-

 mice, Nox2 oxidase 

deletion was associated with a shift towards an anti-inflammatory M2 macrophage phenotype, raising 

the possibility that Nox2-derived ROS may influence macrophage polarisation. Taken together, these 

results suggest that Nox2 oxidase contributes to plaque instability in advanced atherosclerosis.  

Previous studies have demonstrated that Nox2 oxidase expression and activity is increased in 

vascular and immune cells within atherosclerotic lesions from patients with end-stage heart failure 

(Sorescu et al. 2002) and coronary artery disease (Guzik et al. 2006). Similarly, Nox2 oxidase was 

observed to be upregulated in aortic endothelium and lesional macrophages from atherosclerotic mice 

(Judkins et al. 2010). Additionally, overexpression of endothelial Nox2 oxidase led to increased 

vascular 
.
O2

-
 production and macrophage recruitment in the aortic root, when compared to ApoE

-/-
 

mice (Douglas et al. 2012). In accordance with these reports, we found that Nox2 oxidase mRNA 

expression was increased in aortae from 26-week old ApoE
-/-

 mice and this was associated with an 

increase in basal 
.
O2

-
 production. Conversely, a deficiency in Nox2 oxidase limited basal 

.
O2

-
 

generation in Nox2
-/y

ApoE
-/-

 mice. Thus, these suggest indicate that Nox2 activity is not only elevated 

in the early stages of the atherosclerotic disease process (Judkins et al. 2010), but is maintained in 

more advanced stages of atherosclerosis. In the current study, we did not confirm the identity of cell 

types which display increased Nox2 expression within these aortic lesions. However, given that 

endothelial cells and macrophages are key sites of Nox2 expression in 19-week old ApoE
-/-

 mice 

(Judkins et al. 2010), it is likely that Nox2 expression is also elevated in these cells types in 26-week 

old ApoE
-/-

 mice.     

Unlike earlier stages of atherosclerosis (Judkins et al. 2010; Miller et al. 2010), Nox2-derived 
.
O2

-
 did 

not appear to contribute a reduction in endogenous NO bioavailability. Although contractions to the 

NOS inhibitor L-NAME were attenuated in aorta from ApoE
-/-

 mice (indicative of reduced NO 

bioavailability) they were not augmented in aorta from Nox2
-/y

ApoE
-/-

 mice. These findings suggest 



  Chapter 5 

140 
 

that the impaired bioavailability of endogenous NO in advanced atherosclerosis is not due to direct 

scavenging of NO by Nox2-derived 
.
O2

-
 nor ROS-mediated dysfunction of eNOS itself such as 

depletion of the key eNOS co-factor tetrahydrobiopterin. Therefore, other mechanisms appear to be 

involved in impaired NO bioavailability during advanced atherosclerosis. Indeed, elevated levels of 

the endogenous eNOS inhibitor, asymmetric dimethyl-L-arginine were observed in patients with 

coronary artery disease (Antoniades et al. 2009; Forstermann and Sessa 2012). In atherosclerotic 

mice, eNOS activation has been reported to be impaired, due to a ROS-independent reduction in 

store-operated Ca
2+

 entry (Forstermann and Sessa 2012; Prendergast et al. 2014). 

Hypercholesterolemia has also been reported to promote upregulation of caveolin in bovine 

endothelial cells, which in turn can inhibit eNOS-derived NO generation (Feron et al. 1999). Although 

not directly examined in atherosclerosis, eNOS can also undergo S-glutathionylation to reduce NO 

production (Chen et al. 2010). Alternatively, a reduction in endogenous NO bioavailability could be 

attributed to impaired signalling at the level of its receptor or beyond. However, this is unlikely as 

relaxation responses to the NO donor, DEA/NO were preserved in aorta from ApoE
-/-

 mice indicating 

intact sGC/cGMP signalling. Together these findings suggest that reduced NO bioavailability may be 

associated with ROS-independent inactivation of eNOS, leading to decreased NO generation, 

although further studies are needed to confirm this hypothesis.   

Despite a reduction in endogenous NO bioavailability in aorta of 26 week-old ApoE
-/-

 mice, we found 

that ACh-mediated relaxation was preserved. These findings are in agreement with our previous 

observations in carotid arteries from 26 week-old ApoE
-/-

 mice (Chapter 3). Such findings may be 

indicative of upregulation of other endothelium-derived relaxing factors to compensate for a loss in 

NO. Indeed nitroxyl (HNO), the protonated redox congener of NO has recently been shown to serve 

as an endothelium-dependent relaxation factor in hypertension and diabetes (Leo et al. 2012; Wynne 

et al. 2012). Furthermore, we have evidence that HNO generation may be augmented in advanced 

atherosclerosis and thus compensate for a loss in NO (Chapter 3). 

We next sought to assess the contribution of Nox2 oxidase to atherosclerotic lesion development and 

instability. Enhanced Nox2 oxidase activity appears to contribute to atherogenesis in the early stages 

of the disease process. Indeed, lesions size has previously been reported to be reduced in aorta from 

both 12 and 19 week old Nox2
-/y

ApoE
-/-

 mice (Barry-Lane et al. 2001; Judkins et al. 2010). However, 
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in our model of advanced atherosclerosis (26 weeks), genetic deletion of Nox2 oxidase in ApoE
-/-

 

mice did not reduce lesion size along the length of the aorta. Together these findings suggest that the 

contribution of Nox2 oxidase to lesional progression may be dependent upon the stage of 

development, as other mechanisms could also contribute to atherogenesis. Indeed, previous studies 

have identified that expression of Nox1, Nox4 and Nox5 were upregulated in human and experimental 

models of atherosclerosis  (Gray et al. 2013; Guzik et al. 2008; Guzik et al. 2006; Sheehan et al. 

2011; Sorescu et al. 2002). As such, Nox1 and Nox4 may be contributing to lesional development in 

our model of advanced atherosclerosis, since Nox5 does not appear to be present in rodents 

(Drummond et al. 2011; Konior et al. 2013). Furthermore, a deficiency in Nox2 oxidase does not 

influence lesion size in the aortic sinus in early atherosclerosis (ApoE-/- mice; Hsich et al. 2000; Kirk 

et al. 2000). Similar findings have also been observed in mice that were deficient in the Nox2 cytosolic 

regulatory subunit, p47
phox

 (Barry-Lane et al. 2001; Hsich et al. 2000). In this study we observed that 

Nox2 deletion has minimal effect on lesion size in innominate arteries from ApoE
-/-

 and Nox2
-/y

ApoE
-/-

 

mice. Like the aortic sinus, the innominate artery has previously been identified as a site of plaque 

instability (Bond and Jackson 2011). Whilst other mechanisms including Nox1 and Nox4 may 

influence lesion size (Gray et al. 2013; Guzik et al. 2006; Sheehan et al. 2011; Sorescu et al. 2002), 

lesional development was previously demonstrated to occur at an accelerated rate in the aortic sinus 

when compared to the aortae and this may impact on the role of Nox2 oxidase in these arteries 

(Barry-Lane et al. 2001). Taken together, these studies highlight that the ability of Nox2 oxidase to 

modulate atherogenesis is dependent upon both the arterial site of the lesion and the stage of lesional 

development.  

Whilst limiting lesion development can reduce the burden of disease associated with atherosclerosis, 

many cardiovascular complications arise from a physical disruption of a lesion. Thus, stabilisation of 

atherosclerotic lesions may also play a role in reducing the clinical sequela of atherosclerosis, such as 

myocardial infarction and stroke. In this study, plaque stability was determined using a plaque stability 

score, by balancing lipid and macrophage content versus α-SMC actin and collagen content in the 

lesion. Given more stable lesions are often associated with a thick fibrous cap, a small lipid-rich 

necrotic core and a well developed extracellular matrix, comprising of collagen and VSMC (Libby et 

al. 2013; Tavakoli and Asmis 2012). Additionally, a reduction in pro-inflammatory M1 macrophages 

together with a shift towards an M2 anti-inflammatory macrophage phenotype may also lead to 
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improved plaque stability (Khallou-Laschet et al. 2010; Leitinger and Schulman 2013). Importantly, 

this study has identified, for the first time, that the absence of Nox2 oxidase significantly improved 

plaque stability. Specifically, innominate arteries from Nox2
-/y

ApoE
-/-

 mice displayed increased α-SMC 

actin and collagen content both throughout the plaque and at the fibrotic cap. Additionally, plaque lipid 

content was significantly reduced in Nox2
-/y

ApoE
-/-

 mice. Whilst it remains a matter of contention 

whether plaque rupture occurs in the ApoE
-/-

 mouse model (Bond and Jackson 2011; Getz and 

Reardon 2012; Meyrelles et al. 2011; Rosenfeld et al. 2008), this study clearly implicates a role for 

Nox2 oxidase in plaque instability. Raising the possibility that limiting Nox2 oxidase could be a 

efficacious approach to reduce lesion size, promote plaque stability and may reduce the likelihood of 

plaque rupture during atherosclerosis.  

Nox2-derived ROS has the potential to promote plaque instability through a variety of mechanisms. 

Oxidative modification of MMPs by ROS, can lead to degradation of VSMC and collagen within the 

lesion to compromise the structural integrity of a plaque (Papaharalambus and Griendling 2007; 

Tavakoli and Asmis 2012). In this study, we observed that a deficiency in Nox2 oxidase led to 

increased VSMC and collagen content, as such  future experiments should examine the activity of 

MMP’s in ApoE
-/-

 and Nox2
-/y

ApoE
-/-

 mice. Additionally, ROS can stimulate VSMC growth and 

migration, which are important for the maintenance of the fibrous cap and plaque morphology, 

however excessive ROS generation leads to increased VSMC apoptosis (Papaharalambus and 

Griendling 2007; Tavakoli and Asmis 2012). Oxidative stress is also a key driving force of 

endoplasmic reticulum stress, which in turn promotes apoptosis and the formation of a larger necrotic 

core (Li et al. 2010; Tavakoli and Asmis 2012). In this study we did not quantify the area of necrotic 

core in innominate arteries, thus further experiments examining apoptotic markers in atherosclerotic 

lesions from Nox2
-/y

ApoE
-/-

 mice could provide further evidence for plaque stabilisation in these mice. 

Collectively, inhibition of Nox2-derived 
.
O2

-
 generation may facilitate plaque stability by reducing 

thinning of the fibrous cap and improving the structural integrity within the lesion to limit extracellular 

matrix degradation and necrotic core formation.      

Although macrophage content per se, was similar between ApoE
-/-

 and Nox2
-/y

ApoE
-/-

 mice, we 

observed differences in lesional macrophage phenotype in advanced atherosclerosis. Specifically, 

aortic expression of the M1 macrophage markers TNFα and Cxcl2, but not the M2 macrophage 
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markers Arg1 and Fizz1, were elevated in atherosclerotic mice. Both M1 and M2 macrophages have 

recently been reported to be elevated in human atherosclerotic lesions (Stoger et al. 2012). Moreover, 

M1 macrophages were found to accumulate in the necrotic core and the shoulder region of a plaque, 

which is an area that is often prone to rupture (Chinetti-Gbaguidi et al. 2011; Stoger et al. 2012). 

Conversely, M2 macrophages tend to accumulate in the adventitia and other more stable regions of a 

plaque (Chinetti-Gbaguidi et al. 2011; Stoger et al. 2012). In ApoE
-/-

 mice M2 macrophages were 

more prevalent than M1 macrophages in early atherogenesis, but this shifted towards a greater 

accumulation of M1 macrophages in advanced atherosclerosis (Khallou-Laschet et al. 2010). As 

such, macrophages exhibit a certain degree of plasticity and can switch phenotypes depending upon 

the local cytokine milieu (Khallou-Laschet et al. 2010; Leitinger and Schulman 2013). In addition, M2 

macrophages which generate anti-inflammatory cytokines, VSMC and adventitial fibroblast 

proliferation, which may promoted plaque stability (Gordon 2003; Khallou-Laschet et al. 2010; 

Leitinger and Schulman 2013). 

Importantly, in this study, we observed that in the absence of Nox2 oxidase, expression of the M2 

macrophage marker Arg1 was elevated in aortae from Nox2
-/y

ApoE
-/-

 mice. Conversely, genetic 

deletion of Nox2 oxidase led to decreased expression of the M1 macrophage marker TNFα to similar 

levels as seen in WT mice. Since M1 macrophages are a major source of Nox2-derived ROS 

production (Tavakoli and Asmis 2012) and oxidative stress is associated with M1 macrophage 

polarisation (Zhang et al. 2013), limiting Nox2-derived ROS, could reduce the environmental stimuli 

driving lesional macrophages towards a M1 phenotype rather than promote M2 macrophages in 

advanced atherosclerosis. As discussed, promoting an M2 macrophage phenotype may contribute to 

an improvement in plaque stability. Indeed, increased α-SMC actin and collagen content of lesions in 

Nox2
-/y

ApoE
-/-

 mice together with reduced expression of the pro-inflammatory cytokine TNFα is likely 

to reflect the actions of M2 macrophages. Thus M2 macrophages may promote extracellular matrix 

deposition and an anti-inflammatory environment within the lesion to improve plaque stability and 

reducing the likelihood of rupture.      

Future experiments are required to confirm our findings with regard to the effect Nox2 deletion has 

upon M1 and M2 macrophage polarisation in atherosclerosis. In this study we examined aortic mRNA 

expression of the M1 macrophage markers TNFα and CxCl2 and the M2 macrophage markers Arg1 
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and Fizz1. Given that Nox2 deletion only modified aortic mRNA expression of one M1 and M2 

macrophage marker, other pro-inflammatory (IL-6, IL-1β IL-12) and anti-inflammatory (interferon 

gamma; IFN-γ, IL-4 and IL-10) cytokines associated with macrophage polarisation could also be 

assessed (Gordon and Martinez 2010; Martinez et al. 2006). In addition to confirming these results at 

the level of gene expression, future experiments could also examine protein expression of M1 and M2 

macrophage markers in aortae from ApoE
-/-

 and Nox2
-/y

ApoE
-/-

 mice. As previous studies have utilised 

immunohistochemistry to assess the expression of M1 and M2 macrophages in arteries from patients 

with carotid stenosis, limb ischemia and coronary artery disease (Hirata et al. 2011; Shaikh et al. 

2012). Furthermore, we have recently published an experimental protocol utilising flow cytometric 

analysis to determine macrophage accumulation in the aortic wall of hypercholesterolemic mice 

(Moore et al. 2013) and it may be possible to modify this protocol to assess macrophage polarisation 

using M1 and M2 macrophage markers such as CD11c and CD206 (Fujii et al. 2013).  

 

 

Conclusion: 

In conclusion, this study has provided the novel finding that Nox2 oxidase contributes to plaque 

instability in advanced atherosclerosis. As such, developing strategies to target Nox2 oxidase may 

lead to reduced vascular 
.
O2

-
 generation and improved plaque stability. We observed that the absence 

of Nox2 oxidase was associated with decreased lipid deposition, increased collagen and VSMC 

content and a shift in macrophage phenotype towards anti-inflammatory M2 macrophage. These 

findings suggest that inhibiting Nox2 oxidase could lead to increased generation of ECM molecules 

and strengthening of the lesion and fibrous cap, making plaques less likely to rupture. Thus, 

employing such a therapeutic approach, in conjunction with a lipid lowering therapy such as statins, 

may confer protection against many of the cardiovascular complications associated with 

atherosclerosis.       
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Chapter 6: General Discussion 

6.1 General Overview 

The therapeutic utility of the NO/sGC/GMP signaling pathway has long been recognised. Indeed, NO 

donors have been used extensively to treat heart failure, angina and acute hypertensive crises. 

However the use of these donors is limited due to their susceptibility to tolerance development with 

continual use. Furthermore, NO can be inactivated by 
.
O2

-
 (Klemenska and Beresewicz 2009) and 

can display reduced efficacy under conditions of oxidative stress. Given the limitations of NO donors, 

interest has turned towards NO-like drugs such as HNO donors. Like NO, HNO displays a number of 

vasoprotective actions including an ability to mediate vasorelaxation (Andrews et al. 2009; Ellis et al. 

2000; Favaloro and Kemp-Harper 2009; Fukuto et al. 1992; Irvine et al. 2003; Irvine et al. 2007; Sha 

et al. 2006; Wanstall et al. 2001), limit vascular 
.
O2

-
 production (Leo et al. 2012; Miller 2013) and 

serves as an anti-aggregatory agent (Bermejo et al. 2005; Donzelli et al. 2013) under non-disease 

conditions. Additionally, HNO exhibits distinct pharmacological actions, which have the potential to 

overcome many of the limitations associated with NO donors. Specifically, previous studies have 

shown that unlike NO, HNO is resistant to scavenging by 
.
O2

-
 (Leo et al. 2012; Miller 2013), does not 

develop vascular tolerance (Irvine et al. 2007; Irvine et al. 2010), may preferentially target ferric haem 

proteins (Miranda et al. 2003), is highly thiophilic (Donzelli et al. 2006; Shen and English 2005) and 

can target unique signaling pathways in the vasculature (i.e calcitonin-gene related peptide release, 

voltage- and ATP-sensitive potassium channels; Kv and KATP (Donzelli et al. 2013; Favaloro and 

Kemp-Harper 2009; Favaloro and Kemp-Harper 2007; Irvine et al. 2003; Miller 2013)). Thus, there is 

potential for the vasoprotective actions of both endogenous and exogenous HNO to be maintained 

under conditions of oxidative stress and in acute coronary disease states where patients are 

susceptible to the development of nitrate tolerance and/or platelet NO resistance. Importantly, the 

HNO donor, CXL1020 has recently been reported to have cardioprotective actions in patients with 

congestive heart failure (Sabbah et al. 2013). However, we need to determine if HNO can maintain its 

vasoprotective actions in vascular diseases before the therapeutic potential of HNO donors can be 

fully realised. As such, the aim of this project was to elucidate the mechanisms of action and the 

efficacy of HNO in animal models of vascular disease and to directly compare the effects of HNO 
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donors to those of NO donors. Specifically, we choose to examine their efficacy in murine models of 

hypercholesterolemia and advanced atherosclerosis, two important risk factors for cardiovascular 

events such as acute myocardial infarction and stroke. 

 

6.2 The vasoprotective actions of HNO donors are maintained in cardiovascular disorders 

In this thesis we observed that vascular and platelet 
.
O2

-
 production was elevated in murine models of 

hypercholesterolemia and advanced atherosclerosis (Chapters 2 and 3). This increase in O2
-
 

production was associated with a reduction in endogenous NO bioavailability. (Chapters 2 and 3). 

Under these conditions, the clinically used NO donor, GTN maintained its ability to induce 

vasorelaxation, however its anti-aggregatory and 
.
O2

-
 limiting actions were compromised in 

hypercholesterolemia and advanced atherosclerosis (Chapter 2 and 3). Previous studies have also 

observed that the ability of GTN to limit vascular 
.
O2

-
 levels in diabetes (Wang et al. 2011), mediate 

vasorelaxation in hypercholesterolemic rabbits (Melichar et al. 2004; Verbeuren et al. 1986) and 

inhibit platelet aggregation is impaired in patients with stable angina pectoris, acute coronary 

syndrome, type 2 diabetes and obesity (Anderson et al. 2005; Anfossi et al. 1998; Anfossi et al. 2004; 

Chirkov et al. 1999; Chirkov et al. 2001). Additionally, we observed that GTN was susceptible to 

vascular tolerance development in hypercholesterolemia and advanced atherosclerosis after acute 

treatment in vitro (Chapters 2 and 3). This correlates with previous studies, which demonstrated that 

GTN developed vascular tolerance following either acute administration in vitro or chronic in vivo 

administration (Irvine et al. 2007; Irvine et al. 2010). 

Importantly, this thesis clearly demonstrates that the ability of the HNO donor, IPA/NO to mediate 

vasorelaxation, inhibit platelet aggregation and suppress 
.
O2

-
 generation was preserved in mouse 

models of hypercholesterolemia (Chapter 2 and 4) and advanced atherosclerosis (Chapter 3). 

Additionally, IPA/NO did not develop vascular tolerance in these disease settings (Chapters 2 and 3). 

Our findings are in accordance with a recent report, which found that the vasorelaxant actions of the 

HNO donor, 1-NCA are preserved in ApoE
-/-

 mice (Donzelli et al. 2013). Similarly, the vasorelaxant 

and vasodepressor effects of Angeli’s salt and IPA/NO have been shown to be maintained in a mouse 

model of hypertension (Irvine et al. 2013; Wynne et al. 2012). Having confirmed that the acute 
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vasoprotective actions of HNO donors are sustained in animal models of cardiovascular disorders, it 

will be vital to determine if these findings translate into the clinic. Thus far, research from our 

laboratory has found that relaxation responses to Angeli’s salt are sustained in radial arteries from 

patients undergoing coronary bypass surgery (Bullen et al. 2011, General Introduction). Moreover, the 

anti-aggregatory actions of IPA/NO are maintained in patients with ischemic heart disease (Dautov et 

al. 2013). Thus, whilst future studies are necessary, these findings indicate that the protective actions 

of HNO are sustained in human disease, and thus highlight a potential therapeutic utility for HNO 

donors in the treatment of cardiovascular disorders.   

Interestingly, the NO donor, DEA/NO were maintained in advanced atherosclerosis and was also 

shown to be resistant to vascular tolerance development (Chapter 3). When we compared the 

vasoprotective effects of GTN, IPA/NO and DEA/NO it was apparent that impaired responses to 

nitrovasodilators are not necessarily dependent upon the redox form of nitrogen oxide (NO vs HNO) 

donated, rather the nature of the donor itself. Whilst organic nitrates such as GTN must first undergo 

biotransformation to generate NO, DEA/NO spontaneously releases NO (Daiber et al. 2008; Miranda 

et al. 2005). However, it is unlikely that reduced biotransformation of GTN is entirely responsible for 

the impaired anti-aggregatory and 
.
O2

-
 limiting actions of this nitrovasodilator, as vasorelaxation 

responses to GTN were preserved in hypercholesterolemia and advanced atherosclerosis (Chapters 

2 and 3). Rather, the preserved actions of DEA/NO could be attributed to the rapid release and 

greater amount of NO generated from this NO donor. Indeed, 2 moles of NO are released per mole 

of DEA/NO, compared with 1 mole of NO per parent GTN molecule (Miranda et al. 2005). Thus, the 

generation of more NO by DEA/NO (vs. GTN) could ultimately mean a greater level of NO 

bioavailability and hence a preservation of the vasoprotective actions of DEA/NO.  

In this thesis we wanted to further explore the vasoprotective role of HNO donors and determine if 

these donors could circumvent platelet NO resistance. Platelet NO resistance differs from tolerance, 

as platelets display reduced efficacy to NO donors without prior exposure and the phenomenon is not 

exclusive to organic nitrates (Horowitz 2000). Indeed, anti-aggregatory responses to the NO donors 

GTN and SNP are impaired in platelets from obese patients and patients with congestive heart failure, 

aortic stenosis, stable angina pectoris, acute coronary syndrome and type 2 diabetes responses, 

indicating platelet NO resistance (Anderson et al. 2004; Anfossi et al. 1998; Anfossi et al. 2004; 
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Chirkov et al. 1996; Chirkov et al. 1999; Chirkov et al. 2004; Chirkov et al. 2002; Chirkov et al. 2001). 

As such, we firstly aimed to develop a murine model of platelet NO resistance to compare the 

efficacy of HNO and NO donors. We utilised hypercholesterolemic mice, as these mice displayed 

impaired anti-aggregatory responses to the NO donors, SNP and GTN (Chapter 2 and 4). 

Additionally, intraplatelet cGMP accumulation in response to SNP was also reduced in ApoE
-/-

 mice 

when compared to WT mice, indicative of platelet NO resistance (Chapter 4).   

It has previously been suggested that diminished responses to NO donors could be attributed to 

direct interaction with 
.
O2

-
 and/or desensitisation of platelet sGC in patients with diabetes and stable 

angina pectoris (Chirkov et al. 1999; Worthley et al. 2007). Additionally, a recent report observed that 

sGC dysfunction may be associated with platelet NO resistance in patients with ischemic heart 

disease, yet increased 
.
O2

-
 accumulation did not appear to contribute to resistance (Dautov et al. 

2013). Taken together these findings suggest that the mechanisms for platelet NO resistant may be 

dependent on the nature of the cardiovascular disease. In our model, we demonstrated that 

intracellular platelet 
.
O2

-
 levels are elevated (Chapter 2) and it has previously been shown that 

.
O2

- 
can 

be decompose to H2O2 to amply collagen-induced platelet aggregation (Pignatelli et al. 1998). 

However, the anti-platelet effects of SNP were not restored with the ROS scavenging enzymes PEG-

SOD and PEG-catalase, indicating that inactivation of NO by ROS did not contribute to platelet NO 

resistance (Chapter 4). Additionally, the PDE5 inhibitor, sildenafil was able to partially restore the anti-

aggregatory actions of SNP in hypercholesterolemic mice, yet cGMP accumulation in response to 

SNP was impaired in the presence of the PDE inhibitor, IBMX (Chapter 4), indicating that increased 

PDE5 activity does not solely contribute to platelet NO resistance. Although further studies are 

required to confirm whether increased PDE5 activity contributes to platelet NO resistance in 

hypercholesterolemic mice. Moreover, increasing the concentration of SNP lead to increased cGMP 

accumulation in platelets from hypercholesterolemic mice, yet anti-aggregatory responses to SNP 

were still impaired (Chapter 4). Since the level of cGMP accumulation should have been sufficient to 

restore the anti-aggregatory effects of SNP, this indicates that dysfunction at the level of cGMP may 

be contributing to platelet NO resistance in hypercholesterolemic mice (Chapter 4). Taken together, 

these findings suggest that dysfunction at the level of sGC and/or downstream targets of cGMP 

appear to be the most likely causes of platelet NO resistance in hypercholesterolemic mice. 
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Additionally studies are required to confirm these mechanisms of platelet NO resistance 

hypercholesterolemic mice and to extrapolate these findings into hypercholesterolemic patients.        

The sGC stimulators, IPA/NO and BAY 41-2272 modulate sGC/cGMP activity independently of NO 

and may target sGC/cGMP-independent signaling pathways in platelets (Hoffman et al. 2009; 

Mullershausen et al. 2004). As such, we hypothesised that these agents may circumvent platelet NO 

resistance. Indeed, IPA/NO and BAY 41-2272 inhibited platelet aggregation to a similar extent in 

platelets from WT and hypercholesterolemic mice (Chapter 4). Additionally, the degree of cGMP 

accumulation in response to IPA/NO and BAY 41-2272 was preserved in hypercholesterolemia 

(Chapter 4). Such findings indicate that IPA/NO and BAY 41-2272 are able to circumvent platelet NO 

resistance. IPA/NO has previously been shown to maintain its anti-aggregatory actions in platelets 

from patients with ischemic heart disease (Dautov et al. 2013), whilst the anti-platelet actions of BAY 

41-2272 were fairly well maintained in obese rats (Monteiro et al. 2012). Furthermore, the anti-

aggregatory actions of IPA/NO were partially inhibited in the presence of ODQ, yet ODQ had no effect 

on anti-aggregatory responses to BAY 41-2272 in hypercholesterolemic mice (Chapter 4). These 

findings suggest that both IPA/NO and BAY 41-2272 may be targeting sGC-independent signaling 

pathways to maintain their anti-aggregatory actions in hypercholesterolemia. Indeed, there is 

evidence to suggest that HNO donors can interact with platelet proteins via thiol modification, 

although it is currently not known what effect these interactions will have on platelet aggregation 

(Hoffman et al. 2009). Additionally, BAY 41-2272 has the potential to stimulate oxidised sGC and 

could inhibit PDE5 activity leading to increased cGMP accumulation (Mullershausen et al. 2004; 

Roger et al. 2010; Stasch et al. 2001). Future experiments are needed to confirm if IPA/NO and BAY 

41-2272 display sGC/cGMP-independent actions via these mechanisms. Additionally, sGC 

dysfunction may be occurring as a result of increase oxidation of sGC to a NO-insensitive Fe
3+

 or 

heme-free sGC, thus future experiments could also examine the anti-aggregatory actions of NO- and 

heme-independent sGC activators like BAY 58-2267 in this model. Nevertheless, the anti-aggregatory 

actions of IPA/NO and BAY 41-2272 appeared to be greater than those of SNP in 

hypercholesterolemia. As such, HNO donors and other NO-independent sGC stimulators represent 

viable targets for the future development of drugs that could circumvent platelet NO resistance. 
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Whilst IPA/NO and DEA/NO both maintained their vasoprotective actions in advanced 

atherosclerosis, HNO donors may have advantages over nitrovasodilators in general. One of the 

current limitations of nitrovasodilators is that they can display reduced efficacy under conditions of 

oxidative stress due to a direct interaction between NO and 
.
O2

-
 (Leo et al. 2012). Although we did 

not observe any impairment to DEA/NO signalling in advanced atherosclerosis (Chapter 3), the 

interaction of NO and 
.
O2

-
 leads to the formation of peroxynitrite (ONOO

-
), a damaging oxidant that 

has previously been associated with vascular dysfunction (Thomas et al. 2008). In contrast, HNO is 

resistant to direct scavenging by 
.
O2

-
 (Leo et al. 2012; Miller 2013), thus the bioavailability of HNO 

donors will be preserved under conditions of oxidative stress. Another issue surrounding the clinical 

application of NONOates, such as DEA/NO is its propensity to induce systemic hypotension and the 

formation of hepatocarcinogens (Fathi et al. 2011; Keefer 2003). However, systemic hypotension may 

not be a problem for HNO donors, as high concentrations of HNO can target thiol groups on sGC to 

reduce its activity (Miller et al. 2009), indicating that the actions of HNO may be self-limiting. 

Additionally, HNO can target distinct signalling pathways to that of HNO that may confer protection in 

cardiovascular diseases. Indeed, HNO targets a major source of oxidative stress, the 
.
O2

-
 generating 

enzyme Nox2 oxidase, potentially through modification of critical thiols to reduce its activity (Miller 

2013). In this study, we observed that IPA/NO limited 
.
O2

-
 generation in advanced atherosclerosis, 

potentially via the same mechanism. Whilst the NO donor, diethylenetriamine was previously shown 

to reduce Nox2 oxidase activity via S-nitrosylation of critical thiols on the p47
phox

 cytosolic subunit, this 

action is not immediate like HNO (Selemidis et al. 2007). Taken together these findings suggest that 

HNO donors may be more beneficial than DEA/NO as a novel therapy in cardiovascular disorders. 

HNO donors also have the potential to be more potent and efficacious anti-platelet agents than NO 

donors, such as DEA/NO and SNP. In this thesis we observed that a ~33-fold higher concentration of 

DEA/NO was required to inhibit collagen-stimulated platelet aggregation to a similar extent as IPA/NO 

in platelets from WT and atherosclerotic mice (Chapter 3). Although we did not examine the effects of 

DEA/NO upon platelet cGMP accumulation, IPA/NO also elevated cGMP levels ~2-fold higher than 

those observed with SNP at a similar concentration (Chapter 4). IPA/NO also produced a rapid 

increase in platelet cGMP levels that was sustained over an extended time period, whereas cGMP 

accumulation in response to SNP was delayed (Chapter 4). Taken together these findings suggest 
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that HNO donors are more advantageous anti-platelet agents than NO donors and could serve as a 

novel therapy in patients that have developed platelet NO resistance or tolerance.  

Moreover, IPA/NO targets unique signalling pathways that may lead to additional benefits over 

DEA/NO. As highlighted previously, HNO has sGC-independent actions that are particularly prevalent 

in the heart. Indeed, HNO can modify critical thiol residues on ryanodine receptors, SERCA2a, the 

SERCA2a inhibitor phospholamban and myofilaments, leading to positive inotropic and lusitropic 

effects that enhance myocardial contractility (Chen et al. 2010; Cheong et al. 2005; Dai et al. 2007; 

Froehlich et al. 2008; Gao et al. 2012; Lancel et al. 2009; Tocchetti et al. 2007). Therefore, it is 

possible that HNO could also mediate some of its vasoprotective actions by targeting distinct 

signalling pathways. Indeed, HNO can interact with Kv and KATP channels, although this interaction is 

sGC/cGMP-dependent, as such could be impaired in the face of sGC dysfunction (Andrews et al. 

2009; Favaloro and Kemp-Harper 2009; Favaloro and Kemp-Harper 2007; Irvine et al. 2003). 

Additionally, HNO can elevate calcitonin-gene related peptide levels, which could be sustained if 

sGC-dependent signalling is compromised (Donzelli et al. 2013; Favaloro and Kemp-Harper 2007). 

Thus the ability of IPA/NO to maintain its vasoprotective actions under disease conditions, together 

with its resistance to tolerance could lead to the use of HNO donors as an adjunct therapy in patients 

which are resistant to nitrovasodilators. Furthermore, the preservation of the vasoprotective actions of 

HNO may also be of use in the treatment of vascular dysfunction associated with angina, 

hypertension, atherosclerosis and of particular use in patients which display platelet NO resistance or 

tolerance. 

 

6.3 Endogenous HNO can serve as an EDRF in atherosclerosis  

NO was originally identified as the sole nitrogen oxide that could serve as an EDRF (Dierks and 

Burstyn 1996; Palmer et al. 1987), however there is growing evidence to suggest that HNO may also 

contribute to endothelium-dependent relaxation (Martin 2009). Indeed, it has been postulated that 

HNO is generated in the vasculature from both NOS-dependent (Donzelli et al. 2008; Hobbs et al. 

1994; Pufahl et al. 1995; Rusche et al. 1998; Schmidt et al. 1996) and –independent sources (Irvine 

et al. 2008; Paolocci et al. 2007; Wong et al. 1998). Furthermore, exogenous HNO was previously 
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shown to elevate cGMP in the vasculature to induce vasorelaxation (Fukuto et al. 1992; Irvine et al. 

2007) and we have confirmed that HNO can mediate vasorelaxation in cardiovascular disease states 

such as hypercholesterolemia (Chapter 2) and advanced atherosclerosis (Chapter 3). Thus, it is 

plausible that endogenous HNO has the capacity to induce relaxation in the vasculature. Furthermore, 

since HNO is resistant to inactivation by 
.
O2

-
 (Leo et al. 2012; Miller 2013; Miranda et al. 2002) and its 

effect may be enhanced in the face of uncoupled eNOS and thiol-depletion (Park and Oh 2011; 

Rusche et al. 1998), this raises the possibility that the protective actions of endogenous HNO could 

be preserved in vascular disease. In accordance with previous studies (Andrews et al. 2009; Fukuto 

et al. 1992; Wanstall et al. 2001), we found that endothelium-dependent relaxation to ACh in WT mice 

was reduced in the presence of the NO scavenger, HXC and the HNO scavenger, L-cysteine 

(Chapter 3), indicating that both NO and HNO can serve as EDRFs under non-disease conditions. 

More importantly, this thesis has also demonstrated, for the first time, that the ability of HNO to serve 

as an EDRF was augmented in a mouse model of advanced atherosclerosis, as L-cysteine impaired 

ACh relaxation responses to a greater extent in ApoE
-/-

 mice as compared to WT mice (Chapter 3). 

This was associated with a reduced contribution of NO to endothelium-dependent relaxation in  

ApoE
-/-

 mice. Together, these findings raise the possibility that HNO may compensate for a loss of 

endogenous NO in hypercholesterolemic and atherosclerotic mice (Chapters 2 and 3), thereby 

maintaining endothelium-dependent relaxation responses per se. Whilst HNO appears to serve as an 

EDRF in animal models of disease, it will be important to elucidate its role in patients with vascular 

diseases. This latter point notwithstanding, this experimental evidence highlights a role for 

endogenous HNO as a vasoprotective signaling molecule and further emphasises its potential as a 

therapeutic target to improve vascular function in disease.  

It is important to note however, that a role for endogenous HNO as an EDRF in health and disease 

can only be inferred from pharmacological studies. Definitive proof for its endogenous generation is at 

present, lacking due to the absence of methods to directly detect HNO, a concept which will be 

explored in more detail later in this discussion. Currently, HNO is assessed by utilising high 

concentrations of thiols as HNO scavengers (Ellis et al. 2000; Irvine et al. 2003; Irvine et al. 2007; Li 

et al. 1999; Wanstall et al. 2001) or through measuring by-products of HNO reactions (Fukuto et al. 

1992; Keceli et al. 2013; Miranda et al. 2005). However, these methods have limitations due to the 

lack of specificity of thiols and the fact that the by-products measured do not account for all of HNO’s 
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interactions. As such, more direct and sensitive methods need to be developed for the detection of 

HNO in mammalian cells. Nevertheless, with a potential to compensate for a loss in NO under 

disease conditions, endogenous HNO appears to be an attractive therapeutic target as a means to 

improve vascular function in disease.   

 

6.4 Role of Nox2 oxidase in the pathogenesis of atherosclerosis 

ROS have previously been demonstrated to be elevated in a number of cardiovascular diseases 

including atherosclerosis, hypertension, pulmonary hypertension and cardiac failure (Drummond et al. 

2011; Konior et al. 2013)  and are attributed primarily to increased expression and activity of the ROS 

generating enzymes, NAPDH oxidases (Drummond et al. 2011; Konior et al. 2013; Violi et al. 2009). 

Additionally, the Nox2 oxidase isoform represents a major source of 
.
O2

-
 within the vasculature and its 

expression is upregulated in endothelial and inflammatory cells within human plaques (Guzik et al. 

2006; Sorescu et al. 2002) and in an animal model of atherosclerosis (ApoE
-/-

 mice) (Judkins et al. 

2010). In atherosclerosis, enhanced 
.
O2

-
 production can lead to endothelial dysfunction and impaired 

endogenous NO bioavailability (Landmesser et al. 2004; Vasquez et al. 2012). Similarly, 

overexpression of endothelial Nox2 oxidase led to increased vascular 
.
O2

-
 production and 

macrophage recruitment in the aortic root when compared to ApoE
-/-

 mice (Douglas et al. 2012). In 

the current thesis, we observed that genetic deletion of Nox2 oxidase significantly reduced vascular 

.
O2

-
 production, yet did not improve endogenous NO bioavailability or decrease lesion size, per se, in 

a mouse model of advanced atherosclerosis. Given the absence of Nox2 oxidase in early 

atherosclerosis leads to improved endogenous NO bioavailability and a reduction in lesion size 

(Judkins et al. 2010; Miller et al. 2010), we postulate that the ability of Nox2 oxidase to modulate 

atherogenesis is dependent on the stage of lesional development.  

Whilst limiting lesion development is an important therapeutic strategy, it is becoming increasingly 

apparent that the stabilisation of an atherosclerotic plaque is also critical to atherosclerosis, as many 

thrombotic complications arise from a physical disruption to a lesion (Silvestre-Roig et al. 2014). ROS 

can have previously been associated with endothelial cell activation, retention of inflammatory cells 

within the vessel wall, activation of MMPs and can oxidise LDL particles within the vessel wall (Libby 

et al. 2013; Tavakoli and Asmis 2012). As such, ROS may promote the development of a large 
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necrotic core, inflammation, thinning of the fibrous cap and reduced extracellular matrix deposition, 

resulting in unstable plaques that are prone to rupture (Libby et al. 2013; Silvestre-Roig et al. 2014; 

Tavakoli and Asmis 2012). However the role of Nox2 oxidase in plaque stability is currently unknown. 

In this thesis, we observed that genetic deletion of Nox2 oxidase led to improved plaque stability in 

advanced atherosclerotic lesions (Chapter 5). Specifically, in innominate arteries from Nox2
-/y

ApoE
-/-

 

mice, α-SMC actin and collagen content was increased throughout the plaque and at the fibrotic cap 

(Chapter 5). Such changes stabilise the extracellular matrix within the lesion and lead to 

reinforcement of the fibrotic cap (Silvestre-Roig et al. 2014). Additionally, plaque lipid content was 

significantly reduced in the absence of Nox2 oxidase (Chapter 5), which may limit necrotic core 

formation and improve the structural integrity of the plaque.  

Interestingly, we found Nox2 oxidase deletion had minimal impact on macrophage content, per se, 

within atherosclerotic plaques (Chapter 5). However, we observed that Nox2-derived ROS can 

influence macrophage polarisation in advanced atherosclerosis. Specifically, Nox2 deletion reduced 

M1 macrophage content, as reflected by decreased expression of the M1 macrophage marker TNFα 

and enhanced M2 macrophage content, as expression of the M2 macrophage marker Arg I was 

elevated in aorta from Nox2
-/y

ApoE
-/-

 mice (Chapter 5). Together these findings suggest that the 

absence of Nox2 oxidase was associated with M2 macrophage polarisation. Importantly, a previous 

study in ApoE
-/-

 mice demonstrated that in M2 macrophages were more prevalent in early lesional 

development, but in advanced atherosclerosis there appeared to be a shift towards M1 polarised 

macrophages (Khallou-Laschet et al. 2010). Given macrophages maintained their plasticity in 

advanced atherosclerosis (Khallou-Laschet et al. 2010), this suggests that Nox2 oxidase may be 

facilitating a M2 < M1 macrophage switch in these lesions and may account for the increased 

expression of TNFα in advanced atherosclerosis. However, a limitation of the current study is that 

Nox2 deletion modified aortic mRNA expression of one M1 and one M2 macrophage marker. Thus, 

future experiments could examine the gene and protein expression of other macrophage polarisation 

markers in aortic and innominate arteries to confirm our findings. M1 macrophages are associated 

with the secretion of pro-inflammatory cytokines (TNFα, IL-1β, IL-6 and IL-12), are a major source of 

Nox2-derived ROS (Tavakoli and Asmis 2012) and can activate MMPs to promote plaque instability 

through VSMC and macrophage apoptosis, inflammation, thinning of the fibrous cap and reduced 

extracellular matrix deposition (Silvestre-Roig et al. 2014). In this study we observed that a loss of 
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Nox2 oxidase led to increased VSMC and collagen content within the lesion and at the fibrous cap, 

which further supports a role for Nox2 oxidase in plaque instability. Together, these findings suggest 

that target Nox2 oxidase could improve plaque stability and promote an atheroprotective M2 

macrophage phenotype.  

Both macrophages and the vascular wall appear to be important sources of Nox2 oxidase for 

atherosclerotic plaques, yet appear to have varying roles in the pathogenesis of atherosclerosis. A 

deficiency of Nox2 oxidase in the vessel wall was previously shown to limit endothelial activation and 

macrophage accumulation in early atherosclerosis (Vendrov et al. 2007) and an overexpression of 

endothelial Nox2 oxidase lead to increased macrophage recruitment (Douglas et al. 2012). 

Conversely, a loss of Nox2 oxidase from macrophages reduced plasma oxLDL levels and 

macrophage accumulation in early atherosclerosis (Vendrov et al. 2007). Thus both vascular and 

immune cells have been shown to play a role in lesion development. Whilst we did not examine the 

relative contributions of vascular and macrophage Nox2 in plaque stabilisation, we have clearly 

shown that global deletion of Nox2 promotes plaque stability and has atheroprotective actions. These 

findings, together with the observation that Nox2 oxidase expression was associated with more 

severe and unstable lesions in heart failure patients (Sorescu et al. 2002), suggests that Nox2 

oxidase plays an important role in plaque instability. Consequently, developing therapeutic strategies 

that target Nox2 oxidase may be beneficial in preventing plaque rupture and reducing thrombotic 

complications associated with atherosclerosis. Given, HNO has been shown to have anti-

inflammatory actions (Andrews et al., unpublished) and can modulate the activity of Nox2 oxidase 

(Miller 2013) it is possible that HNO may also promote plaque stability. Having demonstrated that the 

acute vasoprotective actions of HNO are preserved in advanced atherosclerosis (Chapter 3), we 

anticipate that chronic treatment with HNO donors will lead to improved vascular function, reduced 

atherosclerotic lesion development and improved lesion stability.  
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6.5 Current limitations and future directions 

Whilst HNO donors have the potential to display considerable advantages over traditional 

nitrovasodilators, a number of important issues must be addressed before their full therapeutic 

potential can be elucidated. Currently, it is not possible to directly detect HNO in intact mammalian 

cells and as a result indirect detection methods are utilised to discriminate between the effects of 

HNO and NO. In this thesis we utilised the well-established HNO scavenger, L-cysteine and NO 

scavengers, carboxy-PTIO and HXC (Chapters 2, 3 and 4).  

Furthermore, it appears that endogenous HNO can serve as a mediator of vascular function in health 

and disease, however direct detection methods are required to provide definitive proof of its 

endogenous generation. As discussed in the General Introduction, it is difficult to measure HNO 

directly as HNO undergoes rapid dimerisation and dehydration to yield N2O (Miranda et al. 2005). 

Current techniques assaying final reaction products of HNO lack sensitivity and selectivity as many of 

these end products can be generated via other signaling pathways (Reisz et al. 2011). Importantly, 

there have been recent advancements in the development of HNO sensors that can bind directly to 

HNO. Cu
2+

-based fluorescent probes (Apfel et al. 2013; Rosenthal and Lippard 2010; Wrobel et al. 

2014) and triarylphosphine-based detectors (Kawai et al. 2013; Reisz et al. 2011) are both direct HNO 

sensors, are highly sensitive and can also measure the cellular-localisation of HNO in cultured cells 

(Kawai et al. 2013; Rosenthal and Lippard 2010; Wrobel et al. 2014). However, further development 

of these sensors is required to translate these findings from immortalised cell lines to the intact 

vasculature, in vitro and in vivo and thereby facilitate their use as a viable means to directly detect 

endogenous HNO generation. 

A further drawback in the therapeutic use of HNO donors, is that currently used donors such as 

Angeli’s salt and IPA/NO have short half-lives (~ 2.5 min; DuMond and King 2011; Hughes and 

Cammack 1999; Maragos et al. 1991). However, it is important to note that cGMP accumulation and 

relaxation responses to Angeli’s salt were previously observed to be sustained over a 60 minute 

period (Irvine et al. 2007). Thus it appears that the effects of HNO itself and/or its downstream targets 

are maintained over an extended period of time despite the short half-life of its donor. The short half-

life of Angeli’s salt and IPA/NO are not amenable to chronic dosing in humans, nor can these donors 

be readily administered chronically in experimental models of disease. Maintaining donors at a basic 
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pH, prevents decomposition of the parent compound and a previous study demonstrated that Angeli’s 

salt was stable for up to 4 days, therefore continuous infusion of this donor is possible over this time 

period (Irvine et al. 2011). However, we have observed that after 7-10 days there is a reduction in the 

efficacy of Angeli’s salt and IPA/NO (Appendix I), precluding long-term administration of these donors. 

Additionally, IPA/NO generates a nitrosamine byproduct, which may exert non-specific effects 

(DuMond and King 2011; Miranda et al. 2005), which could also reduce the efficacy of IPA/NO. As a 

result, there is a need to develop pure HNO donors that possess longer half-lives, before we can fully 

assess the therapeutic potential of HNO donors.  

Acyloxy nitroso compounds such as 1-NCA represent an important step in the development of novel 

HNO donors, as these donors have a longer half-life of ~13-15 hours at physiological pH levels (Sha 

et al. 2006). Additionally, 1-NCA primarily generates HNO and a corresponding ketone, with minimal 

amounts of NO and nitrite, potentially enabling it to serve as a more pure HNO donor than Angeli’s 

salt and IPA/NO (Sha et al. 2006). However, further information is required with respect to the 

vasoprotective actions of 1-NCA, as 1-NCA has only been shown to induce vasorelaxation and serve 

as an anti-aggregatory agent (Donzelli et al. 2013; Sha et al. 2006). Additionally, the effectiveness of 

1-NCA and any potential off target actions need to be fully explored before its therapeutic potential is 

realised.  

Cardioxyl Pharmaceuticals (USA) are also in the process of developing a number of pure, longer 

lasting, small molecule HNO donors such as CXL-1020 for the treatment of cardiovascular diseases. 

In Phase I/IIA clinical trials CXL-1020 displayed positive inotropy and lusitropy actions in patients with 

congestive heart failure (Sabbah et al. 2013). Similarly, the haemodynamic effects of CXL-1427, a 

second generation HNO donor are currently being tested in Phase I clinical trials in patients with 

acute decompensated heart failure (Cardioxyl Pharmaceuticals 2014). Given the potential 

cardioprotective benefits of these molecules, it will be important to confirm if these molecules display 

similar vasoprotective actions to current HNO donors.   

Whilst the cardioprotective and vasoprotective actions of HNO make donors of this nitrogen oxide an 

appealing therapeutic strategy, it is important to recognise any potential shortcomings of these 

donors. As discussed in the General Introduction, HNO has the potential to be cytotoxic (at high 

concentrations), exacerbate ischemia-reperfusion injury and impair neuronal function (Chlopicki et al. 
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2004; Choe et al. 2009; Ma et al. 1999; Vaananen et al. 2008). Similarly, the highly thiophilic nature of 

HNO may lead to potential non-specific effects, albeit its preference for thiolates over thiols would 

diminish these interactions (Kemp-Harper 2011). Although we did not examine the adverse effects of 

HNO donors in this thesis, others have previously reported that the anti-alcoholism drug, cyanamide, 

as well as the Cardioxyl compound, CXL-1020, displayed few side effects and were well tolerated 

(DuMond and King 2011; Sabbah et al. 2013). Additionally, to fully elucidate the therapeutic potential 

of HNO donors, the vasoprotective actions of HNO observed in experimental models of vascular 

disease, must be confirmed in patients with cardiovascular disease. Importantly, a recent report 

demonstrated that the anti-aggregatory actions of IPA/NO were preserved in patients with ischemic 

heart disease (Dautov et al. 2013) and we have shown that Angeli’s salt mediates vasorelaxation in 

radial arteries isolated from patients undergoing coronary artery bypass surgery (Andrews et al., 

unpublished; General Introduction). Together this data provides further evidence that the 

vasoprotective actions of HNO will be sustained in patients with cardiovascular disorders.    

Given the importance of the immune system in cardiovascular diseases, particularly atherosclerosis 

(Libby 2012; Libby et al. 2013), there is also a need to explore the anti-inflammatory actions of HNO. 

Currently the role of HNO in immune cell modulation is unclear as HNO has previously been 

associated with increased neutrophil infiltration and ICAM-1 expression in rats (Takahira et al. 2001), 

is cytotoxic in human leukocytes at high concentrations (Augustyniak et al. 2013), but has also 

recently been shown to limit leukocyte adhesion in the vasculature (Andrews et al., unpublished). 

Given the ability of HNO to supress Nox2 oxidase-derived 
.
O2

-
 generation (Miller 2013), HNO may 

also influence macrophage function and limit their pro-inflammatory capacity, as oxidative stress is 

associated with M1 macrophage polarisation (Zhang et al. 2013).  

Previously, Nox2 oxidase was linked with early atherosclerotic plaque formation and development 

(Barry-Lane et al. 2001; Judkins et al. 2010; Vendrov et al. 2007) and we have shown in this thesis, 

that Nox2 oxidase is also associated with plaque instability. Taken together, this raises the possibility 

that HNO could potentially modulate atherogenesis and plaque stability by limiting the activity of Nox2 

oxidase in vascular and inflammatory cells. However, we await the development of longer acting HNO 

donors which will facilitate the chronic administration of these donors to determine if this nitrogen 

oxide can limit plaque formation and improve plaque stability in atherosclerosis.  
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Conclusions 

In conclusion, this thesis has demonstrated that HNO plays a pivotal role as a vasoprotective 

signalling molecule in cardiovascular disease. Thus, the vasorelaxant, anti-aggregatory and 
.
O2

-
 

supressing actions of the HNO donor, IPA/NO were conserved in the setting of hypercholesterolemia 

and advanced atherosclerosis. Although the vasoprotective actions of the NO donor, DEA/NO were 

also maintained, the ability of the clinically used nitrovasodilator, GTN to limit 
.
O2

-
 accumulation and 

inhibit platelet aggregation was compromised. Importantly, unlike GTN, IPA/NO and DEA/NO did not 

develop vascular tolerance, as they do not require biotransformation to generate their nitrogen oxide 

species. We also demonstrated that the contribution of endogenous HNO to endothelium-dependent 

relaxation was augmented in advanced atherosclerosis and may compensate for a disease-

associated reduction in NO bioavailability. Thus HNO donors appear to be a superior alternative to 

traditional NO donors as a therapeutic treatment. Given HNO donors are resistant to cross-tolerance 

(Irvine et al. 2007; Irvine et al. 2010), this also raises the possibility that HNO donors could be used as 

an adjunct therapy in patients with acute coronary syndromes such as angina, which display nitrate 

tolerance or platelet NO resistance.  

Moreover, combining the vasoprotective actions of HNO together with its cardioprotective actions, 

makes HNO donors an ideal therapy in patients with heart failure. Specifically, HNO donors have the 

ability to increase myocardial contractility, unload the heart, improve coronary blood flow and can limit 

vascular damage (Tocchetti et al. 2011). Indeed, Cardioxyl Pharmaceuticals have small molecule 

HNO donors in Phase I/IIA clinical trials for the treatment of congestive and acute decompensated 

heart failure. Lastly, HNO supresses Nox2 oxidase activity and limits vascular oxidative stress (Miller 

2013). This property may be of particular relevance in the setting of atherosclerosis where we have 

shown, via this thesis, that limiting Nox2 oxidase significantly improves plaque stability and appears to 

promote an anti-inflammatory macrophage phenotype in lesions. As such, the vasoprotective and 

proposed atheroprotective actions of HNO donors would be beneficial in preventing the thrombotic 

complications associated with atherosclerosis.    
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Chapter 8: Appendix 

Methods 

Time-course studies 

The time-course of vasorelaxation in response to the HNO donors, IPA/NO and Angeli’s salt were 

assessed in order to elucidate their viability, as previously described (Irvine et al. 2011). IPA/NO and 

Angeli’s salt stocks were freshly made at day 0 and were incubated for up to 10 days at 37˚C. On day 

0, 1, 4, 7 and 10, cumulative concentration-response curves to the HNO donor IPA/NO (1 nmol/l - 30 

μmol/l) and Angeli’s salt (1 nmol/l - 30 μmol/l) were constructed in common carotid arteries from 8-12 

week male, C57BL/6J (wild-type) mice. To ensure maximal relaxation, isoprenaline (1 µmol/l) and 

levcromakalim (10 µmol/l) were added at the end of each concentration-response curve. At each time 

point, vasorelaxation responses were compared to freshly made IPA/NO and Angeli’s salt.  

Data and statistical analysis 

All results are presented as mean ± SE and P<0.05 was considered statistically significant. 

Vasorelaxation responses were expressed as a percentage reversal of U46619 precontraction. 

Individual relaxation curves were fitted to a sigmoidal logistical equation (GraphPad Prism, Version 

5.0) to provide an estimate of the pEC50 value (concentration of agonist causing a 50% relaxation), 

expressed as –log mol/l and maximum relaxation (Rmax). Differences between maximum relaxation 

values were tested using either a 1-way ANOVA with a Bonferroni post hoc test. 

Drugs and their sources 

Drugs and there sources were: IPA/NO (kind gift from K. Miranda; University of Arizona, USA); 

levcromakalim (Tocris Bioscience, United Kingdom); U46619 (Sapphire Bioscience, Australia) and all 

other drugs (Sigma, Australia). IPA/NO and Angeli’s salt were prepared at 10 mmol/l in 0.1 mol/l 

NaOH and all subsequent dilutions were in 0.1 mol/l NaOH. Levcromakalim was prepared at 10 

mmol/l in 100% methanol and U46619 at 10 mmol/l in 100% ethanol. All subsequent dilutions were 

distilled water. All other drugs were dissolved and diluted in distilled water. 

 



  Chapter 8: Appendix 
 

 
 

 

 

 

 

 

 

 

 

 

 

Appendix 1: Concentration-response curves to IPA/NO (A; n=4-6) and Angeli’s salt (B; n=3-6) in 

common carotid arteries from WT mice. IPA/NO and Angeli’s salt stocks were freshly made at day 0 

and were incubated for up to 10 days at 37˚C and vasorelaxation responses were obtained at Day 0, 

1, 4, 7 and 10. Values are expressed as the percent reversal of precontraction and given as mean ± 

SE, where n=number of animals. *P<0.05, **P<0.01 vs Day 0 (1-way ANOVA, Bonferroni post-hoc 

test). 
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