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Abstract

Pulmonary hypertension (PH) is a debilitating disease with a very poor prognosis.
Increasing lung cyclic GMP (cGMP) levels is clinically effective in treating the
disease, but since many endogenous pathways regulate cGMP synthesis and
metabolism, there exists considerable scope for further optimising cGMP-based
therapy. In this thesis | have explored this possibility focusing on natriuretic
peptides, vasoactive mediators that stimulate cGMP synthesis via a membrane-

bound guanylate cyclase, and phosphodiesterases (PDE) which inactivate cGMP.

Using organ bath pharmacology, | assessed the functional reactivity of systemic
(aorta) and pulmonary vessels in response to atrial natriuretic peptide (ANP) and
nitric oxide (NO; in the form of an NO-donor) in the absence and presence of
isoform-selective PDE inhibitors. This was conducted in tissues from normoxic rats
and animals exposed to 2 weeks hypoxia (10% O). In addition, | undertook RT-PCR
studies to determine if expression of specific PDEs changed in these vessels under a

hypoxic environment.

My data suggest that PDE 2 and PDE 5 are the principal PDE isoforms regulating
ANP-dependent vasorelaxation in the pulmonary vasculature (from a functional and
expressional standpoint) and that inhibition of these PDEs should bring about a
selective pulmonary dilatation, particularly under hypoxic conditions. Using a
model of hypoxia-induced PH, | demonstrated that the PDE2 inhibitor, BAY 60-
7550, prevents the pulmonary hypertension, pulmonary vascular remodelling and
right ventricular hypertrophy characteristic of the disease. Moreover, combination of
BAY 60-7550 with the neutral endopeptidase inhibitor ecadotril (augments
circulating natriuretic peptide levels) produces an additive, if not synergistic, benefit
against disease severity.

Finally, I built on published work from our laboratory by investigating the effect of
the PDES inhibitor sildenafil, in combination with ecadotril, in experimental models
of PH and pulmonary fibrosis. Again, my data suggest that targeting PDE5 is also

an effective therapeutic approach in these lung disorders.
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Chapter 1: Introduction

1.1 Pulmonary Hypertension

Pulmonary Hypertension (PH) is clinically defined by a mean resting pulmonary
arterial pressure (mPAP) that is persistently elevated i.e. >25 mmHg at rest,
pulmonary vascular resistance (PVR) >3 Wood units and pulmonary wedge pressure
<15mmHg (Badesch et al., 2009). The disease is diagnosed via catheterisation of the
right ventricle. The pathological characteristics of PH are multifactorial and include,
increased pulmonary arterial pressure, vascular remodelling of the pulmonary small
arteries, right ventricular hypertrophy and ultimately right ventricular failure (Farber
& Loscalzo, 2004). The prevalence of all forms of PH in the UK currently stands at
97 per million population; with a gender bias of 1.8 females to every male (The NHS
Information Centre, 2011).

The classification of PH has evolved since the World Health Organization’s (WHO)
first scheme was proposed in 1973 (Hantano & Strasser, 1975). The first major
revision in 1998, divided PH into five categories based on clinical features and
pathobiology, “Evian Classification” (Fishman, 2001). Subsequent revisions in
2003, included changing the term primary pulmonary hypertension to idiopathic
pulmonary arterial hypertension (IPAH). The most recent modification was in 2008
at the fourth World Symposium on PH in Dana Point, California; with the “Dana
Point” classification (Simonneau et al., 2009). The classification of PH (Table 1.1)
is currently comprised of five major categories. These groups share pathological and

clinical features (Simonneau et al., 2009).

1.1.1 Group 1 — Pulmonary arterial hypertension

Group 1 is comprised of a diverse group of diseases and is termed pulmonary arterial
hypertension (PAH); this group can be further sub-divided into six areas. Idiopathic

PAH (IPAH), formally primary pulmonary hypertension, is a sporadic disease where
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there is not a familial history of PAH or identified risk factor. Heritable PAH
(HPAH) consists of patients with a germline mutation and PH in a familial context;
of which approximately 80% have mutations in bone morphogenetic protein receptor
2 (BMPR2; Austin & Loyd, 2007). Also, 11-40% of IPAH patients with no family
history have BMPR2 mutations (Machado et al., 2006) and so belong to this group.
Patients with any identified germline mutation, and familial cases where a genetic
mutation has yet or has not been detected, are all included in this sub-group.

Drug and toxin induced PAH, which is characterised into drugs or toxins that have a
‘definite’ association with PAH, such as appetite suppressants identified in the 1960s
(Simonneau et al., 2009), form a further subgroup of PAH.

Associated PAH (APAH) comprises patients with existing diseases such as
congenital heart disease, connective tissue disease (e.g. Systemic Sclerosis; SSc),
schistosomiasis or human immunodeficiency virus (HIV) infection. SSc associated
PAH patients have a worse prognosis than those with IPAH, with a 3 year survival
rate of only 48.9% (Fisher et al., 2006). Schistosomiasis is one of the most prevalent
chronic infectious diseases in the world with >200 million people infected
worldwide, APAH occurs in up to 5% of these patients, therefore it is probably the
most prevalent cause of PAH (Fernandes et al., 2011; Lapa et al., 2009). The final
two sub-groups of PAH are persistent pulmonary hypertension of the newborn
(PPHN) and patients with pulmonary veno-occlusive disease (PVOD) and/or

pulmonary capillary haemangiomatosis (PCH).

1.1.2 Group 2 — Pulmonary hypertension due to left heart disease

The Dana Point scheme Group 2 is PH resulting from left heart disorders. This was
initially reported to represent the most frequent cause of PH (Oudiz, 2007), although
this is now thought to be that associated with schistosomiasis infection (Fernandes et
al., 2011; Lapa et al., 2009). Group 2 have three primary aetiologies, left heart
systolic dysfunction, left heart diastolic dysfunction and left heart valvular disease

(Simonneau et al., 2009). All three raise pulmonary arterial pressure, which is
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predominantly due to elevated pulmonary venous pressure. Currently there are no

drugs approved for treatment of this group of PH patients (Nef et al., 2010).

1.1.3 Group 3 — Pulmonary hypertension due lung disease and/or hypoxia

Group 3 is PH resulting from lung disease and/or hypoxia. This includes chronic
obstructive pulmonary disease (COPD), interstitial lung disease (ILD), chronic
exposure to high altitude (‘chronic mountain sickness”), sleep-disordered breathing,
and obesity hypoventilation syndrome. The prevalence of PH in these conditions
remains largely unknown (Nef et al., 2010; Simonneau et al., 2009). However
several reports suggest this may occur in a significant number of patients. For
example, Ryu and colleagues have reported PH may occur in greater than eighty
percent of patients with IPF (Behr & Ryu, 2008). A study of COPD patients
revealed 25% of patients had PH (mPAP>25mmHg; Chaouat et al., 2008), whilst
others estimate 30-70% of COPD have PH (Seimetz et al., 2011). The estimated
prevalence varies greatly and are thought to be due to differences in the definition of
PH and methods used to determine pulmonary pressures (Minai et al., 2010). In
most cases the severity of PH correlates with the extent of the underlying lung
disease (Levinson & Klinger, 2011). This has been widely reported in IPF and
emphysema patients and the studies have been able to correlate the severity of the
lung disease with mPAP and survival (Lettieri et al., 2006; Mejia et al., 2009;
Nathan et al., 2008a; Nathan et al., 2008b; Patel et al., 2007).

1.1.4 Group 4 — Chronic thromboembolic pulmonary hypertension

Group 4 is chronic thromboembolic pulmonary hypertension (CTEPH) whereby
obstruction of the pulmonary vascular occurs due to thromboemboli. CTEPH occurs
in up to 4% of patients post acute pulmonary embolism (Poli & Miniati, 2011).
CTEPH is the only class of PH that can be cured; pulmonary thromboendarterectomy
(surgical removal of the thrombus) can be performed in some patients and has a
perioperative mortality of less than 10% (Stein et al., 2011).
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1.1.5 Group 5 - Pulmonary hypertension with unclear multi-factorial

mechanisms
Finally Group 5 consists of patients with PH where the cause is due to aetiologies

such as sarcoidosis, thyroid disease and glycogen storage disorders or are

multifactorial (Levinson & Klinger, 2011).
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Table 1.1

hypertension

The Dana Point 2008 disease classification of pulmonary

1.1
1.2

13
1.4

2.1
2.2
2.3

3.1
3.2
33
34
3.5
3.6
3.7

5.1
5.2
5.3
5.4

Table 1.1 The Dana Point 2008 disease classification of pulmonary hypertension.

> Group 1: Pulmonary Arterial Hypertension (PAH)

Idiopathic (IPAH)

Heritable

1.2.1 BMPR2 mutations (>50%)
1.2.2  ALK1, endoglin

1.2.3  Unknown

Drug and toxin induced
Associated (APAH)

1.4.1 Connective tissue diseases
1.4.2 HIVinfection

1.4.3 Portal

1.4.4 Congenital heart disease
1.4.5 Schistosomiasis

1.4.6 Chronic hemolytic anaemia
Persistent pulmonary hypertension of the newborn (PPHN)

Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary
haemanglomatosis

> Group 2: PH due to left heart disease

Systolic dysfunction
Diastolic dysfunction
Valvular disease

> Group 3: PH due to lung diseases and/or hypoxia

Chronic obstructive pulmonary disease (COPD)

Interstitial lung disease

Other pulmonary diseases with mixed restrictive and obstructive pattern
Sleep disordered breathing

Alveolar hypoventilation disorders

Chronic exposure to high altitude

Developmental abnormalities

> Group 4: Chronic thromboembolic pulmonary hypertension (CTEPH)

> Group 5: PH with unclear multi-factorial mechanisms

Haematologic disorders: myeloproliferative disorders, splenectomy

Systemic disorders: sarcoidosis, pulmonary Langerhans cell histocytosis

Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
Others: tumoural obstruction, fibrosing mediastinitis, chronic renal failure or dialysis
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1.1.6 Diagnosis

Diagnosis of PAH is achieved by pulmonary artery catheterisation, this is because it
is able to determine if elevated PAP is due to increased precapillary resistance or
postcapillary resistance. Echocardiography is unable to do this but is a useful non-
invasive technique to measure PAP and is often used to follow disease progression
and response to therapy. Three other tests commonly used to follow disease
progression and response to therapy are WHO functional class, 6 minute walking
distance (6MWD) and plasma B-type natriuretic peptide (BNP) levels (Badesch et
al., 2009).

WHO functional class is assessed by the patient’s subjective impression of their
ability to tolerate various types of physical activity; there are four levels of
impairment. WHO functional class | are patients that deny respiratory problems
during normal physical activity and are asymptomatic. Class Il patients complain of
shortness of breath when completing normal daily activities for example climbing
stairs and carrying objects. Patients that suffer from shortness of breath when
walking or dressing are class 111, whilst class 1V is when a patient is short breath at
rest (Barst et al., 2004b).

The 6MWD test is a measure of sub-maximal exercise. A normal healthy adult can
walk at least 500 metres in 6 minutes on level ground. As PH progresses 6MWD
steadily decreases, whereby most patients in WHO functional class IV are unable to
walk 150 metres in 6 minutes and often are unable to complete the test without

stopping to rest (Levinson & Klinger, 2011).

BNP is a secreted polypeptide produced mainly in the cardiac ventricles of the heart
as a result of higher ventricular pressure (wall stretch; (Potter et al., 2006). Plasma
BNP levels rise as the right ventricle fails, and therefore BNP represents a biomarker
of disease severity. For example, Nagaya and colleagues have reported improved
prognosis in patients where BNP plasma levels remain below 180pg/ml, or if with 6
months of therapy BNP levels can be reduced to below 180pg/ml (Nagaya et al.,
2000). BNP has a short half-life in blood, which may lead to variability due to
processing of patient samples. In contrast N-terminal pro BNP (NT pro-BNP) is far
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more stable (Mueller et al., 2004). NT pro-BNP is cleaved from pro-BNP with BNP
at a 1:1 ratio, however plasma levels vary due to different in vivo half-lives; 120
minutes and 22 minutes, respectively (Kemperman et al., 2004). NT pro-BNP is
only cleared by the kidneys, whilst BNP is degraded by a number of routes,
including by neutral endopeptidase (NEP), natriuretic peptide receptor C (NPR-C)
and to a lesser extent cleared by the kidneys (Leuchte et al., 2007). Furthermore,
NT-pro BNP and BNP serum levels correlate with haemodynamics, therefore NT
pro-BNP may represent a better biomarker for PH than BNP as it has greater stability
and a longer half-life (Leuchte et al., 2007).

1.1.7 Pathology and aetiology

PAH carries a high rate of mortality; in the 1980s it was reported the median survival
was 2.8 years, with 1, 3 and 5 year survival rates of 68%, 48% and 34% respectively
(D'Alonzo et al., 1991). There has been some recent improvement yet median
survival is still only 4.56 years with 1, 3 and 5 year survival rates 81.1%, 61.1% and
47.9% respectively (Kane et al., 2011). This is largely due to the lack of satisfactory
treatments, especially when it comes to agents that can reverse vascular wall
remodelling and vasodilators that selectively combat vasoconstriction of the

pulmonary vasculature over that of the systemic vasculature.

PH is a disease of the small pulmonary arteries, whereby PVR progressively
increases due to vasoconstriction, vascular proliferation and remodelling, ultimately
leading to right ventricular failure and death (Voelkel et al., 2006). Endothelial
dysfunction, therefore vasoconstriction and remodelling of pulmonary vessels are
responsible for increases in PVR. However, abnormally alleviated haemodynamics
are just one facet of PH; decreased apoptosis and enhanced proliferation of
pulmonary smooth muscle cells are also a key aspect of the disease (Chan &
Loscalzo, 2008). Another hallmark of the human disease is obstruction of the
vascular lumen by the formation of plexiform lesions (Schermuly et al., 2011);

which is thought to be due to the disorganised proliferation (apoptotic resistant
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clones) of endothelial cells and typically arise in arteries with a diameter of 200 to
400um (Jeffery & Morrell, 2002).

A pro-proliferative phenotype was recognised by the identification of HPAH patients
with loss of function mutations in the BMPR2 gene; a member of the transforming
growth factor-beta (TGF-p) family. BMPR2-dependant signalling in particular
BMP2 and BMP7 inhibit smooth muscle cell proliferation (Loscalzo, 2001).
However BMPR2 mutations are not commonly found in non-FPAH patients and
only 15% to 20% of individuals with the BMPR2 mutation develop PAH (Newman
et al., 2004). Recently mutations within Smad 4 and 8 genes, whose protein products
act downstream of BMPR2, have been identified (Nasim et al., 2011; Shintani et al.,
2009). Other genetic mutations also predispose individuals to PAH they include
activin-like kinase type-1 (ALK1, another member of the TGF-$ family; (Trembath
et al., 2001) and transient receptor potential channel 6 (TRPC6) (Yu et al., 2009).
Again only a small number of individuals present with these mutations and PAH,
therefore it is thought the aetiology is due to multiple hits, involving genetic and

environmental factors (Machado et al., 2006).
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1.2 Endothelial dysfunction in pulmonary hypertension

Chronic vasoconstriction of the pulmonary arteries is thought to be an early element
of PH (Humbert et al., 2004b). Such excessive vasoconstriction is associated with
endothelial dysfunction (Jeffery & Morrell, 2002). Endothelial dysfunction leads to
overexpression of vasoconstrictors such as endothelin-1 (ET-1) coupled to impaired
bioavailability of vasodilators such as nitric oxide (NO) and prostacyclin
(prostaglandin 1,; PGI,), so not only is vascular tone increased but vascular
remodelling occurs as a consequence of smooth muscle cell proliferation (Badesch et
al., 2009; Barst et al., 2004b; Chan & Loscalzo, 2008; Cool et al., 2005; Galie et al.,
2010; Humbert et al., 2008; Jeffery & Morrell, 2002; McLaughlin & McGoon, 2006;
Schermuly et al., 2011); Figure 1.1). These changes in endothelial function tip the

balance to a more vasoconstrictive, pro-proliferative phenotype.

1.2.1 Nitric oxide and nitric oxide synthase

NO is a colourless gas that was discovered by Joseph Priestley in the early 1770s
(Priestley, 1774). Furchgott showed in 1980 that endothelial cells release an
endothelium derived relaxing factor (EDRF) in response to acetylcholine (ACh) that
relaxed underlying smooth muscle (Furchgott & Zawadzki, 1980). These two
discoveries seemed unrelated until in 1987, two groups separately proved that EDRF
is NO (Ignarro et al., 1987; Palmer et al., 1987). The following year it was
demonstrated that NO is synthesised from the amino acid L-arginine (Palmer et al.,

1988) by a group of enzymes termed nitric oxide synthase (NOS).

The NOS family of proteins is comprised of 3 isoforms; neuronal NOS (nNOS),
inducible/inflammatory NOS (iNOS) and endothelial NOS (eNOS) otherwise known
as NOS1, NOS2 and NOS3, respectively (Stuehr, 1999). All three isozymes of NOS
are homodimeric proteins, with each subunit comprised of two domains, namely the
oxygenase and reductase domain. The oxygenase domain contains binding sites for
iron protoporphyrin 1X (FePPIX, haem group), tetrahydrobiopterin (BH,;) and L-

arginine (Stuehr, 1997). Whilst the reductase domain contains binding sites for
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flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN) and nicotinamide
adenine dinucleotide phosphate (NADPH; (Stuehr, 1997). NOS is activated by
binding a calcium (Ca*") calmodulin (CaM) complex and both the oxygenase and
reductase domains have binding sites for CaM. Both eNOS and nNOS require an
increase in resting intracellular Ca®* concentrations in order to bind CaM and so
become fully activated, thus making them Ca®* dependent. In contrast iNOS is
independent of intracellular Ca®* transients because it has such a high affinity to
CaM (Schmidt et al., 1991; Stuehr et al., 1991) it is constitutively bound to the

enzyme.

BH, appears to have four important roles to ensure optimal eNOS activity. Firstly,
BH, enables the haem catalytic site to function normally, in its absence the ferric ion
of the haem group is reduced to Fe(ll) dioxygen complex which results in superoxide
formation (Gielis et al., 2011). If BH4 is present iron-oxy species are formed
resulting in L-arginine hydroxylation and hence NO generation (Gielis et al., 2011).
Secondly, BH, increases the affinity of eNOS to L-arginine (Gorren et al., 1998).
Thirdly, it is thought to convert to a BH3 radical during the first catalytic reaction;
thus playing a role in the electron transfer of this reaction (Kotsonis et al., 2000).
Finally, BH, stabilises dimerisation of the two monomers of eNOS by interacting
with amino acids from both molecules (Panda et al., 2002).

1.2.1.1 Nitric oxide, nitric oxide synthase and pulmonary hypertension

Endothelial NOS expression and activation have been shown to be increased in the
pulmonary arteries in several animal models of PH, including chronic hypoxia and
monocrotaline (MCT; (Fagan et al., 2001; Le Cras et al., 1998; Resta et al., 1997
Zuckerbraun et al.,, 2010). Furthermore caveolin null mice have chronic
upregulation of eNOS activity, resulting in the development of PH (Zhao et al.,
2009). This is despite compromised NO bioavailability and bioactivity in PH
(Baliga et al., 2012; Zuckerbraun et al., 2011). Increased eNOS expression has been
consistently demonstrated in animal models; however this has not been the case in

human tissues.  There have been conflicting reports of increased eNOS
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immunostaining (Xu & Johns, 1995) and decreased eNOS immunostaining (Giaid &
Saleh, 1995) in the lungs of patients with pulmonary hypertension. More recently
there have been reports of increased eNOS expression in the lungs of children or
neonates with PH (Hoehn et al., 2009; Sood et al., 2011).

Increased eNOS expression and activation coupled with decreased NO
bioavailability and bioactivity is thought to be due to ‘eNOS uncoupling’. In PH
eNOS uncoupling has been shown to be due to defective synthesis of BH, (Khoo et
al., 2005; Nandi et al., 2005); as explained in 1.2.1 BH,4 plays a vital role in eNOS
activity. Decreased BH, bioavailability results in increased production of reactive
oxygen species (ROS; rather than NO) by eNOS and also disruption of the eNOS
dimer (Zuckerbraun et al., 2011), thus rendering the eNOS enzyme an ineffective
producer of NO. Furthermore the eNOS KO mouse is more susceptible to hypoxia
induced pulmonary hypertension than wild type (Baliga et al., 2012; Fagan et al.,
1999).

ROS contributes to the pathophysiology of PH via several mechanisms (Wolin et al.,
2010). Human studies have suggested there is increased oxidative stress in PH, thus
inferring that ROS is increased too (Wong et al., 2012). ROS oxidises the ferrous
haem of soluble guanylate cyclase thus rendering it insensitive to NO as explained in
1.2.2 and 1.2.2.1, therefore blocking NO-mediated relaxation (Schrammel et al.,
1996). ROS also cause vasoconstriction and have been implicated in pulmonary
artery smooth muscle cell (PASMC) proliferation (Sanders & Hoidal, 2007).
Furthermore superoxide dismutases (SOD; metabolises superoxide, O,") have been
shown to be effective in preventing vascular remodelling in the chronic hypoxia
animal model of PH (Hoshikawa et al., 2001a).

1.2.2 Soluble guanylate cyclase

Soluble guanylate cyclase (sGC) is an enzyme that converts guanosine triphosphate
(GTP) to cyclic 3°, 5’-guanosine monophosphate (cGMP); it is the primary

intracellular receptor for NO and mediates the vast majority of physiological effects

Page | 28



of NO including, vasorelaxation, anti-leukocyte and anti-platelet activities (Hobbs &
Ignarro, 1996). sGC is a haem-containing protein found in the cytosol of virtually
all mammalian cells (Hobbs, 1997). The highest concentrations of sGC can be found
in the lung and brain. sGC is comprised of an a (large) and a B (small) subunit
(Humbert et al., 1990; Kamisaki et al., 1986). Currently two isoforms for each
subunit have been identified and are termed a4, ay and Bi, B2, respectively. To date
only a3p; and app; heterodimers of sGC have been found to be naturally occurring
and active (Russwurm et al., 1998).

Each subunit constitutes a haem-binding domain, dimerisation region and a catalytic
domain. The haem-binding domain is found in the N-terminal portion of each
subunit; the haem moiety gives sGC its sensitivity to NO (Schmidt et al., 2004).
Within the C-terminus of each subunit is the catalytic domain. Co-expression of the
catalytic domains of both the a and B subunits is required for cyclase activity
(Hobbs, 1997). The central region linking the catalytic and haem-binding domains is

important in the dimerisation of the o and 3 subunits.

NO binds to the haem iron of sGC to form a haem-NO complex, which results in the
breakage of the histidine-haem bond. This conformational change is transduced to
the catalytic domain, the result of which is an up to 200-fold activation of the
enzyme (Humbert et al., 1990). sGC becomes insensitive to NO if the Fe** haem
moiety is removed or oxidised and this stimulates the degradation of sGC (Stasch et
al., 2006). As discussed in section 1.2.1.1, oxidative stress is increased in patients
with PH, therefore oxidation of sGC by ROS is increased.

To produce sGC KO mice, deletion of the B; subunit was found to result in a parallel
loss of o subunit expression due to proteolytic degradation (Friebe et al., 2007).
These B; KO mice only live for 3-4 weeks unless given a fibre-free diet, this is due
to intestinal dysmotility, suggesting sGC is vital for the maintenance of normal
peristalsis of the gut. The B; KO mice show a pronounced increase in systemic
blood pressure (~30mmHg greater than WT), smooth muscle cell specific f; KO
mice are also hypertensive (Groneberg et al., 2010); highlighting the importance of
sGC in the maintenance of cardiovascular smooth muscle tone in vivo.

Megakaryocyte and platelet specific f1 KO mice have prolonged tail-bleeding times
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and impaired thrombus formation (Zhang et al., 2011). Therefore sGC also plays a

key role in stimulating platelet activation, in vivo thrombosis and haemostasis.

Mice deficient in either the oy (two strains have been generated) or a, SGC subunits
have been generated and have normal life expectancy (Buys et al., 2008; Mergia et
al., 2006). sGC expression is reduced by over 90% in mice lacking the oy subunit
compared to WT, due to a corresponding reduction of the B; subunit (a; KO mice
show a minor reduction of the P; subunit); therefore the B; subunit is unstable

without it’s dimerising partner (Friebe & Koesling, 2009).

Vasorelaxation by NO donors, sGC activators and ACh in o3 KO mice is greatly
impaired but not obliterated; indicating that the residual sGC containing the oy
subunit can assume functions in vascular smooth muscle cells (VSMC) but requires
far higher concentrations of NO than sGC containing the a; subunit (Buys et al.,
2008; Mergia et al., 2006). Blood pressure in a; KO mice was not raised as in f;
KO mice, which was surprising. Furthermore there were differing blood pressure
phenotypes between the two strains; this appears likely to be due to the different
genetic backgrounds of the mice. Gender specific hypertension was reported by
Buys et al., male mice (KO: 147mmHg, WT: 125mmHg) were hypertensive whilst
females (KO: 115mmHg, WT: 119mmHg) were not (Buys et al., 2008). The males’
hypertension was age dependant and only occurred after about 14 weeks of age.
They showed that testosterone played a key role; orchidectomised a; KO males were
not hypertensive and a; KO females given testosterone had greatly increased blood
pressure (vehicle: 120mmHg, testosterone: 180mmHg). This could be due to
females producing EDHF to compensate, as this is the predominant mediator in
female mice whilst NO and PGI, are predominant in male mice (Scotland et al.,
2005). Mergia et al. found that their o KO mice had moderately elevated blood
pressure (KO: 111mmHg, WT: 104mmHg) regardless of gender (Mergia et al.,
2006).

There is minimal expression of the o, subunit in the vasculature, the a, KO mouse as

expected showed no significant differences to WT mice with regard to blood

pressure and vasorelaxation by agents that activate SGC (Mergia et al., 2006).
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1.2.2.1 Soluble guanylate cyclase and pulmonary hypertension

Soluble GC has been shown to be upregulated in the lungs of IPAH patients, as well
as in animal models of PH - chronic hypoxic mice and MCT treated rats (Schermuly
et al., 2008). However sGC mediated vasodilatation in MCT and chronic hypoxia
induced PH in rats is impaired (Crawley et al., 1992; Mam et al., 2010). This is due
to impaired bioavailability of NO and oxidation of the ferrous haem of sGC and thus
inhibition of its NO-mediated activation (Schrammel et al., 1996). It has been
shown that sGC exists within a redox equilibrium, between a reduced (NO sensitive)
and oxidised (NO insensitive) state (Stasch et al., 2006). Oxidised sGC has been
shown to increase in both human cardiovascular diseases and animal models where
ROS is also increased (Stasch et al., 2006). Furthermore, genetic deletion of the ;-
subunit of sGC augments the response to hypoxia-induced PH (Vermeersch et al.,
2007).

Soluble GC activators and stimulators have been successfully used to partially
reverse hypoxia and MCT induced PH in rats (Weissmann et al., 2009; Schermuly et
al., 2008; Dumitrascu et al., 2006) and the sGC stimulator riociguat (BAY 63-2521)
is currently in phase Il clinical trials for the treatment of PH (Mittendorf et al.,
2009; Ghofrani et al., 2010), following a successful evaluation in Phase 2 (Ghofrani
et al. 2010).
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Figure 1.1 The main impaired signalling pathways implicated in pulmonary hypertension
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Figure 1.1 Main impaired signalling pathways implicated in pulmonary hypertension. Prostacyclin (PGI;) analogues activate G-
coupled IP receptors, once bound activates adenylate cyclase (AC) which produces cyclic adenosine monophosphate (cAMP) from
adenosine triphosphate (ATP); resulting in vasodilatation and anti-proliferation of smooth muscle cells (SMCs). Endothelin
receptor antagonists (ERAs) block the contractile and proliferative effects of endothelin-1 (ET-1) on SMCs. Phosphodiesterase 5
inhibitors (PDE5i) block the breakdown of cyclic guanosine monophosphate (¢GMP) which has vasodilatory and anti-proliferative
effects. ETass, endothelin receptor A/B; ECE-1, endothelin converting enzyme-1; COX-1, cyclooxygenase-1; AA, arachidonic acid;
PGH,, prostaglandin H, PGIS, prostacycin synthase; NO, nitric oxide; eNOS, endothelim nitric oxide synthase; sGC soluble
guanylate cyclase; GTP, guanosine triphosphate; GMP, guanosine monophosphate.
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1.2.3 Cyclic 3°,5°-guanosine monophosphate

In 1963 Ashman and colleagues first identified and purified cyclic 3°, 5’-guanosine
monophosphate (cGMP) from rat urine, they identified the main organic-phosphate
containing molecules in urine as cyclic 3°, 5’-adenosine monophosphate (CAMP) and
cGMP (Ashman DF. et al., 1963). cGMP is a second messenger that is found
ubiquitously and mediates a vast number of physiological processes. Some
examples of which are cell proliferation, ion channel conductance, apoptosis, cellular
mobility and contractility. As mentioned previously cGMP is generated by sGC and
particulate guanylate cyclase (pGC; see section 1.3.2) in response to NO and

natriuretic peptides (NPs; see section 1.3), respectively (Hobbs, 1997).

This cyclic nucleotide regulates cellular function via three principle mechanisms: 1)
cGMP-gated ion channels, 2) cGMP-regulated PDEs (see section 1.5) and 3) cGMP-
dependent protein kinase (PGK). cGMP produces many cytoprotective effects in the
vasculature including vasodilatation, anti-platelet, anti-leukocyte and inhibition of
VSMC proliferation (Figure 1.2).

Two PKGs have been identified PKGI and PKGII. PKGI is the main isotype found
in the cardiovascular system (Bonnevier et al., 2004). It has two splice variants o
and B. PKGI is expressed at high levels in VSMC (PKGla and PKGIB) and
endothelial cells (PKGIp), whilst in cardiac myocytes (PKGla) is expressed at lower
levels (Tsai & Kass, 2009). PKGII is not found in the cardiovascular system, it is

mainly expressed in the brain, kidney and intestine (Francis et al., 2010).
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Figure 1.2 Mechanisms of cGMP in vascular smooth muscle cells
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Figure 1.2. Mechanisms of cGMP in vascular smooth muscle cells.

NO, nitric oxide; NPs, natriuretic peptides; GTP, guanosine triphosphate; cGMP, cyclic guanosine
monophosphate; sGC, soluble guanylate cyclase; pGC, particulate guanylate cyclase; PDEs,
phosphodiesterases; PKGI, protein kinase Gl; GMP, guanosine monophosphate; AMP, adenosine
monophosphate.
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The main mechanism of action of PKG in the cardiovascular system is
vasodilatation. In VSMC, cGMP activates PKGI which in turn inhibits the release of
Ca®* from intracellular stores (Desch et al., 2010; Tertyshnikova et al., 1998),
phosphorylates voltage-dependent Ca®* channels (Ca,1.2, L-type Ca®* channels)
inhibiting extracellular Ca®* influx (Yang et al., 2007), activates large conductance
Ca®*-activated K* channels (BKc,) which causes membrane hyperpolarisation and
therefore inhibits extracellular Ca** influx (Fukao et al., 1999), phosphorylates
myosin light chain phosphatase (MLCP; (Sauzeau et al., 2000) and decreases the
Ca®* sensitivity of the contractile apparatus (Sauzeau et al., 2000); therefore

modulating smooth muscle cell relaxation.

1.2.3.1 Cyeclic 3’, 5’-guanosine monophosphate and pulmonary hypertension

Vascular and lung levels of cGMP are reduced in PH, this can be due to a number of
mechanisms; inactivation of GCs, enhanced metabolism of cGMP by PDEs and
impaired bioavailability of NO (Archer et al., 1998; Crawley et al., 1992; Steudel et
al., 1997; Zhao et al., 1992). PDEs are discussed in depth in section 1.4, NO in
section 1.2.1, sGC in section 1.2.2 and pGC in section 1.3.2. Inhibiting PDES5 blocks
cGMP hydrolysis, PDES5 inhibitors (PDE5i) are approved therapies for PH and are

discussed in section 1.5.5.

1.2.4 Endothelin-1

Endothelin-1 belongs to a family of three peptides, endothelin-1 (ET-1), endothelin-2
(ET-2) and endothelin-3 (ET-3). ET-1 is the major cardiovascular isoform of the
endothelin family, a 21 amino acid peptide with potent vasoconstrictor activity in
most vascular beds (Yanagisawa et al., 1988). The gene product, preproET is
cleaved by an endothelin converting enzyme (ECE) into big ET and subsequently to
the biologically active ET-1 (Webb, 1991). There are two endothelin receptors both
are seven-transmembrane G protein coupled receptors (GPCRs); and are termed
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endothelin receptor type A (ETa) and type B (ETg). ETa and/or ETg activation on
smooth muscle cells mediates vasoconstriction, proliferation, and is anti-apoptotic.
Conversely activation of ETg on vascular endothelial cells stimulates the generation
of vasodilators, such as NO and PGIl,. Furthermore ETg on lung endothelial cells
acts as a clearance receptor of ET-1 and is accountable for 80% of its clearance,
(Shao et al., 2011).

A number of factors stimulate the release of ET-1 from endothelial cells, shear
stress, stretch, TGF-B, hypoxia and angiotensin II; all are related to vascular
remodelling. Whilst the release of ET-1 is inhibited by NO and PGI, (Jeffery &
Morrell, 2002). ET-1 has a key developmental and regulatory role, but is one of the
most potent and long lasting vasoconstrictors to be discovered (Price & Howard,
2008).

1.2.4.1 Endothelin-1 and pulmonary hypertension

PH patients with various aetiologies have elevated plasma levels of ET-1, as do
animals with PH induced by MCT or hypoxia (Jeffery & Morrell, 2002). Moreover,
increased levels of circulating ET-1 correlate with increased pulmonary vascular
resistance as well as increased mortality in PAH patients (Shao et al., 2011; Rubens
et al., 2001). ETa and ETg expression is increased in the lungs of PAH patients,
although the proportion of ETA to ETg remains constant (Davie et al., 2002).
Endothelin receptor antagonists (ERAS) are approved therapies for PH, these are

discussed later in section 1.5.3.

1.2.5 Prostacyclin

Prostacyclin was discovered by Moncada and colleagues in 1976, it was originally
termed PGX and later renamed PGI, (Moncada et al., 1976). PGl is synthesised in
endothelial cells from arachidonic acid in a two step process.  Firstly
cyclooxygenase-1 (COX-1) metabolises arachidonic acid into prostaglandin H;
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(PGH,) and secondly PGH, is metabolised by prostacyclin synthase (PGIS) into
PGI, (Vanhoutte, 2009).

PGI, is not only a vasodilator but also inhibits proliferation of vascular smooth
muscle cells and decreases platelet aggregation (Wharton et al., 2000). PGl,
activates the Gs-coupled prostacyclin (IP) receptor, once bound activates adenylate
cyclase (AC) which produces cyclic adenosine monophosphate (CAMP) from
adenosine triphosphate (ATP) and activates protein kinase A (PKA; (Wharton et al.,
2000).

1.2.5.1 Prostacyclin and pulmonary hypertension

The expression of IP receptors and PGIS is reduced in pulmonary arteries from PH
patients (Tuder et al., 1999). Furthermore it has been shown that the anti-
proliferative effects of PGI, are mediated via the IP receptor; in hypoxia induced PH,
IP receptor KO mice had significantly more medial and vessel wall hypertrophy of
peripheral pulmonary arteries than their wild type counterparts (Hoshikawa et al.,
2001b). PGl analogues are approved therapies for PH and are discussed in section
15.2.

1.2.6 Cyclic 3°, 5’-adenosine monophosphate

Cyclic AMP was first discovered by Sutherland and Rall in 1960 (Sutherland & Rall,
1963). CAMP is produced by the membrane-bound enzyme AC from ATP and
activates PKA (Wharton et al., 2000). AC is stimulated to produce more cAMP by
the activation of numerous GPCRs including B-adrenergic receptors and the IP
receptor. As discussed in section 1.2.5 PGl elicits some of its biological effects by
increasing intracellular levels of cAMP. The precise mechanisms by which
CAMP/PKA elicits vascular relaxation are still unclear (Cogolludo et al., 2007).
However it is generally accepted that cAMP induces vascular relaxation by lowering

intracellular Ca** via inhibition of PLCP and thus the production of inositol-1,4,5-
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triphosphate (IP3; (Barnes & Liu, 1995). IP; stimulates the release of Ca®* from the
sarcoplasmic reticulum (SR) thus increasing intracellular Ca*; this in turn leads to
increased Ca®" entry to the cell via the activation of store-operated Ca®* channels
(SOC) in order to refill SR Ca** stores (Cogolludo et al., 2007). cAMP, like cGMP
is thought to induce smooth muscle hyperpolarisation and thus relaxation by the
modulation of K* channels. Indeed, cAMP-induced activation of BKc, and ATP-
dependent K* channels (Katp) has been described in PASMCs (Barman et al., 2003).
Furthermore, cAMP is also able to regulate vascular tone through Ca*
desensitisation: increased MLCP activity, reducing myosin light chain Kkinase
(MLCK), p42/p44 MAP kinase and Rho kinase activity (Somlyo & Somlyo, 2003).

1.2.7 Serotonin

Serotonin (or 5-hydroxytryptamine; 5-HT) was first associated with PH in the 1960s,
when people taking diet pills (appetite suppressants) such as aminorex developed PH
(Follath et al., 1971). This observation was confirmed when patients taking other
serotonin transporter (SERT) inhibitors, such as dexfenfluramine (Dfen) for more
than three months had an increased risk of developing PH compared to non-users

(Kramer & Lane, 1998); the ‘serotonin hypothesis of PH* was then coined.

5-HT is synthesised in pulmonary artery endothelial cells by the enzyme tryptophan
hydroxylase 1 (TPH1) and exerts biological activity via one of several 5-HT receptor
subtypes (primarily 5-HTig, 5-HT,a & 5-HTyg), and through SERT, to mediate
constriction and proliferation of pulmonary artery smooth muscle cells and
fibroblasts (MacLean & Dempsie, 2009; Weir et al., 2004).

1.2.7.1 Serotonin and pulmonary hypertension

5-HT production and circulating levels are elevated in PH, as are SERT, 5-HT;g and
TPH1 expression in pulmonary artery smooth muscle and endothelial cells from PH

patients (MacLean & Dempsie, 2009). Experimentally, inhibition of SERT prevents
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serotonin-dependent proliferation in cells, and reduces hypoxic and MCT-induced
PH in rodent models (Song et al., 2005; Zhai et al., 2009). Genetically-modified
mice have also substantiated a role for 5-HT in the pathogenesis of PH since 5-HTg,
5-HT,z and SERT KO mice are resistant to the pulmonary vascular remodelling and
right ventricular (RV) hypertrophy in response to hypoxia (Eddahibi et al., 2000;
Keegan et al., 2001; Launay et al., 2002). Conversely, animals over-expressing
SERT exhibit aggravated pathology when exposed to a hypoxic environment
(MacLean et al., 2004). There is also evidence to suggest that 5-HT may interact
with BMPR2 to markedly increase susceptibility to PH (Long et al., 2006; Willers et
al., 2006). The dual 5-HT,5 and 5-HT,g antagonist terguride prevents PH in
experimental models (Dumitrascu et al., 2011) but was unsuccessful in Phase 11
clinical trial (Ghofrani et al., 2012).
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1.3 Natriuretic peptides

The natriuretic peptide (NP) family consists of three principle members: atrial
natriuretic peptide (ANP), B-type natriuretic peptide (BNP) and C-type natriuretic
peptide (CNP). They all share a common 17 amino acid ring structure
(CFGXXXDRIXXXXGLGC, Figure 1.3. (Barr et al., 1996)), are synthesised as
preprohormones and have actions that protect the cardiovascular system, particularly
from the effects of salt and volume overload.

1.3.1.1 Atrial natriuretic peptide

ANP was the first NP to be discovered in 1981 (de Bold et al., 1981). It is
preferentially synthesised and secreted from the cardiac atria, however under
pathological conditions ANP can also be synthesised in the ventricles (Yasue et al.,
1994). ANP is stored in granules predominantly in its 126 amino acid proANP form,
upon secretion it is rapidly cleaved to the biologically active 28 amino acid peptide
form by corin a transmembrane cardiac serine protease (Yan et al., 2000).
Biologically active rat and mouse ANP are also 28 amino acids in length. The
principle stimulant for ANP release is atrial wall stretch as a result of increased atrial
volume (de Bold et al., 1981).

ANP and BNP are described as ‘endocrine mediators’. This is because once secreted
they perfuse into the coronary sinus thus enabling them to be distributed throughout
the body to their target organs. The effects of ANP and BNP are wide ranging and
show considerable overlap, but murine knockout models have revealed that ANP and
BNP have certain distinct functions (Franco et al., 2004; Mori et al., 2004; Potter et
al.,, 2006; Tamura et al., 2000). ANP knockout (KO) mice exhibit cardiac
hypertrophy, vascular remodelling and modest increases in systemic blood pressure
(Franco et al., 2004; Mori et al., 2004). These findings suggest ANP is a modulator
of vascular remodelling, blood pressure as well as cardiac hypertrophy. In contrast,
BNP KO mice exhibit fibrotic lesions in the ventricles; therefore BNP has a role as a

regulator of ventricular integrity (Tamura et al., 2000).

Page | 40



Figure 1.3 Amino acid structure of the three natriuretic peptides

Figure 1.3 Amino acid

structure of the three HOOC_@
natriuretic peptides; atrial, B- e
type and C-type natriuretic e
peptide (ANP, BNP & CNP).

Page | 41



1.3.1.2 B-type natriuretic peptide

BNP is commonly synthesised and secreted from the ventricles, it can however be
synthesised in the atria under pathological conditions (Yasue et al., 1994). BNP is
stored in granules in the atria with ANP, where-as ventricular production only occurs
after stimulation via cardiac wall stretch (Potter et al., 2006). Therefore, BNP
release (from the ventricles) is not instantaneous after stimulation akin to ANP, there
is a delay whilst it is being transcribed and translated. The biologically active form
in humans is 32 amino acids in length; however, rat and mouse BNP is 45 amino
acids long. Active human BNP is produced from 108 amino acid pro-BNP (de Bold
et al., 1981; Sudoh et al., 1990). Pro-BNP is cleaved by corin and/or furin to
produce the active form of BNP and N-terminal pro BNP (NT-proBNP; (Sawada et
al., 1997; Yan et al., 2000).

1.3.1.3 C-type natriuretic peptide

CNP was first isolated from porcine brain and identified as a 22 amino acid peptide
(Sudoh et al., 1990). CNP is the most conserved NP, CNP-22 and -53 are identical
in all mammals. The 103 amino acid pro-CNP is processed by the intracellular
endoprotease furin to CNP-53 (Wu et al., 2003). CNP is expressed abundantly in
vascular endothelial cells and possibly stored as CNP-53 but released as the 22
amino acid form, as this is the predominant form found in blood (Stingo et al.,
1992). Unlike ANP and BNP, CNP acts in a paracrine fashion (rather than
endocrine) to regulate local vascular tone and blood flow (Suga et al., 1992b; Villar
et al., 2007).

1.3.2 Natriuretic peptide receptors

There are three natriuretic peptide receptors (NPR) termed NPR-A, -B and —-C. ANP
and BNP are selective agonists for NPR-A, whilst CNP is the sole endogenous
ligand for NPR-B (Potter et al., 2006). NPR-A and —B have a similar topology; a
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transmembrane protein with an extracellular binding site for NPs, a single short
transmembrane domain separating the protein into 2 halves, an intracellular domain,
kinase homology and dimerisation regions, and a catalytic GC (Schulz et al., 1989).
The GC domain facilitates the conversion of GTP to cGMP at its C-terminal end
(Schulz et al., 1989). Hence NPR-A and —B are also termed particulate guanylate
cyclase (pGC) or GC-A and —B, respectively.

NPR-C is a truncated NPR, in that the extracellular and transmembrane domains are
similar to NPR-A and -B but its intracellular domain is very short and it lacks the
GC domain. Instead it possesses an intracellular Gj, G-protein binding domain
which inhibits AC activity and activate phospholipase-Cp3 (PLCB3; (Madhani et al.,
2003). All three NPRs are homodimeric (Potter et al., 2006).

1.3.2.1 Natriuretic peptide receptor-A

NPR-A is widely distributed about the body. It has been implicated in pulmonary
and vascular smooth muscle relaxation, inhibition of cardiac hypertrophy and
ventricular fibrosis, natriuresis/diuresis, inhibition of the renin/aldosterone system as
well as increased endothelial permeability and reduced intravascular volume (de
Bold et al., 1981; Kuhn et al., 2002; Oliver et al., 1997; Sabrane et al., 2005;
Schmitt et al., 2003). NPR-A KO mice have elevated blood pressure, salt sensitive
hypertension and enlarged hypertrophic hearts (Oliver et al., 1997). Such mice
highlight the importance of NPR-A activation in the regulation of blood pressure and
cardiovascular homeostasis. The rank affinity of NPR-A for NPs is ANP > BNP >>
CNP (Suga et al., 1992a).

NPR-A KO mice have an increased susceptibility to hypoxia induced PH (Zhao et
al., 1999). Additionally, hypoxia induced PH is attenuated by increased circulating
levels of ANP in both transgenic mice that over express ANP (Klinger et al., 1993a)
and in rats given a neutral endopeptidase inhibitor (NEPi; NEP hydrolyses ANP)
(Baliga et al., 2008; Klinger et al., 1993b).
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1.3.2.2 Natriuretic peptide receptor-B

NPR-B is found in chondrocytes, brain, lung, vascular smooth muscle and uterus
(Chrisman et al., 1993; Nagase et al., 1997; Schulz et al., 1989). NPR-B is more
abundant in the brain than the other NPRs, and activation has been shown to
stimulate growth hormone release from anterior pituitary cells in rats (Hartt et al.,
1995). NPR-B KO mice suffer from dwarfism, impairment of endochondral
ossification and limb bone growth, and the females are infertile (Tamura et al.,
2004). The rank affinity of NPR-B for NPs is CNP > ANP > BNP (Suga et al.,
1992a).

CNP acting via NPR-B has been shown to be both anti-hypertrophic and anti-fibrotic
in the heart (Calvieri et al., 2012). As a compensatory mechanism in the failing
heart CNP is produced in an attempt to improve cardiac remodelling and oppose
vascular resistance (Kalra et al.,, 2003). Furthermore NPR-B becomes the
predominant NPR in the failing heart (Pagel-Langenickel et al., 2007).

1.3.2.3 Natriuretic peptide receptor-C

NPR-C is known as the ‘clearance receptor’, because it binds circulating NPs,
internalises them and subjects them to lysosomal degradation (Maack et al., 1987).
The rank affinity of NPR-C for NPs is ANP > CNP > BNP in both humans and rats
(Suga et al., 1992a). The differences in affinity between NPs for NPR-C may play a
role in the longer serum half-life of BNP as compared to ANP. However, NPR-C
has a positive signalling capacity — not just clearance. It has recently been shown
that NPR-C/CNP signalling plays a role in endothelium derived hyperpolarising
factor (EDHF) dependent dilatation in rat isolated mesenteric and coronary arteries
(Villar et al., 2007). NPR-C KO mice have mild diuresis, low blood volume, and
ANP has a longer half-life; this is consistent with NPR-C acting as a clearance
receptor (Matsukawa et al., 1999). These transgenic mice also have skeletal bone
deformities, perhaps the result of increased CNP levels activating NPR-B
(Matsukawa et al., 1999).

Page | 44



1.3.3 Neutral endopeptidase

Neutral endopeptidase is a membrane bound zinc metalloendopeptidase, it is located
in numerous tissues and organs including the lung, brain and gut (Thompson &
Morice, 1996). NEP degrades ANP, however it has quite broad selectivity and so
can also degrade ET-1 (Vijayaraghavan et al., 1990), BNP (Bourne & Kenny, 1990),
bradykinin (Klinger et al., 1993b) and substance P (Erdos & Skidgel, 1989).
Decreased metabolism of any these compounds could affect both pulmonary and

systemic tone.
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1.4 Phosphodiesterases

3°,5’-cyclic nucleotide phosphodiesterases (PDEs) are a family of enzymes that
hydrolyse cyclic nucleotides and therefore regulate signals conveyed by the second
messengers CAMP and cGMP. There are three classes of PDEs I, Il and IlI;
mammalian PDEs belong to class I. Twenty-one class | PDE genes have been
identified in human, rat and mouse; which encode more than fifty different PDE
proteins. The class | PDEs have approximately 270 amino acids (aa) in the C-
terminal catalytic domain that are highly conserved (Beavo, 1995). The PDE
superfamily is characterised into eleven subfamilies (PDE1 to PDE11), based on
structural similarities such as sequence homology, protein domains, substrate
specificity, kinetic properties and sensitivity to endogenous regulators and inhibitors
(Beavo, 1995).

The protein domains located in the N-terminal catalytic domain give each PDE
family their unique characteristics. PDE2, PDE5, PDEG6, PDE10 and PDE11 have a
protein domain known as a GAF domain and are thus termed GAF-PDEs. GAF
domains bind cGMP (some GAF domains have been reported to bind cAMP; (Handa
et al., 2008), regulate PDE catalytic domains and thus activity, and facilitate
dimerisation of GAF-PDEs (Martinez et al., 2002). When cGMP binds a GAF
domain of PDE2 or PDES5 catalytic activity is stimulated via allosteric changes
(Martins et al., 1982) or phosphorylation of an adjacent domain (Corbin et al.,
2000), respectively. PDE1, PDE3-4 and PDE7-9 do not have GAF domains and so
are known as the non-GAF-PDE subfamily. The best characterised PDEs are 1-6

and these are considered in more detail below and in Figure 1.4.

1.4.1 PDE1: ‘Calcium/calmodulin-stimulated’

There are three human PDEL subtypes, PDE1A (535 aa), PDE1B (634 aa) and
PDELC (536 aa). The PDE1 family is unique in that it is Ca®*/calmodulin sensitive
and thus Ca?* is required to activate PDE1 isozymes. The PDE1 family can
hydrolyse both cAMP and cGMP, but have a greater affinity for cGMP and therefore
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preferentially hydrolyse cGMP. PDEL is localised in the brain, heart, kidney, liver,
skeletal muscle as well as vascular and visceral muscle (Wallis et al., 1999).
Nuclear PDE1A has been implicated in the regulation of cell proliferation and
apoptosis of actively growing vascular smooth muscle cells (Nagel et al., 2006).
PDEZ1 is upregulated in pulmonary artery smooth muscle cells in human IPAH lungs
and hypoxia induced PH in mice (Schermuly et al., 2007). Additionally inhibition of
PDEL1 reverses vascular remodelling in hypoxia induced PH in mice (Schermuly et
al., 2007).

1.4.2 PDE2: ‘cGMP-stimulated’

There is just one human PDE2 subtype, PDE2A (941 aa). PDE2 is a GAF-PDE and
has two GAF domains, GAF-A and GAF-B they have distinct roles in dimerisation
and cGMP binding, respectively (Martinez et al., 2002). PDE2 hydrolyses both
CAMP and cGMP; it is positively regulated by both cyclic nucleotides, however
CGMP is the both the favoured substrate and effector (Erneux et al., 1981). PDE2 is
localised in the adrenal cortex, brain, corpus cavernosum, heart, Kidney, liver,
skeletal muscle and visceral smooth muscle (Wallis et al., 1999). Specific PDE2
inhibitors (PDEZ2i) have been shown to improve memory in animal models (Boess et
al., 2004). PDE2 has been shown to be a regulator of cardiac L-type Ca** channels
in human cardiac myocytes (Fischmeister et al., 2005). In rat cardiac myocytes,
PDEZ2 has been shown to be involved in compartmentalisation of cGMP produced by
pGC and sGC; with PDE2 controlling the pGC pool and PDE5 governing the sGC-
generated cGMP (Castro et al., 2006). Furthermore, eiythro-9-(2-hydroxy-3-
nonyl)adenine (EHNA) a PDE2i was able to reverse hypoxic pulmonary
vasoconstriction (HPV) in the perfused rat lung (Haynes et al., 1996).

1.4.3 PDE3: ‘cGMP-inhibited’

The two human PDES3 subtypes are PDE3A (1141 aa) and PDE3B (1112 aa). PDE3
has N-terminal hydrophobic membrane association domains and can be either
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cytosolic or membrane bound. PDE3 has been shown to be associated with the
plasma membrane, sarcoplasmic reticulum, golgi apparatus and nucleus envelope
(Omori & Kotera, 2007). PDE3 can hydrolyse both cAMP and cGMP. It has a
higher affinity for cGMP but can hydrolyse cAMP 10 times faster than cGMP;
therefore cGMP is a competitive inhibitor of cCAMP (Zaccolo & Movsesian, 2007).
PDE3 is localised in the heart, smooth muscle, adipose tissue and platelets (Wallis et
al., 1999). PDE3i have been shown to antagonise platelet aggregation, block oocyte
maturation, increase myocardial activity and enhance vascular and airway smooth
muscle relaxation (Bender & Beavo, 2006). Intravenous milrinone (PDES3Ii) is
approved for the use in heart failure, but has been shown to increase mortality if used
chronically (Packer et al., 1991). PDE3 inhibition potentiates the effect of
prostacyclin analogues in the treatment of hypoxia induced PH in rats (Phillips et al.,
2005).

1.4.4 PDE4

The PDE4 family is the largest with four human subtypes, PDE4A (647 aa), PDE4B
(736 aa), PDEAC (712 aa) and PDE4D (673 aa). They have a unique region known
as upstream conserved regions (UCR1 and UCR2), which regulate the catalytic
region of PDE4 (Beard et al., 2000). PDE4 exclusively hydrolyses cAMP and is
localised in the kidney, lung, mast cells, heart, skeletal muscle as well as vascular
and visceral smooth muscle (Wallis et al., 1999). PDE4D KO mice have shown that
PDE4D deficiency promotes heart failure (Lehnart et al., 2005). Whilst PDE4B KO
mice have shown PDE4B is essential for mounting an inflammatory response to
lipopolysaccharide in monocytes and macrophages, and in the production of tumour
necrosis factor-a (Jin et al., 2005). Therefore PDE4 inhibitors are being developed
with a view to combating inflammatory diseases such as chronic obstructive
pulmonary disease (COPD), asthma and arthritis. PDE4 inhibition has been shown
to potentiate the effect of prostacyclin analogues in the treatment of hypoxia induced
PH in rats (Phillips et al., 2005).
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Figure 1.4 Schematic diagram of phosphodiesterases 1-6
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Figure 1.4 Schematic diagram of the structure of phosphodiesterases
1-6. Next to the family name is the number of genes comprising the
family. CaM, calmodulin; PDE, phosphodiesterase; GAF, c¢GMP-
activated PDEs; UCRs, upstream conserved regions.
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1.4.5 PDES

The sole human PDES5 is PDESA (875 aa). PDES is a GAF-PDE and has two GAF
domains, GAF-A and GAF-B. Unlike PDE2, GAF-A rather than GAF-B is
responsible for the allosteric binding of cGMP this promotes phosphorylation, which
not only activates the catalytic function but increases cGMP binding affinity
(Zoraghi et al., 2005). PDES5 is localised in the corpus cavernosum, platelets,
skeletal muscle, vascular and visceral smooth muscle (Wallis et al., 1999). PDE5
regulates vascular smooth muscle relaxation via the regulation of cGMP; particularly
in the lung and penis. The PDES5i sildenafil is approved for the treatment of PH and
erectile dysfunction. PDEDSI in PH are discussed in detail in section 1.5.5.

1.4.6 PDEG6

PDES® is only found in the retina. There are three PDE6 members PDEGA (860 aa),
PDEG6B (854 aa) and PDEG6C (858 aa). Given their localisation in the eye they are
often known as photoreceptor PDEs. PDEG6 is a GAF-PDE and has two N-terminal
GAF domains; GAF-A and GAF-B. GAF-A has a high affinity binding site for
cGMP, once bound an allosteric change occurs thus activating PDE6 (Martinez et
al., 2008). Little is known about PDEG6 due to a paucity of selective inhibitors and
KO mice. Sildenafil has been shown to inhibit PDE6, albeit at far greater
concentration than required to inhibit PDE5, and so has been suggested to be the

source of some visual side effects of sildenafil.

1.4.7 Manipulating cGMP-PDE activity in pulmonary hypertension

A method of increasing cGMP levels is to inhibit the enzyme that hydrolyses it,
PDEs. Several PDEs have been implicated in PH, including PDE1 and PDES3,
however little is known in comparison to PDE5. For example PDELi reverses
vascular remodelling in hypoxia induced PH in mice (Schermuly et al., 2007).
Whilst PDE3i potentiates the effect of prostacyclin analogues in the treatment of
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hypoxia induced PH in rats (Phillips et al., 2005). The PDEDS5i sildenafil is already a
licensed therapy for PH, as is tadalafil. Vardenafil a third PDES5i is currently being
clinically evaluated in PH. Interestingly sildenafil has been shown to have no effect
on RV hypertrophy and vascular remodelling in hypoxia induced PH in NPR-A KO
mice and blunted effects on right ventricular systolic pressure (RVSP; (Zhao et al.,
2003). Therefore the NP pathway plays a key role in the response to PDE5i in
hypoxia induced PH. This phenomenon has been investigated by giving a
combination of PDES5i (sildenafil) with a NEPi (ecadotril) to rats subjected to
hypoxia (Baliga et al., 2008). This combination treatment is effective in lowering
RVSP, RV hypertrophy and vascular remodelling over that of sildenafil or ecadotril
alone. Therefore a superior method of treating PH could be to modulate PDE5 and

NPs concomitantly. These approaches are discussed in more detail in section 1.5.
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1.5 Treatment of Pulmonary Hypertension

Current treatment options for PH include lifestyle modifications (low grade aerobic
exercise), conventional treatments (e.g. diuretics and anticoagulants), calcium
channel blockers, prostacyclin analogues, endothelin receptor antagonists and
phosphodiesterase (PDE) inhibitors (McLaughlin & McGoon, 2006).

There is little data to base exercise recommendations on, but patients are usually
advised to partake in low grade aerobic exercise, such as walking in order to prevent
deconditioning and worsening of overall function (Humbert et al., 2004c). Diuretics
are used to manage oedema as well as volume over load in RV failure, and oxygen
supplementation to prevent hypoxemia (a potent pulmonary vasoconstrictor), which
has been shown to improve survival in IPAH patients (Fuster et al., 1984). In
addition to these, the anti-coagulant warfarin and the cardiac glycoside digoxin are
also used as background therapies in PH patients (McLaughlin et al., 2009; Writing
Committee et al., 2009). Current frontline therapies are predominately vasodilators
that either augment endogenous vasodilator pathways, including NO or PGl,, or by
inhibiting the potent endogenous vasoconstrictor ET-1 (Figure 1.1). However these
are systemic vasodilators, therefore systemic hypotension can be dose limiting (Galie
etal., 2010).

1.5.1 Calcium channel blockers

Calcium (Ca?*) channel blockers can be effective in IPAH patients who respond to
an acute challenge during right heart catheterisation and achieve a >20% fall in PAP
and no decline in cardiac output (Sitbon et al., 1998). The L-type Ca*" channel
blockers commonly used are nifedipine, diltiazem and amlodipine. Unfortunately
only a small number (10-15%) of IPAH patients meet the criteria and only half will
attain sustained haemodynamic and clinical benefit. Those that do respond have a
vastly improved 5-year survival rate to non-responders (94% versus 55%,

respectively; (Sitbon et al., 2005).
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1.5.2 Prostacyclin analogues

PG, is a ligand of the Gs-coupled IP receptor, once bound it activates AC which
produces cAMP and activates PKA. This pathway is anti-proliferative and
vasorelaxant and opposes the TXA, pathway which cause proliferation and
vasoconstriction (Humbert et al., 2004b). PGI, and TXA, are arachidonic acid
metabolites, it is thought in PH there is a balance shift from PGI, to TXA, (Humbert
et al., 2004b); the aim of prostacyclin therapy is to redress the balance back to PGl,.
Prostacyclin therapy has been shown to be effective in patients with PH, however the
various analogues available all have their deficiencies (Galie et al., 2010). For
example, the route of delivery and the pain associated with this, in the case of
intravenous administered epoprostenol, or subcutaneous delivery of treprostinil, or

the short half-life of beraprost and iloprost.

Inhaled prostacyclin therapy has been trialled in man to overcome the difficulties
described above. Inhaled treprostinil has been shown to be effective in the long-term
treatment of adults and short-term treatment of children (Benza et al., 2011;
Krishnan et al., 2012). Oral beraprost (TRK-100STP) has been shown to be
effective in a 12 week trial of Japanese PAH patients (Kunieda et al., 2009).

1.5.3 Endothelin receptor antagonists

ET-1 is a potent vasoconstrictor as well as mitogenic agent. ET-1 plasma levels are
significantly elevated in PAH, and correlates with disease severity (Rubens et al.,
2001). There are two cell surface receptors ETa and ETg, they are both G-protein-
coupled receptors (Shao et al., 2011). On vascular smooth muscle cells activation of
both the ETa or ETg receptors induces vasoconstriction and proliferation. However,
to complicate the story ETg receptor stimulation on endothelial cells results in NO
and PGlI; release (see section 1.2.4). The ability of the two receptors to mediate
disparate downstream functions has directed the targeting of these receptors as
therapeutic targets. ERAs such as bosentan (dual ETA/ETg), sitaxsentan (ETa >>

ETg) and ambrisentan (ETa > ETg) have had positive effects on PH patients in
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clinical trials (Williamson et al., 2000; Channick et al., 2001; Barst et al., 2004a;
Galie et al., 2005a) but elevated hepatic enzymes remain a concern and this class of

drugs are teratogenic (McLaughlin & McGoon, 2006).

1.5.4 Inhaled nitric oxide

Inhalation of exogenous NO gas not only decreases PAP but improves oxygenation
in numerous forms of PAH, it has been shown to be particularly efficacious in
neonates with PPHN (Kinsella et al., 1992). NO is an unstable gas therefore long-
term therapy is complicated; there are also concerns with regard to the development
of methaemoglobinaemia (NO avidly binds the haem moiety and oxidises it) as well
as rebound PH as a consequence of therapy termination (Atz et al., 1996).
Nonetheless, inhaled NO has proved a great success in the treatment of PPHN,
dramatically reducing the need for extra-corporeal membrane oxygenation (ECMO)

and improving survival.

1.5.5 PDES inhibitors

PDEs are a family of enzymes that hydrolyse cyclic nucleotides and therefore
regulate signals conveyed by the second messengers CAMP and cGMP. There are
three classes of PDEs, class | are mammalian PDEs of which there are 11 sub-
families (PDE1 to PDE11); see section 1.4. Molecules that block members of this
family are collectively known as PDE inhibitors (PDEi); they therefore block the
breakdown of cAMP and/or cGMP. PDEi have been a great focus of drug
development of recent years, in particular as therapies for cardiovascular disease.
This is because they have favourable effects in the vasculature, these include
vasodilatation, inhibition of smooth muscle proliferation and prevention of platelet
aggregation (Bender & Beavo, 2006). Furthermore, PDE5 expression and activity in
the pulmonary vasculature is augmented in PAH (Murray et al., 2002).
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PDES5 exclusively metabolises cGMP; PDES5 inhibition reduces both systemic and
pulmonary artery pressure in both humans and animals however, there is a greater
effect on the pulmonary vasculature thus exhibiting relative selectivity for the
pulmonary vasculature in PH, not healthy volunteers (Baliga et al., 2008; Klinger et
al., 2006). The PDEDS5i sildenafil was licensed for the treatment of PH in 2005.
Sildenafil has been shown to improve haemodynamic and exercise capacity over
several months in patients with IPAH and PH associated with connective tissue
disease (Galie et al., 2005b). A similar PDESI, tadalafil, which has a longer half-life
has recently been licensed for the treatment of PAH (Galie et al., 2009). Another
PDES5I, vardenafil, has been shown to be effective in the efficacy and safety of
vardenafil in the treatment of PAH trial (EVALUATION; (Jing et al., 2011).

1.5.6 Haem-dependent and -independent sGC activators

As described in 1.2.2, signalling through the NO-sGC-cGMP pathway can be
compromised in PH by either reduced bioavailability of NO or by the oxidation of
sGC thus making it unresponsive to NO and NO donor drugs (Stasch et al., 2006).
Two novel classes of compounds have been generated which seem to combat the
challenge posed by reduced NO bioavailability or oxidised sGC; namely sGC
stimulators and sGC activators.

sGC stimulators are also known as NO-independent, haem-dependent sGC
stimulators. This is because they require the sGC haem moiety to be reduced (NO
sensitive) in order for sGC to be stimulated and cGMP produced (Stasch & Hobbs,
2009). sGC stimulators can act independently of, or in synergy with, NO (Stasch et
al., 2002b; Stasch et al., 2002a). The orally active sGC stimulator riociguat is
currently in phase 11 trials to assess its clinical effectiveness in IPAH and CTEPH
(Ghofrani et al., 2010). In earlier clinical trials systemic hypotension and a lack of
pulmonary selectivity was observed, this could be limitation of this strategy
(Grimminger et al., 2009). Such a shortcoming may have been expected given that
sGC stimulators synergise with NO and will augment NO-dependent vasodilation in

all vascular beds. The synergy with NO will predominate in the systemic over that
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of the pulmonary circulation because in PH bioavailability of NO is impaired in the
pulmonary vasculature and not the systemic. Inhalation of riociguat could be an
effective route to target the pulmonary vasculature and minimise the side effect of
systemic hypotension (Evgenov et al., 2007).

Soluble GC activators are also known as NO- and haem-independent activators.
These compounds are able to activate SGC even when the haem moiety is oxidised
and therefore insensitive to both NO and sGC stimulators (Stasch et al., 2006).
Given the oxidised form of sGC is thought to be prominent in diseased vasculature,
sGC activators could prove to be a class of compounds that can specifically target
diseased over healthy vessels. These compounds could be an effective method in
targeting the ‘diseased’ pulmonary vasculature over that of the relatively ‘healthy’
systemic vasculature in PH. Indeed, cinaciguat (BAY 58-2667) has been shown to
be effective in experimental pulmonary hypertension (Chester et al., 2011;
Dumitrascu et al., 2006).

1.5.7 Combination therapies for pulmonary hypertension

As described earlier, the aetiology of PH is complex and multi-factorial, given
current treatments tend to only target one aspect of the disease, combining therapies
is a new method of attempting to treat the disease. Treatment using a combination of
therapies is not a new idea it has been successfully used in systemic hypertension,

rheumatoid arthritis plus many other diseases.

The rational for combining different therapies for the treatment of PH or in fact any
disease, is to attack as many pathways as possible that underlie the disease process.
ERAs, PDESI and prostacyclin analogues have all been shown to be effective in
lowering pulmonary haemodynamics and improving functional class in PH
(Channick et al., 2001; Galie et al., 2005b; Galie et al., 2010). Therefore using two
or three of these different therapies together may have additive effects. Furthermore,
a combination of these therapies may have synergistic effects, i.e. one therapy

facilitating the action of another. The vasodilator activity of prostacyclin analogues
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are mostly mediated by cAMP, which is hydrolysed primarily by PDE3 and PDE4 in
the lung. PDES3 can also hydrolyse cGMP, for which it has a higher affinity, yet it
hydrolyses cCAMP 10 times faster; thus making cGMP a competitive inhibitor of
PDE3. PDES5i slow the metabolism of cGMP thus making more available, which
can increase CAMP levels indirectly by inhibiting PDE3. Therefore, in theory one
could further increase cAMP levels by slowing its metabolism if a prostacyclin

analogue and a PDE5I were given in combination.

As mentioned in section 1.4.7 a combination of PDES5i (sildenafil) with a NEPi
(ecadotril) was given to rats subjected to hypoxia, thus inducing PH (Baliga et al.,
2008). This combination treatment is effective in lowering RVSP, RV hypertrophy
and vascular remodelling over that of sildenafil or ecadotril alone. Both treatments
increase cGMP however in PH the NP system appears to be important because
sildenafil is less effective in NPR-A KO mice subjected to hypoxia (Zhao et al.,
1999).

Ideally, combination therapy should be designed to increase pulmonary
selectivity/efficacy, as well as reverse both structural abnormalities and aberrant
haemodynamics. There have been several trials investigating the combination of the
following therapies: bosentan and epoprostenol (Humbert et al., 2004a), sildenafil
and inhaled iloprost (Ghofrani et al., 2002), sildenafil and epoprostenol
(Stiebellehner et al., 2003), bosentan and sildenafil (Hoeper et al., 2004), in PPHN
inhaled NO and sildenafil (Stocker et al., 2003). Further large scale studies are

required to determine if ‘combination therapy’ enhances therapeutic outcome.
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1.6 Pulmonary Fibrosis

Pulmonary Fibrosis (PF) is an end stage of a group of heterogeneous lung diseases
categorised as interstitial lung diseases (ILD). PF is characterised by excessive
deposition of extracellular matrix (ECM) proteins in the interstitium (Coward et al.,
2010). Alveolar spaces are replaced by large areas of fibrosis and collagen
accumulation leading to a loss of tissue architecture thereby preventing efficient gas
exchange. It is a progressive disease which eventually leads to respiratory failure
and premature death (Coward et al., 2010; Gribbin et al., 2006; Kim et al., 2006).
Idiopathic pulmonary fibrosis (IPF) is the most common ILD and has a poor median
survival from diagnosis of 3-5 years and an incidence in the UK of 4.6 per 100,000
people, moreover between 1991 and 2003 the incidence increased annually by 11%
(Gribbin et al., 2006).

The aetiology of IPF is still largely unknown, however several risk factors have been
identified including cigarette smoking (Baumgartner et al., 1997), herpes virus (Tang
et al., 2003), hepatitis C virus and Epstein-Barr virus (Borchers et al., 2011).
Although the genetic factors which contribute to the development of IPF remain
unclear, some 3% of IPF patients have been identified to have the familial form,
which suggests that genetic factors may contribute to the risks of developing IPF in
certain individuals (Datta et al., 2011). However it is thought the aetiology is likely
to be multi-factorial given only a small number of individuals exposed to known risk

factors develop IPF.

As the hypotheses on the pathogenesis of IPF have changed or evolved so too has the
therapeutic approach. Initially it was thought the lung fibrosis in IPF was as a result
of chronic inflammation due to an insult and thus resulting in scarring. Therefore
corticosteroids and other anti-inflammatory drugs such as azathioprine have been the
standard therapy for IPF. However there appears to be little evidence that these
interventions alter the outcome or progression of IPF (Raghu, 2006). In fact it is
now questioned if inflammation plays a role in IPF, the evolved view is that IPF is
due to abnormal wound healing (Selman et al., 2011). As a result contemporary IPF
research has focused on an anti-fibrotic mode of action. There have been some
clinical trials using anti-fibrotic drugs however apart from pirfenidone (inhibits the

Page | 58



synthesis of TGF-f and tumour necrosis factor-a; TNF-a) the results so far have
been disappointing. So far pirfenidone is the only licensed anti-fibrotic drug for IPF
(Richeldi & du Bois, 2011).

Development of PH secondary to ILDs has been shown to occur in up to 38% of
scleroderma patients and a third of IPF patients (Lettieri et al., 2006). The presence
of PH in patients with advanced IPF has an almost threefold increased risk of death
(Lettieri et al., 2006). Such patients fall within the Group Il PH classification.

1.6.1 Phosphodiesterase 5 and pulmonary fibrosis

The biological activity of PDE5 in the lung and right ventricle is significantly
elevated in the bleomycin mouse model (see section 1.7.4) of PF and PH (Hemnes et
al., 2008). Furthermore sildenafil has been shown to attenuate bleomycin induced
PF/PH in both mice and rats (Hemnes et al., 2008; Yildirim et al., 2010). However,
a clinical evaluation of sildenafil in IPF patients has revealed little benefit (The
Idiopathic Pulmonary Fibrosis Clinical Research Network, 2010), suggesting a

combination therapeutic approach may be necessary.
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1.7 Animal models of pulmonary hypertension

A number of animal models of PH have been developed including insult models,
such as the hypoxia Sugen (SU-5416; (Ciuclan et al., 2011; Taraseviciene-Stewart et
al., 2001), and bleomycin models (Scotton & Chambers, 2010), as well as
genetically engineered predisposition models including the ApoE knockout
(Hansmann et al., 2007; Lawrie et al., 2011) or BMPR2 mutants in hypoxia (Burton
et al., 2011; Hong et al., 2008; Long et al., 2006; West et al., 2004; West et al.,
2008). Two of the most commonly used pre-clinical models for the study of PH are
chronic hypoxia and monocrotaline (MCT) injury. Discussed below are these

models.

1.7.1 Chronic hypoxia

In the chronic hypoxia model animals are exposed to 10% O, for a set length of time
to induce PH (i.e. 14 days for rats and 21 days for mice). This model of PH is very
predictable and reproducible within age matched animal strains (Stenmark et al.,
2006). After two weeks exposure to hypoxia rats develop ‘moderate’ PH; a doubling
of mean pulmonary artery pressure.  Structural changes that occur include
muscularisation of small arteries in the alveolar wall, increases in the number of cells
expressing a-smooth muscle actin (a-SMA) in the walls of previously non-
muscularised arterioles and increased thickening of precapillary arteries (Hislop &
Reid, 1977; Stenmark et al., 2006). Furthermore RV hypertrophy occurs, however
unlike in humans there is little evidence of RV failure (Stenmark et al., 2009). Mice
exposed to hypoxia appear to develop less severe PH in comparison to rats; however
it has been shown that responses to hypoxia in mice are strain specific (Tada et al.,
2008). One of the issues with this model is that hypoxia induced PH in animals is
reversible, which is in contrast to human PH (Channick et al., 2001). Additionally
this model does not develop plexiform lesions as found in severe forms of human PH
and other rat models (Taraseviciene-Stewart et al., 2001; Tuder et al., 1994; Tuder et
al., 2001). The minimal vascular remodelling associated with the mouse chronic

hypoxia is a short coming that limits the usefulness of knock-out mouse strains to
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better understand the distinct roles of a molecule or pathway in the pathogenesis of
PH (Taraseviciene-Stewart et al., 2001). See section 1.7.2 for the hypoxia-sugen
model which is thought to be better than hypoxia alone as it has a more severe
phenotype and develops plexiform lesions. Therefore the chronic hypoxia induced
PH model should probably be classed as less severe, and possibly a model of Group
3 PH.

1.7.2 Sugen (SU-5416) and hypoxia

A more recently developed rat model of PH is the Sugen 5416 (SU-5416) and
hypoxia model which was developed by Taraseviciene-Stewart and colleagues
(Taraseviciene-Stewart et al., 2001). SU-5416 is a vascular endothelial receptor 2
(VEGFR-2) inhibitor. SU-5416 in combination with hypoxia causes the formation
of plexiform lesions and the severity of PH progresses even after the rats are
removed from hypoxia; in some cases rats die from right heart failure
(Taraseviciene-Stewart et al., 2001). Additionally it appears that only the lungs are

affected, this is more akin to the human condition.

This model has also been shown to be effective in mice (Ciuclan et al., 2011). The
combination of the VEGFR inhibition with chronic hypoxia produced a profoundly
exacerbated PH-like pathology in comparison to hypoxia alone. This echoes the rat
model. It has been suggested that in endothelial cells VEGF has a pro-survival role,
and in severe PH the phenotypically altered pulmonary vessels are due initially to
apoptosis, followed by selection of apoptosis resistant, pro-proliferative vascular
endothelial cells (Tuder et al., 2007). Therefore VEGFR inhibition drives the initial
apoptosis and subsequent selection of endothelial cells that are pro-proliferative and

apoptosis resistant, eventually resulting in vascular remodelling.
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1.7.3 Monocrotaline

Over 40 years ago Kay and colleagues discovered that they could induce PH in rats
by giving them ground up Crotalaria spectabilis seeds in their food (Kay et al.,
1967). MCT is the toxic pyrrolizidine alkaloid present in Crotalaria spectabilis that
causes PH. MCT is bioactivated in liver microsomes by cytochrome P-450 into
monocrotaline pyrrole (MCTP) which causes endothelial injury in the pulmonary
vasculature, consequential remodelling of precapillary vessels, and thus PH
(Kasahara et al., 1997; Rosenberg & Rabinovitch, 1988). Currently the exact
mechanism through which MCT causes PH is unknown. MCT induced PH is
progressive, severe and eventually lethal. However MCT has been reported to cause
changes in veins, significant liver and kidney damage, as well as myocarditis which
affects both the left and right ventricle (Stenmark et al., 2009). Additionally more
than 30 agents have been shown to prevent and/or reverse MCT induced PH
(Stenmark et al., 2009); suggesting this may not be representative of the human
condition and therefore a poor preclinical model for drug development.

A further limitation of the MCT model is the varied results in mice, which limits the
opportunities to investigate transgenic mice and therefore the genetic contribution to
the pathophysiology of PH. Mice appear to have a degree of resistance to MCT in
comparison to rats and do not develop PH to the same degree (Dumitrascu et al.,
2008). It is thought that mice metabolise MCT differently to rats and are unable to
bioactivate MCT into MCTP (Gomez-Arroyo et al., 2012). To circumvent this
problem synthetic MCTP was given via intra venous injection to both mice and rats,
which induced acute lung injury in both species, but only severe and progressive PH

in rats (Dumitrascu et al., 2008).

1.7.4 Bleomycin

Bleomycin induced pulmonary fibrosis (PF) is a well characterised model, and it has
been shown in C57BL/6 mice to also be associated with PH (Ortiz et al., 2002).

This matches human idiopathic PF, where PH is a prominent feature (Nathan et al.,
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2008b). Bleomycin is a glycopeptide antibiotic produced by the bacterium
Streptomyces verticillus and has been used as an anti-cancer agent (Sleijfer, 2001).
However, its usefulness as an anti-neoplastic agent is limited by pulmonary toxicity
resulting in fibrosis (Kawai & Akaza, 2003; Sleijfer, 2001). It is thought that
bleomycin causes single and double-strand DNA breaks in tumour cells, therefore
interrupting the cell cycle. However, this causes the production of superoxide and
hydroxide free radicals; overproduction can result in an inflammatory response
causing pulmonary toxicity, activation of fibroblasts and subsequent fibrosis
(Chaudhary et al., 2006). The mechanism of action by which bleomycin induces PH
is not particularly well understood. One hypothesis is that hypoxic vasoconstriction
occurs as a result of severe lung damage and in turn induces pulmonary vascular
remodelling. A second is the inflammatory environment in the lung caused by
bleomycin induces endothelial and smooth muscle cell proliferation in the

pulmonary circulation, resulting in PH (Ortiz et al., 2002).

1.7.5 Apolipoprotein E knockout mouse model

Patients with PH have been shown to have reduced messenger ribonucleic acid
(mMRNA) expression of apolipoprotein E (ApoE) in the pulmonary system, this factor
is known to reduce circulating low-density lipoprotein and atherogenesis in the
vessel wall (Geraci et al., 2001). When fed a high fat diet (Western or Paigen diet)
ApoE knockout (ApoE™") mice develop increased right ventricular pressures and thus
PH (Hansmann et al., 2007; Lawrie et al., 2011). Furthermore the double knock out
ApoE™ and interleukin-1 receptor-1 (IL-1R17") showed a more severe PH phenotype
than ApoE™ alone (Lawrie et al., 2011). It is therefore proposed by the authors that
this model could be useful when studying the role of a particular gene in PH.

However it could be difficult to separate the effects of each genetic manipulation.
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1.7.6 BMPR2 receptor knock out and hypoxia

As described in section 1.2.1 and 1.2.7, BMPR2 mutations play a critical role in the
pathogenesis of IPAH and HPAH. However, only 15% to 20% of individuals with
the BMPR2 mutation develop PAH (Newman et al., 2004). This suggests that a
BMPR2 mutation alone is insufficient for the development of PAH and that multiple

environmental or genetic hits are required to trigger the disease.

The mutations in BMPR2 have been reported in coding and non-coding regions of
the gene, and collectively appear to lead to reduced cell surface expression of
functionally intact BMPR2 protein (Nasim et al., 2012). Considerable efforts
utilising a number of transgenic approaches have been applied, seeking to
recapitulate the reduced cell surface expression of functional BMPR2 in mice. Mice
harbouring dominant negative forms of BMPR2, either a kinase-dead dominant
negative form of BMPR2, or clinically relevant functional mutations in the BMPR2
gene develop pulmonary vascular remodelling and hypertension (West et al., 2004;
West et al., 2008). In contrast, global silencing of BMPR2 expression by RNA
interference did not lead to raised pulmonary arterial resistance, rather mice
exhibited a more general vascular pathology, including mucosal haemorrhage (Liu et
al., 2007).

The global deletion of BMPR2 leads to an early developmental lethality in mice,
whereas heterozygous animals are viable (Beppu et al., 2004). One study has
demonstrated BMPR2"" heterozygous mice develop a mild PH and pulmonary
vascular remodelling under basal conditions (Beppu et al., 2004). However, others
using the same mouse strain have shown no significant difference (Long et al.,
2006). More recently, a number of studies have used conditional knockout
approaches targeting deletion of the BMPR2 gene in pulmonary endothelial cells.
Investigators found that some, but not all, mice lacking BMPR2 in pulmonary
endothelial cells developed RV hypertrophy, and some histopathological features
observed in human PAH (Burton et al., 2011; Hong et al., 2008).

The strong genetic link between BMPR2 and the development of heritable forms of

PAH is well established. However, the transgenic approaches to recapitulate the
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pathophysiology of PAH by modulating the functional expression of BMPR2 in
animal models have met with mixed success. Indeed the models highlight the
apparent broader role of BMPR2 in the vasculature. Future studies utilising these
animal models to explore the environmental triggers that lead to the development of

PAH may be well served.
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1.8 Hypothesis

PH is a debilitating and deadly disease. There are several approved therapies;
however, many of these are vasodilators that do not specifically target the pulmonary
vasculature over that of the systemic, therefore systemic hypotension is often dose
limiting. A key feature of PH is vascular remodelling and so far there is little
evidence that current therapies can reverse said remodelling. Many therapies for PH
are either vasodilators or attempt to stem vascular remodelling, not both.
Combination therapy could be an effective way forward to the treatment of PH by

linking the effects of multiple drugs.

It has been shown that increasing cGMP in PH works in a clinical setting (i.e.
inhaled NO, sGC activators and PDES5i). Therefore, in this thesis | have addressed
the hypothesis that ‘combination of PDE inhibitors with cGMP-elevating agents
(i.e. NPs and/or NO) will increase therapeutic efficacy in PH’.

To address this hypothesis, | have investigated the following specific aims:

1) In vitro functional pharmacological assessments of PDE activity, and
responsiveness to ANP and NO, in isolated systemic (aorta) and pulmonary
vessels

2) To determine the efficacy of PDES5i, PDE2i and NEPi, alone and in
combination, in ameliorating PH in in vivo models.

3) Investigate PDE isozyme expression in healthy and diseased tissue from

animals with experimental PH.

The unique facets of this thesis are the first systematic functional characterisation of
PDE1, -2, -3 and -5 on sGC and pGC signalling in pulmonary and systemic
vasculature; and the assessment of chronic hypoxia on these systems. In addition,
complementary analysis of PDE1, -2, -3 and -5 mRNA expression was performed. |
show the first data supporting the functional role of PDE2 (and inhibitors thereof) in
lung vascular homeostasis, as well as PDE2 having potential to be a therapeutic
target in PH. Furthermore, | demonstrate the beneficial effects of PDE2 are
dependent on natriuretic peptide bioactivity and are selective for the pulmonary
vasculature. Moreover, the sensitivity of ANP-driven signalling is maintained in
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hypoxia whereas NO-based signalling is blunted. Finally, | establish that the
combination of PDES5i and NEPi is effective in pre-clinical models of both PH

(reversal) and PH associated with IPF.
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Chapter 2: Materials and Methods

2.1 Animals

Animals were housed in a specific pathogen-free facility, had access to food and
water ad libitum and were exposed to a 12 hour light/dark cycle. All animal studies

were licensed under the UK Home Office Animals (Scientific Procedures) Act 1986.

2.2 Materials

N-[4-[1-(3-Aminopropyl)-2-hydroxy-2-nitrosohydrazino]butyl]-1,3-propanediamine
(SPER-NO), 9, 11-dideoxy-11%, 9"-epoxymethano-prostaglandin F,, (U46619),
acetylcholine (ACh), phenylephrine (PE), rat ANP, vinpocetine, milrinone, Krebs
Ringer Solution, soda lime and primers were all purchased from Sigma Aldrich Co,
Ltd (U.K)). Calcium chloride (1mol/L), potassium chloride (KCI), agarose,
carboxymethyl cellulose, polyethylene glycol, silica gel granules with moisture
indicator were purchased from VWR International Ltd. (U.K.). BAY 60-7550 was a
kind gift of Dr. J.P. Stasch (Bayer, Germany). Sildenafil citrate and ecadotril were
obtained from Cogentus (CA, USA). Bleomycin sulphate was purchased from
Kyowa Hakko (UK). RNeasy Mini Kit was purchased from QIAGEN (Crawley,
UK). gScript cDNA SuperMix kit was purchased from Quanta Biosciences (USA).
SYBR Safe gel stain and RNase/DNase free water were purchased from Invitrogen
(UK). My Taq Red Mix, Bioline Hyperladder Il and loading buffer were purchased
from Bioline Reagents Ltd (UK). Mouse monoclonal anti aSMA antibody,
biotinylated anti-mouse secondary antibody and ABC-peroxide were purchased from
DAKO (UK).
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2.3 Functional pharmacological studies

Male Sprague-Dawley rats (200-250g) were sacrificed by cervical dislocation. The
pulmonary artery and/or thoracic aorta were carefully excised, cleaned of all
connective tissue and cut into segments approximately 3-4mm wide; excess vessel
was snap frozen in liquid nitrogen and stored at -80°C for further analysis. The
vessel segments were then mounted in 10ml organ baths containing Krebs-
bicarbonate buffer (composition mM): Na** 143; K* 5.9; Ca®* 2.5; Mg** 1.2; CI" 128;
HCO5 25; HPO,* 1.2; SO4* 1.2; glucose 11 at 37°C and gassed with 95% O,/5%
CO,. Vessel tension was set at 1g and reset after replacing the Krebs-bicarbonate

buffer every 10-15mins during an equilibration period of 1 hour.

After equilibration, the vessels were primed twice with 48mM KCI, 30mins of
washing (replacement with fresh Krebs-bicarbonate buffer every 10mins) separated
the two concentrations. Following the second KCI-induced contraction the vascular
endothelium integrity was tested. A sub-maximal (~80% ECgg) concentration of PE
(0.1uM) was administered to the bath, once the contraction had stabilised ACh
(1uM) was added. If relaxations to ACh were greater than 50% the vessels were
deemed endothelium-intact and used for experimentation. If the response to ACh
was less than 50% of PE-induced tone, the vessels were discarded. The vessels were
washed for another 30mins (as previously described) after which cumulative
concentrations of the thromboxane mimetic, U46619 were administered (10nM-
0.3uM). A 60min period of washing then ensued to restore basal tone after which
the vessels were contracted to approximately the ECgy of U46619. Once the
U46619-induced contraction had stabilised, cumulative concentration-response
curves were constructed to ANP (10pM — 0.3uM) or SPER-NO (1nM - 30uM). The
functional activity of PDEL, 2, 3 and 5 against SPER-NO and ANP —induced
relaxations were investigated. Concentration-response curves to ANP and SPER-
NO were constructed in the absence (control, vehicle [DMSO]) and presence of the
following isoform specific PDE inhibitors: PDE1 — vinpocetine, 30uM (Polson &
Strada, 2003), PDE2 — BAY 60-5770 (Boess et al., 2004),0.1uM; PDE3 — milrinone,
10puM (Komas et al., 1991), and PDES — sildenafil, 3uM (Baliga et al., 2008).
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In some studies, Sprague-Dawley rats (160-180g; such that they would be 200-250g
by the time of experimentation) were housed in a hypoxic chamber (10% O,) for two
weeks (see 2.5) and functional pharmacological assessment was conducted as

described above.

2.4 Reverse transcription polymerase chain reaction

2.4.1 Ribonucleic acid isolation

Thoracic aorta and pulmonary artery were excised from two groups of Sprague-
Dawley rats. The first was exposed to normoxia whilst the second was exposed to
two weeks of hypoxia to induce pulmonary hypertension (see 2.5). Excess vessel

was snap frozen in liquid nitrogen and stored at -80°C.

Total ribonucleic acid (RNA) was isolated from the vessels using a QIAGEN
(Crawley, UK) RNeasy Mini Kit following manufacturer’s instructions. Frozen
vessels were put into liquid nitrogen and thoroughly ground up using a cold pestle
and mortar. The tissue powder and liquid nitrogen was poured into a cold RNase-
free microcentrifuge tube. The liquid nitrogen was allowed to evaporate, but the
tissue powder was not allowed to thaw, then 600ul of RLT buffer was added. The
lysate was put into a QlAshedder homogeniser spin column and centrifuged at full
speed for 2 minutes. The lysate was centrifuged for 3 minutes at full speed in the
collection tube. Supernatant was carefully removed with a pipette and put into a
fresh RNase free tube with the equivalent volume of 70% ethanol. 700ul of sample
was put into the RNeasy spin column and centrifuged (8000 x g ) for 15 seconds, the
flow through was discarded and successive aliquots (if sample > 700ul) were
centrifuged with the flow through discarded each time. The column was washed
with 700ul RW1 buffer and centrifuged (8000 x g) for 15 seconds, the flow through
was discarded. Two further washes were performed 500ul RPE buffer was added to
the column and centrifuged (8000 x g) for 15 seconds (flow through discarded) then
an additional 500ul RPE buffer was added to the column and centrifuged (8000 x Q)

for 2 minutes. The column was placed into a new 1.5ml collecting tube (supplied in
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kit), 30ul RNase free water was added to the column and centrifuged (8000 x g) for
1 minute. The spin column was discarded. The concentration of RNA samples was
assessed using a NanoDrop 1000 spectrophotometer (Thermo Scientific, USA).
RNA was stored at 25ng/ul in 10ul aliquots at -20°C.

2.4.2 Synthesis of single stranded cDNA

Single stranded complementary deoxyribonucleic acid (cDNA) was synthesised from
RNA isolated from normoxic/hypoxic rat thoracic aorta and pulmonary artery (as
described in 2.4.1) using gScript cDNA SuperMix kit (Quanta Biosciences, USA).
250ng of RNA (10ul) was combined with 4pul of gScript cDNA SuperMix and 6pl of
RNase/DNase free water (Invitrogen, UK) on ice in 0.2ml microtubes. Each reaction
was gently vortexed to mix the contents and then briefly centrifuged to ensure all the
contents were at the bottom of the tube. The cDNA was amplified using a Bio-Rad
S1000 Thermal Cycler (Bio-Rad Laboratories, UK): 5 minutes at 25°C, 30 minutes
at 42°C, 5 minutes at 85°C and then held at 4°C.

2.4.3 Polymerase chain reaction

Polymerase chain reaction (PCR) was performed to semi-quantify the expression of
PDEs from normoxic/hypoxic rat thoracic aorta and pulmonary artery. 4ul of cDNA
(see section 2.4.2 for synthesis method) was combined with 12.5ul Bioline 2x My
Taq Red Mix (Bioline Reagents Ltd, UK), 2ul of both the forward and reverse
primers (all sequences were designed using BLAST, Apart from B-actin (Duchene et
al., 2007), Sigma, UK; Table 2.1) and 4.5ul of RNase/DNase free water on ice in
0.2ml microtubes. Each reaction was gently vortexed to mix the contents and then
briefly centrifuged to ensure all the contents were at the bottom of the tube. The
reactions were incubated using a Bio-Rad S1000 Thermal Cycler (Bio-Rad
Laboratories, UK): 95°C for 30 seconds, 35 cycles of denaturation at 94°C for 30
seconds, annealing at 67.1°C for 30 seconds and extension at 72°C for 1 minute,
followed by 10 minutes final extension at 72°C and then held at 4°°.
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The samples were combined with 5ul loading buffer (Bioline Reagents Ltd, UK) and
resolved with Bioline Hyperladder 11 (Bioline Reagents Ltd, UK) on a 2% agarose
(VWR, UK) gel made with 1x tris-acetate-ethylenediaminetetraacetic acid (TAE)
and 1:10,000 SYBR Safe gel stain (Invitrogen, UK). The gel was run at 110V until
the dyefront reached the middle of the gel; approximately 30 minutes. The gel was

visualised using an alpha imager (Alpha Innotech, UK).
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Table 2.1 Primer sequences and product sizes used for PDE mRNA determination in rat pulmonary artery and aorta

PDE

Primer sequence

Table 2.1 Primer sequences and product sizes used for PDE mRNA determination in
rat pulmonary artery and aorta

Product size

PDE1B

PDE1C

PDE2A

PDE3A

PDE3B

PDESA

B-actin

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward
reverse

forward

reverse

5-TGCTGGAGTCGGATTGCCCGT-3'

5-GGAACATCCGCTCCACGAAGATCCC-3'

5-CCTTGTCAGTCCCCCTGCCGT-3'
5-ACTTAGATCGGGAGAAGCGTGCAA-3'

5'-CCCAGCCAGAACTCCGAGCA-3'

5-GTAGACAGTCTCCACTTTGGGGAGC-3'

5-AGGCGCATGGCCTCATTACCG-3'
5-GTCAGGGTTGACAGCACTGGGTG-3'

5'-AGAAAGCGCGGCCGGTTACT-3'
5-ACTGGGTTTGCTACTCAACCCCTTG-3'

GAGAGAGCCATGGCCAAGCA
TGCTCGCTCCGCTGTATGTA

GAAATCGTGCGTGACATCAAAG
TGTAGTTTCATGGATGCCACAG

384

359

328

386

397

473

173
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2.5 Hypoxia-induced pulmonary hypertension — reversal studies

Five groups of male C57/BL6 mice (20-25g) were studied; i) normoxia, ii) hypoxia
control receiving daily gavage with vehicle (0.5% w/v carboxymethyl cellulose
CMC; VWR, UK) & 0.1% v/v polyethylene glycol (PEG; VWR, UK), iii) hypoxia,
daily gavage with vehicle and sildenafil (30mg/kg/day) administered in the drinking
water, iv) hypoxia and ecadotril (60mg/kg/day) delivered by gavage and v) hypoxia
plus the combined treatment of sildenafil and ecadotril, dosed and delivered as
indicated above. The appropriate drug/vehicle treatment was started three weeks
after placement of animals into a hypoxic chamber (10% O;) and lasted for three
weeks to induce the development of PH. Thus, this study was designed to evaluate
combination therapy on established PH (more clinically relevant), rather than

prophylactic treatment.

Hemodynamic measurements of right ventricular systolic pressure (RVSP) and mean
arterial blood pressure (MABP) were obtained from the animals after six weeks of
hypoxia exposure and relevant drug treatment. The animals were anaesthetised with
1.5% isofluorane and placed supine onto a heating blanket that was thermostatically
controlled at 37°C. First the right jugular vein was isolated and a pressure catheter
(Millar mouse SPR-671NR pressure catheter with a diameter of 1.4F, Millar
Instruments, UK) introduced and advanced into the right ventricle to determine
RVSP. Second, MABP was measured by isolating the left common carotid artery
and a pressure catheter introduced. Both RVSP and MABP were recorded onto a
precalibrated PowerLab system (ADInstruments, Australia). The animal was
euthanised by via isofluorane anaesthetic overdose, whole blood collected, heart
removed and right and left ventricle weights recorded. Lungs were perfused with
10ml of saline via the right ventricle. The left lung was fixed by inflation with 10%
formalin before paraffin embedding and sectioning. The whole blood was
centrifuged (220 x g; 2 min), plasma removed and stored at -80°C for further
analysis (cGMP, NP levels).
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2.5.1 Hypoxia-induced pulmonary hypertension -prophylactic treatment

Five groups of male C57/BL6 mice (20-25g) were studied; i) normoxia, ii) hypoxia
control receiving daily gavage with vehicle (0.5% w/v CMC & 0.1% v/v PEG), iii)
hypoxia, daily gavage ecadotril (60mg/kg/day) iv) hypoxia and BAY60-7550
(10mg/kg/day) delivered by gavage and v) hypoxia plus the combined treatment of
ecadotril and BAY60-7550, dosed and delivered as indicated above. The appropriate
drug/vehicle treatment was started immediately before placement of animals into a
hypoxic chamber (10% O,) and lasted for three weeks to induce the development of
PH. Thus, this study was designed to evaluate combination therapy (NEPi plus
PDEZ2i) on the development of PH i.e. prophylactic treatment.

Hemodynamic measurements were obtained as described above. As were the

collection of blood, heart weights, fixation of lungs. Non-fixed lung tissue and

hearts were collected and stored at -80°C for further analysis.
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2.6 Bleomycin-induced pulmonary fibrosis and pulmonary hypertension

Male C57BL/6 mice (20-25g) were administered with either bleomycin (1mg/kg in
50pl of saline) or saline via oropharyngeal installation (Lakatos et al., 2006) under
light isofluorane-induced anaesthesia. Animals were divided into the following
groups: i) saline, ii) bleomycin control receiving daily gavage with vehicle (0.5%
w/v CMC & 0.1% v/v PEG), iii) bleomycin, daily gavage with vehicle and sildenafil
(30mg/kg/day) administered in the drinking water, iv) bleomycin and ecadotril
(60mg/kg/day) delivered by gavage and v) bleomycin plus the combined treatment
of sildenafil and ecadotril, dosed and delivered as indicated above. The appropriate
drug/vehicle treatment was started 1 hour prior to oropharyngeal installation of
bleomycin or saline and continued for 14 days.

RVSP and MABP were obtained as previously described. Whole blood was
collected and centrifuged (220 x g; 2 min), plasma removed and stored at -80°C for
further analysis (cGMP, NP levels). Lungs were perfused with 10ml saline via the
right ventricle; the left lower lobe was then tied off with thread. The trachea was
cannulated and lungs insufflated with 4% paraformaldehyde (PFA) in phosphate
buffered saline (PBS) at a pressure of 20cm H,O. The tied off left lower lobe was
removed and snap frozen in liquid nitrogen, whilst the heart and remaining inflated
lungs were removed and immersed for 4 hours in fresh 4% PFA fixative. The lungs
were subsequently transferred into 15% sucrose in PBS, left overnight at 4°C before

final transfer to 70% ethanol for analysis of fibrosis.
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2.7 Immunohistochemistry

Inflated lungs were fixed in 4% PFA for 4 hours at 4°C and then incubated overnight
in 15% sucrose in PBS at 4°C. Tissue was dehydrated in 70% ethanol and
embedded in paraffin. Serial sections (4 um) were used for trichrome blue staining
and o smooth muscle actin (aSMA) immunohistochemistry. For the latter, sections
were stained with mouse monoclonal anti aSMA antibody (DAKO,UK, 1:1000
dilution), followed by biotinylated anti-mouse secondary antibody.
Immunoreactivity was detected using the ABC-peroxide based system (DAKO,UK)

following the manufacturer’s protocol.

Stained slides were assessed using bright field microscopy by an Axioskop Mot Plus
microscope and analysed using KS300 image-analysis software (Carl Zeiss
Instruments, Thornwood, NJ). Vessels with a diameter <100uM were counted in
each lung section, and defined according to the degree of muscularisation: fully
muscularised, partially muscularised and nonmuscularised. ~Approximately 100
vessels were counted per section (n=6 for each treatment group) and the proportion

of vessels in each category was expressed as a percentage of total vessels.
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2.8 Data Analysis

For in vitro studies, relaxations are expressed as the percentage reversal of U46619-
induced tone (mean + standard error of the mean; SEM of n animals). Curves were
fitted using non-linear regression and the —log [M] of each drug’s half-maximal
response (ECso) was used in order to compare potency. Curves were analysed using

two-way ANOVA and P<0.05 denoted significance.

For in vivo studies variation in MABP, RVSP, LV/RV ratio and muscularisation of
arteries were analysed by one-way analysis of variance (ANOVA) with Bonferroni
post-hoc analysis. Results were expressed as mean = S.E.M, P<0.05 denoted
significance.  All statistical analysis and curve fitting was undertaken using
GraphPad Prism version 5.00 for Windows (GraphPad software, San Diego, U.S.A).

For semi-quantitative analysis of immunoblots, densitometry was performed using
ImageJ (National Institutes of Health, USA).
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Chapter 3: Results

3.1 Effect of PDE inhibition on the vasorelaxant activity of NO and ANP in

normoxic pulmonary and systemic vessels

The purpose of the experiments in section 3.1 was to investigate the functional
activity of PDE1, PDE2, PDE3 and PDED5, and their responsiveness to ANP and NO,
in isolated systemic (aorta) and pulmonary vessels from healthy (normoxic) rats.
Thereby, | attempted to ascertain if a combination of specific isozyme PDE
inhibition with ANP or NO could produce selective relaxation of the pulmonary

vasculature over that of the systemic vasculature.

Segments (3-4 mm wide) of thoracic aorta and/or pulmonary artery were mounted in
organ baths. The vessels were primed twice with 48mM KCI. After which,
endothelium integrity was assessed by the ability of ACh (1uM) to induce relaxation
in pre-contracted vessels (sub-maximal concentration of PE, 0.1uM; ~ECg). If
relaxations to ACh were greater than 50% of PE-induced tone the vessels were
deemed endothelium-intact and used for experimentation. The ECgy for U46619 in
each vessel was ascertained by the addition of cumulative concentrations of the
thromboxane mimetic (10nM — 0.3uM). Following the restoration of basal tone the
vessels were administered with either a PDEi (see Table 3.1) or vehicle control and
contracted to the ECgy of U46619. After the U46619-induced contraction had
stabilised (20 minutes), cumulative concentration response curves were constructed
to ANP (10pM - 0.3uM) or SPER-NO (1nM - 30uM).

SPER-NO (0.1nM - 50uM) and ANP (10pM — 0.5uM) produced concentration
dependent relaxations of isolated aortic and pulmonary artery rings.
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Table 3.1 1Cs and specificity of PDE inhibitors used in organ bath studies

Table 3.1 IC;, and specificity of PDE inhibitors used in organ bath studies

?hosPhOdlesmraseInhibitor 1Csq (Concentration Specificity Reference

isozyme used

PDE1 Vinpocetine [4.4uM  B0uM PDE7B ICsy = 60uM 285;3" & Strada,

PDE2 BAY60-5770[5nM 0.1uM 'PCDS‘ES: >250nM for otherg | o ot al. 2004
- ICsq = 17.5 - >300uM forlKomas et al.,

PDE3 Milrinone  [0.45-1uM (10uM other PDEs 1991

PDES Sildenafil  |4nM BuM PDEG6 IC5 = 39nM Baligaetal., 2008

3.1.1 Phosphodiesterase 1

The potency of SPER-NO in the presence of vinpocetine (PDELIi) in aorta (log ECsp,
-7.06+0.26 and -7.45+0.13 in the absence and presence of vinpocetine, respectively;
P>0.05; Figure 3.1) and pulmonary artery (log ECsp, -6.23+0.21 and -6.19+0.14 in
the absence and presence of vinpocetine, respectively; P>0.05; Figure 3.2) was not
significantly affected compared to control. In accord, the potency of ANP in the
presence of vinpocetine in aorta (log ECsp, -8.92+0.11 and -8.85+0.12 in the absence
and presence of vinpocetine, respectively; P>0.05; Figure 3.1) and pulmonary artery
(log ECsp, -8.61£0.10 and -8.92+0.12 in the absence and presence of vinpocetine,
respectively; P>0.05; Figure 3.2) was also similar to control.
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3.1.2 Phosphodiesterase 2

The potency of SPER-NO in the presence of BAY60-7550 (PDEZ2i) in aorta (log
ECso, -7.10£0.08 and -8.59+0.58 in the absence and presence of BAY60-7550,
respectively; P<0.05; Figure 3.3) and pulmonary artery (log ECsp, -6.13£0.09 and -
6.61+£0.11 in the absence and presence of BAY60-7550, respectively; P<0.05;
Figure 3.4) was significantly increased in comparison to control. Responses to ANP
in pulmonary artery in the presence of BAY60-7550 were enhanced (log ECsp, -
8.58+0.06 and -8.99+0.06 in the absence and presence of BAY60-7550, respectively;
P<0.05; Figure 3.4). In contrast however, BAY60-7550 did not alter potency of
ANP in aorta (log ECsp, -8.76+0.08 and -8.78+0.10 in the absence and presence of
BAY60-7550, respectively; Figure 3.3).
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Figure 3.1 Effect of the PDE1 inhibitor vinpocetine on ANP and NO-

induced relaxation of rat aorta under normoxia
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Figure 3.1. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECgz,) pre-contracted rat aorta in the absence (closed circles) and
presence (open circles) of the PDE1 inhibitor vinpocetine (30uM). n=6.
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Figure 3.2 Effect of the PDE1 inhibitor vinpocetine on ANP and NO-

induced relaxation of rat pulmonary artery under normoxia
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Figure 3.2. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted rat pulmonary artery in the absence (closed
circles) and presence (open circles) of the PDE1l inhibitor vinpocetine

(30uM). n=6.

Page | 83



Figure 3.3 Effect of the PDE2 inhibitor BAY60-7550 on ANP and

NO-induced relaxation of rat aorta under normoxia
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Figure 3.3. Concentration response curves to atrial natriuretic peptide
(ANP; upper panel) and spermine NONOate (SPER-NO; lower panel) in
U46619 (ECy,) pre-contracted rat aorta in the absence (closed circles) and
presence (open circles) of the PDE2 inhibitor BAY60-7550 (0.1uM).
*P<0.05 across entire curve by 2-way ANOVA; n=6.
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Figure 3.4 Effect of the PDE2 inhibitor BAY60-7550 on ANP and

NO-induced relaxation of rat pulmonary artery under normoxia
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Figure 3.4. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (EC,,) pre-contracted rat pulmonary artery in the absence (closed
circles) and presence (open circles) of the PDE2 inhibitor BAY60-7550
(0.1uM). *P<0.05 across entire curve by 2-way ANOVA; n=6.
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3.1.3 Phosphodiesterase 3

The potency of SPER-NO in the presence of milrinone (PDE3i) in aorta (log ECsy, -
7.31+£0.08 and -7.10+0.18 in the absence and presence of milrinone, respectively;
P>0.05; Figure 3.5) and pulmonary artery (log ECsp, -6.16+0.09 and -6.08+0.13 in
the absence and presence of milrinone, respectively; P>0.05; Figure 3.6) was not
significantly affected. Likewise, the potency of ANP in the presence of milrinone in
aorta (log ECs, -8.88+0.19 and -8.56+0.50 in the absence and presence of milrinone,
respectively; P>0.05; Figure 3.5) and pulmonary artery (log ECsp, -8.64+0.14 and -
8.89+0.11 in the absence and presence of milrinone, respectively; P>0.05; Figure

3.6) was similar to control.

3.1.4 Phosphodiesterase 5

The potency of SPER-NO in the presence of sildenafil (PDES5i) in aorta (log ECs, -
6.87+£0.37 and -8.66+0.37 in the absence and presence of sildenafil, respectively;
Figure 3.7) and pulmonary artery (log ECso, -6.16£0.09 and -6.96+0.09 in the
absence and presence of sildenafil, respectively; P<0.05; Figure 3.8) was increased
in comparison to control. Responses to ANP in pulmonary artery in the presence of
sildenafil were enhanced (log ECs, -8.37+£0.05 and -8.98+0.08 in the absence and
presence of sildenafil, respectively; P<0.05 Figure 3.8). In contrast however,
sildenafil did not alter potency of ANP in aorta (log ECs, -9.08+0.10 and -9.28+0.32

in the absence and presence of sildenafil, respectively; P>0.05; Figure 3.7).
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Figure 3.5 Effect of the PDE3 inhibitor milrinone on ANP and NO-

induced relaxation of rat aorta under normoxia
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Figure 3.5. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted rat aorta in the absence (closed circles) and
presence (open circles) of the PDE3 inhibitor milrinone (10uM). n=6.
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Figure 3.6 Effect of the PDE3 inhibitor milrinone on ANP and NO-

induced relaxation of rat pulmonary artery under normoxia
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Figure 3.6. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted rat pulmonary artery in the absence (closed
circles) and presence (open circles) of the PDE3 inhibitor milrinone
(10M). n=6.
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Figure 3.7 Effect of the PDE5 inhibitor sildenafil on ANP and NO-

induced relaxation of rat aorta under normoxia
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Figure 3.7 Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (EC,,) pre-contracted rat aorta in the absence (closed circles) and
presence (open circles) of the PDE5 inhibitor sildenafil (3uM). *P<0.05
across entire curve by 2-way ANOVA; n=6.
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Figure 3.8 Effect of the PDES5 inhibitor sildenafil on ANP and NO-

induced relaxation of rat pulmonary artery under normoxia
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Figure 3.8. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (EC,,) pre-contracted rat pulmonary artery in the absence (closed
circles) and presence (open circles) of the PDE5 inhibitor sildenafil (3uM).
*P<0.05 across entire curve by 2-way ANOVA; n=6.
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3.1.5 Summary and conclusion

BAY 60-7550 (PDEZ2i) and sildenafil (PDE5Ii) were able to augment SPER-NO-
induced relaxation in both aorta and pulmonary artery. Interestingly BAY 60-7550
and sildenafil could only augment ANP-induced relaxation in pulmonary artery and
not aorta. Therefore the combination of BAY 60-5770 or sildenafil with ANP
produced enhanced vasorelaxation specific to the pulmonary vasculature from

healthy (normoxic) rats.
Neither vinpocetine (PDELi) nor milrinone (PDE3i) had any effect on ANP- or NO-

induced vasorelaxation in both the pulmonary artery and aorta from healthy

(normoxic) rats.
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3.2 Effect of phosphodiesterase regulation on the vasorelaxant effects of ANP

and NO in hypoxic pulmonary and systemic vessels

The purpose of the experiments in section 3.2 was to investigate the functional
activity of PDE1, PDE2, PDE3 and PDED5, and their responsiveness to ANP and NO,
in isolated systemic (aorta) and pulmonary vessels from pulmonary hypertensive
(hypoxic) rats. Thereby, | attempted to ascertain if a combination of specific
isozyme PDE inhibition with ANP or NO could produce selective relaxation of

diseased pulmonary vasculature over that of the systemic vasculature.

Sprague-Dawley rats were housed in a hypoxic (10% O,) environment for 2 weeks
to induce pulmonary hypertension. Segments (3-4 mm wide) of thoracic aorta
and/or pulmonary artery were mounted in organ baths. The vessels were primed
twice with 48mM KCI. After which, endothelium integrity was assessed by the
ability of ACh (1uM) to induce relaxation in pre-contracted vessels (sub-maximal
concentration of PE, 0.1uM; ~ECg). If relaxations to ACh were greater than 50% of
PE-induced tone the vessels were deemed endothelium-intact and used for
experimentation. The ECgy for U46619 in each vessel was ascertained by the
addition of cumulative concentrations of the thromboxane mimetic (10nM — 0.3uM).
Following the restoration of basal tone the vessels were administered with either a
PDE:i (see Table 3.1) or vehicle control and contracted to the ECgy of U46619. After
the U46619-induced contraction had stabilised (20 minutes), cumulative
concentration response curves were constructed to ANP (10pM - 0.3uM) or SPER-
NO (1nM - 30uM).

SPER-NO (0.1nM - 50uM) and ANP (10pM — 0.5uM) produced concentration
dependent relaxations of isolated aortic and pulmonary artery rings.
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3.2.1 Phosphodiesterase 1

The potency of SPER-NO in the presence of vinpocetine in aorta (log ECsg, -
5.95+0.17 and -6.18+0.12 in the absence and presence of vinpocetine, respectively;
P>0.05; Figure 3.9) and pulmonary artery (log ECsp, -6.28+0.19 and -6.17£0.21 in
the absence and presence of vinpocetine, respectively; P>0.05; Figure 3.10) was not
significantly affected. Similarly, the potency of ANP in the presence of vinpocetine
in aorta (log ECsp, -7.90+0.27 and -7.74+0.20 in the absence and presence of
vinpocetine, respectively; P>0.05; Figure 3.9) and pulmonary artery (log ECsg, -
8.63+0.14 and -8.87+0.15 in the absence and presence of vinpocetine, respectively;
P>0.05; Figure 3.10) was not different to control.

3.2.2 Phosphodiesterase 2

The potency of SPER-NO in the presence of BAY60-7550 was unaffected in both
aorta (log ECsp, -6.19+0.04 and -6.35+0.07 in the absence and presence of BAY60-
7550, respectively; P>0.05; Figure 3.11) and pulmonary artery (ECso, -5.96+0.07
and -6.08+0.14 in the absence and presence of BAY60-7550, respectively; P>0.05;
Figure 3.12) from rats exposed to 2 weeks hypoxia. The potency of ANP in the
presence of BAY60-7550 in pulmonary artery from hypoxic rats (ECsp, -8.40+0.17
and -8.70£0.16 in the absence and presence of BAY60-7550, respectively; P<0.05;
Figure 3.12) was increased in comparison to control. Whilst the potency of ANP in
aorta from hypoxic rats was unaffected by BAY60-7550 (ECsp, -7.74%+0.26 and -
7.51+£0.52 in the absence and presence of BAYG60-7550, respectively; P>0.05;
Figure 3.11).
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Figure 3.9 Effect of the PDEL inhibitor vinpocetine on ANP and NO-

induced relaxation of rat aorta under chronic hypoxia
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Figure 3.9. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (EC,,) pre-contracted chronically hypoxic rat aorta in the absence
(closed circles) and presence (open circles) of the PDE1l inhibitor
vinpocetine (30uM). n=6.
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Figure 3.10 Effect of the PDE1 inhibitor vinpocetine on ANP and

NO-induced relaxation of rat pulmonary artery under chronic

hypoxia
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Figure 3.10. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECy,) pre-contracted chronically hypoxic rat pulmonary artery in
the absence (closed circles) and presence (open circles) of the PDE1l
inhibitor vinpocetine (30uM). n=6.
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Figure 3.11 Effect of the PDE2 inhibitor BAY60-7550 on ANP and

NO-induced relaxation of rat aorta under chronic hypoxia
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Figure 3.11. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted chronically hypoxic rat aorta in the absence
(closed circles) and presence (open circles) of the PDE2 inhibitor BAY60-
7550 (0.1uM). n=6.
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Figure 3.12 Effect of the PDE2 inhibitor BAY60-7550 on ANP and

NO-induced relaxation of rat pulmonary artery under chronic

hypoxia
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Figure 3.12. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted chronically hypoxic rat pulmonary artery in
the absence (closed circles) and presence (open circles) of the PDE2
inhibitor BAY60-7550 (0.1uM). *P<0.05 across entire curve by 2-way
ANOVA; n=6.
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3.2.3 Phosphodiesterase 3

The potency of SPER-NO in the presence of milrinone in aorta (log ECsg, -6.20+0.04
and -6.03+£0.08 in the absence and presence of milrinone, respectively; P>0.05;
Figure 3.13) and pulmonary artery (log ECso, -6.20+0.11 and -6.13£0.12 in the
absence and presence of milrinone, respectively; P>0.05; Figure 3.14) was not
significantly affected. In accord, the potency of ANP in the presence of milrinone in
aorta (log ECs, -8.33+0.16 and -7.97+0.07 in the absence and presence of milrinone,
respectively; P>0.05; Figure 3.13) and pulmonary artery (log ECso, -8.59£0.14 and -
8.35%0.12 in the absence and presence of milrinone, respectively; P>0.05; Figure

3.14) was similar to control.

3.2.4 Phosphodiesterase 5

The potency of SPER-NO in the presence of sildenafil in aorta from hypoxic rats
(log ECso, -5.56+0.08 and -6.35+0.07 in the absence and presence of sildenafil,
respectively; P<0.05; Figures 3.15) was increased in comparison to control.
However the potency of SPER-NO in the pulmonary artery was unaffected by
sildenafil (log ECsp, -5.97+0.08 and -6.24+0.06 in the absence and presence of
sildenafil, respectively; P>0.05; Figure 3.16). The potency of ANP in the presence
of sildenafil was unaffected in the aorta (log ECsg, -7.82+0.25 and -8.12+0.37 in the
absence and presence of sildenafil, respectively; P>0.05; Figure 3.15) and was not
significantly augmented in the pulmonary artery (log ECso, -8.58+0.16 and -
8.80+0.14 in the absence and presence of sildenafil, respectively; P>0.05; Figure

3.16) from hypoxic rats.
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Figure 3.13 Effect of the PDE3 inhibitor milrinone on ANP and NO-

induced relaxation of rat aorta under chronic hypoxia
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Figure 3.13. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted chronically hypoxic rat aorta in the absence
(closed circles) and presence (open circles) of the PDE3 inhibitor milrinone
(10M). n=6.
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Figure 3.14 Effect of the PDE3 inhibitor milrinone on ANP and NO-

induced relaxation of rat pulmonary artery under chronic hypoxia
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Figure 3.14. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted chronically hypoxic pulmonary artery in the
absence (closed circles) and presence (open circles) of the PDE3 inhibitor
milrinone (10uM). *P<0.05 across entire curve by 2-way ANOVA; n=6.
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Figure 3.15 Effect of the PDE5 inhibitor sildenafil on ANP and NO-

induced relaxation of rat aorta under chronic hypoxia
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Figure 3.15. Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted chronically hypoxic rat aorta in the absence
(closed circles) and presence (open circles) of the PDE5 inhibitor sildenafil
(3uM). *P<0.05 across entire curve by 2-way ANOVA; n=6.
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Figure 3.16 Effect of the PDES5 inhibitor sildenafil on ANP and NO-

induced relaxation of rat pulmonary artery under chronic hypoxia
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Figure 3.16 Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels) in
U46619 (ECg,) pre-contracted chronically hypoxic rat pulmonary artery in
the absence (closed circles) and presence (open circles) of the PDE5S
inhibitor sildenafil (3uM). n=6.
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3.2.5 Summary and conclusion

BAY 60-7550 augmented ANP-induced relaxation in the pulmonary artery but not
the aorta from pulmonary hypertensive rats; this is the same response as seen in
healthy (normoxic) rats. However, unlike in normoxic animals, BAY 60-7550 was
unable to affect the vasodilator activity of SPER-NO in both the pulmonary artery
and aorta in pulmonary hypertensive rats. Furthermore sildenafil only augmented
the SPER-NO-induced relaxation in the aorta from pulmonary hypertensive rats.

Neither vinpocetine (PDELi) nor milrinone (PDE3i) had any effect on ANP- or NO-
induced vasorelaxation in both the pulmonary artery and aorta from pulmonary
hypertensive rats.

3.2.6 Effect of hypoxia on the potency of NO and ANP in the systemic and

pulmonary vasculature

Chronic hypoxia significantly attenuated the vasorelaxant effects of both ANP (log
ECso -8.43+0.19 and -7.74+0.26 normoxia and chronic hypoxia, respectively,
P<0.05; Figure 3.17) and SPER-NO (log ECs -7.15+0.08 and -6.11+0.05 normoxia
and chronic hypoxia, respectively, P<0.05; Figure 3.17) in aorta in comparison to
normoxia. In contrast, chronic hypoxia did not significantly affect the vasorelaxant
effects of either ANP (log ECs -8.39+0.05 and -8.55+0.18 normoxia and chronic
hypoxia, respectively, P>0.05; Figure 3.18) or SPER-NO (log ECsy -6.11+0.07 and -
5.96+£0.06 normoxia and chronic hypoxia, respectively, P>0.05; Figure 3.18) in

pulmonary artery in comparison to hormoxia.
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Figure 3.17 Effect of hypoxia on ANP and NO-induced relaxation of

rat aorta
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Figure 3.17 Concentration response curves to atrial natriuretic
peptide (ANP; upper panels) and spermine NONOate (SPER-NO;
lower panels) in U46619 (ECgz,) pre-contracted normoxic rat aorta
(closed circles) and chronically hypoxic aorta (open circles). *P<0.05
across entire curve by 2-way ANOVA; n>10.
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Figure 3.18 Effect of hypoxia on ANP and NO-induced relaxation of

rat pulmonary artery
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Figure 3.18 Concentration response curves to atrial natriuretic peptide
(ANP; upper panels) and spermine NONOate (SPER-NO; lower panels)
in U46619 (ECy) pre-contracted normoxic (closed circles) and
chronically hypoxic pulmonary artery (open circles). n>10.
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3.3 Effect of chronic hypoxia on the expression of phosphodiesterases in the

pulmonary and systemic vasculature.

The effect of chronic hypoxia on PDE expression in the pulmonary and systemic
vasculature was assessed using RT-PCR. Thoracic aorta and pulmonary artery were
excised from two groups of Sprague-Dawley rats. The first was exposed to
normoxia whilst the second was exposed to two weeks of hypoxia to induce
pulmonary hypertension. Excess vessel was snap frozen in liquid nitrogen and
stored at -80°C. RNA was isolated from the vessel samples and used to synthesise
cDNA. PCR reactions were performed and the relative expression of PDE1B and
1C, PDE2A, PDE3A and 3B, and PDE5SA were assessed.

In rat pulmonary artery chronic hypoxia does not significantly increase the
expression of PDE1C, PDE2A, PDE3A and 3B nor PDESA, that | assessed (P>0.05;
Figure 3.19). However there does appear to be a trend towards increased expression
of PDE1B, PDE2A, PDE3A and PDE3B in pulmonary artery from rats exposed to

two weeks hypoxia versus pulmonary artery from normoxic animals (Figure 3.19).

PDE expression in rat aorta is not significantly affected by chronic hypoxia (P>0.05;
Figure 3.19).
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Figure 3.19

Effect of hypoxia on the expression PDEs in rat

pulmonary artery and aorta

N

500
400
300

200

500
400
300

200

25+
204
154

10+

Relative expression
{arbitary units)

5+

&
A
Qo

PDE1B

H

&

Qo

PDE1C

N H N H

D
<& &
L

N H NH NH

uuuuuu

25+

204

154

104

Relative expression
{arbitary units)

5+

N

SR o
< £ %
L

- U--ﬂr-—‘r‘—nri T T T

S &
&

PDE2A PDE3A PDE3B PDESA B-actin

N H

& &

&
&
L L

Figure 3.19 Effect of normoxia (N) and chronic hypoxia (H) on
the expression of phosphodiesterases (PDEs) in pulmonary
artery (upper panel) and aorta (middle panel) with
densitometric quantification (lower panel); n=3.
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3.4 Effect of PDE?2 inhibition and ANP augmentation on hypoxia-induced

pulmonary hypertension

Control mice exposed to 3 weeks of hypoxia (10% O,) showed increased RVSP
(32.07£1.48mmHg) when compared to normoxic controls (18.97+1.76mmHg;
P<0.05; Figure 3.20). The severity of PH (i.e. increased RVSP) following
administration of BAY60-7550 (21.66+1.29mmHg) and the combination of BAY60-
7550 and ecadotril (29.17£1.97mmHg; each P<0.05; Figure 3.20); was significantly
reduced. In contrast ecadotril (26.45+1.91mmHg; P>0.05; Figure 3.20) did not
significantly reduce RVSP compared to mice administered vehicle. However, there
were no significant changes to MABP across all groups (P>0.05; Figure 3.20). This
implies the therapies are selective for the pulmonary circulation.

Exposure to 3 weeks hypoxia resulted in the expected elevation of RV/LV+S ratio,
indicative of the development of right ventricular hypertrophy (Figure 3.21). The
RV/LV+S ratio like RVSP was significantly reduced by BAY60-7550 (0.290+0.006)
the BAY60-7550 and ecadotril combination group (0.281+0.007), in comparison to
hypoxic controls (0.342+0.019; P<0.05; Figure 3.21).  Therefore cardiac
hypertrophy was reduced by the combination group and BAY60-7550 alone but not

ecadotril.

Exposure to 3 weeks hypoxia resulted in an increase in the percentage of
muscularised vessels (53.4+2.4%) when compared to normoxic controls (25.5+3.5%;
P<0.05; Figure 3.21 and Figure 3.22). Following the administration of BAY60-
7550 (32.0+2.8%) and the combination of BAY60-7550 and ecadotril (35.6+0.8%);
each P<0.05; Figure 3.21 and Figure 3.22) hypoxia-induced vessel muscularisation
was reduced. Therefore vascular remodelling is reduced by the combination group
and BAY60-7550 alone but not ecadotril.
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Figure 3.20 Effect of PDE2 inhibition and ANP augmentation on

RVSP and MABP in hypoxia-induced pulmonary hypertension
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Figure 3.20 Right ventricular systolic pressure (RVSP; upper panel) and
mean arterial blood pressure (MABP; lower panel) in normoxic mice (n=8),
and mice exposed to 3 weeks hypoxia without treatment (10% O,; n = 8)
or in the presence of ecadotril (60mg/kg/day; weeks 3; n=6), BAY 60-7550
(10mg/kg/day) or BAY60-7550 plus ecadotril (weeks 3; n=8). *P < 0.05
versus hypoxia. #P < 0.05 versus normoxia.
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Figure 3.21 Effect of PDEZ2 inhibition and ANP augmentation on RV
hypertrophy and pulmonary vascular remodelling in hypoxia-induced

pulmonary hypertension
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Figure 3.21 Right ventricle:left ventricle plus septum ratio (RV/LV+S;
upper panel), non-muscularised and muscularised vessels (lower panel)
in the lung of normoxic mice (grey bar; n=8), and mice exposed to 3
weeks hypoxia without treatment (white bar; 10% O,; n = 8) or in the
presence of ecadotril (black bar; 60mg/kg/day; weeks 3; n=6), BAY 60-
7550 (green bar; 10mg/kg/day) or BAY60-7550 plus ecadotril (blue bar;
weeks 3; n=8). P < 0.05 versus hypoxia. #P < 0.05 versus normoxia.
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Figure 3.22 Effect of PDE2 inhibition and ANP augmentation on

pulmonary vascular remodelling in hypoxia-induced pulmonary
hypertension
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Figure 3.22 Representative light microscope images (20x
magnification) of lungs obtained 21 days from initiation of
normoxia, hypoxia (10% O,; weeks 3), hypoxia and ecadotril
(60mg/kg/day; weeks 3), hypoxia and BAY60-7550
(10mg/kg/day; weeks 3), hypoxia and ecadotril (Ecad) and
BAY60-7550 (BAY) treated mice. Pulmonary arteries were
assessed for muscularisation with an anti-alpha smooth
muscle actin antibody (indicated by red staining and arrow for
overt mucularisation; please refer to section 2.7 for detailed
methodology).
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3.5 Effect of PDE5 inhibition and ANP augmentation on hypoxia-induced

pulmonary hypertension

The effect of ‘therapeutic inhibition’ (i.e. interventions administered after PH had
been established) of PDES5 and augmentation of ANP was assessed in the pre-clinical
model of PH in mice — chronic hypoxia. Five groups of male C57/BL6 mice (20-
25g) were studied; i) normoxia, ii) hypoxia control receiving daily gavage with
vehicle, iii) hypoxia, daily gavage with vehicle and sildenafil (30mg/kg/day)
administered in the drinking water, iv) hypoxia and ecadotril (60mg/kg/day)
delivered by gavage and v) hypoxia plus the combined treatment of sildenafil and
ecadotril, dosed and delivered as indicated above. The appropriate drug/vehicle
treatment was started three weeks after placement of animals into a hypoxic chamber
(10% 0O,) and lasted for three weeks to induce the development of PH (Figure 3.23).

Figure 3.23 Experimental design of therapeutic intervention.
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Figure 3.23 A diagram to illustrate the experimental design
of therapeutic intervention in a model of chronic hypoxia
(10% 0,) induced-pulmonary hypertension in mice.
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Control mice exposed to 6 weeks of hypoxia (10% O;) showed increased RVSP
(34.32+£3.88mmHg) when compared to normoxic controls (21.57+3.43mmHg;
P<0.05; Figure 3.24). The severity of PH (i.e. increased RVSP) following
administration of sildenafil (26.32+2.56mmHg), ecadotril (28.03£1.78mmHg) and
the combination of sildenafil and ecadotril (29.17+1.97mmHg; each P<0.05; Figure
3.24); from weeks 3-6 was significantly reduced. However, there were no
significant changes to MABP across all groups (P>0.05; Figure 3.24). This implies
the therapies are selective for the pulmonary circulation.

Exposure to 6 weeks hypoxia resulted in the expected elevation of RV/LV+S ratio,
indicative of the development of right ventricular hypertrophy (Figure 3.25). The
RV/LV+S ratio was only significantly reduced by the sildenafil and ecadotril
combination group (0.306+0.014), in comparison to hypoxic controls (0.341+0.033;
P<0.05; Figure 3.25). Therefore cardiac hypertrophy was reduced by the
combination group but not either drug alone. Total heart weight was not

significantly affected by hypoxia or treatment (P>0.05; Figure 3.25).
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Figure 3.24 Effect of PDE5 inhibition and ANP augmentation on
RVSP and MABP in hypoxia-induced pulmonary hypertension
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Figure 3.24 Right ventricular systolic pressure (RVSP; upper panel) and
mean arterial blood pressure (MABP; lower panel) in normoxic mice
(n=6), and mice exposed to 6 weeks hypoxia without treatment (10%
0,; n = 6) or in the presence of sildenafil (30mg/kg/day; weeks 3-6;
n=6), ecadotril (60mg/kg/day; weeks 3-6; n=6), or sildenafil plus
ecadotril (weeks 3-6; n=8). Data is represented as mean + S.E.M; *P <
0.05 versus hypoxia. #P < 0.05 versus normoxia.
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Figure 3.25 Effect of PDE5 inhibition and ANP augmentation on
heart weight and RV hypertrophy in hypoxia-induced pulmonary

hypertension
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Figure 3.25 Total heart weight (upper panel) and right ventricle:left

ventricle plus septum ratio (RV/LV+S; lower panel) in normoxic mice
(n=6), and mice exposed to 6 weeks hypoxia without treatment (10%
0,; n = 6) or in the presence of sildenafil (30mg/kg/day; weeks 3-6;
n=6), ecadotril (60mg/kg/day; weeks 3-6; n=6), or sildenafil plus
ecadotril (weeks 3-6; n=8). Data is represented as mean * S.E.M; *P <
0.05 versus hypoxia. #P < 0.05 versus normoxia.
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3.6 Effect of PDE5 inhibition and ANP augmentation on bleomycin-induced

pulmonary hypertension

Interstitial lung diseases, including IPF, are often complicated by the existence of
PH; patients with both conditions have a far less favourable outcome (Lettieri et al.,
2006; Nathan et al., 2008a; Patel et al., 2007). By adopting a well-validated model
of inflammation and lung-injury that is accepted as a model of human lung fibrosis —
bleomycin induced lung fibrosis (Scotton & Chambers, 2010), | investigated the
effectiveness of the combination treatment, sildenafil plus ecadotril, in a second pre-
clinical model of IPF/PH.

Bleomycin challenged mice showed increased RVSP (33.84+2.40mmHg) when
compared to saline controls (21.14+4.03mmHg; P<0.05; Figure 3.26). Therefore in
this model of PF there is accompanying PH. The severity of PH was only
significantly reduced following administration of the combination of sildenafil and
ecadotril (25.18+1.90mmHg; P<0.05; Figure 3.26). Therefore having an additive if
not synergistic effect over mono-therapy (P<0.05; Figure 3.26). However, there
were no significant changes to MABP across all groups (P>0.05; Figure 3.26). This

implies the therapies are selective for the pulmonary circulation.

Bleomycin challenge resulted in the elevation of RV/LV+S ratio, indicative of the
development of right ventricular hypertrophy (Figure 3.27). This data supports the
haemodynamic that this model of PF has associated PH. The RV/LV+S ratio was
significantly reduced by sildenafil (0.250+0.009) or ecadotril (0.240+0.009)
treatment as well as the sildenafil and ecadotril combination group (0.239+0.011), in
comparison to hypoxic controls (0.312+0.027; P<0.05; Figure 3.27). Therefore
cardiac hypertrophy was reduced by all treatment groups. Total heart weight was not
significantly affected by hypoxia or treatment (P>0.05; Figure 3.27).
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Figure 3.26 Effect of PDE5 inhibition and ANP augmentation on

RVSP and MABP in bleomycin-induced pulmonary hypertension
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Figure 3.26 Right ventricular systolic pressure (RVSP; upper panel) and
mean arterial blood pressure (MABP; lower panel) in saline challenged
mice (n=6), and mice challenged with 1mg/kg bleomycin (bleo; n = 6) in
the presence of sildenafil (30mg/kg/day; n=9), ecadotril (60mg/kg/day;
n=9), or sildenafil plus ecadotril (n=10). *P < 0.05 versus bleomycin. #P
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Figure 3.27 Effect of PDE5 inhibition and ANP augmentation on
heart weight and RV hypertrophy in bleomycin-induced pulmonary

hypertension
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Figure 3.27 Total heart weight (upper panel) and right ventricle:left
ventricle plus septum ratio (RV/LV+S; lower panel) in saline
challenged mice (n=6), and mice challenged with 1mg/kg bleomycin
(bleo; n=6) in the presence of sildenafil (30mg/kg/day; n=9),
ecadotril (60mg/kg/day; n=9), or sildenafil plus ecadotril (n=10). *P <
0.05 versus bleomycin. #P < 0.05 versus saline.
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Chapter 4: Discussion

4.1 Pulmonary Hypertension

Pulmonary Hypertension is a rare and debilitating disease which has a very poor
mortality rate. PH is characterised by increased pulmonary arterial blood pressure,
vascular remodelling of the small pulmonary arteries, right ventricular hypertrophy
and failure. Whether idiopathic, familial or associated with other diseases (e.g.
congenital heart disease, embolism, chronic lung disease), the disorder leads to
premature death. This is predominantly due to the paucity of satisfactory treatments,
particularly vasodilators that selectively reverse the excessive vasoconstriction
observed in the pulmonary vasculature, and inhibitors of vascular wall re-modelling.
Despite recent therapeutic advances, including endothelin receptor antagonists and
PDE inhibitors, 2-year mortality remains unacceptably high (~15%) and a cure
remains elusive. As a consequence, to advance current treatment options,
contemporary approaches have focused on developing drug combinations that
synergise in the pulmonary vascular bed, improving haemodynamics and reversing

structural remodelling.
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4.2 Phosphodiesterases and natriuretic peptides in pulmonary hypertension

Natriuretic peptides and NO are involved in the pathology of PH (Klinger et al.,
1993b; Klinger et al., 1993a; Zhao et al., 1999). Pharmacological manipulation of
either system has therapeutic benefit (e.g. inhaled NO; (Kinsella et al., 1992), sGC
activators (Mittendorf et al., 2009), PDEi (Wilkins et al., 2005), but NPs appear to
be a better target because they are lung specific (Baliga et al., 2008). Therefore
increasing cGMP is a clinically useful approach. However, it is not clear which
PDEs are most important in regulating cGMP in the lung, thus providing scope for

further optimisation.

Phosphodiesterases are homologous enzymes that facilitate the breakdown of the
second messengers CAMP and cGMP. There are 11 distinct PDE families, with each
typically consisting of several isoforms and/or splice variants. Molecules blocking
the activity of this family of enzymes, collectively known as PDE inhibitors (PDEi),
have been a major focus of drug development, particularly for cardiovascular disease
(Bender & Beavo, 2006). Indeed, in the vasculature, PDEi exert several favourable
effects including vasodilatation, inhibition of smooth muscle proliferation and

prevention of platelet aggregation (Bender & Beavo, 2006).

It is the cardiovascular consequences of PDE5 inhibition that have been studied most
extensively. Blockade of this enzyme, which metabolises cGMP exclusively, lowers
systemic and pulmonary artery pressure under physiological conditions in animals
and humans (Baliga et al., 2008; Wilkins et al., 2005; Galie et al., 2005b; Klinger et
al., 2006; Rubin et al., 2011; Jing et al., 2011; Ghofrani et al., 2002). Moreover, in
animal models and patients with PH, PDESi cause larger reductions in pulmonary
than systemic vascular resistance, thereby exhibiting relative selectivity for the
pulmonary vasculature (Baliga et al., 2008; Galie et al., 2005b; Klinger et al., 2006;
Rubin et al., 2011). This vasoactive profile has culminated in the development and
approval of the PDESi sildenafil as a first-line therapy for PH; the drug elicits an
improvement in several indices of disease severity including pulmonary artery
pressure, cardiac index, exercise capacity and WHO functional class (Galie et al.,
2005b).
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However, a significant cohort of PH patients does not respond to sildenafil treatment
and in many individuals, indices of disease severity (i.e. 6MWD) return to ‘baseline’
approx 12 months after initiation of sildenafil therapy. Moreover, in patients who
respond well to sildenafil, there is dose-dependent systemic hypotension that limits
the beneficial effects of the drug. Thus, there remains considerable scope to
optimise interventions targeting cGMP-dependent signalling to improve the

treatment of PH.

The mechanism(s) underlying the pulmonary selectivity of PDESi remain unclear,
but may be due, in part, to increased expression and activity of PDE5 in the
pulmonary circulation of patients with PH (Wharton et al., 2005). Notwithstanding,
the beneficial effects of PDES5i in models of PH are blunted in animals with a genetic
deletion of the NPR-A (Zhao et al., 1999). This suggests that the mechanism of
pulmonary selectivity of PDE5i depends on the bioactivity of natriuretic peptides
(i.e. ANP, BNP or CNP; (Ahluwalia et al., 2004). This view is supported by animal
and human data demonstrating that acute infusion of natriuretic peptides in the
presence of sildenafil synergistically reduces pulmonary artery pressure (Klinger et
al., 2006; Preston et al., 2004). Furthermore, inhibitors of NEPi, an enzyme that
degrades natriuretic peptides, significantly reduce the severity of hypoxia-induced
PH (Klinger et al., 1993b; Winter et al., 1991). These data highlight the therapeutic
potential of manipulating natriuretic peptide bioactivity to reverse the
haemodynamic abnormalities associated with PH. This approach additionally holds
great promise for attenuating the pulmonary vascular re-modelling that also
characterises the disease, since natriuretic peptides inhibit pulmonary vascular
smooth muscle proliferation and TGF-B-induced extracellular matrix expression in
vitro, and prevent structural changes in vivo in animal models of PH (Chen et al.,
2006; Jin et al., 1991; Klinger et al., 1998; Klinger et al., 1999; Li et al., 2007).
Thus, this dual mechanism of action satisfies the well-documented requirement for
targeting both haemodynamic and structural aberrations in PH if therapy is to be
advanced significantly (Ghofrani et al., 2009; Rhodes et al., 2009).
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4.3 In vitro manipulation of phosphodiesterases and cGMP generators in the

pulmonary and systemic vasculature

In this study | investigated the effects of PDEi on NO and ANP dependent
vasodilatation of the systemic (aorta) and pulmonary (pulmonary artery) vasculature.
It has already been shown that ANP dependent vasodilatation can be potentiated by
PDES5i (sildenafil) in the pulmonary but not the systemic vasculature (Baliga et al.,
2008). Here I show that PDEZ2i has a similar profile to PDES5I.

In in vitro functional pharmacological studies | investigated the effect of PDEL,
PDE2, PDE3 and PDE5 on NO and ANP dependent vasodilatation of the systemic
(aorta) and pulmonary (pulmonary artery) vasculature. The rationale for these
studies was that each of these PDEs hydrolyse cGMP and have either been directly
implicated in PH or they are localised in the heart and/or pulmonary vasculature
(Beavo, 1995; Bender & Beavo, 2006; Fischmeister et al., 2006).

Only PDE5 and PDEZ2 inhibitors were able to potentiate the vasodilator effects of
NO and/or ANP in normoxic rat vessels; indeed PDE2i and PDES5i produced very
similar responses. PDE2 or PDES5 inhibition potentiated the vasodilator effects of
NO in both the pulmonary and systemic vasculature, whilst the vasodilator effects of
ANP were only potentiated in the pulmonary vessels. These observations suggest
that cGMP produced by sGC and pGC in response to NO and NPs, respectively, are
independently controlled and do not result in changes in a single cellular pool of
CcGMP, in the systemic vasculature at least. These results mirror previous findings
showing differential effects of sSGC and pGC activation on functions within the same
cell types (Piggott et al., 2006; Takimoto et al., 2007).

Three PDE2 splice variants have been identified (PDE2A1, PDE2A2 [rat-specific] &
PDE2AZ3) and are expressed in a wide variety of cells and tissues including the heart,
platelets and endothelium (Bender & Beavo, 2006). The variants are kinetically
indistinguishable, but the 2A2 and 2A3 isoforms have a N-terminal membrane
localisation motif that results in a predominantly particulate distribution. This
cellular localisation seems key to the functioning of PDE2 in the cardiovascular
system. Recent evidence has emerged linking PDE2 and PDES5 in the myocardium
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such that compartmentalised cGMP-dependent signalling in response to NO and
natriuretic peptides is regulated by PDE5 and PDEZ2, respectively; this links the
membrane-bound natriuretic peptide receptors (i.e. pGCs) with PDE2, and sGC with
cytosolic PDES (Castro et al., 2006; Fischmeister et al., 2006). This spatially-
constrained interaction is thought to play a key role in the development of left
ventricular hypertrophy and heart failure (Kass et al., 2007) and it is well-established
that PDE2 modulates the activity of the cardiac L-type Ca®* current, opposing the
effect of B-agonists (Fischmeister et al., 2005). My findings support the idea of
compartmentalisation of intracellular cGMP in vascular smooth muscle cells but also
suggest there are differences between the pulmonary and systemic vasculature.
Additionally, my data shows for the first time that PDE2 acts in a similar manner to
PDES when investigating the vasodilator effects of NO and ANP in the pulmonary
and systemic vasculature. PDE5 and PDE2 do have some similarities; they
hydrolyse cGMP, have GAF domains and are activated by cGMP binding a GAF
domain. PDE2 is a ‘cGMP-stimulated” PDE which metabolises cAMP and cGMP
and, akin to PDES5, possesses tandem GAF activating domains (Aravind & Ponting,
1997) within its N-terminus (Bender & Beavo, 2006) that act as a positive feedback
loop to expedite cyclic nucleotide hydrolysis in the presence of cGMP. Therefore
cGMP targeted therapies will be suboptimal without blockade of PDE2 and PDE5
because the increase in levels of cGMP will be tempered by increased hydrolysis by
these PDEs. Thus, my data suggests PDE2 could be an interesting new target for
PH. Furthermore an investigation into the simultaneous inhibition of PDE2 and

PDES5 could be an interesting combination for PH.

In the vessels from rats with hypoxia induced PH, neither PDELli nor PDE3i were
able to potentiate NO or ANP dependent vasodilatation in either pulmonary or
systemic vessels. PDEZ2i potentiated ANP dependent vasodilatation in pulmonary
artery alone. In contrast PDE5i only potentiated NO dependent vasodilatation in
aorta. This data differs from the results in healthy vessels above, and demonstrates
how functional activity can differ from healthy to pathological states. PDE?2i
appears to have ‘lost’ its ability to potentiate NO dependent vasodilatation (and thus
cGMP activity generated by sGC activation) in both the pulmonary and systemic
vasculature, whereas PDED5i is unable to affect NO or ANP vasodilatation in the

pulmonary vasculature to the same extent it could in healthy vessels. This
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loss/dampening of PDE2 and PDES5 inhibition to potentiate vasodilator responses in
diseased vessels could be due to greater expression or activity of PDEs. In fact it has
been suggested that PDE activity is upregulated in PH (MacLean et al., 1997). My
data hints to a trend that PDE expression is increased by exposure to chronic hypoxia
but statistical significance was not achieved. Importantly, mRNA levels only
represent what is happening at the time the sample was taken, in this case after 14
days exposure to hypoxia. To truly get a sense of the effect of hypoxia on PDE
expression, a temporal investigation (e.g. assessments at 0, 7, 14, 21 days of
hypoxia) would be superior. A further experimental limitation is that RT-PCR is
semi-quantitative; quantitative PCR (gPCR) would provide a more quantitative
measure of PDE expression. Furthermore these studies only investigated expression
of PDEs, not enzyme activity; although functional pharmacological assessment of

the contribution of PDEs to cGMP signalling was performed (as described above).

The inability of PDE2i and PDES5i to potentiate NO-dependent vasodilatation could
be due to oxidation of sGC thus rendering it insensitive to NO. Indeed, oxidised
sGC has been shown to increase in both human cardiovascular diseases and animal
models of cardiovascular disease associated with increased production of reactive
oxygen species (ROS) (Stasch et al., 2006). Furthermore sGC activators and
stimulators have been successfully used to partially reverse hypoxia and MCT
induced PH in rats (Weissmann et al., 2009; Schermuly et al., 2008; Dumitrascu et
al., 2006) and the sGC stimulator riociguat (BAY 63-2521) is currently in phase 111
clinical trials for the treatment of PH (Mittendorf et al., 2009; Ghofrani et al., 2010),
following a successful evaluation in Phase 2 (Ghofrani et al. 2010). Given PDE2i in
combination with ANP enables selective vasodilatation of the pulmonary vasculature
over the systemic vasculature in diseased vessels, PDE2 could be a better target in
PH than PDES5.

PDE?2 is able to hydrolyse cGMP and cAMP, both of these cyclic nucleotides have
been implicated in PH and increasing their intracellular concentration appears to be
an effective method of alleviating PH (Dony et al., 2008; Wilkins et al., 2005).
Additionally there is interplay between PDE2 and PDE3; PDE?2 is stimulated by
cGMP whilst cGMP is a competitive inhibitor of cAMP hydrolysis by PDES3.
Inhibition of PDE2 increases cGMP concentration which can inhibit PDE3 and
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therefore the breakdown of cAMP (Surapisitchat et al., 2007). Therefore increasing
the endogenous protection afforded by not just NO and NPs, but prostacyclin too. It
has already been shown that PDE3i (hydrolyses cCAMP) potentiates the therapeutic
effects of prostacyclin analogues in rats with hypoxia induced PH (Phillips et al.,
2005). However even though inhibition of PDE3 (milrinone) is approved in the use
of heart failure, chronic use has been shown to increase mortality (Packer et al.,
1991), reducing enthusiasm for this approach. Furthermore, augmenting NO/NP
signalling will stimulate PDE2 (and PDES) activity and therefore be self inhibiting.
Thus, making PDE2i a good strategy to augment cGMP (and cAMP) levels

effectively.

PDE 1 and PDE 3 (and splice-variants thereof) have been implicated in pulmonary
vascular homeostasis and PH (Bender & Beavo, 2006). These enzymes hydrolyse
cGMP and cAMP, although the PDE1A/1B splice variants have a higher affinity for
cGMP (Bender & Beavo, 2006). PDE1A and PDE1C expression and activity are up-
regulated in animal models of PH and in tissues from patients with the disease
(Evgenov et al., 2006; Murray et al., 2007; Schermuly et al., 2007). Moreover, the
selective PDELi 8-methoxymethyl-isobutyl-1-methyl xanthine (8MM-IBMX)
reduces proliferation of human vascular smooth muscle cells (Rybalkin et al., 2002)
and reverses the haemodynamic and morphological aberrations associated with MCT
and hypoxia-induced PH (Schermuly et al., 2007). PDE 3A/3B expression and
activity is also enhanced in PH (Murray et al., 2002), and the presence of this
‘cGMP-inhibited” PDE might underlie the synergistic cytoprotective activity of NO
and prostacyclin in PH, and explain the benefit of co-administration of therapies
promoting these pathways concomitantly (i.e. sildenafil and iloprost; Wilkens et al.,
2001). Indeed, a dual PDE3/4 inhibitor reverses monocrotaline-induced PH and
synergises with iloprost (Dony et al., 2008; Schermuly et al., 2004). Despite this
potential, the increased mortality associated with the use of PDE3 inhibitors in (left)
heart failure (Amsallem et al., 2005) has limited the therapeutic interest for this
approach in PH. Increased expression of PDE1 and PDE3 has been demonstrated in
PH (MacLean et al., 1997; Schermuly et al., 2007). Also, inhibition of PDE1
(Schermuly et al., 2007) or PDE3 (Dony et al., 2008; Phillips et al., 2005) has been
shown to be effective in alleviating hypoxia induced PH. However, my data
intimates that functionally PDE1 and PDE3 are not such key targets, given their
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inhibition was unable to potentiate the vasodilator effects of NO and ANP. The
beneficial effects of PDELi and PDES3i (as described in previous published work)
maybe due to lack of selectivity of the PDEi used, and crossover inhibition of PDE2
and/or PDE5. Alternatively, PDELi and/or PDE3i could be more efficacious in
inhibiting vascular remodelling or RV hypertrophy, rather than the acute
haemodynamic changes | have explored in this thesis. In addition, PDE1 and PDE3
are able to hydrolyse both cAMP and cGMP, but PDE3 hydrolyses cCAMP 10 times
faster than cGMP; therefore cGMP is a competitive inhibitor of cCAMP degradation
by this PDE isozyme (Zaccolo & Movsesian, 2007). Given both ANP and NO drive
cGMP production PDE3 may already be inhibited by cGMP, entailing that PDE3i
are relatively ineffective. Certainly, my data demonstrates the functional effects of
PDE2 and PDE5 are more important at least in terms of haemodynamics and

therefore possibly better targets for PH.
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4.4 PDE inhibition and ANP augmentation in animal models of pulmonary

hypertension

Our laboratory have recently exploited a ‘natriuretic peptide-centric’ approach to
evaluate the therapeutic potential of a PDESI/NEPi combination in PH (Baliga et al.,
2008). This work demonstrated that (a) PDES5i augment the vasorelaxant activity of
natriuretic peptides selectively in the pulmonary, but not systemic, vasculature; (b)
combination therapy is superior to either drug alone in hypoxia-induced PH; and (c)
the PDESI/NEPi combination does not significantly lower systemic blood pressure.
These observations suggest that in PH release of natriuretic peptides represents a
cytoprotective mechanism that mitigates pathogenesis. By selectively inhibiting
PDE isozymes (in this instance PDES5) that (patho)physiologically regulate
natriuretic peptide signalling, it is possible to target the pulmonary vasculature and
prevent disease progression. In accord, | predicted that by combining NEPi with
selective PDEi, or combinations of PDEi, it will be possible to harness further the
beneficial effects of natriuretic peptides, thereby optimising pulmonary selectivity
and efficacy, and advancing the treatment of PH; investigating this hypothesis

represents the central aim of this thesis.

The strategy of elevating cGMP, either by enhancing natriuretic peptide bioactivity
or augmenting NO-dependent signalling (e.g. NO inhalation, direct sGC
stimulation), is clinically effective in PH (Rhodes et al., 2009). This gives rise to the
possibility of targeting alternate cGMP-hydrolysing PDE isozymes to achieve the
goal of increasing cGMP in the pulmonary vasculature, thereby reversing disease

progression.

4.4.1 PDE2 inhibition and ANP augmentation in hypoxia-induced pulmonary
hypertension

My data shows that PDE2 plays a role in the haemodynamic and morphological
changes associated with PH, and that PDE2i may be a novel therapeutic approach for
this disease. My data shows that BAY60-7550 (PDEZ2i) alone, as well as BAY60-
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7550 and ecadotril in combination could both equally reduce the severity of
established hypoxia induced PH (i.e. increased RVSP). Both treatments also
reduced right ventricular hypertrophy.

In response to increased resistance, the pulmonary circulation remodels to
accommodate the higher pressure and maintain oxygenation. Induction of PH with
hypoxia also caused a dramatic increase in the number of muscularised small
pulmonary arteries. Herein the re-modelling of the pulmonary circulation was
significantly reduced by monotherapy and with dual therapy. This provides further
evidence that augmenting natriuretic peptide bioactivity exerts a multi-faceted
beneficial effect on many haemodynamic aspects of pathogenesis in PH. Indeed, our
lab has recently published evidence that natriuretic peptides differentially regulate
endothelial and smooth muscle cell proliferation in the vasculature, suggesting they
have the ideal bioactive profile to concomitantly offset endothelial
dysfunction/damage and prevent smooth muscle hypertrophy (Khambata et al.,
2011). Undoubtedly, if these natriuretic peptide-driven salutary actions translate to
the clinical arena, combination treatment should significantly improve outcome.
Furthermore there was no significant effect on MABP, indicating systemic

hypotension should not be an issue with this combination treatment.

Changes in PDE2 activity in hypoxia-induced PH resemble those of PDES5,
intimating that it should be possible to effect a pulmonary-selective dilatation by
inhibiting PDE2. As has been published for PDE5 (Baliga et al., 2008), this
preferential activity in the pulmonary vasculature appears to be associated with
changes in the bioactivity of natriuretic peptides, which would fit well with the
membrane association of PDEZ2 (i.e. co-localisation with natriuretic peptide
receptors). Indeed, PDE2 activity may be critical to the development and treatment
of PH as a result of the complementary cytoprotective roles of NO, natriuretic
peptides and prostacyclin; excessive PDE2 activity would be predicted to curtail the
synergism between these cGMP- and cAMP- generating pathways and exacerbate
pathology (since it metabolises both cyclic nucleotides), whereas PDE2i would be
expected to exert a beneficial effect, as has been reported for the relatively selective
PDEZ2i (EHNA) in acute HPV (Haynes et al., 1996).
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4.4.2 PDE5 inhibition and ANP augmentation in hypoxia-induced pulmonary

hypertension

Further in vivo investigations | undertook were to build on the work by colleagues
who demonstrated that PDESi (sildenafil) and NEPi (ecadotril) combination therapy
was effective in hypoxia induced PH, and had an additive effect over monotherapy
(Baliga et al., 2008). This previous investigation involved the treatment being given
prophylactically; a more clinically relevant experiment would be to induce PH and
see if the combination treatment was effective against established PH. My data
shows that sildenafil or ecadotril alone, as well as sildenafil and ecadotril in
combination could all equally reduce the severity of established hypoxia induced PH
(i.e. increased RVSP). Only combination treatment reduced right ventricular
hypertrophy. These findings are consistent with studies investigating the effect of
PDES5i (sildenafil) in NPR-A KO mice with hypoxia induced PH, that the NPR-A
pathway makes a greater contribution to the effect of sildenafil on RV hypertrophy
than RVSP (Klinger et al., 1993a; Klinger et al., 1999; Zhao et al., 1999).

This data further emphasises the importance of the combination therapy and the
additive if not synergistic effects it elicits on PH. It is reassuring that the
combination therapy continues to be effective against both haemodynamic and
hypertrophic aspects of PH. This is important as one of the main criticisms of
current therapies is their lack of ability to stem or even reverse
hypertrophy/remodelling. Given that PH patients eventually succumb to RV failure,
it is pleasing to see the combination therapy’s anti-hypertrophic affects. Furthermore
there was no significant effect on MABP, indicating systemic hypotension should

not be an issue with this combination treatment.
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4.4.3 PDES5 inhibition and ANP augmentation in bleomycin-induced pulmonary

hypertension

Idiopathic pulmonary fibrosis is a progressive fibro-proliferative disorder with a poor
prognosis; this is largely the result of a complex and undefined aetiology, and a lack
of therapeutic options (Bjoraker et al., 1998; Eickelberg & Laurent, 2010).
Interstitial lung diseases, including IPF, are often complicated by the existence of
PH; patients with both conditions have a far less favourable outcome (Lettieri et al.,
2006; Nathan et al., 2008a; Patel et al., 2007). Our laboratory reported recently that
combination of a PDESi (i.e. sildenafil), that sustains cGMP signalling, and a NEPi
(i.e. ecadotril) that slows the breakdown of natriuretic peptides in the circulation,
resulted in a significant alleviation of disease severity in hypoxia-induced PH
(Baliga et al., 2008). This precedent, coupled to the well-defined anti-fibrotic
actions of natriuretic peptides (Das et al., 2010; Nishikimi et al., 2011; Tamura et
al., 2000) in cardiac and renal fibrosis, provided the rationale to explore the potential
of manipulating natriuretic peptide bioactivity in IPF. Data presented herein suggest
that this approach may offer a substantial pharmacodynamic benefit in IPF and
associated PH since it combats both the fibro-proliferative and haemodynamic

aberrations characteristic of the disease.

Adopting a well-validated model of inflammation and lung-injury that is accepted as
a model of human lung fibrosis (Scotton & Chambers, 2010), | demonstrate that
focusing efforts to maximize cGMP-dependent signalling using, PDES5i and NEPI,
offers a potent means of preventing fibrosis and the accompanying PH. However,
caution should be engaged when interpreting these results given a prophylactic
treatment regime was employed. Such an approach could have interfered with the
inflammation phase immediately post bleomycin in this model, and not necessarily

just acted in an anti-fibrotic fashion.

Administration of bleomycin caused the expected increase in lung fibrosis and
significantly elevated RVSP; this was accompanied by marked RV hypertrophy.
Neither of the components of the combination therapy, sildenafil nor ecadotril,
significantly reduced RVSP at the doses employed. However, this provided the ideal
background to reveal a clear synergy between the two drugs when administered
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together; this cooperative activity mirrored that reported in models of hypoxia-
induced PH and patients with the disease (Baliga et al., 2008; Klinger et al., 2006;
Preston et al., 2004; Zhao et al., 1999). A salutary effect on the right heart was also
evident. Here, sildenafil and ecadotril elicited a marked reduction in RV
hypertrophy. Again, an additive benefit of using both drugs together was observed.
Interestingly, the effects of the combination therapy were greater (individually and in
concert) in the structural changes in the right heart compared to the haemodynamic
dysfunction. This disparity suggests that augmentation of cGMP and natriuretic
peptide function has direct effects to slow or prevent cardiac hypertrophy, rather than
simply secondary to reducing pressure in the pulmonary circulation. This is perhaps
not surprising, since all three of the principal members of the natriuretic peptide
family exert potent anti-hypertrophic effects in the heart (Klinger et al., 2002;
Knowles et al., 2001; Oliver et al., 1997; Tamura et al., 2000). This is a welcome
finding since the right heart is often neglected in the consideration of novel therapies
for IPF and PH, and since right ventricular failure is often the ultimate cause of
death, treatment modalities that directly preserve right heart structure and function
are likely to provide a valuable addition to the therapeutic repertoire. A further key
facet of this PDESi plus NEPi combination is that it appears to target the lung, as
MABP was not significantly different with either sildenafil or ecadotril, alone or in
combination. This selectivity is advantageous in IPF and PH since it avoids the issue
of systemic hypotension whilst being able to maximize cGMP signalling in the
pulmonary circulation. Indeed, the beneficial pharmacodynamic profile of PDES5I
plus NEPi holds promise in the treatment of many forms of PH, since it appears that
the combination therapy is effective in models of PH with contrasting aetiologies.
This bodes well for porting this dual therapy to other forms of the disease with

distinct pathogenesis.
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4.5 General summary

| have advanced current knowledge by executing the first systematic functional
characterisation of PDE1, -2, -3 and -5 on sGC and pGC signalling in pulmonary and
systemic vasculature, and assessed the effect hypoxia has on these systems. In
addition, complementary analysis of PDEL, -2, -3 and -5 mRNA expression was
performed. | have shown the first data verifying the functional role of PDE2 (and
inhibitors thereof) in lung vascular homeostasis, as well as PDE2 having potential to
be a therapeutic target in PH. Furthermore, | have established that the beneficial
effects of PDE2 are dependent on natriuretic peptide bioactivity and are selective for
the pulmonary vasculature. Moreover, the sensitivity of ANP-driven signalling is
maintained in hypoxia whereas NO-based signalling is blunted. Finally, | have
demonstrated that the combination of PDE5i and NEPi is effective in pre-clinical
models of both PH (reversal) and PH associated with IPF.

In summary, a combination therapeutic strategy targeted to enhance natriuretic
peptide activity (NEPi) and prevent cGMP metabolism (PDES5i) is a potent and
effective combination that prevents and reverses the accompanying PH in
bleomycin-induced lung inflammation and injury. Therefore, this NEPi/PDES5i drug
combination might be a novel therapeutic approach in PH, which currently has little
or no disease-modifying therapy, and consequently significant associated morbidity
and mortality. Since both components of the combination are licensed drugs,
efficacy in PH patients can be evaluated rapidly and inexpensively; this approach
therefore holds promise to improve outcome and lower healthcare costs in this

patient cohort

To conclude, these data suggest PDES5i or PDE2i and modulation of the NPR-A
pathway could be a method to selectively dilate the pulmonary vasculature over the
systemic vasculature. In fact inhibition of PDE2 could be a better target than PDE5S
in PH. Therefore in vivo investigations into the effect of PDE2i and NEPi, PDE2i
and PDEDSi or even a combination of all three is warranted. Combination therapy is
an attractive method of treatment because reduced doses of each drug can often be
given. Not only does this often result in lower incidence of side effects but also
gives scope to increase dosage and/or add further drugs if necessary.
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Figure 4.1 How PDEs regulate the actions of ANP and NO in the pulmonary circulation

I PDE2i (BAY60-5770) <> Apoptosis

| PoESi (sildenafil) |\ / / \ /
I PKGI

ReIaxatlon
Proliferation

Figure 4.1. How PDEs regulate the actions of ANP and NO in the pulmonary circulation.

NO, nitric oxide; ANP, atrial natriuretic peptide; GTP, guanosine triphosphate; cGMP, cyclic guanosine
monophosphate; sGC, soluble guanylate cyclase; pGC, particulate guanylate cyclase; NPR-A, natriuretic peptide
receptor-A; NEPi, neutral endopeptidase inhibitor; PDE2/5, phosphodiesterase 2 or 5; PDE2i, PDE2 inhibitor;
PDESi, PDE5 inhibitor; PKGI, protein kinase Gl; GMP, guanosine monophosphate.
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Chapter 5: Further Studies

5.1 Further investigation of PDE2 inhibition

In my in vivo hypoxia-induced PH study | used BAYG60-7550 (PDEZ2i) at a
concentration of 10mg/kg/day (Boess et al., 2004). At this concentration RVSP, RV
hypertrophy and pulmonary vessel muscularisation was returned to baseline. This
did not allow any ‘window’ to see if the combination treatment was of further benefit
to mono-therapy.  Therefore further investigations should firstly conduct a
concentration response, suggested concentrations would be 1, 3 and 10mg/kg/day
with and without edcadotril (NEPi; 60mg/kg/day; (Baliga et al., 2008).

In this thesis | have used prophylactic treatment in the chronic hypoxia mouse model
of PH. A more clinically relevant treatment regime would be therapeutic dosing i.e.
induce PH and then see if the treatment is effective. Given the mild nature of the PH
induced by hypoxia alone, an improved model of PH would be the hypoxia-sugen
model (Ciuclan et al., 2011).

PDE2 is a ‘cGMP-stimulated’ PDE which metabolises cAMP and cGMP and, akin
to PDES5, possesses tandem GAF activating domains (Aravind & Ponting, 1997)
within its N-terminus (Bender & Beavo, 2006) that act as a positive feedback loop to
expedite cyclic nucleotide hydrolysis in the presence of cGMP. Therefore cGMP
targeted therapies will be suboptimal without blockade of PDE2 and PDE5 because
the increase in levels of cGMP will be tempered by increased hydrolysis by these
PDEs. Therefore an investigation into the simultaneous inhibition of PDE2 and

PDES could be an interesting combination for PH.
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5.2 Clinical evaluation of PDES5 inhibition and ANP augmentation in PH

Both sildenafil (PDES5i) and racecadotril (NEPi) are already licensed drugs.
Therefore there are real translational opportunities with this combination treatment.
Currently the annual cost of treating PH patients in the UK is approximately £45,000
(National Institute for Health and Clinical Excellence). However, this combination
therapy could be a very affordable treatment strategy given racecadotril (NEPI) is

already a generic medicine and sildenafil has just come off patent in the UK.

Page | 135



Reference List

1. Ahluwalia, A, MacAllister, RJ & Hobbs, AJ. (2004). Vascular actions of
natriuretic peptides. Cyclic GMP-dependent and -independent mechanisms.
Basic Res Cardiol, 99, 83-89.

2. Amsallem, E, Kasparian, C, Haddour, G, Boissel, JP & Nony, P. (2005).
Phosphodiesterase 111 inhibitors for heart failure. Cochrane Database Syst
Rev, CD002230.

3. Aravind, L & Ponting, CP. (1997). The GAF domain: an evolutionary link
between diverse phototransducing proteins. Trends in Biochemical Sciences,
22, 458-459.

4. Archer, SL, Djaballah, K, Humbert, M, Weir, EK, Fartoukh, M, Dall'ava-
Santucci, J, Mercier, J, Simonneau, G & Tuan Dinh-Xuan, A. (1998). Nitric
Oxide Deficiency in Fenfluramine- and Dexfenfluramine-induced Pulmonary
Hypertension. Am J Respir Crit Care Med, 158, 1061-1067.

5. Ashman DF., Lipton R, Melicow, MM & Price, T. (1963). Isolation of
adenosine 3', 5'-monophosphate and guanosine 3', 5'-monophosphate from rat
urine. pp. 330-334.

6. Atz, AM, Adatia, | & Wessel, DL. (1996). Rebound Pulmonary Hypertension
After Inhalation of Nitric Oxide. Ann Thorac Surg, 62, 1759-1764.

7. Austin, ED & Loyd, JE. (2007). Genetics and Mediators in Pulmonary
Avrterial Hypertension. pp. 43-57.

8. Badesch, DB, Champion, HC, Gomez Sanchez, MA, Hoeper, MM, Loyd, JE,
Manes, A, McGoon, M, Naeije, R, Olschewski, H, Oudiz, RJ & Torbicki, A.
(2009). Diagnosis and Assessment of Pulmonary Arterial Hypertension.

Journal of the American College of Cardiology, 54, S55-S66.

Page | 136



10.

11.

12.

13.

14.

15.

16.

Baliga, RS, Milsom, AB, Ghosh, SM, Trinder, SL, MacAllister, RJ,
Ahluwalia, A & Hobbs, AJ. (2012). Dietary Nitrate Ameliorates Pulmonary
Hypertension / Clinical Perspective. Circulation, 125, 2922-2932.

Baliga, RS, Zhao, L, Madhani, M, Lopez-Torondel, B, Visintin, C, Selwood,
D, Wilkins, MR, MacAllister, RJ & Hobbs, AJ. (2008). Synergy between
Natriuretic Peptides and Phosphodiesterase 5 Inhibitors Ameliorates
Pulmonary Arterial Hypertension. Am J Respir Crit Care Med, 178, 861-869.

Barman, SA, Zhu, S, Han, G & White, RE. (2003). cAMP activates BKCa
channels in pulmonary arterial smooth muscle via cGMP-dependent protein
kinase. American Journal of Physiology - Lung Cellular and Molecular
Physiology, 284, L1004-L1011.

Barnes, PJ & Liu, SF. (1995). Regulation of pulmonary vascular tone.
Pharmacol Rev, 47, 87-131.

Barr, CS, Rhodes, P & Struthers, AD. (1996). C-Type Natriuretic Peptide.
Peptides, 17, 1243-1251.

Barst, RJ, Langleben, D, Frost, A, Horn, EM, Oudiz, R, Shapiro, S,
McLaughlin, V, Hill, N, Tapson, VF, Robbins, IM, Zwicke, D, Duncan, B,
Dixon, RAF & Frumkin, LR. (2004a). Sitaxsentan Therapy for Pulmonary
Arterial Hypertension. Am J Respir Crit Care Med, 169, 441-447.

Barst, RJ, McGoon, M, Torbicki, A, Sitbon, O, Krowka, MJ, Olschewski, H
& Gaine, S. (2004b). Diagnosis and differential assessment of pulmonary
arterial hypertension. Journal of the American College of Cardiology, 43,
S40-S47.

Baumgartner, KB, Samet, JM, Stidley, CA, Colby, TV & Waldron, JA.
(1997). Cigarette smoking: a risk factor for idiopathic pulmonary fibrosis.
Am J Respir Crit Care Med, 155, 242-248.

Page | 137



17.

18.

19.

20.

21.

22.

23.

24.

Beard, MB, Olsen, AE, Jones, RE, Erdogan, S, Houslay, MD & Bolger, GB.
(2000). UCR1 and UCR2 Domains Unique to the cAMP-specific
Phosphodiesterase Family Form a Discrete Module via Electrostatic
Interactions. Journal of Biological Chemistry, 275, 10349-10358.

Beavo, JA. (1995). Cyclic nucleotide phosphodiesterases: functional

implications of multiple isoforms. Physiol Rev, 75, 725-748.

Behr, J & Ryu, JH. (2008). Pulmonary hypertension in interstitial lung
disease. Eur Respir J, 31, 1357-1367.

Bender, AT & Beavo, JA. (2006). Cyclic Nucleotide Phosphodiesterases:
Molecular Regulation to Clinical Use. Pharmacological Reviews, 58, 488-
520.

Benza, RL, Seeger, W, McLaughlin, VV, Channick, RN, Voswinckel, R,
Tapson, VF, Robbins, IM, Olschewski, H & Rubin, LJ. (2011). Long-term
effects of inhaled treprostinil in patients with pulmonary arterial
hypertension: The TReprostinil sodium Inhalation Used in the Management
of Pulmonary arterial Hypertension (TRIUMPH) study open-label extension.
The Journal of Heart and Lung Transplantation, 30, 1327-1333.

Beppu , H, Ichinose, F, Kawai, N, Jones, RC, Yu, PB, Zapol, WM,
Miyazono, K, Li, E & Bloch, KD. (2004). BMPR-II heterozygous mice have
mild pulmonary hypertension and an impaired pulmonary vascular
remodeling response to prolonged hypoxia. American Journal of Physiology
- Lung Cellular and Molecular Physiology, 287, L1241-1.1247.

Bjoraker, J, Ryu, JH, Edwin, M, Myers, J, Tazelaar, H, Schroeder, D &
Offord, K. (1998). Prognostic Significance of Histopathologic Subsets in
Idiopathic Pulmonary Fibrosis. Am J Respir Crit Care Med, 157, 199-203.

Boess, FG, Hendrix, M, van der Staay, F-J, Erb, C, Schreiber, R, van
Staveren, W, de Vente, J, Prickaerts, J, Blokland, A & Koenig, G. (2004).

Page | 138



25.

26.

217.

28.

29.

30.

31.

Inhibition of phosphodiesterase 2 increases neuronal cGMP, synaptic

plasticity and memory performance. Neuropharmacology, 47, 1081-1092.

Bonnevier, J, Fassler, R, Somlyo, AP, Somlyo, AV & Arner, A. (2004).
Modulation of Ca2+ Sensitivity by Cyclic Nucleotides in Smooth Muscle
from Protein Kinase G-deficient Mice. Journal of Biological Chemistry, 279,
5146-5151.

Borchers, A, Chang, C, Keen, C & Gershwin, M. (2011). Idiopathic
Pulmonary Fibrosis — an Epidemiological and Pathological Review. Clinical

Reviews in Allergy and Immunology, 40, 117-134.

Bourne, A & Kenny, AJ. (1990). The hydrolysis of brain and atrial natriuretic
peptides by porcine choroid plexus is attributable to endopeptidase-24.11.
Biochem J, 271, 381-385.

Burton, VJ, Ciuclan, LI, Holmes, AM, Rodman, DM, Walker, C & Budd,
DC. (2011). Bone morphogenetic protein receptor Il regulates pulmonary
artery endothelial cell barrier function. Blood, 117, 333-341.

Buys, ES, Sips, P, Vermeersch, P, Raher, MJ, Rogge, E, Ichinose, F,
Dewerchin, M, Bloch, KD, Janssens, S & Brouckaert, P. (2008). Gender-
specific hypertension and responsiveness to nitric oxide in sGCalphal
knockout mice. Cardiovasc Res, 79, 179-186.

Calvieri, C, Rubattu, S & Volpe, M. (2012). Molecular mechanisms
underlying cardiac antihypertrophic and antifibrotic effects of natriuretic
peptides. Journal of Molecular Medicine, 90, 5-13.

Castro, LR, Verde, I, Cooper, DM & Fischmeister, R. (2006). Cyclic
guanosine monophosphate compartmentation in rat cardiac myocytes.
Circulation, 113, 2221-2228.

Page | 139



32.

33.

34.

35.

36.

37.

38.

39.

Chan, SY & Loscalzo, J. (2008). Pathogenic mechanisms of pulmonary
arterial hypertension. Journal of Molecular and Cellular Cardiology, 44, 14-
30.

Channick, RN, Simonneau, G, Sitbon, O, Robbins, IM, Frost, A, Tapson, VF,
Badesch, DB, Roux, S, Rainisio, M, Bodin, F & Rubin, LJ. (2001). Effects of
the dual endothelin-receptor antagonist bosentan in patients with pulmonary
hypertension: a randomised placebocontrolled study. The Lancet, 358, 1119-
1123.

Chaouat, A, Naeije, R & Weitzenblum, E. (2008). Pulmonary hypertension in
COPD. Eur Respir J, 32, 1371-1385.

Chaudhary, NI, Schnapp, A & Park, JE. (2006). Pharmacologic
differentiation of inflammation and fibrosis in the rat bleomycin model. Am J
Respir Crit Care Med, 173, 769-776.

Chen, YF, Feng, JA, Li, P, Xing, D, Ambalavanan, N & Oparil, S. (2006).
Atrial natriuretic peptide-dependent modulation of hypoxia-induced
pulmonary vascular remodeling. Life Sciences, 79, 1357-1365.

Chester, M, Seedorf, G, Tourneux, P, Gien, J, Tseng, N, Grover, T, Wright, J,
Stasch, JP & Abman, SH. (2011). Cinaciguat, a soluble guanylate cyclase
activator, augments cGMP after oxidative stress and causes pulmonary
vasodilation in neonatal pulmonary hypertension. American Journal of
Physiology - Lung Cellular and Molecular Physiology, 301, L755-L764.

Chrisman, TD, Schulz, S, Potter, LR & Garbers, DL. (1993). Seminal plasma
factors that cause large elevations in cellular cyclic GMP are C-type
natriuretic peptides. Journal of Biological Chemistry, 268, 3698-3703.

Ciuclan, L, Bonneau, O, Hussey, M, Duggan, N, Holmes, AM, Good, R,
Stringer, R, Jones, P, Morrell, NW, Jarai, G, Walker, C, Westwick, J &

Page | 140



40.

41.

42.

43.

44,

45.

46.

Thomas, M. (2011). A Novel Murine Model of Severe Pulmonary Arterial
Hypertension. Am J Respir Crit Care Med, 201103-04120C.

Cogolludo, A, Moreno, L & Villamor, E. (2007). Mechanisms Controlling
Vascular Tone in Pulmonary Arterial Hypertension: Implications for
Vasodilator Therapy. Pharmacology, 79, 65-75.

Cool, CD, Groshong, SD, Oakey, J & Voelkel, NF. (2005). Pulmonary
Hypertension*. Chest, 128, 565S-571S.

Corbin, JD, Turko, IV, Beasley, A & Francis, SH. (2000). Phosphorylation of
phosphodiesterase-5 by cyclic nucleotide-dependent protein kinase alters its
catalytic and allosteric cGMP-binding activities. Eur J Biochem, 267, 2760-
2767.

Coward, WR, Saini, G & Jenkins, G. (2010). The pathogenesis of idiopathic
pulmonary fibrosis. Therapeutic Advances in Respiratory Disease, 4, 367-
388.

Crawley, DE, Zhao, L, Giembycz, MA, Liu, S, Barnes, PJ, Winter, RJ &
Evans, TW. (1992). Chronic hypoxia impairs soluble guanylyl cyclase-
mediated pulmonary arterial relaxation in the rat. Am J Physiol Lung Cell
Mol Physiol, 263, L325-L.332.

D'Alonzo, GE, Barst, RJ, Ayres, SM, Bergofsky, EH, Brundage, BH, Detre,
KM, Fishman, AP, Goldring, RM, Groves, BM, Kernis, JT & . (1991).
Survival in patients with primary pulmonary hypertension. Results from a

national prospective registry. Ann Intern Med, 115, 343-349.

Das, S, Au, E, Krazit, ST & Pandey, KN. (2010). Targeted Disruption of
Guanylyl Cyclase-A/Natriuretic Peptide Receptor-A Gene Provokes Renal
Fibrosis and Remodeling in Null Mutant Mice: Role of Proinflammatory
Cytokines. Endocrinology, 151, 5841-5850.

Page | 141



47.

48.

49.

50.

51.

52.

53.

Datta, A, Scotton, CJ & Chambers, RC. (2011). Novel therapeutic
approaches for pulmonary fibrosis. British Journal of Pharmacology, 163,
141-172.

Davie, N, Haleen, S, Upton, PD, Polak, JM, Yacoub, M, Morrell, N &
Wharton, J. (2002). ETA and ETB Receptors Modulate the Proliferation of
Human Pulmonary Artery Smooth Muscle Cells. Am J Respir Crit Care Med,
165, 398-405.

de Bold, AJ, Borenstein, HB, Veress, AT & Sonnenberg, H. (1981). A rapid
and potent natriuretic response to intravenous injection of atrial myocardial
extract in rats. Life Sci, 28, 89-94.

Desch, M, Sigl, K, Hieke, B, Salb, K, Kees, F, Bernhard, D, Jochim, A,
Spiessberger, B, Hocherl, K, Feil, R, Feil, S, Lukowski, R, Wegener, JW,
Hofmann, F & Schlossmann, J. (2010). IRAG determines nitric oxide- and
atrial natriuretic peptide-mediated smooth muscle relaxation. Cardiovascular
Research, 86, 496-505.

Dony, E, Lai, YJ, Dumitrascu, R, Pullamsetti, SS, Savai, R, Ghofrani, HA,
Weissmann, N, Schudt, C, Flockerzi, D, Seeger, W, Grimminger, F &
Schermuly, RT. (2008). Partial reversal of experimental pulmonary

hypertension by phosphodiesterase-3/4 inhibition. Eur Respir J, 31, 599-610.

Duchene, J, Lecomte, F, Ahmed, S, Cayla, C, Pesquero, J, Bader, M, Perretti,
M & Ahluwalia, A. (2007). A Novel Inflammatory Pathway Involved in
Leukocyte Recruitment: Role for the Kinin B1 Receptor and the Chemokine
CXCLS5. The Journal of Immunology, 179, 4849-4856.

Dumitrascu, R, Kulcke, C, Konigshoff, M, Kouri, F, Yang, X, Morrell, N,
Ghofrani, HA, Weissmann, N, Reiter, R, Seeger, W, Grimminger, F,
Eickelberg, O, Schermuly, RT & Pullamsetti, SS. (2011). Terguride
ameliorates monocrotaline-induced pulmonary hypertension in rats. Eur
Respir J, 37, 1104-1118.

Page | 142



54.

55.

56.

57.

58.

59.

60.

Dumitrascu, R, Koebrich, S, Dony, E, Weissmann, N, Savai, R, Pullamsetti,
S, Ghofrani, H, Samidurai, A, Traupe, H, Seeger, W, Grimminger, F &
Schermuly, R. (2008). Characterization of a murine model of monocrotaline
pyrrole-induced acute lung injury. BMC Pulmonary Medicine, 8, 25.

Dumitrascu, R, Weissmann, N, Ghofrani, HA, Dony, E, Beuerlein, K,
Schmidt, H, Stasch, JP, Gnoth, MJ, Seeger, W, Grimminger, F & Schermuly,
RT. (2006). Activation of Soluble Guanylate Cyclase Reverses Experimental
Pulmonary Hypertension and Vascular Remodeling. Circulation, 113, 286-
295.

Eddahibi, S, Hanoun, N, Lanfumey, L, Lesch, KP, Raffestin, B, Hamon, M &
Adnot, S. (2000). Attenuated hypoxic pulmonary hypertension in mice
lacking the 5-hydroxytryptamine transporter gene. J Clin Invest, 105, 1555-
1562.

Eickelberg, O & Laurent, GJ. (2010). The Quest for the Initial Lesion in
Idiopathic Pulmonary Fibrosis. Am J Respir Cell Mol Biol, 42, 1-2.

Erdos, EG & Skidgel, RA. (1989). Neutral endopeptidase 24.11
(enkephalinase) and related regulators of peptide hormones. FASEB J, 3,
145-151.

Erneux, C, Couchie, D, Dumont, JE, Baraniak, J, Stec, WJ, Abbad, EG,
Petridis, G & Jastorff, B. (1981). Specificity of cyclic GMP activation of a
multi-substrate cyclic nucleotide phosphodiesterase from rat liver. Eur J
Biochem, 115, 503-510.

Evgenov, OV, Kohane, DS, Bloch, KD, Stasch, JP, Volpato, GP, Bellas, E,
Evgenov, NV, Buys, ES, Gnoth, MJ, Graveline, AR, Liu, R, Hess, DR,
Langer, R & Zapol, WM. (2007). Inhaled Agonists of Soluble Guanylate
Cyclase Induce Selective Pulmonary Vasodilation. Am J Respir Crit Care
Med, 176, 1138-1145.

Page | 143



61.

62.

63.

64.

65.

66.

67.

Evgenov, OV, Pacher, P, Schmidt, PM, Hasko, G, Schmidt, HHHW &
Stasch, JP. (2006). NO-independent stimulators and activators of soluble
guanylate cyclase: discovery and therapeutic potential. Nat Rev Drug Discov,
5, 755-768.

Fagan, KA, Fouty, BW, Tyler, RC, Morris, KG, Hepler, LK, Sato, K,
LeCras, TD, Abman, SH, Weinberger, HD, Huang, PL, McMurtry, IF &
Rodman, DM. (1999). The pulmonary circulation of homozygous or
heterozygous eNOS-null mice is hyperresponsive to mild hypoxia. J Clin
Invest, 103, 291-299.

Fagan, K, Morrissey, B, Fouty, B, Sato, K, Harral, J, Morris, K, Hoedt-
Miller, M, Vidmar, S, McMurtry, 1 & Rodman, D. (2001). Upregulation of
nitric oxide synthase in mice with severe hypoxia-induced pulmonary

hypertension. Respiratory Research, 2, 306-313.

Farber, HW & Loscalzo, J. (2004). Pulmonary Arterial Hypertension. N Engl
J Med, 351, 1655-1665.

Fernandes, CJCDS, Jardim, CVP, Hovnanian, A, Hoette, S, Morinaga, LK &
Souza, R. (2011). Schistosomiasis and pulmonary hypertension. Expert

Review of Respiratory Medicine, 5, 675-681.

Fischmeister, R, Castro, LR, Abi-Gerges, A, Rochais, F, Jurevicius, J, Leroy,
J & Vandecasteele, G. (2006). Compartmentation of cyclic nucleotide
signaling in the heart: the role of cyclic nucleotide phosphodiesterases. Circ
Res, 99, 816-828.

Fischmeister, R, Castro, L, bi-Gerges, A, Rochais, F & Vandecasteele, G.
(2005). Species- and tissue-dependent effects of NO and cyclic GMP on
cardiac ion channels. Comparative Biochemistry and Physiology - Part A:
Molecular & Integrative Physiology, 142, 136-143.

Page | 144



68.

69.

70.

71.

72.

73.

74.

75.

Fisher, MR, Mathai, SC, Champion, HC, Girgis, RE, Housten-Harris, T,
Hummers, L, Krishnan, JA, Wigley, F & Hassoun, PM. (2006). Clinical
differences between idiopathic and scleroderma-related pulmonary
hypertension. Arthritis & Rheumatism, 54, 3043-3050.

Fishman, AP. (2001). Clinical classification of pulmonary hypertension.
Clinics in Chest Medicine, 22, 385-391.

Follath, F, Burkart, F & Schweizer, W. (1971). Drug-induced pulmonary
hypertension? British medical journal, 1, 265-266.

Francis, SH, Busch, JL & Corbin, JD. (2010). cGMP-Dependent Protein
Kinases and cGMP Phosphodiesterases in Nitric Oxide and cGMP Action.
Pharmacological Reviews, 62, 525-563.

Franco, V, Chen, YF, Oparil, S, Feng, JA, Wang, D, Hage, F & Perry, G.
(2004). Atrial Natriuretic Peptide Dose-Dependently Inhibits Pressure
Overload-Induced Cardiac Remodeling. Hypertension, 44, 746-750.

Friebe, A & Koesling, D. (2009). The function of NO-sensitive guanylyl
cyclase: What we can learn from genetic mouse models. Nitric Oxide, 21,
149-156.

Friebe, A, Mergia, E, Dangel, O, Lange, A & Koesling, D. (2007). Fatal
gastrointestinal obstruction and hypertension in mice lacking nitric oxide-
sensitive guanylyl cyclase. Proceedings of the National Academy of Sciences,
104, 7699-7704.

Fukao, M, Mason, HS, Britton, FC, Kenyon, JL, Horowitz, B & Keef, KD.
(1999). Cyclic GMP-dependent protein kinase activates cloned BKCa
channels expressed in mammalian cells by direct phosphorylation at serine
1072. J Biol Chem, 274, 10927-10935.

Page | 145



76.

77.

78.

79.

80.

81.

82.

Furchgott, RF & Zawadzki, JV. (1980). The obligatory role of endothelial
cells in the relaxation of arterial smooth muscle by acetylcholine. Nature,
288, 373-376.

Fuster, V, Steele, PM, Edwards, WD, Gersh, BJ, McGoon, MD & Frye, RL.
(1984). Primary pulmonary hypertension: natural history and the importance
of thrombosis. Circulation, 70, 580-587.

Galie, N, Badesch, D, Oudiz, R, Simonneau, G, McGoon, MD, Keogh, AM,
Frost, AE, Zwicke, D, Naeije, R, Shapiro, S, Olschewski, H & Rubin, LJ.
(2005a). Ambrisentan Therapy for Pulmonary Arterial Hypertension. Journal
of the American College of Cardiology, 46, 529-535.

Galie, N, Brundage, BH, Ghofrani, HA, Oudiz, RJ, Simonneau, G, Safdar, Z,
Shapiro, S, White, RJ, Chan, M, Beardsworth, A, Frumkin, L, Barst, RJ & on
behalf of the Pulmonary Arterial Hypertension and Response to Tadalafil
(PHIRST) Study Group. (2009). Tadalafil Therapy for Pulmonary Arterial
Hypertension. Circulation, 119, 2894-2903.

Galie, N, Ghofrani, HA, Torbicki, A, Barst, RJ, Rubin, LJ, Badesch, D,
Fleming, T, Parpia, T, Burgess, G, Branzi, A, Grimminger, F, Kurzyna, M,
Simonneau, G & the Sildenafil Use in Pulmonary Arterial Hypertension
(SUPER) Study Group. (2005b). Sildenafil Citrate Therapy for Pulmonary
Arterial Hypertension. N Engl J Med, 353, 2148-2157.

Galie, N, Palazzini, M, Leci, E & Manes, A. (2010). Current Therapeutic
Approaches to Pulmonary Arterial Hypertension. Revista Espa+,ola de
Cardiolog+ija, 63, 708-724.

Geraci, MW, Moore, M, Gesell, T, Yeager, ME, Alger, L, Golpon, H, Gao,
B, Loyd, JE, Tuder, RM & Voelkel, NF. (2001). Gene Expression Patterns in
the Lungs of Patients With Primary Pulmonary Hypertension : A Gene
Microarray Analysis. Circ Res, 88, 555-562.

Page | 146



83.

84.

85.

86.

87.

88.

89.

Ghofrani, HA, Hoeper, MM, Halank, M, Meyer, FJ, Staehler, G, Behr, J,
Ewert, R, Weimann, G & Grimminger, F. (2010). Riociguat for chronic
thromboembolic  pulmonary  hypertension and pulmonary arterial
hypertension: a phase Il study. Eur Respir J, 36, 792-799.

Ghofrani, HA, Al-Hiti, H, Vonk-Noordegraaf, A, Behr, J, Neurohr, C, Jansa,
P, Wilkens, H, Hoeper, MM, Gruenig, E, Opitz, C, Speich, R, Ewert, R,
Halank, M, Torbicki, A, Kaehler, C, Olschewski, H, Filusch, A, Reiter, R &
Rosenkranz, S. (2012). Proof-Of-Concept Study To Investigate The Efficacy,
Hemodynamics And Tolerability Of Terguride Vs. Placebo In Subjects With
Pulmonary Arterial Hypertension: Results Of A Double Blind, Randomised,
Prospective Phase Ila Study. Am J Respir Crit Care Med, 185, A2496.

Ghofrani, HA, Barst, RJ, Benza, RL, Champion, HC, Fagan, KA,
Grimminger, F, Humbert, M, Simonneau, G, Stewart, DJ, Ventura, C &
Rubin, LJ. (2009). Future Perspectives for the Treatment of Pulmonary
Arterial Hypertension. Journal of the American College of Cardiology, 54,
S108-S117.

Ghofrani, HA, Wiedemann, R, Rose, F, Olschewski, H, Schermuly, RT,
Weissmann, N, Seeger, W & Grimminger, F. (2002). Combination Therapy
with Oral Sildenafil and Inhaled Iloprost for Severe Pulmonary

Hypertension. Annals of Internal Medicine, 136, 515-522.

Giaid, A & Saleh, D. (1995). Reduced Expression of Endothelial Nitric
Oxide Synthase in the Lungs of Patients with Pulmonary Hypertension. New
England Journal of Medicine, 333, 214-221.

Gielis, JF, Lin, JY, Wingler, K, Van Schil, PEY, Schmidt, HH & Moens, AL.
(2011). Pathogenetic role of eNOS uncoupling in cardiopulmonary disorders.
Free Radical Biology and Medicine, 50, 765-776.

Gomez-Arroyo, JG, Farkas, L, Alhussaini, AA, Farkas, D, Kraskauskas, D,
Voelkel, NF & Bogaard, HJ. (2012). The monocrotaline model of pulmonary

Page | 147



90.

91.

92.

93.

94.

95.

hypertension in perspective. American Journal of Physiology - Lung Cellular
and Molecular Physiology, 302, L363-L369.

Gorren, AC, Schrammel, A, Schmidt, K & Mayer, B. (1998). Effects of pH
on the structure and function of neuronal nitric oxide synthase. Biochem J,
331, 801-807.

Gribbin, J, Hubbard, RB, Le Jeune, I, Smith, CJP, West, J & Tata, LJ.
(2006). Incidence and mortality of idiopathic pulmonary fibrosis and
sarcoidosis in the UK. Thorax, 61, 980-985.

Grimminger, F, Weimann, G, Frey, R, Voswinckel, R, Thamm, M, Bélkow,
D, Weissmann, N, Mick, W, Unger, S, Wensing, G, Schermuly, RT &
Ghofrani, HA. (2009). First acute haemodynamic study of soluble guanylate
cyclase stimulator riociguat in pulmonary hypertension. Eur Respir J, 33,
785-792.

Groneberg, D, Konig, P, Wirth, A, Offermanns, S, Koesling, D & Friebe, A.
(2010). Smooth muscle cell specific deletion of nitric oxide-sensitive
guanylyl cyclase is sufficient to induce hypertension in mice. Circulation,
121, 401-409.

Handa, N, Mizohata, E, Kishishita, S, Toyama, M, Morita, S, Uchikubo-
Kamo, T, Akasaka, R, Omori, K, Kotera, J, Terada, T, Shirouzu, M &
Yokoyama, S. (2008). Crystal Structure of the GAF-B Domain from Human
Phosphodiesterase 10A Complexed with Its Ligand, cAMP. Journal of
Biological Chemistry, 283, 19657-19664.

Hansmann, G, Wagner, RA, Schellong, S, de Jesus Perez, VA, Urashima, T,
Wang, L, Sheikh, AY, Suen, ReS, Stewart, DJ & Rabinovitch, M. (2007).
Pulmonary Arterial Hypertension Is Linked to Insulin Resistance and
Reversed by Peroxisome Proliferator-Activated Receptor-y Activation.
Circulation, 115, 1275-1284.

Page | 148



96.

97.

98.

99.

100.

101.

102.

Hantano, S & Strasser, T. (1975). Primary Pulmonary Hypertension. Report
on a WHO Meeting. October 15-17, 1973, Geneva: World Health
Organisation.

Hartt, DJ, Ogiwara, T, Ho, AK & Chik, CL. (1995). Cyclic GMP stimulates
growth hormone release in rat anterior pituitary cells. Biochem Biophys Res
Commun, 214, 918-926.

Haynes, J, Killilea, DW, Peterson, PD & Thompson, WJ. (1996). Erythro-9-
(2-hydroxy-3-nonyl)adenine inhibits cyclic-3',5'-guanosine monophosphate-
stimulated phosphodiesterase to reverse hypoxic pulmonary vasoconstriction
in the perfused rat lung. J Pharmacol Exp Ther, 276, 752-757.

Hemnes, AR, Zaiman, A & Champion, HC. (2008). PDES5A inhibition
attenuates  bleomycin-induced pulmonary fibrosis and pulmonary
hypertension through inhibition of ROS generation and RhoA/Rho kinase
activation. Am J Physiol Lung Cell Mol Physiol, 294, L24-L33.

Hislop, A & Reid, L. (1977). Changes in the pulmonary arteries of the rat
during recovery from hypoxia-induced pulmonary hypertension. Br J Exp
Pathol, 58, 653-662.

Hobbs, AJ. (1997). Soluble guanylate cyclase: the forgotten sibling. Trends
in Pharmacological Sciences, 18, 484-491.

Hobbs, AJ & Ignarro, LJ. (1996). [13] Nitric oxide-cyclic GMP signal

transduction system.In Methods in Enzymology

Nitric Oxide Part B: Physiological and Pathological Processes. ed. Lester,P. pp.

103.

134-148. Academic Press.

Hoehn, T, Stiller, B, McPhaden, A & Wadsworth, R. (2009). Nitric oxide
synthases in infants and children with pulmonary hypertension and

congenital heart disease. Respiratory Research, 10, 110.

Page | 149



104.

105.

106.

107.

108.

109.

110.

111.

Hoeper, MM, Faulenbach, C, Golpon, H, Winkler, J, Welte, T &
Niedermeyer, J. (2004). Combination therapy with bosentan and sildenafil in
idiopathic pulmonary arterial hypertension. Eur Respir J, 24, 1007-1010.

Hong, KH, Lee, YJ, Lee, E, Park, SO, Han, C, Beppu, H, Li, E, Raizada,
MK, Bloch, KD & Oh, SP. (2008). Genetic Ablation of the Bmpr2 Gene in
Pulmonary Endothelium Is Sufficient to Predispose to Pulmonary Arterial
Hypertension. Circulation, 118, 722-730.

Hoshikawa, Y, Ono, S, Suzuki, S, Tanita, T, Chida, M, Song, C, Noda, M,
Tabata, T, Voelkel, NF & Fujimura, S. (2001a). Generation of oxidative
stress contributes to the development of pulmonary hypertension induced by
hypoxia. J Appl Physiol, 90, 1299-1306.

Hoshikawa, Y, Voelkel, NF, Gesell, T, Moore, M, Morris, K, Alger, L,
Naraumiya, S & Geraci, M. (2001b). Prostacyclin Receptor-dependent
Modulation of Pulmonary Vascular Remodeling. Am J Respir Crit Care Med,
164, 314-318.

Humbert, M, Barst, RJ, Robbins, IM, Channick, RN, Galié, N, Boonstra, A,
Rubin, LJ, Horn, EM, Manes, A & Simonneau, G. (2004a). Combination of
bosentan with epoprostenol in pulmonary arterial hypertension: BREATHE-
2. Eur Respir J, 24, 353-359.

Humbert, M, Morrell, NW, Archer, SL, Stenmark, KR, MacLean, MR, Lang,
IM, Christman, BW, Weir, EK, Eickelberg, O, Voelkel, NF & Rabinovitch,
M. (2004b). Cellular and molecular pathobiology of pulmonary arterial
hypertension. J Am Coll Cardiol, 43, 13S-24S.

Humbert, M, Sitbon, O & Simonneau, G. (2004c). Treatment of pulmonary
arterial hypertension. N Engl J Med, 351, 1425-1436.

Humbert, M, Montani, D, Perros, F, Dorfmiller, P, Adnot, S & Eddahibi, S.
(2008). Endothelial cell dysfunction and cross talk between endothelium and

Page | 150



112.

113.

114.

115.

116.

117.

118.

smooth muscle cells in pulmonary arterial hypertension. Vascular
Pharmacology, 49, 113-118.

Humbert, P, Niroomand, F, Fischer, G, Mayer, B, Koesling, D, Hinsch, KD,
Gausepohl, H, Frank, R, Schultz, G & Bohme, E. (1990). Purification of
soluble guanylyl cyclase from bovine lung by a new immunoaffinity
chromatographic method. Eur J Biochem, 190, 273-278.

Ignarro, LJ, Buga, GM, Wood, KS, Byrns, RE & Chaudhuri, G. (1987).
Endothelium-derived relaxing factor produced and released from artery and
vein is nitric oxide. Proc Natl Acad Sci U S A, 84, 9265-92609.

Jeffery, TK & Morrell, NW. (2002). Molecular and cellular basis of
pulmonary vascular remodeling in pulmonary hypertension. Progress in

Cardiovascular Diseases, 45, 173-202.

Jin, H, Yang, RH, Chen, YF, Jackson, RM, Itoh, H, Mukoyama, M, Nakao,
K, Imura, H & Oparil, S. (1991). Atrial natriuretic peptide in acute hypoxia-
induced pulmonary hypertension in rats. J Appl Physiol, 71, 807-814.

Jin, SL, Latour, AM & Conti, M. (2005). Generation of PDE4 knockout mice
by gene targeting. Methods Mol Biol, 307, 191-210.

Jing, ZC, Yu, ZX, Shen, JY, Wu, BX, Xu, KF, Zhu, XY, Pan, L, Zhang, ZL,
Liu, XQ, Zhang, YS, Jiang, X, Galié, N & for the Efficacy and Safety of
Vardenafil in the Treatment of Pulmonary Arterial Hypertension
(EVALUATION) Study Group. (2011). Vardenafil in Pulmonary Arterial
Hypertension. Am J Respir Crit Care Med, 183, 1723-1729.

Kalra, PR, Clague, JR, Bolger, AP, Anker, SD, Poole-Wilson, PA, Struthers,
AD & Coats, AJ. (2003). Myocardial production of C-type natriuretic peptide
in chronic heart failure. Circulation, 107, 571-573.

Page | 151



119.

120.

121.

122.

123.

124.

125.

126.

Kamisaki, Y, Saheki, S, Nakane, M, Palmieri, JA, Kuno, T, Chang, BY,
Waldman, SA & Murad, F. (1986). Soluble guanylate cyclase from rat lung
exists as a heterodimer. Journal of Biological Chemistry, 261, 7236-7241.

Kane, GC, Maradit-Kremers, H, Slusser, JP, Scott, CG, Frantz, RP &
McGoon, MD. (2011). Integration of Clinical and Hemodynamic Parameters
in the Prediction of Long-term Survival in Patients With Pulmonary Arterial
Hypertension. Chest, 139, 1285-1293.

Kasahara, Y, Kiyatake, K, Tatsumi, K, Sugito, K, Kakusaka, I, Yamagata, Si,
Ohmori, S, Kitada, M & Kuriyama, T. (1997). Bioactivation of
Monocrotaline by P-450 3A in Rat Liver. [Article]. Journal of
Cardiovascular Pharmacology, 30, 124-129.

Kass, DA, Takimoto, E, Nagayama, T & Champion, HC. (2007).
Phosphodiesterase regulation of nitric oxide signaling. Cardiovasc Res, 75,
303-314.

Kawai, K & Akaza, H. (2003). Bleomycin-induced pulmonary toxicity in
chemotherapy for testicular cancer. Expert Opin Drug Saf, 2, 587-596.

Kay, JM, Harris, P & Heath, D. (1967). Pulmonary hypertension produced in
rats by ingestion of Crotalaria spectabilis seeds. Thorax, 22, 176-179.

Keegan, A, Morecroft, I, Smillie, D, Hicks, MN & MacLean, MR. (2001).
Contribution of the 5-HT(1B) receptor to hypoxia-induced pulmonary
hypertension: converging evidence using 5-HT(1B)-receptor knockout mice
and the 5-HT(1B/1D)-receptor antagonist GR127935. Circ Res, 89, 1231-
1239.

Kemperman, H, van den Berg, M, Kirkels, H & de Jonge, N. (2004). B-Type
Natriuretic Peptide (BNP) and N-Terminal proBNP in Patients with End-
Stage Heart Failure Supported by a Left Ventricular Assist Device. Clin
Chem, 50, 1670-1672.

Page | 152



127.

128.

129.

130.

131.

132.

133.

134.

Khambata, RS, Panayiotou, CM & Hobbs, AJ. (2011). Natriuretic peptide
receptor-3 underpins the disparate regulation of endothelial and vascular
smooth muscle cell proliferation by C-type natriuretic peptide. Br J
Pharmacol, 164, 584-597.

Khoo, JP, Zhao, L, Alp, NJ, Bendall, JK, Nicoli, T, Rockett, K, Wilkins, MR
& Channon, KM. (2005). Pivotal Role for Endothelial Tetrahydrobiopterin in
Pulmonary Hypertension. Circulation, 111, 2126-2133.

Kim, DS, Collard, HR & King, TE, Jr. (2006). Classification and Natural
History of the Idiopathic Interstitial Pneumonias. Proc Am Thorac Soc, 3,
285-292.

Kinsella, JP, Neish, SR, Shaffer, E & Abman, SH. (1992). Low-dose
inhalation nitric oxide in persistent pulmonary hypertension of the newborn.
Lancet, 340, 819-820.

Klinger, JR, Petit, RD, Curtin, LA, Warburton, RR, Wrenn, DS, Steinhelper,
ME, Field, LJ & Hill, NS. (1993a). Cardiopulmonary responses to chronic
hypoxia in transgenic mice that overexpress ANP. J Appl Physiol, 75, 198-
205.

Klinger, JR, Petit, RD, Warburton, RR, Wrenn, DS, Arnal, F & Hill, NS.
(1993b). Neutral endopeptidase inhibition attenuates development of hypoxic
pulmonary hypertension in rats. J Appl Physiol, 75, 1615-1623.

Klinger, JR, Siddiq, FM, Swift, RA, Jackson, C, Pietras, L, Warburton, RR,
Alia, C & Hill, NS. (1998). C-type natriuretic peptide expression and
pulmonary vasodilation in hypoxia-adapted rats. Am J Physiol Lung Cell Mol
Physiol, 275, L645-L652.

Klinger, JR, Thaker, S, Houtchens, J, Preston, IR, Hill, NS & Farber, HW.

(2006). Pulmonary Hemodynamic Responses to Brain Natriuretic Peptide

Page | 153



135.

136.

137.

138.

139.

140.

141.

and Sildenafil in Patients With Pulmonary Arterial Hypertension*. Chest,
129, 417-425.

Klinger, JR, Warburton, RR, Pietras, L, Oliver, P, Fox, J, Smithies, O & Hill,
NS. (2002). Targeted disruption of the gene for natriuretic peptide receptor-A
worsens hypoxia-induced cardiac hypertrophy. American Journal of

Physiology - Heart and Circulatory Physiology, 282, H58-H65.

Klinger, JR, Warburton, RR, Pietras, LA, Smithies, O, Swift, R & Hill, NS.
(1999). Genetic disruption of atrial natriuretic peptide causes pulmonary
hypertension in normoxic and hypoxic mice. American Journal of Physiology
- Lung Cellular and Molecular Physiology, 276, L868-L874.

Knowles, JW, Esposito, G, Mao, L, Hagaman, JR, Fox, JE, Smithies, O,
Rockman, HA & Maeda, N. (2001). Pressure-independent enhancement of
cardiac hypertrophy in natriuretic peptide receptor AI'Cédeficient mice. J
Clin Invest, 107, 975-984.

Komas, N, Lugnier, C & Stoclet, JC. (1991). Endothelium-dependent and
independent relaxation of the rat aorta by cyclic nucleotide phosphodiesterase
inhibitors. Br J Pharmacol, 104, 495-503.

Kotsonis, P, Frohlich, LG, Shutenko, ZV, Horejsi, R, Pfleiderer, W &
Schmidt, HH. (2000). Allosteric regulation of neuronal nitric oxide synthase
by tetrahydrobiopterin and suppression of auto-damaging superoxide.
Biochem J, 346, 767-776.

Kramer, MS & Lane, DA. (1998). Aminorex, Dexfenfluramine, and Primary
Pulmonary Hypertension. Journal of Clinical Epidemiology, 51, 361-364.

Krishnan, U, Takatsuki, S, vy, DD, Kerstein, J, Calderbank, M, Coleman, E
& Rosenzweig, EB. (2012). Effectiveness and Safety of Inhaled Treprostinil
for the Treatment of Pulmonary Arterial Hypertension in Children. The

American Journal of Cardiology.

Page | 154



142.

143.

144,

145.

146.

147.

148.

Kuhn, M, Holtwick, R, Baba, HA, Perriard, JC, Schmitz, W & Ehler, E.
(2002). Progressive cardiac hypertrophy and dysfunction in atrial natriuretic
peptide receptor (GC-A) deficient mice. Heart, 87, 368-374.

Kunieda, T, Nakanishi, N, Matsubara, H, Ohe, T, Okano, Y, Kondo, H,
Nishimura, M, Shirato, K, Tanabe, N, Homma, S, Yoshida, S, Inokuma, S,
Kodama, M, Koike, T & Hishida, H. (2009). Effects of Long-Acting
Beraprost Sodium (TRK-100STP) in Japanese Patients With Pulmonary
Arterial Hypertension. International Heart Journal, 50, 513-529.

Lakatos, HF, Burgess, HA, Thatcher, TH, Redonnet, MR, Hernady, E,
Williams, JP & Sime, PJ. (2006). Oropharyngeal aspiration of a silica
suspension produces s superior model of silicosis in the mouse when
compared to intratracheal instillation. Experimental Lung Research, 32, 181-
199.

Lapa, M, Dias, B, Jardim, C, Fernandes, CJC, Dourado, PMM, Figueiredo,
M, Farias, A, Tsutsui, J, Terra-Filho, M, Humbert, M & Souza, R. (2009).
Cardiopulmonary  Manifestations of Hepatosplenic  Schistosomiasis.
Circulation, 119, 1518-1523.

Launay, JM, Herve, P, Peoc'h, K, Tournois, C, Callebert, J, Nebigil, CG,
Etienne, N, Drouet, L, Humbert, M, Simonneau, G & Maroteaux, L. (2002).
Function of the serotonin 5-hydroxytryptamine 2B receptor in pulmonary
hypertension. Nat Med, 8, 1129-1135.

Lawrie, A, Hameed, AG, Chamberlain, J, Arnold, N, Kennerley, A,
Hopkinson, K, Pickworth, J, Kiely, DG, Crossman, DC & Francis, SE.
(2011). Paigen Diet-Fed Apolipoprotein E Knockout Mice Develop Severe
Pulmonary Hypertension in an Interleukin-1 Dependent Manner. The
American Journal of Pathology, 179, 1693-1705.

Le Cras, TD, Tyler, RC, Horan, MP, Morris, KG, Tuder, RM, McMurtry, IF,
Johns, RA & Abman, SH. (1998). Effects of chronic hypoxia and altered

Page | 155



149.

150.

151.

152.

153.

154.

155.

hemodynamics on endothelial nitric oxide synthase expression in the adult rat
lung. J Clin Invest, 101, 795-801.

Lehnart, SE, Wehrens, XHT, Reiken, S, Warrier, S, Belevych, AE, Harvey,
RD, Richter, W, Jin, S-LC, Contii, M & Marks, AR. (2005).
Phosphodiesterase 4D Deficiency in the Ryanodine-Receptor Complex
Promotes Heart Failure and Arrhythmias. Cell, 123, 25-35.

Lettieri, CJ, Nathan, SD, Barnett, SD, Ahmad, S & Shorr, AF. (2006).
Prevalence and Outcomes of Pulmonary Arterial Hypertension in Advanced
Idiopathic Pulmonary Fibrosis*. Chest, 129, 746-752.

Leuchte, HH, EI Nounou, M, Tuerpe, JC, Hartmann, B, Baumgartner, RA,
Vogeser, M, Muehling, O & Behr, J+. (2007). N-terminal Pro-Brain
Natriuretic Peptide and Renal Insufficiency as Predictors of Mortality in
Pulmonary Hypertension*. Chest, 131, 402-4009.

Levinson, AT & Klinger, JR. (2011). Combination therapy for the treatment
of pulmonary arterial hypertension. Therapeutic Advances in Respiratory
Disease.

Li, P, Oparil, S, Novak, L, Cao, X, Shi, W, Lucas, J & Chen, YF. (2007).
ANP signaling inhibits TGF-beta-induced Smad2 and Smad3 nuclear
translocation and extracellular matrix expression in rat pulmonary arterial
smooth muscle cells. J Appl Physiol, 102, 390-398.

Liu, D, Wang, J, Kinzel, B, M++eller, M, Mao, X, Valdez, R, Liu, Y & Li, E.
(2007). Dosage-dependent requirement of BMP type |l receptor for
maintenance of vascular integrity. Blood, 110, 1502-1510.

Long, L, MacLean, MR, Jeffery, TK, Morecroft, 1, Yang, X,
Rudarakanchana, N, Southwood, M, James, V, Trembath, RC & Morrell,
NW. (2006). Serotonin increases susceptibility to pulmonary hypertension in
BMPR2-deficient mice. Circ Res, 98, 818-827.

Page | 156



156.

157.

158.

159.

160.

161.

162.

Loscalzo, J. (2001). Genetic Clues to the Cause of Primary Pulmonary

Hypertension. New England Journal of Medicine, 345, 367-371.

Maack, T, Suzuki, M, Almeida, FA, Nussenzveig, D, Scarborough, RM,
McEnroe, GA & Lewicki, JA. (1987). Physiological role of silent receptors

of atrial natriuretic factor. Science, 238, 675-678.

Machado, RD, Aldred, MA, James, V, Harrison, RE, Patel, B, Schwalbe, EC,
Gruenig, E, Janssen, B, Koehler, R, Seeger, W, Eickelberg, O, Olschewski,
H, Gregory Elliott, C, Glissmeyer, E, Carlquist, J, Kim, M, Torbicki, A,
Fijalkowska, A, Szewczyk, G, Parma, J, Abramowicz, MJ, Galie, N,
Morisaki, H, Kyotani, S, Nakanishi, N, Morisaki, T, Humbert, M,
Simonneau, G, Sitbon, O, Soubrier, F, Coulet, F, Morrell, NW & Trembath,
RC. (2006). Mutations of the TGF-i3 type Il receptor BMPR2 in pulmonary
arterial hypertension. Hum Mutat, 27, 121-132.

MacLean, MR & Dempsie, Y. (2009). Serotonin and pulmonary
hypertension--from bench to bedside? Curr Opin Pharmacol, 9, 281-286.

MacLean, MR, Deuchar, GA, Hicks, MN, Morecroft, I, Shen, S, Sheward, J,
Colston, J, Loughlin, L, Nilsen, M, Dempsie, Y & Harmar, A. (2004).
Overexpression of the 5-hydroxytryptamine transporter gene: effect on
pulmonary hemodynamics and hypoxia-induced pulmonary hypertension.
Circulation, 109, 2150-2155.

MacLean, MR, Johnston, ED, Mcculloch, KM, Pooley, L, Houslay, MD &
Sweeney, G. (1997). Phosphodiesterase Isoforms in the Pulmonary Arterial
Circulation of the Rat: Changes in Pulmonary Hypertension. J Pharmacol
Exp Ther, 283, 619-624.

Madhani, M, Scotland, RS, MacAllister, RJ & Hobbs, AJ. (2003). Vascular
natriuretic peptide receptor-linked particulate guanylate cyclases are
modulated by nitric oxide-cyclic GMP signalling. Br J Pharmacol, 139,
1289-1296.

Page | 157



163.

164.

165.

166.

167.

168.

Mam, V, Tanbe, AF, Vitali, SH, Arons, E, Christou, HA & Khalil, RA.
(2010). Impaired Vasoconstriction and Nitric Oxide-Mediated Relaxation in
Pulmonary Arteries of Hypoxia- and Monocrotaline-Induced Pulmonary
Hypertensive Rats. J Pharmacol Exp Ther, 332, 455-462.

Martinez, SE, Heikaus, CC, Klevit, RE & Beavo, JA. (2008). The Structure
of the GAF A Domain from Phosphodiesterase 6C Reveals Determinants of
cGMP Binding, a Conserved Binding Surface, and a Large cGMP-dependent
Conformational Change. Journal of Biological Chemistry, 283, 25913-25919.

Martinez, SE, Wu, AY, Glavas, NA, Tang, XB, Turley, S, Hol, WGJ &
Beavo, JA. (2002). The two GAF domains in phosphodiesterase 2A have
distinct roles in dimerization and in cGMP binding. Proceedings of the
National Academy of Sciences of the United States of America, 99, 13260-
13265.

Martins, TJ, Mumby, MC & Beavo, JA. (1982). Purification and
characterization of a cyclic GMP-stimulated cyclic nucleotide
phosphodiesterase from bovine tissues. J Biol Chem, 257, 1973-1979.

Matsukawa, N, Grzesik, WJ, Takahashi, N, Pandey, KN, Pang, S, Yamauchi,
M & Smithies, O. (1999). The natriuretic peptide clearance receptor locally
modulates the physiological effects of the natriuretic peptide system.
Proceedings of the National Academy of Sciences of the United States of
America, 96, 7403-7408.

McLaughlin, VV, Archer, SL, Badesch, DB, Barst, RJ, Farber, HW, Lindner,
JR, Mathier, MA, McGoon, MD, Park, MH, Rosenson, RS, Rubin, LJ,
Tapson, VF & Varga, J. (2009). ACCF/AHA 2009 Expert Consensus
Document on Pulmonary Hypertension: A Report of the American College of
Cardiology Foundation Task Force on Expert Consensus Documents and the
American Heart Association Developed in Collaboration With the American

College of Chest Physicians; American Thoracic Society, Inc.; and the

Page | 158



169.

170.

171.

172.

173.

174.

175.

176.

Pulmonary Hypertension Association. Journal of the American College of
Cardiology, 53, 1573-1619.

McLaughlin, VV & McGoon, MD. (2006). Pulmonary Arterial Hypertension.
Circulation, 114, 1417-1431.

Mejia, M, Carrillo, G, Rojas-Serrano, J, Estrada, A, Suarez, T, Alonso, D,
Barrientos, E, Gaxiola, M, Navarro, C & Selman, M. (2009). Idiopathic
Pulmonary Fibrosis and Emphysema. Chest, 136, 10-15.

Mergia, E, Friebe, A, Dangel, O, Russwurm, M & Koesling, D. (2006). Spare
guanylyl cyclase NO receptors ensure high NO sensitivity in the vascular
system. J Clin Invest, 116, 1731-1737.

Minai, OA, Chaouat, A & Adnot, S. (2010). Pulmonary Hypertension in
COPD: Epidemiology, Significance, and Management. Chest, 137, 39S-51S.

Mittendorf, J, Weigand, S, onso-Alija, C, Bischoff, E, Feurer, A, Gerisch, M,
Kern, A, Knorr, A, Lang, D, Muenter, K, Radtke, M, Schirok, H, Schlemmer,
KH, Stahl, E, Straub, A, Wunder, F & Stasch, JP. (2009). Discovery of
riociguat (BAY 63-2521): a potent, oral stimulator of soluble guanylate
cyclase for the treatment of pulmonary hypertension. ChemMedChem, 4,
853-865.

Moncada, S, Gryglewski, R, Bunting, S & Vane, JR. (1976). An enzyme
isolated from arteries transforms prostaglandin endoperoxides to an unstable

substance that inhibits platelet aggregation. Nature, 263, 663-665.

Mori, T, Chen, YF, Feng, JA, Hayashi, T, Oparil, S & Perry, GJ. (2004).
Volume overload results in exaggerated cardiac hypertrophy in the atrial
natriuretic peptide knockout mouse. Cardiovascular Research, 61, 771-779.

Mueller, T, Gegenhuber, A, Dieplinger, B, Poelz, W & Haltmayer, M.
(2004). Long-term stability of endogenous B-type natriuretic peptide (BNP)

Page | 159



177.

178.

179.

180.

181.

182.

and amino terminal proBNP (NT-proBNP) in frozen plasma samples.
Clinical Chemistry and Laboratory Medicine, 42, 942-944.

Murray, F, MacLean, MR & Pyne, NJ. (2002). Increased expression of the
cGMP-inhibited cAMP-specific (PDE3) and cGMP binding cGMP-specific
(PDES) phosphodiesterases in models of pulmonary hypertension. British
Journal of Pharmacology, 137, 1187-1194.

Murray, F, Patel, HH, Suda, RYS, Zhang, S, Thistlethwaite, PA, Yuan, JXJ
& Insel, PA. (2007). Expression and activity of CAMP phosphodiesterase
isoforms in pulmonary artery smooth muscle cells from patients with
pulmonary hypertension: role for PDE1. Am J Physiol Lung Cell Mol
Physiol, 292, L294-1L.303.

Nagase, M, Katafuchi, T, Hirose, S & Fujita, T. (1997). Tissue distribution
and localization of natriuretic peptide receptor subtypes in stroke-prone
spontaneously hypertensive rats. [Article]. Journal of Hypertension, 15,
1235-1243.

Nagaya, N, Nishikimi, T, Uematsu, M, Satoh, T, Kyotani, S, Sakamaki, F,
Kakishita, M, Fukushima, K, Okano, Y, Nakanishi, N, Miyatake, K &
Kangawa, K. (2000). Plasma Brain Natriuretic Peptide as a Prognostic
Indicator in Patients With Primary Pulmonary Hypertension. Circulation,
102, 865-870.

Nagel, DJ, Aizawa, T, Jeon, KIl, Liu, W, Mohan, A, Wei, H, Miano, JM,
Florio, VA, Gao, P, Korshunov, VA, Berk, BC & Yan, C. (2006). Role of
Nuclear Ca2+/Calmodulin-Stimulated Phosphodiesterase 1A in Vascular
Smooth Muscle Cell Growth and Survival. Circ Res, 98, 777-784.

Nandi, M, Miller, A, Stidwill, R, Jacques, TS, Lam, AAJ, Haworth, S,
Heales, S & Vallance, P. (2005). Pulmonary Hypertension in a GTP-
Cyclohydrolase 1I"C6Deficient Mouse. Circulation, 111, 2086-2090.

Page | 160



183.

184.

185.

186.

187.

188.

Nasim, M, Ogo, T, Ahmed, M, Randall, R, Chowdhury, HM, Snape, KM,
Bradshaw, TY, Southgate, L, Lee, GJ, Jackson, I, Lord, GM, Gibbs, JS,
Wilkins, MR, Ohta-Ogo, K, Nakamura, K, Girerd, B, Coulet, F, Soubrier, F,
Humbert, M, Morrell, NW, Trembath, RC & Machado, RD. (2011).
Molecular genetic characterization of SMAD signaling molecules in

pulmonary arterial hypertension. Hum Mutat, 32, 1385-1389.

Nasim, MT, Ogo, T, Chowdhury, HM, Zhao, L, Chen, Cn, Rhodes, C &
Trembath, RC. (2012). BMPR-II deficiency elicits pro-proliferative and anti-
apoptotic responses through the activation of TGF+-TAK1-MAPK pathways
in PAH. Human Molecular Genetics, 21, 2548-2558.

Nathan, SD, Shlobin, OA, Ahmad, S, Koch, J, Barnett, SD, Ad, N, Burton, N
& Leslie, K. (2008a). Serial Development of Pulmonary Hypertension in

Patients with Idiopathic Pulmonary Fibrosis. Respiration, 76, 288-294.

Nathan, SD, Shlobin, OA, Barnett, SD, Saggar, R, Belperio, JA, Ross, DJ,
Ahmad, S, Saggar, R, Libre, E, Lynch Ill, JP & Zisman, DA. (2008b). Right
ventricular systolic pressure by echocardiography as a predictor of
pulmonary hypertension in idiopathic pulmonary fibrosis. Respiratory
Medicine, 102, 1305-1310.

Nef, HM, Méllmann, H, Hamm, C, Grimminger, F & Ghofrani, HA. (2010).
Updated classification and management of pulmonary hypertension. Heart,
96, 552-559.

Newman, JH, Trembath, RC, Morse, JA, Grunig, E, Loyd, JE, Adnot, S,
Coccolo, F, Ventura, C, Phillips, JA, II, Knowles, JA, Janssen, B,
Eickelberg, O, Eddahibi, S, Herve, P, Nichols, WC & Elliott, G. (2004).
Genetic basis of pulmonary arterial hypertension: current understanding and
future directions. J Am Coll Cardiol, 43, 33S-39S.

Page | 161



189.

190.

191.

192.

193.

194.

195.

196.

Nishikimi, T, Kuwahara, K & Nakao, K. (2011). Current biochemistry,
molecular biology, and clinical relevance of natriuretic peptides. Journal of
Cardiology, 57, 131-140.

Oliver, PM, Fox, JE, Kim, R, Rockman, HA, Kim, HS, Reddick, RL, Pandey,
KN, Milgram, SL, Smithies, O & Maeda, N. (1997). Hypertension, cardiac
hypertrophy, and sudden death in mice lacking natriuretic peptide receptor-A.
Proceedings of the National Academy of Sciences of the United States of
America, 94, 14730-14735.

Omori, K & Kotera, J. (2007). Overview of PDEs and Their Regulation. Circ
Res, 100, 309-327.

Ortiz, LA, Champion, HC, Lasky, JA, Gambelli, F, Gozal, E, Hoyle, GW,
Beasley, MB, Hyman, AL, Friedman, M & Kadowitz, PJ. (2002). Enalapril
protects mice from pulmonary hypertension by inhibiting TNF-mediated
activation of NF-kappaB and AP-1. Am J Physiol Lung Cell Mol Physiol,
282, L1209-L.1221.

Oudiz, RJ. (2007). Pulmonary Hypertension Associated with Left-Sided
Heart Disease. Clinics in Chest Medicine, 28, 233-241.

Packer, M, Carver, JR, Rodeheffer, RJ, Ivanhoe, RJ, DiBianco, R, Zeldis,
SM, Hendrix, GH, Bommer, WJ, Elkayam, U, Kukin, ML & . (1991). Effect
of oral milrinone on mortality in severe chronic heart failure. The PROMISE
Study Research Group. N Engl J Med, 325, 1468-1475.

Pagel-Langenickel, |, Buttgereit, J, Bader, M & Langenickel, TH. (2007).
Natriuretic peptide receptor B signaling in the cardiovascular system:
protection from cardiac hypertrophy. J Mol Med (Berl), 85, 797-810.

Palmer, RM, Ashton, DS & Moncada, S. (1988). Vascular endothelial cells

synthesize nitric oxide from L-arginine. Nature, 333, 664-666.

Page | 162



197.

198.

199.

200.

201.

202.

203.

204.

205.

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

Panda, K, Rosenfeld, RJ, Ghosh, S, Meade, AL, Getzoff, ED & Stuehr, DJ.
(2002). Distinct Dimer Interaction and Regulation in Nitric-oxide Synthase
Types 1, 11, and 111. Journal of Biological Chemistry, 277, 31020-31030.

Patel, NM, Lederer, DJ, Borczuk, AC & Kawut, SM. (2007). Pulmonary
Hypertension in Idiopathic Pulmonary Fibrosis*. Chest, 132, 998-1006.

Phillips, PG, Long, L, Wilkins, MR & Morrell, NW. (2005). cAMP
phosphodiesterase inhibitors potentiate effects of prostacyclin analogs in
hypoxic pulmonary vascular remodeling. Am J Physiol Lung Cell Mol
Physiol, 288, L103-L115.

Piggott, LA, Hassell, KA, Berkova, Z, Morris, AP, Silberbach, M & Rich,
TC. (2006). Natriuretic Peptides and Nitric Oxide Stimulate cGMP Synthesis
in Different Cellular Compartments. J Gen Physiol, 128, 3-14.

Poli, D & Miniati, M. (2011). The incidence of recurrent venous
thromboembolism and chronic thromboembolic pulmonary hypertension
following a first episode of pulmonary embolism. Current Opinion in

Pulmonary Medicine, 17.

Polson, JB & Strada, SJ. (2003). Cyclic Nucleotide Phosphodiesterases and
Vascular Smooth Muscle. Annual Review of Pharmacology and Toxicology,
36, 403-427.

Potter, LR, bbey-Hosch, S & Dickey, DM. (2006). Natriuretic Peptides, Their
Receptors, and Cyclic Guanosine Monophosphate-Dependent Signaling
Functions. Endocr Rev, 27, 47-72.

Preston, IR, Hill, NS, Gambardella, LS, Warburton, RR & Klinger, JR.
(2004). Synergistic Effects of ANP and Sildenafil on cGMP Levels and

Page | 163



206.

207.

208.

209.

210.

211.

212.

213.

Amelioration of Acute Hypoxic Pulmonary Hypertension. Experimental
Biology and Medicine, 229, 920-925.

Price, LC & Howard, LSGE. (2008). Endothelin Receptor Antagonists for
Pulmonary Arterial Hypertension: Rationale and Place in Therapy. American

Journal of Cardiovascular Drugs, 8.

Priestley, J. (1774). Experiments and Observations on Different Kinds of Air.
London.

Raghu, G. (2006). Idiopathic pulmonary fibrosis: treatment options in pursuit
of evidence-based approaches. Eur Respir J, 28, 463-465.

Resta, TC, Gonzales, RJ, Dail, WG, Sanders, TC & Walker, BR. (1997).
Selective upregulation of arterial endothelial nitric oxide synthase in
pulmonary hypertension. American Journal of Physiology - Heart and
Circulatory Physiology, 272, H806-H813.

Rhodes, CJ, Davidson, A, Gibbs, JS, Wharton, J & Wilkins, MR. (2009).
Therapeutic targets in pulmonary arterial hypertension. Pharmacology &
Therapeutics, 121, 69-88.

Richeldi, L & du Bois, RM. (2011). Pirfenidone in idiopathic pulmonary
fibrosis: the CAPACITY program. pp. 473-481.

Rosenberg, HC & Rabinovitch, M. (1988). Endothelial injury and vascular
reactivity in monocrotaline pulmonary hypertension. American Journal of
Physiology - Heart and Circulatory Physiology, 255, H1484-H1491.

Rubens, C, Ewert, R, Halank, M, Wensel, R, Orzechowski, HD, Schultheiss,
HP & Hoeffken, G. (2001). Big Endothelin-1 and Endothelin-1 Plasma
Levels Are Correlated With the Severity of Primary Pulmonary
Hypertension*. Chest, 120, 1562-1569.

Page | 164



214.

215.

216.

217.

218.

219.

220.

Rubin, LJ, Badesch, DB, Fleming, TR, Galie, N, Simonneau, G, Ghofrani,
HA, Oakes, M, Layton, G, Serdarevic-Pehar, M, McLaughlin, VV & Barst,
RJ. (2011). Long-Term Treatment with Sildenafil Citrate in Pulmonary
Arterial Hypertension: SUPER-2. Chest.

Russwurm, M, Behrends, S, Harteneck, C & Koesling, D. (1998). Functional
properties of a naturally occurring isoform of soluble guanylyl cyclase.
Biochem J, 335, 125-130.

Rybalkin, SD, Rybalkina, I, Beavo, JA & Bornfeldt, KE. (2002). Cyclic
Nucleotide Phosphodiesterase 1C Promotes Human Arterial Smooth Muscle
Cell Proliferation. Circ Res, 90, 151-157.

Sabrane, K, Kruse, MN, Fabritz, L, Zetsche, B, Mitko, D, Skryabin, BV,
Zwiener, M, Baba, HA, Yanagisawa, M & Kuhn, M. (2005). Vascular
endothelium is critically involved in the hypotensive and hypovolemic
actions of atrial natriuretic peptide. J Clin Invest, 115, 1666-1674.

Sanders, KA & Hoidal, JR. (2007). The NOX on pulmonary hypertension.
Circ Res, 101, 224-226.

Sauzeau, V, Le, JH, Cario-Toumaniantz, C, Smolenski, A, Lohmann, SM,
Bertoglio, J, Chardin, P, Pacaud, P & Loirand, G. (2000). Cyclic GMP-
dependent protein kinase signaling pathway inhibits RhoA-induced Ca2+
sensitization of contraction in vascular smooth muscle. J Biol Chem, 275,
21722-21729.

Sawada, Y, Suda, M, Yokoyama, H, Kanda, T, Sakamaki, T, Tanaka, S,
Nagai, R, Abe, S & Takeuchi, T. (1997). Stretch-induced Hypertrophic
Growth of Cardiocytes and Processing of Brain-type Natriuretic Peptide Are
Controlled by Proprotein-processing Endoprotease Furin. Journal of
Biological Chemistry, 272, 20545-20554.

Page | 165



221.

222.

223.

224.

225.

226.

Schermuly, RT, Stasch, JP, Pullamsetti, SS, Middendorff, R, Muller, D,
Schluter, KD, Dingendorf, A, Hackemack, S, Kolosionek, E, Kaulen, C,
Dumitrascu, R, Weissmann, N, Mittendorf, J, Klepetko, W, Seeger, W,
Ghofrani, HA & Grimminger, F. (2008). Expression and function of soluble
guanylate cyclase in pulmonary arterial hypertension. Eur Respir J, 32, 881-
891.

Schermuly, RT, Ghofrani, HA, Wilkins, MR & Grimminger, F. (2011).
Mechanisms of disease: pulmonary arterial hypertension. Nat Rev Cardiol, 8,
443-455.

Schermuly, RT, Kreisselmeier, KP, Ghofrani, HA, Samidurai, A, Pullamsetti,
S, Weissmann, N, Schudt, C, Ermert, L, Seeger, W & Grimminger, F. (2004).
Antiremodeling Effects of lloprost and the Dual-Selective Phosphodiesterase
3/4 Inhibitor Tolafentrine in Chronic Experimental Pulmonary Hypertension.
Circ Res, 94, 1101-1108.

Schermuly, RT, Pullamsetti, SS, Kwapiszewska, G, Dumitrascu, R, Tian, X,
Weissmann, N, Ghofrani, HA, Kaulen, C, Dunkern, T, Schudt, C,
Voswinckel, R, Zhou, J, Samidurai, A, Klepetko, W, Paddenberg, R,
Kummer, W, Seeger, W & Grimminger, F. (2007). Phosphodiesterase 1
Upregulation in Pulmonary Arterial Hypertension: Target for Reverse-
Remodeling Therapy. Circulation, 115, 2331-2339.

Schmidt, HH, Pollock, JS, Nakane, M, Gorsky, LD, Forstermann, U &
Murad, F. (1991). Purification of a soluble isoform of guanylyl cyclase-
activating-factor synthase. Proc Natl Acad Sci U S A, 88, 365-369.

Schmidt, PM, Schramm, M, Schroder, H, Wunder, F & Stasch, JP. (2004).
Identification of Residues Crucially Involved in the Binding of the Heme
Moiety of Soluble Guanylate Cyclase. Journal of Biological Chemistry, 279,
3025-3032.

Page | 166



2217.

228.

229.

230.

231.

232.

233.

Schmitt, M, Broadley, AJ, Nightingale, AK, Payne, N, Gunaruwan, P,
Taylor, J, Lee, L, Cockcroft, J, Struthers, AD & Frenneaux, MP. (2003).
Atrial natriuretic peptide regulates regional vascular volume and venous tone
in humans. Arterioscler Thromb Vasc Biol, 23, 1833-1838.

Schrammel, A, Behrends, S, Schmidt, K, Koesling, D & Mayer, B. (1996).
Characterization of 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one as a heme-
site inhibitor of nitric oxide-sensitive guanylyl cyclase. Molecular
Pharmacology, 50, 1-5.

Schulz, S, Singh, S, Bellet, RA, Singh, G, Tubb, DJ, Chin, H & Garbers, DL.
(1989). The primary structure of a plasma membrane guanylate cyclase

demonstrates diversity within this new receptor family. Cell, 58, 1155-1162.

Scotland, RS, Madhani, M, Chauhan, S, Moncada, S, Andresen, J, Nilsson,
H, Hobbs, AJ & Ahluwalia, A. (2005). Investigation of Vascular Responses
in Endothelial Nitric Oxide Synthase/Cyclooxygenase-1 Double-Knockout
Mice. Circulation, 111, 796-803.

Scotton, CJ & Chambers, RC. (2010). Bleomycin revisited: towards a more
representative model of IPF? American Journal of Physiology - Lung
Cellular and Molecular Physiology, 299, L439-1L441.

Seimetz, M, Parajuli, N, Pichl, A, Veit, F, Kwapiszewska, G, Weisel, F,
Milger, K, Egemnazarov, B, Turowska, A, Fuchs, B, Nikam, S, Roth, M,
Sydykov, A, Medebach, T, Klepetko, W, Jaksch, P, Dumitrascu, R, Garn, H,
Voswinckel, R, Kostin, S, Seeger, W, Schermuly, R, Grimminger, F,
Ghofrani, H & Weissmann, N. (2011). Inducible NOS Inhibition Reverses
Tobacco-Smoke-Induced Emphysema and Pulmonary Hypertension in Mice.
Cell, 147, 293-305.

Selman, Ms, Pardo, A, Richeldi, L & Cerri, S. (2011). Emerging drugs for
idiopathic pulmonary fibrosis. Expert Opin Emerging Drugs, 1-22.

Page | 167



234.

235.

236.

237.

238.

239.

240.

241.

Shao, D, Park, JES & Wort, SJ. (2011). The role of endothelin-1 in the
pathogenesis of pulmonary arterial hypertension. Pharmacological Research,
63, 504-511.

Shintani, M, Yagi, H, Nakayama, T, Saji, T & Matsuoka, R. (2009). A new
nonsense mutation of SMADS8 associated with pulmonary arterial

hypertension. Journal of Medical Genetics, 46, 331-337.

Simonneau, G, Robbins, IM, Beghetti, M, Channick, RN, Delcroix, M,
Denton, CP, Elliott, CG, Gaine, SP, Gladwin, MT, Jing, ZC, Krowka, MJ,
Langleben, D, Nakanishi, N & Souza, R. (2009). Updated Clinical
Classification of Pulmonary Hypertension. Journal of the American College
of Cardiology, 54, S43-S54.

Sitbon, O, Humbert, M, Jagot, JL, Taravella, O, Fartoukh, M, Parent, F,
Herve, P & Simonneau, G. (1998). Inhaled nitric oxide as a screening agent
for safely identifying responders to oral calcium-channel blockers in primary

pulmonary hypertension. Eur Respir J, 12, 265-270.

Sitbon, O, Humbert, M, Jais, X, loos, V, Hamid, AM, Provencher, S, Garcia,
G, Parent, F, Hervé, P & Simonneau, G. (2005). Long-Term Response to
Calcium Channel Blockers in Idiopathic Pulmonary Arterial Hypertension.
Circulation, 111, 3105-3111.

Sleijfer, S. (2001). Bleomycin-Induced Pneumonitis*. Chest, 120, 617-624.

Somlyo, AP & Somlyo, AV. (2003). Ca2+ sensitivity of smooth muscle and
nonmuscle myosin Il: modulated by G proteins, kinases, and myosin
phosphatase. Physiol Rev, 83, 1325-1358.

Song, Y, Jones, JE, Beppu, H, Keaney, JF, Jr., Loscalzo, J & Zhang, YY.
(2005). Increased susceptibility to pulmonary hypertension in heterozygous
BMPR2-mutant mice. Circulation, 112, 553-562.

Page | 168



242.

243.

244,

245.

Sood, BG, Wykes, S, Landa, M, De Jesus, L & Rabah, R. (2011). Expression
of eNOS in the lungs of neonates with pulmonary hypertension.

Experimental and Molecular Pathology, 90, 9-12.

Stasch, JP, Alonso-Alija, C, Apeler, H, Dembowsky, K, Feurer, A, Minuth,
T, Perzborn, E, Schramm, M & Straub, A. (2002a). Pharmacological actions
of a novel NO-independent guanylyl cyclase stimulator, BAY 41-8543: in
vitro studies. British Journal of Pharmacology, 135, 333-343.

Stasch, JP, Dembowsky, K, Perzborn, E, Stahl, E & Schramm, M. (2002b).
Cardiovascular actions of a novel NO-independent guanylyl cyclase
stimulator, BAY 41-8543: in vivo studies. British Journal of Pharmacology,
135, 344-355.

Stasch, JP & Hobbs, AJ. (2009). NO-Independent, Haem-Dependent Soluble

Guanylate Cyclase Stimulators

cGMP: Generators, Effectors and Therapeutic Implications. ed. Schmidt,H.H.H.W.,

246.

247.

248.

Hofmann,F. & Stasch,J.P. pp. 277-308. Springer Berlin Heidelberg.

Stasch, JP, Schmidt, PM, Nedvetsky, PI, Nedvetskaya, TY, Arun, K, Meurer,
S, Deile, M, Taye, A, Knorr, A, Lapp, H, Mller, H, Turgay, Y, Rothkegel,
C, Tersteegen, A, Kemp-Harper, B, Muller-Esterl, W & Schmidt, HHHW.
(2006). Targeting the heme-oxidized nitric oxide receptor for selective
vasodilatation of diseased blood vessels. J Clin Invest, 116, 2552-2561.

Stein, E, Ramakrishna, H & Augoustides, JGT. (2011). Recent Advances in
Chronic  Thromboembolic  Pulmonary  Hypertension.  Journal  of
Cardiothoracic and Vascular Anesthesia, 25, 744-748.

Stenmark, KR, Fagan, KA & Frid, MG. (2006). Hypoxia-induced pulmonary
vascular remodeling: cellular and molecular mechanisms. Circ Res, 99, 675-
691.

Page | 169



249.

250.

251.

252.

253.

254.

255.

256.

Stenmark, KR, Meyrick, B, Galie, N, Mooi, WJ & McMurtry, IF. (2009).
Animal models of pulmonary arterial hypertension: the hope for etiological
discovery and pharmacological cure. Am J Physiol Lung Cell Mol Physiol,
297, L1013-L.1032.

Steudel, W, Ichinose, F, Huang, PL, Hurford, WE, Jones, RC, Bevan, JA,
Fishman, MC & Zapol, WM. (1997). Pulmonary Vasoconstriction and
Hypertension in Mice With Targeted Disruption of the Endothelial Nitric
Oxide Synthase (NOS 3) Gene. Circ Res, 81, 34-41.

Stiebellehner, L, Petkov, V, Vonbank, K, Funk, G, Schenk, P, Ziesche, R &
Block, LH. (2003). Long-term treatment with oral sildenafil in addition to
continuous IV epoprostenol in patients with pulmonary arterial hypertension.
Chest, 123, 1293-1295.

Stingo, AJ, Clavell, AL, Heublein, DM, Wei, CM, Pittelkow, MR & Burnett,
JC, Jr. (1992). Presence of C-type natriuretic peptide in cultured human
endothelial cells and plasma. Am J Physiol, 263, H1318-H1321.

Stocker, C, Penny, DJ, Brizard, CP, Cochrane, AD, Soto, R & Shekerdemian,
LS. (2003). Intravenous sildenafil and inhaled nitric oxide: a randomised trial

in infants after cardiac surgery. Intensive Care Med, 29, 1996-2003.

Stuehr, DJ. (1997). Structure-function aspects in the nitric oxide synthases.
Annual Review of Pharmacology and Toxicology, 37, 339-359.

Stuehr, DJ, Cho, HJ, Kwon, NS, Weise, MF & Nathan, CF. (1991).
Purification and characterization of the cytokine-induced macrophage nitric
oxide synthase: an FAD- and FMN-containing flavoprotein. Proc Natl Acad
SciUSA, 88, 7773-7777.

Stuehr, DJ. (1999). Mammalian nitric oxide synthases. Biochimica et
Biophysica Acta (BBA) - Bioenergetics, 1411, 217-230.

Page | 170



257.

258.

259.

260.

261.

262.

263.

Sudoh, T, Minamino, N, Kangawa, K & Matsuo, H. (1990). C-type
natriuretic peptide (CNP): a new member of natriuretic peptide family

identified in porcine brain. Biochem Biophys Res Commun, 168, 863-870.

Suga, S, Nakao, K, Hosoda, K, Mukoyama, M, Ogawa, Y, Shirakami, G,
Arai, H, Saito, Y, Kambayashi, Y, Inouye, K & . (1992a). Receptor
selectivity of natriuretic peptide family, atrial natriuretic peptide, brain
natriuretic peptide, and C-type natriuretic peptide. Endocrinology, 130, 229-
239.

Suga, S, Nakao, K, Itoh, H, Komatsu, Y, Ogawa, Y, Hama, N & Imura, H.
(1992b). Endothelial production of C-type natriuretic peptide and its marked
augmentation by transforming growth factor-beta. Possible existence of
"vascular natriuretic peptide system". J Clin Invest, 90, 1145-1149.

Surapisitchat, J, Jeon, Kl, Yan, C & Beavo, JA. (2007). Differential
Regulation of Endothelial Cell Permeability by cGMP Vvia
Phosphodiesterases 2 and 3. Circ Res, 101, 811-818.

Sutherland, E & Rall, T. (1963). Formation of adenosine-3,5-phosphate
(cyclic adenylate) and its relation to the action of several neurohormones or
hormones. Acta Endocrinol Suppl (Copenh), 34(Suppl 50), 171-174.

Tada, Y, Laudi, S, Harral, J, Carr, M, lvester, C, Tanabe, N, Takiguchi, Y,
Tatsumi, K, Kuriyama, T, Nichols, WC & West, J. (2008). Murine
pulmonary response to chronic hypoxia is strain specific. Exp Lung Res, 34,
313-323.

Takimoto, E, Belardi, D, Tocchetti, CG, Vahebi, S, Cormaci, G, Ketner, EA,
Moens, AL, Champion, HC & Kass, DA. (2007). Compartmentalization of
cardiac beta-adrenergic inotropy modulation by phosphodiesterase type 5.
Circulation, 115, 2159-2167.

Page | 171



264.

265.

266.

267.

268.

269.

270.

Tamura, N, Doolittle, LK, Hammer, RE, Shelton, JM, Richardson, JA &
Garbers, DL. (2004). Critical roles of the guanylyl cyclase B receptor in
endochondral ossification and development of female reproductive organs.
Proceedings of the National Academy of Sciences of the United States of
America, 101, 17300-17305.

Tamura, N, Ogawa, Y, Chusho, H, Nakamura, K, Nakao, K, Suda, M,
Kasahara, M, Hashimoto, R, Katsuura, G, Mukoyama, M, Itoh, H, Saito, Y,
Tanaka, I, Otani, H, Katsuki, M & Nakao, K. (2000). Cardiac fibrosis in mice
lacking brain natriuretic peptide. Proceedings of the National Academy of
Sciences of the United States of America, 97, 4239-4244.

Tang, YW, Johnson, JE, Browning, PJ, Cruz-Gervis, RA, Davis, A, Graham,
BS, Brigham, KL, Oates, JA, Jr., Loyd, JE & Stecenko, AA. (2003).
Herpesvirus DNA Is Consistently Detected in Lungs of Patients with
Idiopathic Pulmonary Fibrosis. J Clin Microbiol, 41, 2633-2640.

Taraseviciene-Stewart, L, Kasahara, Y, Alger, L, Hirth, P, Mc, MG,
Waltenberger, J, Voelkel, NF & Tuder, RM. (2001). Inhibition of the VEGF
receptor 2 combined with chronic hypoxia causes cell death-dependent
pulmonary endothelial cell proliferation and severe pulmonary hypertension.
FASEB J, 15, 427-438.

Tertyshnikova, S, Yan, X & Fein, A. (1998). cGMP inhibits 1P3-induced
Ca2+ release in intact rat megakaryocytes via cGMP- and cAMP-dependent
protein kinases. J Physiol, 512 ( Pt 1), 89-96.

The Idiopathic Pulmonary Fibrosis Clinical Research Network. (2010). A
Controlled Trial of Sildenafil in Advanced Idiopathic Pulmonary Fibrosis.
New England Journal of Medicine, 363, 620-628.

The NHS Information Centre. (2011). National Audit of Pulmonary
Hypertension 2011, 2nd Annual Report.

Page | 172



271.

272.

273.

274.

275.

276.

277.

Thompson, JS & Morice, AH. (1996). Neutral endopeptidase inhibitors and
the pulmonary circulation. General Pharmacology: The Vascular System, 27,
581-585.

Trembath, RC, Thomson, JR, Machado, RD, Morgan, NV, Atkinson, C,
Winship, I, Simonneau, G, Galie, N, Loyd, JE, Humbert, M, Nichols, WC,
Berg, J, Manes, A, McGaughran, J, Pauciulo, M, Wheeler, L & Morrell, NW.
(2001). Clinical and Molecular Genetic Features of Pulmonary Hypertension
in Patients with Hereditary Hemorrhagic Telangiectasia. New England
Journal of Medicine, 345, 325-334.

Tsai, EJ & Kass, DA. (2009). Cyclic GMP signaling in cardiovascular
pathophysiology and therapeutics. Pharmacology &amp; Therapeutics, 122,
216-238.

Tuder, RM, Cool, C, Geraci, MW, Wang, J, Abman, SH, Wright, L, Badesch,
DB & Voelkel, NF. (1999). Prostacyclin Synthase Expression Is Decreased
in Lungs from Patients with Severe Pulmonary Hypertension. Am J Respir
Crit Care Med, 159, 1925-1932.

Tuder, RM, Groves, B, Badesch, DB & Voelkel, NF. (1994). Exuberant
endothelial cell growth and elements of inflammation are present in
plexiform lesions of pulmonary hypertension. The American Journal of
Pathology, 144, 275-285.

Tuder, RM, Chacon, M, Alger, L, Wang, J, Taraseviciene-Stewart, L,
Kasahara, Y, Cool, CD, Bishop, AE, Geraci, M, Semenza, GL, Yacoub, M,
Polak, JM & Voelkel, NF. (2001). Expression of angiogenesis-related
molecules in plexiform lesions in severe pulmonary hypertension: evidence

for a process of disordered angiogenesis. J Pathol, 195, 367-374.

Vanhoutte, PM. (2009). COX-1 and Vascular Disease. Clin Pharmacol Ther,
86, 212-215.

Page | 173



278.

279.

280.

281.

282.

283.

284.

Vermeersch, P, Buys, E, Pokreisz, P, Marsboom, G, Ichinose, F, Sips, P,
Pellens, M, Gillijns, H, Swinnen, M, Graveline, A, Collen, D, Dewerchin, M,
Brouckaert, P, Bloch, KD & Janssens, S. (2007). Soluble guanylate cyclase-
alphal deficiency selectively inhibits the pulmonary vasodilator response to
nitric oxide and Increases the pulmonary vascular remodeling response to

chronic hypoxia. Circulation, 116, 936-943.

Vijayaraghavan, J, Scicli, AG, Carretero, OA, Slaughter, C, Moomaw, C &
Hersh, LB. (1990). The hydrolysis of endothelins by neutral endopeptidase
24.11 (enkephalinase). J Biol Chem, 265, 14150-14155.

Villar, IC, Panayiotou, CM, Sheraz, A, Madhani, M, Scotland, RS, Nobles,
M, Kemp-Harper, B, Ahluwalia, A & Hobbs, AJ. (2007). Definitive role for
natriuretic peptide receptor-C in mediating the vasorelaxant activity of C-
type natriuretic peptide and endothelium-derived hyperpolarising factor.
Cardiovasc Res, 74, 515-525.

Voelkel, NF, Quaife, RA, Leinwand, LA, Barst, RJ, McGoon, MD,
Meldrum, DR, Dupuis, J, Long, CS, Rubin, LJ, Smart, FW, Suzuki, YJ,
Gladwin, M, Denholm, EM & Gail, DB. (2006). Right Ventricular Function
and Failure. Circulation, 114, 1883-1891.

Wallis, RM, Corbin, JD, Francis, SH & Ellis, P. (1999). Tissue distribution
of phosphodiesterase families and the effects of sildenafil on tissue cyclic
nucleotides, platelet function, and the contractile responses of trabeculae
carneae and aortic rings in vitro. The American Journal of Cardiology, 83, 3-
12.

Webb, DJ. (1991). Endothelin receptors cloned, endothelin converting
enzyme characterized and pathophysiological roles for endothelin proposed.
Trends Pharmacol Sci, 12, 43-46.

Weir, EK, Hong, Z & Varghese, A. (2004). The serotonin transporter: a
vehicle to elucidate pulmonary hypertension? Circ Res, 94, 1152-1154.

Page | 174



285.

286.

287.

288.

289.

290.

291.

Weissmann, N, Hackemack, S, Dahal, BK, Pullamsetti, SS, Savai, R, Mittal,
M, Fuchs, B, Medebach, T, Dumitrascu, R, Eickels, Mv, Ghofrani, HA,
Seeger, W, Grimminger, F & Schermuly, RT. (2009). The soluble guanylate
cyclase activator HMR1766 reverses hypoxia-induced experimental
pulmonary hypertension in mice. Am J Physiol Lung Cell Mol Physiol, 297,
L658-L665.

West, J, Fagan, K, Steudel, W, Fouty, B, Lane, K, Harral, J, Hoedt-Miller, M,
Tada, Y, Ozimek, J, Tuder, R & Rodman, DM. (2004). Pulmonary
Hypertension in Transgenic Mice Expressing a Dominant-Negative BMPRII
Gene in Smooth Muscle. Circ Res, 94, 1109-1114.

West, J, Harral, J, Lane, K, Deng, Y, Ickes, B, Crona, D, Albu, S, Stewart, D
& Fagan, K. (2008). Mice expressing BMPR2R899X transgene in smooth
muscle develop pulmonary vascular lesions. American Journal of Physiology
- Lung Cellular and Molecular Physiology, 295, L744-L755.

Wharton, J, Strange, JW, Moller, GM, Growcott, EJ, Ren, X, Franklyn, AP,
Phillips, SC & Wilkins, MR. (2005). Antiproliferative effects of
phosphodiesterase type 5 inhibition in human pulmonary artery cells. Am J
Respir Crit Care Med, 172, 105-113.

Wharton, J, Davie, N, Upton, PD, Yacoub, MH, Polak, JM & Morrell, NW.
(2000). Prostacyclin Analogues Differentially Inhibit Growth of Distal and
Proximal Human Pulmonary Artery Smooth Muscle Cells. Circulation, 102,
3130-3136.

Wilkens, H, Guth, A, Koénig, J, Forestier, N, Cremers, B, Hennen, B, Bohm,
M & Sybrecht, GW. (2001). Effect of Inhaled Iloprost Plus Oral Sildenafil in
Patients With Primary Pulmonary Hypertension. Circulation, 104, 1218-
1222.

Wilkins, MR, Paul, GA, Strange, JW, Tunariu, N, Gin-Sing, W, Banya, WA,
Westwood, MA, Stefanidis, A, Ng, LL, Pennell, DJ, Mohiaddin, RH,

Page | 175



292.

293.

294.

295.

296.

297.

Nihoyannopoulos, P & Gibbs, JS. (2005). Sildenafil versus Endothelin
Receptor Antagonist for Pulmonary Hypertension (SERAPH) Study. Am J
Respir Crit Care Med, 171, 1292-1297.

Willers, ED, Newman, JH, Loyd, JE, Robbins, IM, Wheeler, LA, Prince,
MA, Stanton, KC, Cogan, JA, Runo, JR, Byrne, D, Humbert, M, Simonneau,
G, Sztrymf, B, Morse, JA, Knowles, JA, Roberts, KE, McElroy, JJ, Barst, RJ
& Phillips, JA, 111. (2006). Serotonin transporter polymorphisms in familial
and idiopathic pulmonary arterial hypertension. Am J Respir Crit Care Med,
173, 798-802.

Williamson, DJ, Wallman, LL, Jones, R, Keogh, AM, Scroope, F, BEd,
Penny, R, Weber, C & Macdonald, PS. (2000). Hemodynamic Effects of
Bosentan, an Endothelin Receptor Antagonist, in Patients With Pulmonary
Hypertension. Circulation, 102, 411-418.

Winter, RJ, Zhao, L, Krausz, T & Hughes, JM. (1991). Neutral
endopeptidase 24.11 inhibition reduces pulmonary vascular remodeling in
rats exposed to chronic hypoxia. Am Rev Respir Dis, 144, 1342-1346.

Wolin, MS, Gupte, SA, Mingone, CJ, Neo, BH, Gao, Q & Ahmad, M.
(2010). Redox regulation of responses to hypoxia and NO-cGMP signaling in
pulmonary vascular pathophysiology. Annals of the New York Academy of
Sciences, 1203, 126-132.

Wong, CM, Bansal, G, Pavlickova, L, Marcocci, L & Suzuki, YJ. (2012).
Reactive Oxygen Species and Antioxidants in Pulmonary Hypertension.

Antioxid Redox Signal.

Writing Committee, McLaughlin, VV, Archer, SL, Badesch, DB, Barst, RJ,
Farber, HW, Lindner, JR, Mathier, MA, McGoon, MD, Park, MH, Rosenson,
RS, Rubin, LJ, Tapson, VF & Varga, J. (2009). ACCF/AHA 2009 Expert
Consensus Document on Pulmonary Hypertension. Circulation, 119, 2250-
2294,

Page | 176



298.

299.

300.

301.

302.

303.

304.

305.

Wu, C, Wu, F, Pan, J, Morser, J & Wu, Q. (2003). Furin-mediated Processing
of Pro-C-type Natriuretic Peptide. Journal of Biological Chemistry, 278,
25847-25852.

Xu, C & Johns, RA. (1995). Endothelial Nitric Oxide Synthase in the Lungs
of Patients with Pulmonary Hypertension. New England Journal of Medicine,
333, 1642-1644.

Yan, W, Wu, F, Morser, J & Wu, Q. (2000). Corin, a transmembrane cardiac
serine protease, acts as a pro-atrial natriuretic peptide-converting enzyme.
Proc Natl Acad Sci U S A, 97, 8525-8529.

Yanagisawa, M, Kurihara, H, Kimura, S, Tomobe, Y, Kobayashi, M, Mitsui,
Y, Yazaki, Y, Goto, K & Masaki, T. (1988). A novel potent vasoconstrictor
peptide produced by vascular endothelial cells. Nature, 332, 411-415.

Yang, L, Liu, G, Zakharov, Sl, Bellinger, AM, Mongillo, M & Marx, SO.
(2007). Protein Kinase G Phosphorylates Cavl1.2 {alpha}lc and {beta}2
Subunits. Circ Res, 101, 465-474.

Yasue, H, Yoshimura, M, Sumida, H, Kikuta, K, Kugiyama, K, Jougasaki,
M, Ogawa, H, Okumura, K, Mukoyama, M & Nakao, K. (1994).
Localization and mechanism of secretion of B-type natriuretic peptide in
comparison with those of A-type natriuretic peptide in normal subjects and
patients with heart failure. Circulation, 90, 195-203.

Yildirim, A, Ersoy, Y, Ercan, F, Atukeren, P, Gumustas, K, Uslu, U &
Alican, I. (2010). Phosphodiesterase-5 inhibition by sildenafil citrate in a rat
model of bleomycin-induced lung fibrosis. Pulmonary Pharmacology &
Therapeutics, 23, 215-221.

Yu, Y, Keller, SH, Remillard, CV, Safrina, O, Nicholson, A, Zhang, SL,
Jiang, W, Vangala, N, Landsberg, JW, Wang, JY, Thistlethwaite, PA,
Channick, RN, Robbins, IM, Loyd, JE, Ghofrani, HA, Grimminger, F,

Page | 177



306.

307.

308.

309.

310.

311.

312.

Schermuly, RT, Cahalan, MD, Rubin, LJ & Yuan, JXJ. (2009). A Functional
Single-Nucleotide Polymorphism in the TRPC6 Gene Promoter Associated
With Idiopathic Pulmonary Arterial Hypertension. Circulation, 119, 2313-
2322.

Zaccolo, M & Movsesian, MA. (2007). cAMP and cGMP Signaling Cross-
Talk: Role of Phosphodiesterases and Implications for Cardiac
Pathophysiology. Circ Res, 100, 1569-1578.

Zhai, FG, Zhang, XH & Wang, HL. (2009). Fluoxetine protects against
monocrotaline-induced pulmonary arterial hypertension: potential roles of
induction of apoptosis and upregulation of Kv1.5 channels in rats. Clin Exp
Pharmacol Physiol, 36, 850-856.

Zhang, G, Xiang, B, Dong, A, Skoda, RC, Daugherty, A, Smyth, SS, Du, X
& Li, Z. (2011). Biphasic roles for soluble guanylyl cyclase (sGC) in platelet
activation. Blood, 118, 3670-3679.

Zhao, L, Hughes, JM & Winter, RJ. (1992). Effects of natriuretic peptides
and neutral endopeptidase 24.11 inhibition in isolated perfused rat lung. Am
Rev Respir Dis, 146, 1198-1201.

Zhao, L, Long, L, Morrell, NW & Wilkins, MR. (1999). NPR-A-Deficient
mice show increased susceptibility to hypoxia-induced pulmonary
hypertension. Circulation, 99, 605-607.

Zhao, L, Mason, NA, Strange, JW, Walker, H & Wilkins, MR. (2003).
Beneficial effects of phosphodiesterase 5 inhibition in pulmonary
hypertension are influenced by natriuretic Peptide activity. Circulation, 107,
234-237.

Zhao, YY, Zhao, YD, Mirza, MK, Huang, JH, Potula, HH, Vogel, SM,

Brovkovych, V, Yuan, JXJ, Wharton, J & Malik, AB. (2009). Persistent

eNOS activation secondary to caveolin-1 deficiency induces pulmonary

Page | 178



313.

314.

315.

hypertension in mice and humans through PKG nitration. J Clin Invest, 119,
2009-2018.

Zoraghi, R, Bessay, EP, Corbin, JD & Francis, SH. (2005). Structural and
Functional Features in Human PDE5A1 Regulatory Domain That Provide for
Allosteric ¢cGMP Binding, Dimerization, and Regulation. Journal of
Biological Chemistry, 280, 12051-12063.

Zuckerbraun, BS, George, P & Gladwin, MT. (2011). Nitrite in pulmonary
arterial hypertension: therapeutic avenues in the setting of dysregulated
arginine/nitric oxide synthase signalling. Cardiovascular Research, 89, 542-
552.

Zuckerbraun, BS, Shiva, S, Ifedigbo, E, Mathier, MA, Mollen, KP, Rao, J,
Bauer, PM, Choi, JJW, Curtis, E, Choi, AMK & Gladwin, MT. (2010).
Nitrite Potently Inhibits Hypoxic and Inflammatory Pulmonary Arterial
Hypertension and Smooth  Muscle Proliferation via  Xanthine
Oxidoreductase—Dependent Nitric Oxide Generation. Circulation, 121, 98-
109.

Page | 179



