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Abstract

Pulmonary arterial hypertension (PAH) is a life-limiting disease characterised by
progressive remodelling of distal pulmonary arteries. PAH is predominant in
females, affecting up to four-fold more women than men. This has led to extensive
research into the role of estrogens in PAH. 16a-hydroxyestradiol (160HEZ2) is
produced during pregnancy. Plasma levels of 160HE2 are increased in female
idiopathic PAH patients, and males and females with portopulmonary PAH.

However, its function is undetermined.

Many paradoxes have been observed in PAH, and here we provide evidence that
the effects of 160HE2 are also paradoxical. The in vitro effects of 160HE2 are
mainly pathogenic. 160HE2 increased migration of male and female rat pulmonary
artery smooth muscle cells (rPASMCs) but had no effect on proliferation. Mutations
in bone morphogenetic protein receptor 2 (BMPR2) account for ~80% of hereditary
PAH cases. However, BMPR2 levels are generally reduced in PAH patients
regardless of mutation status. 160HE2 decreased Bmpr2, Smad1, Smad4 and
Smad5 mRNA expression in male rPASMCs. Decreased Smad4 expression was
attenuated by the estrogen receptor-a antagonist MPP. 160HE2 also decreased
BMPRZ2 and SMAD4 in human male control (non-PAH) PASMCs. However, 160HE2
decreased expression of the fibrosis marker Col7a7 in male rPASMCs. 160HE2

may also mediate pathogenic effects in the aorta.

160HE2 mediates both pathogenic and protective effects in vivo. 160HE2 did not
induce PAH in male or female C57BL/6 mice but increased right ventricular (RV)
hypertrophy in female mice, suggesting that it acts directly on the heart. In lung
tissue, 160HE?2 decreased BMPR2 protein levels in female mice but increased p-
Smad1,5,9 in both sexes. In the RV, 160HE2 increased protective /d1, Id3 and
Sox17 mRNA expression and decreased pathogenic Col7a7 in female mice, and
decreased Col3a1 in both sexes. Paradoxical effects may result from peripheral

160HE2 synthesis (e.g., in lung or adipose) versus exogenous administration.
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Chapter 1

Introduction



1.1 Pulmonary Arterial Hypertension

In the circulation, the right ventricle pumps deoxygenated blood into the pulmonary
artery'. This branches off into small distal pulmonary arteries and capillaries (which
envelop the alveoli)'. Carbon dioxide is released and exhaled, and oxygen enters
the bloodstream’. Oxygenated blood is then returned to the heart via the pulmonary
vein and left atrium before being pumped to the rest of the body by the left
ventricle'. Following circulation, deoxygenated blood returns to the right ventricle via

the vena cava and right atrium (Figure 1.1)".

Superior vena cava
Aorta

Pulmonary vein
Pulmonary artery

Right atrium .
Left atrium

Right ventricle
Left ventricle

Figure 1.1: The pulmonary circulation.

Deoxygenated blood is returned to the heart via the superior vena cava. It flows through the right
atrium to the right ventricle, where it is pumped into the pulmonary artery and reoxygenated in the
lungs before returning to the heart via the pulmonary vein and left atrium. Adapted from “Cross-Section

Heart with Human Background (Layout)”, by BioRender.com (2024)2.



Pulmonary hypertension (PH) is defined as a mean pulmonary arterial pressure

>20mmHg at rest (as recommended by the 61" World Symposium on Pulmonary

Hypertension 2018; previously defined as >25mmHg)3. There are five distinct

classes of PH set out by the World Health Organization (Table 1.1)*.

Table 1.1: World Health Organization Classification of Pulmonary Hypertension

Group

Causes

Class | — Pulmonary Arterial
Hypertension (PAH)

Idiopathic PAH (unknown)

Heritable PAH (e.g., BMPR2, ALK1, ENG, SMADS9,
KCNK3, CAV1, EIF2AK4, other mutations)

Drug or toxin-induced PAH
PAH associated with HIV, connective tissue
disease, schistosomiasis, portal hypertension or

congenital heart disease

Pulmonary veno-occlusive disease or pulmonary
capillary haemangiogenesis

Class Il — PH due to left
heart disease

Class Ill - PH due to lung
disease and/or hypoxia

Class IV — Chronic
thromboembolic PH

Class V — PH with unclear
and/or multi-factorial
mechanisms

Haematological disorders (chronic haemolytic
anaemia, myeloproliferative disorders)

Splenectomy

Systemic disorders (e.g. sarcoidosis,
neurofibromatosis)

Metabolic disorders (e.g. thyroid disease, Gaucher
disease)

Other disease (e.g. chronic renal failure)




Pulmonary arterial hypertension (PAH) is a rare life-limiting condition affecting
around 15-50 people in one million*. It is characterised by progressive obstruction of
distal pulmonary arteries resulting in increased pulmonary arterial pressure and right
ventricular (RV) hypertrophy, leading to RV failure and ultimately death*. Survival
rates are poor, with the US REVEAL registry reporting 1-year, 3-year, 5-year and 7-
year survival rates of 85%, 68%, 57% and 49% respectively®. As the early
symptoms of PAH are non-specific (e.g., fatigue, dizziness), it is often not diagnosed
until late stages where patient prognoses and outcomes are poor*. Furthermore, a
definitive diagnosis of PAH requires invasive right heart catheterisation (although an
estimate of pulmonary arterial pressure may be obtained by echocardiogram)*. This

also contributes to delays in diagnosing PAH*.

According to Humbert et al, “Vasoconstriction, remodeling of the pulmonary vessel
wall, and thrombosis contribute to the increased pulmonary vascular resistance in
PAH. However, it is now recognized that pulmonary arterial obstruction by vascular
proliferation and remodeling is the hallmark of PAH pathogenesis™® 135, The
process of pulmonary vascular remodelling is complex, with several known
mechanisms affecting all layers of the arterial wall®. These include genetic
mutations, altered microRNA function, inflammation, mitochondrial dysfunction and
oxidative stress®’. Increased pulmonary vascular resistance increases strain on the

RV, leading to maladaptive remodelling and failure (Figure 1.2)".
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Figure 1.2: Pulmonary vascular remodelling in PAH.

(A) The normal distal pulmonary artery is comprised of three layers — the outer adventitial layer, the
medial (middle) layer of smooth muscle cells, and the intimal (inner) layer of endothelial cells. These
facilitate blood flow through the artery. (B) In pulmonary arterial hypertension, immune cells and
fibroblasts infiltrate into the adventitial layer leading to inflammation and fibrosis. Increased proliferation
of smooth muscle cells leads to narrowing of the vessel. Proliferation and migration of endothelial cells
leads to further occlusion of the vessel. Increased pulmonary arterial pressure places strain on the right
ventricle (RV). This leads to RV remodelling, hypertrophy, failure, and ultimately death. Created with

BioRender.com.



Current medicines for PAH target three key pathways: endothelin, prostacyclin, and

nitric oxide (Figure 1.3)8.
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Figure 1.3: Therapeutic targets for PAH and drugs currently available on the market.

Current medicines for PAH target three key pathways: endothelin, prostacyclin, and nitric oxide®. ET =
endothelin, COX = cyclooxygenase, IP = I-prostanoid, ATP = adenosine triphosphate, AC = adenylate
cyclase, cAMP = cyclic adenosine monophosphate, eNOS = endothelial nitric oxide synthase, NO =
nitric oxide, GTP = guanosine triphosphate, sGC = soluble guanylate cyclase, cGMP = cyclic
guanosine monophosphate, PDE-5 = phosphodiesterase-5, GMP = guanosine monophosphate.

Created with BioRender.com.

Endothelin-1 (ET-1) is a potent vasoconstrictor which acts via the G protein-coupled
receptors ETa and ETs®. ETareceptors are present in pulmonary artery smooth
muscle cells (PASMCs) whereas ETg receptors are present in both smooth muscle
and endothelial cells®. In PASMCs, ETaand ETg mediate the pathogenic effects of
ET-1 through G4-coupled activation of phospholipase C, which hydrolyses
phosphatidylinositol 4,5-bisphosphate to inositol triphosphate (IP3) and



diacylglycerol (DAG)™. IP3 acts as a second messenger to release stored
intracellular Ca?* from the endoplasmic reticulum into the cytosol, leading to
increased smooth muscle cell contractility and migration’®. DAG activates protein
kinase C, leading to increased cell proliferation (via activation of mitogen-activated
protein kinases (MAPKSs))'?. On the other hand, activation of ETg in endothelial cells
increases protective prostacyclin and nitric oxide (NO) production, leading to
vasodilation and decreased proliferation®. Endothelial ETg receptors also contribute
to clearance of ET-1 through internalisation of the receptor complex upon ET-1
binding'-'2. Approximately 50% of circulating ET-1 is removed in the lung due to the
high surface area of the pulmonary vasculature, which may explain its very low
physiological levels (e.g., average of 1.36 pg/mL in a cohort of 3223 African
American individuals enrolled in The Jackson Heart Study)'2'. In PAH patients, ETa
and ETg expression are increased in pulmonary vascular smooth muscle, whereas
endothelial ETg expression is decreased®. Furthermore, plasma levels of ET-1 are
elevated in PAH patients compared to control subjects, suggesting that clearance is
decreased®. ETa is considered a key therapeutic target in PAH'*. There are two
distinct groups of endothelin receptor antagonists: ETa-selective and non-
selective'. ETa-selective antagonists are designed to maintain the beneficial ET-1
clearance and vasodilation mediated by ETg in endothelial cells, while blocking the
adverse effects mediated by ETa receptors’#. The ETa-selective antagonist
ambrisentan was approved in 2007 and is still in clinical use. Sixatentan has a
higher ETa selectivity than ambrisentan but was withdrawn from the market in 2010
due to concerns over severe hepatotoxicity'. Non-selective ET-antagonists (e.g.
bosentan, macitentan) are also commercially available but indiscriminately block
both the ETa and ETg receptors™.

Prostacyclins are produced in endothelial cells from arachidonic acid via
cyclooxygenase (COX)8. They bind to specific I-prostanoid (IP) receptors in smooth
muscle cells leading to Gs protein-coupling to adenylate cyclase, increased
production of cyclic adenosine monophosphate (CAMP) and subsequent activation
of protein kinase A6, Protein kinase A inactivates myosin light chain kinase in
PASMCs leading to smooth muscle relaxation and vasodilation'®. Prostacyclins also
reduce smooth muscle cell proliferation and have anti-thrombotic and anti-
inflammatory effects®. In PAH, the pathway shifts and arachidonic acid is converted
to the alternative pro-inflammatory product thromboxane A, (TXA2)8. TXA, mediates

vasoconstriction, cell proliferation, and platelet aggregation via activation of TXA:



receptors and subsequent activation of several G protein isotypes (e.g., Gq, G12)®".
Prostacyclin production and IP receptor expression are decreased in the lung tissue
of PAH patients®. There are currently two types of drugs which act on the
prostacyclin pathway: prostacyclin analogues and the IP receptor agonist
selexipag®. These drugs activate IP receptors, stimulating adenylate cyclase
conversion of adenosine triphosphate (ATP) to cAMP'5'6. This results in

vasorelaxation, decreased cell proliferation and reduced inflammation-6,

NO is an endogenous vasodilator which plays a key role in maintaining a healthy
vasculature®. It is produced in endothelial cells by endothelial nitric oxide synthase
(eNOS) during oxidation of L-arginine to L-citrulline®. NO diffuses into the underlying
PASMCs and binds to soluble guanylate cyclase (sGC), which converts guanosine
triphosphate (GTP) to cyclic guanosine monophosphate (cGMP)2'6. This activates
protein kinase G which phosphorylates several target proteins leading to a decrease
in intracellular Ca?* concentration resulting in vasorelaxation, decreased cell
proliferation, decreased platelet aggregation and reduced thrombosis'®'8. NO
bioavailability and signalling are decreased in PAH patients'®. While some studies
have attributed pulmonary vasoconstriction to decreased eNOS expression, other
studies in experimental animal models and human PAH have observed no change
or even increased eNOS expression'2%2! For example, Mason et al. demonstrated
that increased expression of eNOS may be specifically localised to plexiform
lesions?'. Variable eNOS expression may explain why only a small subset of PAH
patients (~13%) respond to vasodilator therapy??. However, the anti-proliferative
effects of NO may still be of benefit in ‘non-responders’ to prevent further vascular
remodelling®. There are currently two drug classes acting on the NO pathway:
soluble guanylate cyclase (sGC) stimulators and phosphodiesterase-5 (PDE-5)
inhibitors®. Riociguat enhances sGC activity, increasing availability of cGMP and
activation of protein kinase G, leading to vasodilation and decreased cell
proliferation®'6. PDE-5 inhibitors (e.g. sildenafil, tadalafil) prevent conversion of
cGMP to GMP, increasing cGMP/protein kinase G signalling®'®. However,
concomitant administration of PDE-5 inhibitors with nitrates or NO-producing drugs
is contraindicated, as increased cGMP in the vascular network may lead to
widespread vasorelaxation, severe drop in blood pressure, and potentially death’®.
Calcium channel blockers (e.g. amlodipine, diltiazem) may also be effective in the
small subset of PAH patients who respond to vasodilator therapy (response being

defined as a >10mmHg reduction in mean pulmonary arterial pressure)??23,



While treatment of PAH has progressed over recent decades, current therapeutic
strategies are suboptimal®. The current aims of treatment are to achieve a low-risk
status (<5% risk of mortality within the next year), preserve quality of life and
minimise future mortality risk®. Current therapies generally alleviate the symptoms of
PAH but fail to address the underlying pulmonary vascular remodelling®. In addition,
some treatments are invasive (e.g. continuous intravenous infusion of treprostinil)
and have undesirable side effects?*. As a result, most patients will inevitably require
a lung transplant or succumb to the disease?. Therefore, novel medicines are
required to attenuate the underlying pulmonary vascular remodelling in PAH and to

regenerate obliterated distal pulmonary arteries?.

1.2 Sex and PAH

1.2.1 The Estrogen Paradox in PAH

First noted by Dresdale et al. in 1951, the incidence of PAH is significantly higher in
females with up to four-fold more women developing PAH than men?®?’, This has
led to the hypothesis that female sex hormones (or ‘estrogens’) may mediate
development of PAH. On the other hand, once PAH has developed women have
better survival than men?®. For example, according to the Swedish Pulmonary
Arterial Hypertension Registry, 5-year survival was 68% in women but 55% for men
between 2008 and 2016%. Furthermore, estrogens are protective in certain animal

models of PAH?°, These issues are collectively known as the ‘estrogen paradox'?.

The are three main estrogens: estrone (E1), estradiol (E2) and 16a-hydroxyestradiol
(160HE2)?. E2 synthesised in the ovarian follicles and corpus luteum is
predominant in premenopausal women, whereas E1 synthesised in peripheral
tissues (particularly adipose) is predominant in postmenopausal women and men?°.
160HE2 (also known as estriol (E3)) is predominant during pregnancy?®. Circulating
E2 levels are higher in men and postmenopausal women with PAH compared to

control subjects, and are associated with worse disease outcomes3®3'. It is



challenging to study E2 levels in premenopausal women with PAH due to the natural
variations associated with the menstrual cycle3?. However, Baird et al. recently
conducted a study in premenopausal women with PAH where E2 levels and 6-
minute walk distance (a measure of exercise capacity) were assessed weekly
across a 4-week menstrual cycle®?. E2 levels were higher and less variable in
premenopausal female PAH patients compared to control subjects and were
inversely associated with 6-minute walk distance®. While it is widely accepted that
E2 and its metabolites play a key role in PAH, many controversies remain including
the question of whether endogenous and exogenous E2 attenuates or induces
PAH?°, There are many hypotheses for the estrogen paradox in PAH including
extragonadal E2 synthesis in peripheral tissues (e.g., lung, adipose), altered E2
metabolism, context-specific effects of E2, and poor translation of animal models to
human PAH?%33-3% E2 may also contribute to improved survival in women with PAH

by protecting RV function?.

Several studies have observed that endogenous E2 mediates protective effects
against pulmonary vascular remodelling, haemodynamic alterations, and RV
hypertrophy in certain animal models of PAH3%-37:38_ On the other hand, exogenous
E2 from oral contraceptives and hormone replacement therapy (HRT) may unmask
or worsen pre-existing PAH in women with additional predisposing factors (e.qg.,
genetic susceptibility, connective tissue disease)®??°. Many of the autoimmune
diseases associated with PAH are also female predominant, e.g., systemic lupus
erythematosus, systemic sclerosis, and autoimmune hepatitis*’. The effects of E2 in
the circulation may be different to the effects of extragonadal E2 synthesised in the
peripheral tissues (e.g., lung, adipose)®*34. Mair et al. observed that E2 is
synthesised endogenously in the smooth muscle layer of human pulmonary arteries
via aromatase®. Aromatase has been demonstrated to be pathogenic in PAH, and
its expression is higher in the smooth muscle layer of pulmonary arteries from
female control subjects compared to males®3. Adipose tissue is also a major source
of E2 production, particularly in postmenopausal women*'. Obesity may be more
prevalent in PAH patients. For example, the Scottish Government in 2019 reported
that 29% of adults were affected by obesity, whereas McLean et al. (also in 2019)
reported from Scottish Pulmonary Vascular Unit data that 35.7% of PAH patients
were obese*?*3, Similarly, 17% of adults in France are obese whereas, according to
the French Pulmonary Hypertension Network Registry, 30% of PAH patients are

obese**+*°. On the other hand, ~42% of adults in the US are currently obese,
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whereas according to Pulmonary Hypertension Association Registry data (2015-
2019), around 40% of American PAH patients are obese*®¢*’. However, according to
the World Health Organisation, the global obesity rate is approximately 16%%.
Therefore, the average obesity rate of 30-40% in PAH patients from different
registries across the globe may be higher than in the general population*'.
Increased fat mass in obesity is positively correlated with increased E2 synthesis via
aromatase*®>%. According to the REVEAL registry, the average patient age at PAH
diagnosis is 53 years old, suggesting that extragonadal E2 synthesis in adipose

tissue may contribute to the high prevalence of PAH in postmenopausal women®'.

RV hypertrophy and failure is the major cause of mortality in PAH%2. The right
ventricular ejection fraction (RVEF) is a key prognostic marker of survival in PAH,
which expresses the amount of deoxygenated blood pumped out of the RV (stroke
volume) divided by the total amount of blood in the RV (end-diastolic volume) as a
percentage®54. According to Kawut et al., a 5% lower RVEF at PAH diagnosis was
associated with a 60% increased risk of death between January 1994 and June
2002%. Both the Framingham Heart Study and Multi-Ethnic Study of Atherosclerosis
(MESA) reported that baseline RVEEF is higher in women than men in the absence of
cardiovascular disease®®’. Higher circulating E2 levels in postmenopausal women
receiving HRT were also associated with increased RV function compared to non-
HRT users®. Increased RVEF is also observed in female PAH patients compared to
male patients, and improved RV adaptability to high pulmonary pressures may

contribute to better survival in females®®.

Sex also affects response to current PAH treatments. Jacobs et al. observed a
similar reduction in pulmonary vascular resistance in male and female PAH patients
following one year of mono- or combination therapy with prostacyclin analogues,
endothelin receptor antagonists, and PDE-5 inhibitors®®. However, RV function
improved in response to treatment in female PAH patients but deteriorated further in
male patients®. In general, prostacyclin analogues and endothelin receptor
antagonists appear to be more effective in female PAH patients than male
patients®'-62, However, the PDE-5 inhibitor tadalafil may be more effective in males®.
Therefore, sex differences in response to treatment of PAH may be associated with
improved survival in female PAH patients®. Overall, despite recent progress in
understanding the estrogen paradox, this remains a challenge and further

investigation is required to fully elucidate the underlying mechanisms of PAH.
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1.2.2 Pregnancy and PAH

Pregnancy is associated with physiological changes that increase pulmonary
vascular flow including increased circulatory volume and cardiac output®. However,
the role of 160HE2 in these changes is undetermined. The healthy pulmonary
vasculature responds to the demands of pregnancy by dilating and recruiting
previously non-perfused vessels, thus maintaining normal pulmonary vascular
resistance (PVR)®. This compensatory response is absent or decreased in PAH
patients and those who develop PAH during pregnancy, leading to increased
pulmonary arterial pressure and PVR®. This results in significant strain on the RV
and is associated with high rates of mortality®®. As a result, pregnancy should be
avoided in women with PAH wherever possible due to high maternal and fetal
mortality rates®®. The risk of decompensation with subsequent RV failure is
especially high between 20-24 weeks gestation, and during the third trimester and

postpartum period®.

1.2.3 Animal Models of PAH

Several animal models of PAH are available, and these are generally classified as
‘classical’ or ‘alternative’®. Classical models include chronic hypoxia in rodents and
a single injection of the toxic pyrrolizidine alkaloid monocrotaline in rats?. In contrast
to human PAH, these models demonstrate a male bias where the disease
phenotype is more severe in male animals and the effects of E2 appear to be
protective®®’. Furthermore, depletion of endogenous estrogens by ovariectomy
induces a more severe PAH phenotype in female animals®8, While these classical
models have undoubtedly contributed to a better understanding of PAH, it is
generally conceded that these poorly translate to human PAH and that research into
the female-prevalence of the disease has been hampered by a lack of appropriate in
vivo models®®. Several alternative models (e.g. sugen-hypoxia) have been

developed with the aim to more closely mimic human PAH?95°,
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1.2.3.1 Classical Models of PAH

Chronic hypoxia (under both normal atmospheric pressure and hypobaric
conditions) can induce PAH in a variety of animal species but is most studied in
rodents’®. While pulmonary arterial pressure and vascular resistance are increased,
these animals lack the plexiform lesions and irreversible intimal fibrosis
characteristic of human PAH®. Although RV remodelling and hypertrophy occur, RV
failure and subsequent death are rare’. Therefore, this model poorly translates to
human PAH. Furthermore, there is significant variability in response to chronic
hypoxia according to animal species’. For example, male C57BL/6 mice develop
less pulmonary vascular remodelling than male Sprague-Dawley rats™. There is
also variability within species according to strain’. For example, BALB/c and FVB/N
mice display pulmonary vascular remodelling in response to chronic hypoxia,
whereas the C57BL/6 strain shows minimal changes in medial wall thickness’":"%73,

Therefore, these factors need to be considered during experimental design.

Monocrotaline (MCT) is a toxic pyrrolizidine alkaloid first observed to induce PAH in
rats by Kay et al. in 196774, It is hypothesised to mediate endothelial cell injury and
accumulation of mononuclear inflammatory cells (particularly macrophages) but its
precise mechanism is undetermined’>7’°. MCT is ineffective in mice as they lack the
CYP3A enzyme required to metabolise MCT in the liver to its active form
dehydromonocrotaline®. Attempts to directly introduce dehydromonocrotaline to
mice via intraperitoneal injection have resulted in a less severe PAH phenotype than
observed in rats®. Therefore, the MCT model of PAH is almost exclusively studied in
rats®’. Treatment with MCT results in a more severe PAH phenotype than chronic
hypoxia’. Severe RV failure develops following a single MCT injection, with a 5-
week survival rate of ~35% in male Long-Evans rats’®®'. However, plexiform lesions
are not observed, and MCT-induced PAH appears to be readily reversed by most
therapeutic agents including prostanoids and endothelin receptor antagonists (in
contrast to human PAH)7%#283_ Controversially, Mitani et al. observed that the
anorexigen dexfenfluramine (which is well-established to induce PAH in female
rodents and in humans) attenuated MCT-induced PAH in female Sprague-Dawley
rats®*. The toxic effects of MCT in the liver, kidney, and heart also have the potential

to confound study results®' Therefore, the MCT model is a poor reflection of human
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PAH but may be useful in investigating toxin-induced damage of the pulmonary

vasculature and other organs.

The MCT/Pneumonectomy model of PAH was developed with the aim to potentiate
the effects of MCT in the pulmonary vasculature by altering haemodynamic
conditions®®, As pneumonectomy is well tolerated in both animals and humans
(e.g., for removal of lung cancer), altered haemodynamics appear to be insufficient
to induce pulmonary vascular remodelling in the absence of endothelial cell
injury®”-88, However when combined with the ‘second hit’ of MCT, intimal remodelling
occurs in the distal pulmonary arteries but plexiform lesions are generally not
observed in this model®®®, Therefore, this model is also a limited reflection of
human PAH.

Aminorex, fenfluramine, and dexfenfluramine are serotonin transporter substrates
which were originally marketed as appetite suppressants for weight loss®%°,
However, aminorex was withdrawn in 1968, and fenfluramine and dexfenfluramine
were withdrawn in 1997 due to their association with PAH®° Fenfluramine is still
currently prescribed under specialist supervision as an adjunctive therapy for
seizures associated with Dravet syndrome®!. However, it has stringent monitoring
requirements including regular echocardiograms®'. Dempsie et al. observed that
dexfenfluramine only induced PAH in female C57BL/6 mice®. This was attenuated
by ovariectomy, suggesting that dexfenfluramine-induced PAH is E2-dependent®.
Female CYP1B1” mice also do not develop dexfenfluramine-induced PAH,
suggesting that altered estrogen metabolism plays a key role in this model®2. An
increased incidence of PAH has also been observed in users of methamphetamine,
which is structurally similar and shares pharmacological properties with
dexfenfluramine®%. Labazi et al. recently observed that male and female C57BL/6
mice did not develop PAH in response to methamphetamine, but RV hypertrophy

significantly increased in female mice®.

Pulmonary arterial banding is a classic model of RV hypertrophy independent of
changes to the pulmonary vasculature®. Labazi et al. recently observed that RV
hypertrophy in response to moderate pulmonary trunk banding was more severe in
male Wistar rats compared to females®. This fits with the decreased RV adaptability

and survival observed in male PAH patients compared to females®.

14



1.2.3.2 Alternative Models of PAH

Several alternative models of PAH have recently been developed with the aim to
translate to human PAH more closely®®. The sugen-hypoxic (SuHx) model was
designed to mimic the formation of obliterative plexiform lesions based on the
concept that vascular endothelial growth factor (VEGF) inhibition disrupts
maintenance and differentiation of vascular endothelial cells, resulting in
hyperproliferation®®. The vascular endothelial growth factor receptor 2 (VEGFR2)
inhibitor Sugen 5416 is known to cause mild pulmonary vascular remodelling®®.
However, when combined with hypoxia it induces severe pulmonary vascular
remodelling associated with occlusion, RV remodelling and failure, and death®.
Plexiform lesions may also form if re-exposure to normoxia is prolonged following
SuHXx, e.g., for 10-11 weeks in male Sprague-Dawley rats®. However, prolonged re-
exposure to normoxia is associated with poor survival®®. Rats are known to exhibit a
more severe PAH phenotype in response to SuHx than mice®'%, Overall, SuHx is a

useful in vivo model given its similar phenotype to human PAH.

Transgenic mouse models have been developed to study specific pathways
involved in PAH. Only females develop PAH in serotonin-dependent models
including SERT* mice overexpressing the human serotonin transporter gene and
S100A4/MTS™ mice overexpressing the calcium-binding protein
S100A4/MTS101:102103 Gimilarly, only female Smad1*" heterozygous knockout mice
spontaneously develop PAH'%. Bmpr2-mutant transgenic mouse models include
Bmpr2R89X mice (with a knock-in of the human R899X mutation) and Bmpr2dex4*
mice (with a T-insertion at base 504 resulting in a premature stop codon)'%51%_Many
of these transgenic mice spontaneously develop mild PAH. For example, female
SERT* mice develop PAH at around 5 months old'"". However, a ‘second hit’ (e.g.,
hypoxia) is often required to induce a robust PAH phenotype due to their
unpredictable pulmonary vascular remodelling and relatively mild haemodynamic

alterations?®°.
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1.2.3.3 Sex Differences in Animal Models of PAH

There are considerable sex differences in animal models of PAH (Table 1.2). In
chronic hypoxia- and MCT-induced PAH, male rodents display a more severe
disease phenotype than females and the effects of E2 appear to be protective®®67.
For example, pulmonary vascular remodelling in response to chronic hypoxia was
decreased by continuous subcutaneous (s/c) administration of E2 in male Sprague-
Dawley rats'?’. Daily s/c injection with E2 also attenuated MCT-induced PAH in male
Sprague-Dawley rats®’. Furthermore, depletion of endogenous E2 by ovariectomy
induces a more severe PAH phenotype in both chronic hypoxic and MCT-induced
PAH®¢88 On the other hand, Frump et al. observed that Sprague-Dawley rats
develop SuHx-induced PAH without any sex bias'®. However, continuous s/c
administration of E2 attenuated RV hypertrophy in both male and ovariectomised
female SuHx rats'®. A key difference between these studies is the dose of E2 used.
A circulating concentration of <1 nmol/L E2 is considered physiologically relevant'©*.
Frump et al. used a dose of 75 ug/kg/day E2 by s/c pellet in male chronic hypoxic
Sprague-Dawley rats, and in both male and ovariectomised female SuHx Sprague-
Dawley rats'%”1%, Although Frump et al. did not measure the plasma concentrations
of E2, Resta et al. had previously observed that this dose resulted in physiologically
relevant plasma concentrations (45.6 £ 9.0 pg/mL (equivalent to ~0.17 nmol/L)) in
chronic hypoxic ovariectomised female Sprague-Dawley rats®. On the other hand,
Liu et al. administered higher doses of 50 mg/kg/day and 100 mg/kg/day E2 to male
Sprague-Dawley rats with MCT-induced PAH®. As the plasma levels of E2 were not
measured, it is uncertain whether this dose of E2 is physiologically relevant®”. Only
female rodents develop PAH in serotonin-dependent models including oral
dexfenfluramine, transgenic mice overexpressing the human serotonin transporter
gene (SERT™") and transgenic mice overexpressing the calcium-binding protein
S100A4 (S100A4/MTS*)92101-103 E2 g critical to the development of PAH in
serotonin-dependent models™'. For example, ovariectomy attenuated the
development of PAH in normoxic and chronic hypoxic female SERT* mice, and this
was re-established by continuous s/c administration of E2 (0.1 mg/21-day pellet)'*'.
Karas et al. previously observed that this dose of E2 was physiologically relevant
(0.43 £ 0.03 nmol/L in female wild-type ERa**B** mice)'®. Pulmonary arterial
pressure is also elevated in female BMPR2R8X transgenic mice compared to male

BMPR2R8X mjice, however there is no sex difference in RV hypertrophy'®°.
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Overall, when designing an in vivo study, it is important to consider whether the PAH
phenotype observed in the species, strain and sex of the animal model translates to
the characteristic of interest in human PAH. For example, the SuHx model is
associated with severe pulmonary vascular and RV remodelling, and more closely
translates to the human PAH phenotype than other in vivo models®. On the other
hand, BMPR2-mutant transgenic mouse models are valuable for studying hereditary
PAH, especially when combined with a ‘second hit’ (e.g., hypoxia) to induce a more
robust disease phenotype'®1%. The chronic hypoxic model may be more
appropriate for studying pulmonary hypertension due to lung disease/hypoxia (WHO
Class lll, Table 1.1) than PAH (WHO Class 1)®°. Similarly, the MCT model may best
translate to toxin-induced PAH rather than idiopathic or hereditary PAH?".
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Table 1.2: Sex Differences in Animal Models of PAH

Animal Model Species Male/Female Effects of E2 References
Bias
Chronic hypoxic Rat/Mouse Male Protective 66, 107
Monocrotaline Rat Male Protective 67, 68
Sugen-hypoxic Rat/Mouse None No effect on 108
RVSP but
attenuates RV
hypertrophy
Dexfenfluramine Rat/Mouse Only females Pathogenic 92
develop PAH.
SERT* Transgenic Only females Pathogenic 101, 102
Mouse develop PAH.
S100A4/MTS* Transgenic Only females Pathogenic 103
Mouse develop PAH.
Bmpr2R89ox Transgenic Female Pathogenic 105, 106
Mouse
Bmpr2d€|x4+
Smad1*- Transgenic Only females Pathogenic 104
Mouse develop PAH.

Table 1.2: Sex differences in animal models of PAH.

Male rats/mice develop a more severe pulmonary arterial hypertension (PAH) phenotype in response
to chronic hypoxia than females (male bias), and the effects of estradiol (E2) appear to be protective in
this model. Only rats develop PAH in response to monocrotaline, with males displaying a more severe
disease phenotype. Rats/mice develop PAH in response to Sugen 5416 and chronic hypoxia without
any sex bias. Continuous s/c E2 had no effect on right ventricular systolic pressure (RVSP; a measure
of pulmonary arterial pressure) but attenuated right ventricular (RV) hypertrophy in Sprague-Dawley
rats. Only females develop PAH in serotonin-dependent models including dexfenfluramine, transgenic
mice overexpressing the human serotonin transporter (SERT*), and transgenic mice overexpressing
the calcium-binding protein S100A4 (S100A4/MTS*). E2 is critical to development of PAH in serotonin-
dependent models. Transgenic mice with bone morphogenetic protein receptor 2 (BMPR2)
haploinsufficiency (e.g., BMPR2R899X BMPR2dex4+) may spontaneously develop PAH, and disease

penetrance is higher in females. Only female Smad1*- heterozygous transgenic mice develop PAH.
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1.3 Sex Hormones and PAH

1.3.1 Estrogen Biosynthesis and Metabolism

The first step in estrogen biosynthesis (Figure 1.4) is derivation of cholesterol to its
mitochondrion form pregnenolone by cytochrome P450 11A1 (CYP11A1).
Pregnenolone is then converted to progesterone by 33-hydroxysteroid
dehydrogenase (3B-HSD)’. Both pregnenolone and progesterone are converted by
cytochrome P450 17A1 (CYP17A1) to form androgens — dehydroepiandrosterone
(DHEA) and androstenediol respectively’. These are further converted to
androstenedione and testosterone by 3B-HSD, before aromatisation to E1 and E27.
E1 and E2 are metabolised by various cytochrome P450 enzymes to 2-hydroxy-, 4-
hydroxy- and 16a-hydroxyestrogens’. The 2- and 4-hydroxyestrogens (collectively
known as catechol estrogens) are further metabolised to 2- and 4-methoxyestrogens
by catechol-O-methyltransferase (COMT)’. Androgens, estrogens, and their
respective metabolites are maintained in constant equilibrium by 1783-hydroxysteroid
dehydrogenase enzymes (17B-HSD1 and 17B3-HSD2)". The CYP450 enzymes
mediating estrogen metabolism may vary according to type of tissue. For example,
Badawi et al. observed that 16a-hydroxylation was mainly catalysed by cytochrome
P450 1A2 (CYP1A2) in human liver microsomes''®. However, 16a-hydroxylation via
cytochrome P450 1B1 (CYP1B1) in lung and adipose tissue may mediate

development of PAH3+35,
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Figure 1.4: Estrogen biosynthesis and metabolism.

Cholesterol is derivatised to its mitochondrion form pregnenolone by cytochrome P450 11A1
(CYP11A1). Pregnenolone is then converted to progesterone by 33-hydroxysteroid dehydrogenase
(3B-HSD). Pregnenolone and progesterone are converted by cytochrome P450 17A1 (CYP17A1) to the
androgens dehydroepiandrosterone (DHEA) and androstenediol. DHEA and dehydroepiandrosterone
sulfate (DHEA-S) are interconverted by sulfotransferase and sulfatase. DHEA and androstenediol are
further converted to androstenedione and testosterone by 33-HSD, before aromatisation to estrone
(E1) and estradiol (E2). E1 and E2 are metabolised by various cytochrome P450 enzymes to 2-
hydroxy-,4-hydroxy- and 16a-hydroxyestrogens. The 2- and 4-hydroxyestrogens (catechol estrogens)
are further metabolised to 2- and 4-methoxyestrogens by catechol-O-methyltransferase (COMT).
Androgens, estrogens, and their respective metabolites are maintained in constant equilibrium by 17-
hydroxysteroid dehydrogenase enzymes (173-HSD1 and 173-HSD2). The effects of key metabolites in
pulmonary arterial hypertension (PAH) are indicated — detrimental in red and protective in green.

Created with BioRender.com.
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1.3.2 Estrogen Receptors

Estrogen receptors (ERs) mediate the effects of estrogens and their metabolites on
many physiological processes including reproduction, cardiovascular health, and
bone integrity''. Estrogens primarily act via three receptors: estrogen receptor-
alpha (ERa) and estrogen receptor-beta (ERB) mediate both genomic and non-
genomic signalling, whereas G protein-coupled estrogen receptor (GPER) mediates
the rapid non-genomic effects of estrogen'?. In genomic signalling, the nuclear
estrogen receptors ERa and ER act as ligand-activated transcription factors™2.
Upon E2 binding in the cytoplasm, the receptors undergo a conformational change
to form a heterodimer (either ERa/ERa, ERB/ ERpB, or ERa/ ERB) then translocate to
the nucleus™?. In direct genomic signalling, the heterodimer directly binds to DNA
sequences known as estrogen response elements, leading to activation or
suppression of target genes'?. ERa and ERB can also mediate indirect genomic
signalling through complex interactions with other transcription factors and response
elements'2. Non-genomic signalling can also occur through ERa and ER receptors
at the cell membrane, for example by interaction with scaffold proteins (e.g.,
caveolin-1), G proteins, membrane receptors (e.g., tyrosine kinase, insulin growth
factor 1) and signalling molecules (e.g., PI3 kinase, Ras)''2. This leads to activation
of intracellular signalling cascades (e.g., MAPK and Akt signalling)''?. GPER
expression is localised to the endoplasmic reticulum and cell membrane'®. E2
exerts rapid non-genomic effects through GPER by triggering intracellular signalling
cascades including the phospholipase C/protein kinase C, Ras/Raf/MAPK, PI3/Akt,
and cAMP/protein kinase A pathways'2"13, Subsequent phosphorylation of
transcription factors by these protein kinases leads to changes in gene

expression?,

ER dysfunction has been implicated in several disease pathologies including
cancers, osteoporosis, cardiovascular disease, insulin resistance and obesity?®'"". In
the lung, ERa and ERp are expressed in epithelial cells, pulmonary artery
endothelial cells (PAECs), PASMCs, and alveolar macrophages''*"5, It is unclear
whether the estrogen receptors mediate beneficial or harmful effects of E2 in PAH.
For example, Frump et al. observed a significant decrease in pulmonary vascular
remodelling in response to chronic hypoxia in male wild type and ERa knockout

mice treated with continuous s/c E2, but not in ERB knockout mice'®”. While there
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was no difference between the wild type and ERa knockout mice, pulmonary
vascular remodelling was significantly increased in ER knockout mice compared to
wild type mice, suggesting that ERB may be protective against PAH'”. On the other
hand, ERa expression is markedly increased in human pulmonary artery smooth
muscle cells (hPASMCs) from female PAH patients'%?. Furthermore, the ERa
antagonist MPP attenuates PAH in normoxic and chronic hypoxic female SERT*
mice'%?. MPP also inhibited E2-induced proliferation of female control subject
hPASMCs, but the ERB antagonist PHTPP and GPER antagonist G15 had no
effect'%?. Expression of the ERa gene ESR1 is also upregulated in the lung tissue of

PAH patients compared to control subjects'®.

Fulvestrant is an ERa antagonist currently approved for the treatment of metastatic
estrogen receptor-positive breast cancer'’. It blocks dimerization of ERa, decreases
ERa expression, and limits nuclear translocation of transcriptional activating
factors". During a small proof-of-concept trial, Kawut et al. observed that
fulvestrant may improve PAH in postmenopausal women, as measured by an
increase in 6-minute walk distance and RV function''”'"®, Therefore, fulvestrant may
be worth investigating in further clinical trials. However, fulvestrant is not
recommended in premenopausal women as it is non-selective, resulting in the
adverse effects of early menopause (e.g., increased risk of osteoporosis)'°.
Tamoxifen is a selective ERa antagonist in breast tissue and partial agonist in other
tissues (e.g., endometrium)'?. Therefore, it is considered a suitable alternative to
fulvestrant for premenopausal women with ER-positive breast cancer'. Tamoxifen
has also been investigated for PAH in preclinical studies and a small Phase 2
clinical trial (results not yet available)'?%'2!, However, Chen et al. observed that
tamoxifen was less effective than fulvestrant at attenuating PAH in female

Bm przdelx4+ mice’20.

GPER is well-established to mediate the protective effects of E2 in the systemic
circulation. These include vasorelaxation and reduced oxidative stress, leading to a
decrease in blood pressure'?2123.124 At present, only two studies have focused on
the effects of GPER in PAH'2>126_ Alencar et al. observed that activation of GPER
with the selective agonist G1 attenuated MCT-induced PAH in male Wistar rats'#.
G1 also attenuated MCT-induced PAH in ovariectomised female Wistar rats'?6.
However, these studies are limited to the MCT model which, as previously

discussed, poorly translates to human PAH. Therefore, future studies could
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investigate the role of G15 in SuHx-induced PAH since this translates more closely
to human PAH®°,

Overall, sex differences in ER-mediated signalling may potentially contribute to
increased susceptibility but improved survival in female PAH patients compared to
males. However, this is also likely to be influenced by many additional factors
including age, menopausal status, genetic susceptibilities, body weight, and
enivironment'?’. Therefore, it is important to consider that ER-mediated signalling
may be stimulus-specific, and development of PAH may require a ‘second hit’ (e.g.,

hypoxia, obesity)'?’.

1.3.3 Androgens and PAH

Androgens may also be involved in the development of PAH. DHEA is a precursor
for both estrogen and testosterone synthesis’. It is synthesised by the adrenal
cortex in postmenopausal women and men, and in the ovaries and placenta of
premenopausal or pregnant women'?12°. DHEA is converted to
dehydroepiandrosterone sulfate (DHEA-S) by sulfotransferase, and DHEA-S can be
reversed back to DHEA by steroid sulfatase (Figure 1.4)'%8,

At the cellular level, DHEA reduces accumulation of hypoxia-inducible factor 1a
(HIF1a) in human PAECs in response to hypoxia'°. DHEA may also decrease
oxidative stress, as it stimulates nitric oxide release in bovine aortic endothelial cells
and eNOS activation in human umbilical vein endothelial cells'*'. DHEA is protective
in animal models of PAH. For example, SuHx-induced PAH and RV hypertrophy
were attenuated in male Sprague-Dawley rats receiving food containing 1% DHEA
(for 3 weeks)'2, Dietary supplementation with 1% DHEA also inhibited MCT-induced
PAH in pneumonectomized male Sprague-Dawley rats'®. Higher circulating levels
of E2 and decreased levels of DHEA-S were recently observed in men and
postmenopausal women with PAH3?3!, Lower DHEA-S levels were associated with
poor outcomes including worse haemodynamics, increased RV dilatation and
dysfunction, and shorter 6-minute walking distance°3'. Similarly, Baird et al.

observed that DHEA-S levels were lower in premenopausal women with PAH than
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in control subjects across the menstrual cycle®?. DHEA is commonly used as a food
supplement to build muscle and resist the effects of aging’“. It is readily available
and short-term use has minimal known side effects'®*. However, the effects of long-
term use are not established'*. In a pilot study, Dumas de La Roque et al. observed
that DHEA supplementation improved 6-minute walk distance, pulmonary
haemodynamics, and lung function of patients with PH associated with COPD
(WHO Class IlI; Table 1.1)'3®. However, the long-term safety of DHEA requires
further investigation before clinical trials in PAH patients, particularly given that it
could increase E2 synthesis which may potentially exacerbate pulmonary vascular

remodelling’.

The effects of testosterone in PAH are unclear. For example, testosterone induces
dose-dependent dilation of isolated pulmonary arteries from male and female Wistar
rats'®. This was also observed in human pulmonary arteries from lung carcinoma
patients'”. On the other hand, Wen et al. observed that endogenous testosterone
depletion by castration attenuated MCT-induced PAH in male Sprague-Dawley rats,
and this was re-established by daily s/c injection with dihydrotestosterone (DHT)'38.
Testosterone and DHT act via the androgen receptor, with DHT exerting a higher
receptor affinity and stronger androgenic activity'®. In men without cardiovascular
disease, Ventetuolo et al. recently identified two tightly linked single nucleotide
polymorphisms (SNPs) in the androgen receptor gene (rs1337080 and rs5918764)
associated with an increased RV mass'®. Therefore, testosterone may modulate RV

hypertrophy in male PAH patients, but its effects are unclear.
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1.4 Key Pathways in PAH

1.4.1 Bone Morphogenetic Protein Receptor 2 Signalling

Around 80% of hereditary PAH cases are associated with mutations in bone
morphogenetic protein receptor 2 (BMPR2)'*°. Unusually, the mutation can occur at
any locus along the gene, with over 400 different BMPR2 mutations reported’#.
While BMPR2 mutations are inherited as an autosomal dominant trait, penetrance of
the PAH disease phenotype is low and predominantly affected by sex (penetrance is
around 14% in males and 42% in females)''. However, disease penetrance may
also be influenced by additional ‘hits’, for example altered estrogen metabolism and
serotonergic drugs (e.g., fenfluramine)'%®'42. As BMPR2 levels are generally
reduced in PAH patients regardless of mutation status, this is of interest across all
PAH patients'®. However, hereditary PAH typically presents in younger patients and
is generally fatal around 10 years earlier than idiopathic PAH'3. For example, based
on data from the French Network of Pulmonary Hypertension, Sztrymf et al.
observed that PAH patients carrying a BMPR2 mutation were on average diagnosed

at 36.5 + 14.5 years old, whereas non-carriers presented at 46.0 + 16.1 years old'*.

BMPR2 forms a heterodimer with a BMP Type 1 Receptor (BMPR1A or BMPR1B)
upon ligand binding, which then phosphorylates Smads 1,5, and 9 to form a
complex with Smad4 and translocate to the nucleus (Figure 1.5)'#*. This upregulates
expression of the inhibitor of DNA-binding proteins (Id1, 1d2, 1d3) which play a key
role in cell cycle regulation®. The BMPR2 heterodimer also phosphorylates p38
mitogen-activated protein kinases (p38 MAPKSs) which translocate to the nucleus™®.
On the other hand, decreased BMPR2 signalling is associated with hyperactivation
of the transforming growth factor-beta (TGF-B) pathway'®®. Increased p-Smad2,3
signalling decreases expression of 1ds1-3, leading to increased cell proliferation,
increased differentiation, and decreased apoptosis'®®'%6, The BMPR2 pathway is
regulated by the inhibitory Smads - Smad6 competes with Smad4 for complex

formation with p-Smad1 and Smad7 blocks TGF-B from accessing the receptor'*®.
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Figure 1.5: The bone morphogenetic protein receptor 2 signalling pathway.

BMPR?2 signalling through p-Smad1,5,9 upregulates transcription of the inhibitor of DNA binding genes
Id1, I1d2 and Id3, which play a key role in cell cycle regulation. TGF- signalling through p-Smad2,3
suppresses Id1-3 expression, leading to increased cell proliferation and decreased apoptosis. These
pathways are regulated by the inhibitory Smads - Smad6 completes with Smad4 for complex formation
with p-Smad1 and Smad7 blocks TGF-f from accessing the receptor. BMPR2 = bone morphogenetic
protein receptor 2, BMP= bone morphogenetic protein, BMPR1A/B = bone morphogenetic protein
receptor 1A or 1B, TGF-B = transforming growth factor-, TGFBR1 = transforming growth factor-f3
receptor 1, TGFBR2 = transforming growth factor-f3 receptor 2, p38 MAPKs = p38 mitogen-activated
protein kinases, Id1 = inhibitor of DNA-binding 1, Id2 = inhibitor of DNA-binding 2, I1d3 = inhibitor of
DNA-binding 3. Created with BioRender.com.

26



The female predominance of hereditary PAH has led to the hypothesis that E2 may
mediate disease penetrance. In the absence of PAH, basal messenger ribonucleic
acid (mRNA) and protein expression of BMPR2, Smad1, |d1 and Id3 is lower in
female hPASMCs than male hPASMCs'%. Furthermore, Mair et al. observed that
stimulation of male control subject hPASMCs with E2 suppressed Id1 and Id3
expression to a similar level observed in female hPASMCs'%. This suggests that E2
may suppress BMPR2 signalling’®. ERa is highly expressed in hPASMCs from
female PAH patients'®. Austin et al. observed that transfection of increasing
quantities of ERa in COS-7 cells (which lack endogenous estrogen receptors)
strongly correlates with decreasing BMPR2 expression'’. Basal Bmpr2 mRNA
expression is also significantly lower in female SERT" mouse lung tissue compared
to their wild type littermates, and this was attenuated by continuous s/c dosing with
the ERa antagonist MPP'%2, On the other hand, Chen et al. observed that ERB
primarily mediates the increased PAH penetrance observed in female Bmpr2R899%
mice compared to male Bmpr2R8®* mice, with ERa only partially involved'?. Ichimori
et al. observed that BMPR2 signalling in human PAECs increased in response to E2
under normoxic conditions but decreased under acute hypoxia (1% O3), and these
effects were attenuated by the ERa inhibitor fulvestrant (ICI 182,780)'48. Therefore,
the effects of E2 on BMPR2 signalling may differ according to species, tissue, and

stimulus.

Rarely, hereditary PAH can arise from mutations in other genes involved in the
BMPR2 pathway including activin receptor-like kinase-1 (ALK7), endoglin (ENG)
and SMAD9'®. Approximately 20% of hereditary PAH families lack a detectable
mutation but clearly demonstrate autosomal dominant transmission of the
disease'0. In keeping with BMPR2-associated hereditary PAH, penetrance of the
disease phenotype in other gene mutations may be influenced by sex and additional
‘hits’4°. As BMPR2 mutations are germline and presumably present in every cell in
the body, this raises the question of whether other organs are affected in addition to
the pulmonary vasculature™?. This is pertinent given that mutations elsewhere in the
BMPR2 signalling pathway are associated with systemic effects. For example, PAH
occurs in conjunction with haemorrhagic telangiectasis (vascular dysplasia resulting
in excessive bleeding and arteriovenous malformations) in patients with ALK7 and
ENG mutations™9'%0, PAH is also associated with an abnormally high bone mass in
patients with SMAD9 mutations™'. De novo somatic mutations in the lung may also

be involved in the development of PAH®2. For example, Aldred et al. identified a
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somatic mutation in SMADS9 in the lung of a hereditary PAH patient - an additional
insult to BMPR2 mutation®3.

MicroRNAs (miRs) are small non-coding RNA molecules that negatively regulate
gene expression'*. BMPR2 signalling directly controls processing of a subset of
miRs through a noncanonical role of the receptor regulated Smads (particularly
Smad9)'%°. miR29 expression is upregulated in the lung tissue of female hereditary
PAH patients™®. It was also two-fold higher in the lung tissue of male BMPR2dex4*
mice compared to their wild type litermates'®. Antagonism of miR29 significantly
decreased right ventricular systolic pressure (RVSP), pulmonary vascular
resistance, and pulmonary vascular remodelling in male and female BMPR2R899%
mice following a high fat diet'*®. However, there are barriers to investigating miR29
antagonists in clinical trials'®’. For example, strategies to deliver miR mimics or
inhibitors to the lungs are in early development'®’. In addition, miR29 expression is
strongly suppressed in pulmonary fibrosis patients'®. Therefore, pulmonary fibrosis

could potentially be a serious side effect of miR29 antagonists in PAH patients.

1.4.2 Novel Genes Associated with PAH

Genetic variants associated with deficiency of SRY-related HMG-box 17 (SOX17)
were recently observed in PAH patients'°. SOX17 is specifically expressed in
endothelial cells, and its expression is reduced in the lung endothelium of PAH
patients compared to control subjects’®. Sangam et al. observed that basal SOX17
expression was lower in the lung tissue of female Sprague-Dawley rats compared to
males, suggesting that E2 may suppress SOX17'%°. SOX17 may be protective
against PAH as it is known to interact with SMAD3, preventing formation of the p-
Smad2,3 complex and the downstream effects of TGF-f signalling such as
suppression of the Id genes'®%° A direct link between bone morphogenetic protein
2 (BMP2) and SOX17 has been identified during cardiogenesis, where BMP2 and
SOX17 form a positive feedback loop and trigger induced pluripotent stem cells to
become cardiac progenitor cells’®'. However, it is undetermined whether there is any
direct link between SOX17 deficiency and increased disease penetrance in
hereditary PAH.
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Other novel genes associated with PAH include KNCK3 (potassium channel,
subfamily K, member 3) and CAV71 (Caveolin-1). Missense mutations in KCNK3
have been reported in hereditary and idiopathic PAH patients'®2. KCNK3 encodes
TWIK-related acid-sensitive potassium channel-1 (TASK-1))'62. TASK-1 may
decrease pulmonary vascular resistance through complex interplay between ion
channels to regulate membrane depolarization (via Ca?*)'%®. However, its precise
mechanism is undetermined'®®, TASK-1 function may be partially restored by the
phospholipase inhibitor ONO-RS-082"62, However, drug design to specifically target
the TASK-1 or other ion channels is challenging'®*. Frameshift mutations associated
with loss of CAV7 function were identified in hereditary PAH patients without a
BMPR2 mutation'®®. However, CAV1 is known to directly interact with BMPR2 and
increase bone morphogenetic protein 9 (BMP9)-dependent Smad1,5
phosphorylation and induction of 1d1'%6. Daily s/c injection of the elastin inhibitor
elafin attenuated SuHx-induced PAH in male Sprague-Dawley rats by promoting
interaction of CAV1 and BMPR2 to enhance BMP signalling'®’. Elafin is under
investigation for treatment of PAH and recently completed an initial clinical trial to

assess its safety in healthy volunteers®®,

1.4.3 Serotonin and PAH

Serotonin plays a complex role in many biological systems including the
gastrointestinal, cardiovascular, pulmonary, genitourinary, central and peripheral
nervous systems, where it can act as a hormone, neurotransmitter, and
mitogen'®®17%. Around 90% of the serotonin in the body is produced by intestinal
enterochromaffin cells'”°. It is secreted luminally and basolaterally, leading to
serotonin uptake and storage by circulating platelets'°. In the gastrointestinal tract,
serotonin release increases the speed of the digestive process and contributes to
satiety while eating'”®. When a blood clot forms, serotonin is re-released from the
platelets into the circulation'°. At lower levels, serotonin facilitates endothelial nitric
oxide release, leading to vasodilation'”®. On the other hand, elevated levels of
serotonin resulting from excessive release from enterochromaffin cells leads to

contraction of vascular smooth muscle cells and vasconstriction'®. Only 10% of
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serotonin is produced by neurons in the central nervous system, where it regulates
mood, sleep, appetite, and memory'’?. As serotonin does not cross the blood-brain
barrier, the central nervous serotonin system is separate from the rest of the
body'"":172, L-tryptophan is the precursor for serotonin'”3. L-tryptophan is converted
to 5-hydroxy-L-tryptophan (5-HTP) by two isoforms of tryptophan hydroxylase
(TPH1 and TPH2)'""172, 5-.HTP decarboxylase then converts 5-HTP to serotonin
(also known as 5-hydroxytryptamine (5-HT))'"3. TPH1 is expressed in several
tissues including endothelial cells, intestinal mucosa, spleen, pineal gland, and

thymus. However, TPH2 is only expressed in neurons'’"172,

The serotonin hypothesis of PAH was first proposed by Hervé et al. in 1995 based
on the observation that PAH patients had increased plasma levels and decreased
platelet storage of serotonin compared to control subjects'’4. Serotonin mediates
several effects in the pathogenesis of PAH (Figure 1.6)'"5'78, For example,
endothelial cell-derived serotonin can act on the underlying PAMSCs in a paracrine
manner, and this is facilitated by connexin intercellular channels'%'76, In PASMCs, it
can activate serotonin receptors leading to increased oxidative stress and activation
of downstream signalling pathways including mitogen-activated protein kinase
(MAPK) and Rho-associated protein kinase (ROCK)-induced nuclear translocation
of extracellular signal-related kinases 1 and 2 (ERK1, ERK2) leading to increased
proliferation'””. Serotonin also increased the susceptibility of male Bmpr2*”
heterozygous mice to chronic hypoxia-induced PAH, and inhibited BMPR2 signalling

in the lung tissue of their wild type littermates'”®.
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Figure 1.6: The role of the serotonin pathway in PAH.
In response to a stimulus (e.g., hypoxia, estradiol (E2)), L-tryptophan is converted to 5-hydroxy-L-

tryptophan (5-HTP) by tryptophan hydroxylase 1 (TPH1) in endothelial cells. 5-HTP is converted to 5-

hydroxytryptamine (5-HT), also known as serotonin, by 5-hydroxy-L-tryphophan decarboxylase. 5-HT

then binds to one of the serotonin receptors. 5-HT1B mediates pathogenic effects in PAH including

vasoconstriction and activation of downstream signalling pathways including reactive oxygen species

(ROS), mitogen-activated protein kinase (MAPK) and Rho-associated protein kinase (ROCK). This
leads to increased pulmonary artery smooth muscle cell (PASMC) proliferation. These effects are

inhibited by miR96 and 5-HT1B antagonists. 5-HT signalling through connexin intercellular channels

and the serotonin transporter (SERT) also mediates ROS, MAPK and ROCK signalling. 5-HT signalling

through SERT also decreases bone morphogenetic protein receptor 2 (BMPR2) signalling. Created

with BioRender.com.
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There are many potential therapeutic targets for PAH within the serotonin pathway.
Increased TPH1 expression has been observed in PAH patient PAECs compared to
those from control subjects'”. In chronic hypoxic PAH, Tph1” mice are protected
against pulmonary vascular remodelling and increased RVSP but not RV
hypertrophy'®. Tph1’- mice are also protected against dexfenfluramine-induced
PAH, suggesting this is dependent on serotonin synthesis'®'. Aiello et al. observed
that pharmacological inhibition of TPH1 significantly decreased pulmonary arterial
pressure, pulmonary vessel wall thickness and occlusion in male rats with MCT- and
SuHx-induced PAH""". Imatinib is a tyrosine kinase inhibitor used in several types of
cancers (e.g., chronic myeloid leukaemia)®'. Imatinib also downregulates TPH1
activity in human PAECs and attenuates SuHx-induced PAH in Tph1 wild type
mice'®2. While Imatinib was investigated in clinical trials for PAH, these have been
terminated due to serious adverse effects (particularly subdural haematomas in
patients receiving concomitant anticoagulant therapy)'83184_ Until recently, design of
selective drugs to specifically target the TPH1 isoform has not been possible'8®.
However, Petrassi et al. recently identified a novel allosteric inhibitory site on TPH1,
enabling development of TPH1-selective drugs'®. The selective TPH1 inhibitor
rodatristat ethyl has been investigated for treatment of PAH in a Phase 2 clinical
trial'®”. Selective TPH1 inhibition may also offer therapeutic benefits in obesity and

insulin resistance’88.

Involvement of the 5-HT 1B receptor in PAH was proposed in 1993 based on the
observation that sumatriptan (a selective 5-HT1B/D agonist used for acute migraine)
induced pulmonary vasoconstriction'. In human pulmonary arteries, 5-HT1B
receptors mediate the mitogenic and vasoconstrictive effects of serotonin through
multiple mechanisms including inhibition of forskolin-stimulated cAMP accumulation
and increased accumulation of [3H]-inositol phosphates through increased G-
coupled receptor activation' %1, In PAH, inhibition of nitric oxide synthesis, removal
of the vascular endothelium and small increases in vascular tone synergise such
that the effects of 5-HT1B activation are significantly amplified in the pulmonary
arteries’"192, Serotonin-induced PASMC proliferation via 5-HT1B may occur due to
oxidative stress caused by nicotinamide adenine dinucleotide phosphate oxidase 1
(Nox1) activation and subsequent reactive oxygen species (ROS) production'®®. For
example, Hood et al. observed that serotonin-induced proliferation in female control
subject hPASMCs was further increased in female PAH patient hPASMCs, and

these effects were attenuated by pharmacological inhibition of Nox1 and 5-HT1B'%.
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Consistent with this, serotonin-induced proliferation was decreased in female Nox17
mouse PASMCs compared to PASMCs isolated from their wild type littermates '3,
Serotonin also decreased activity of the transcription factor nuclear factor erythroid
2-related factor 2 (NRF2) in human PASMCs, which mediates activation of
antioxidant genes including superoxide dismutase (SOD7), catalase (CAT), and
thioredoxin (TXN)'%3,

In non-human mammals (e.g., mouse, rabbit, dog), the vasoconstrictive effects of
serotonin are predominantly mediated by 5-HT2A'%41%° Delaney et al. observed that
pharmacological inhibition of the 5-HT2A receptor protected neonatal C57BL/6 mice
against pulmonary hypertension associated with bronchopulmonary dysplasia (a
chronic lung disease associated with premature birth)'®>. However, it is
undetermined whether this translates to human PAH. The 5-HT2B receptor is
associated with fenfluramine-associated PAH, for example nordexfenfluramine (the
main metabolite of dexfenfluramine) is a selective 5-HT2B agonist'®®. However, it is
unclear whether 5-HT2B agonism mediates protective or pathogenic effects in
PAH"". For example, the 5-HT2B agonist BW 723C86 induces vasorelaxation in pig
pulmonary arteries'®. Blanpain et al. also observed a loss of function mutation in the
5-HT2B gene (HTR2B) in a 50-year-old human female with fenfluramine-associated
PAH'7. On the other hand, West et al. observed that continuous s/c administration
of the 5-HT2B antagonist SB204741 prevented spontaneous development of PAH in
male Bmpr2R8%% mice'®®. Furthermore, 5-HT2B” mice are protected against chronic
hypoxia-induced PAH®¢. Therefore, the effects of 5-HT2B in PAH are unclear and

may be specific to different species.

The serotonin transporter (SERT) is a monoamine protein which transports
serotonin into cells'””. In PAH patients, serotonin promotes pulmonary vascular
remodelling and PASMC proliferation via 5-HT1B and SERT?%°-2%3, SERT is encoded
by a single gene (SLC6A4) on chromosome 17 (17q11-17q12)?°'. A polymorphism in
the upstream promoter region of SLC6A4 affects SERT expression and function,
with the long allele inducing a higher rate of gene transcription than the short
allele?'. Around 65% of PAH patients are homozygous for the long-allelic variant,
but this was only present in 27% of control subjects?®!. Female transgenic mice
overexpressing the human serotonin transporter gene (SERT™) spontaneously
develop PAH at around 5 months of age'®'. However, this is E2-dependent, as PAH

in normoxic and chronic hypoxic female SERT* mice was attenuated by ovariectomy

33



and reestablished by continuous s/c administration of E2'%'. SERT and 5-HT1B may
also act synergistically in serotonin-induced pulmonary vasconstriction?°2, The
combined 5-HT1B receptor/SERT antagonist LY393558 was a more potent inhibitor
of serotonin-induced pulmonary artery vasoconstriction in normoxic and hypoxic
Fawn hooded rats than the 5-HT 1B receptor antagonist SB224289 alone?*?. The
combined action of SERT and 5-HT1B may also mediate PASMC proliferation via

ROCK activation and nuclear translocation of ERK1/ERK2203.204

Selective serotonin reuptake inhibitors (SSRIs) are a class of antidepressants which
target SERT (e.g., citalopram, escitalopram, fluoxetine)®!2°2. The effects of SSRIs in
PAH have been extensively studied. For example, Hood et al. observed that
citalopram inhibited serotonin-induced proliferation and ROS production in female
PAH patient hPASMCs but not in female control subject hPASMCs'%. While clinical
trials of fluoxetine and escitalopram have been conducted in PAH patients, it is
uncertain whether these drugs will be effective as extracellular accumulation of
serotonin may potentially worsen pulmonary vascular remodelling by subsequent
activation of 5-HT1B receptors?°22°5-207  Sadoughi et al. observed that SSRI use in
PAH patients was associated with increased mortality and worse clinical outcomes
(e.g, reduced 6-minute walk distance, increased risk of transplantation) compared to
PAH patients not taking antidepressants?’®. Fox et al. also reported that use of any
type of antidepressant was associated with a 67% increased risk of idiopathic
PAH2%°, However, as the rate of idiopathic PAH was similar across all antidepressant
classes and there was no dose-response relationship, this is likely to be a non-
causal association?®®. Therefore, simultaneous antagonism of 5-HT1B and SERT
may be a preferable therapeutic strategy in PAH. However, this has not yet been

investigated in clinical trials.

It is well-established that only female rodents develop PAH in serotonin-dependent
models including oral dexenfluramine, SERT* transgenic mice, and S100A4/MTS*
mice, and that this is dependent on E2%2101-103 E2 also increases expression of
TPH1, 5-HT1B, and SERT in female hPASMCs'%'. Based on the observation that E2
can regulate expression of miRs in cancer, Wallace et al. hypothesised that miRs
may contribute to E2-induced PASMC proliferation in PAH?'%2""_ miR96 levels are
decreased in female PAH patient hPASMCs compared to female control subject
hPASMCs, and this is accompanied by an increase in 5-HT1B expression?''.

Transfection of a miR96 precursor into female PAH patient hPASMCs decreased 5-
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HT1B expression and inhibited serotonin-induced proliferation?'. Docherty et al.
recently observed that direct delivery of a miR96 mimic to the lungs by weekly
intratracheal administration (for 3 weeks) decreased RVSP, pulmonary vascular
remodelling, and RV hypertrophy in female Sprague-Dawley rats with SuHx-induced
PAH?'2, Therefore, the 5-HT1B/miR96 axis may present a potential therapeutic
target for PAH?'2, However, further work is required to optimise miR96 formulation

and administration?'2,

1.4.4 Obesity and Insulin Resistance in PAH

Obesity is a global public health issue characterised by excess body fat and an
increased body mass index (BMI) of 30 kg/m? or higher*'. According to Scottish
Pulmonary Vascular Unit and French Pulmonary Hypertension Network data,
obesity may be more prevalent in PAH (35.7% patients vs. 29% general population
in Scotland; 30% patients vs. 17% general population in France)*?%5. However, this
was not the case in the US (40% PAH patients vs. 42% general population are
obese)*#. In the absence of cardiovascular disease, increased BMI is associated
with increased pulmonary arterial pressure?'®2'4, On the other hand, once
cardiovascular disease (e.g., heart failure, coronary heart disease) has developed,
morbidity and mortality are generally decreased in obese patients compared to their
lean counterparts?'S. However, it is unclear whether this is the case in PAH. An
‘obesity paradox’ has been observed in some PAH cohorts, where obesity is
associated with subclinical RV dysfunction but paradoxically may confer a protective
effect on RV function once PAH develops?'62'72'8, However, the Scottish Pulmonary
Vascular Unit and French Pulmonary Hypertension Network Registry recently
reported that no such paradox exists, and that obesity was associated with
significantly worse 6-minute walk distance, functional class, and haemodynamic

parameters in PAH patients*345.

Chronic availability of excess nutrients leads to expansion of adipose tissue by two
mechanisms: hypertrophy and hyperplasia®'®. Hypertrophy (increased size of
individual adipocytes) is associated with inflammation, dyslipidaemia, and impaired

glucose homeostasis?'®. In hyperplasia, new adipocytes are recruited from a
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reservoir of progenitor cells?'®. In obesity, decreased hyperplasia and increased
adipocyte hypertrophy results in limited capacity of adipose tissue to store fat,
leading to pathogenic deposition of excess free fatty acids in non-adipose tissue
(e.g., liver, heart)?'°. Adipose tissue is now recognised as an important endocrine
organ which releases adipokines (e.g., leptin, adiponectin, apolipoprotein E) to
facilitate communication between adipocytes and other tissues??°. These influence
many physiological processes including reproduction, cardiovascular function,
immunity, and metabolism??°, There are many shared pathophysiological
mechanisms between obesity and PAH including oxidative stress, inflammation, and
an adverse adipokine profile (e.g., elevated pro-inflammatory leptin and low anti-

inflammatory adiponectin)?2°-22¢,

Adipose tissue develops in multiple discrete locations (or deposits), generally
classified as white or brown adipose tissue (Figure 1.7)?%°. White subcutaneous
adipose is predominant in lean, healthy human subjects (~80% of total adipose)??'.
However, many obese individuals accumulate intra-abdominal visceral white
adipose tissue (known as ‘central obesity’)??'. This is highly metabolically active and
continuously releases free fatty acids into the portal circulation, leading to
inflammation and a combination of cardiovascular disease risk factors (e.g., insulin
resistance) known as the metabolic syndrome??'. On the other hand, brown adipose
tissue (BAT) located in the neck and supraclavicular regions is composed of highly
specialised adipocytes that dissipate stored energy in the form of heat through
uncoupling protein-1 (UCP-1)??7. Active BAT is always present in early childhood
and plays a critical role in neonatal thermoregulation as newborn babies cannot
shiver??”. However, metabolically active BAT is only present in around 50% of
adolescents and is associated with lower BMI, increased insulin sensitivity, and

improved metabolic health in adulthood??7:228,
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Figure 1.7: White and brown adipose tissue deposits in humans.
There are many different adipose tissue deposits in the human body, which are generally classified as

white or brown adipose tissue. Reprinted from “Adipose Tissue Depots”, by BioRender.com (2024)22°.

Perivascular adipose tissue (PVAT) plays an important role in vascular physiology*'.
It directly adheres to blood vessels and has a distinct phenotype from other adipose
deposits, which varies depending on location*'. In healthy individuals, PVAT
normally has anti-proliferative, anti-inflammatory, and anti-contractile effects on
blood vessels?°. However, adipocyte dysfunction in obesity causes inflammation,
oxidative stress and hypoxia resulting in loss of the protective effects of PVATZ!.
Due to its proximity to the pulmonary artery, PVAT is hypothesised to contribute to
development of PAH in obesity?®!. For example, increased tumour necrosis factor-a
(TNF-a) and endothelin-1 expression have been observed in the PVAT of small
arteries isolated from visceral adipose tissue biopsies in obese individuals, resulting
in impaired nitric oxide release®'. In obesity, PVAT expansion within the human lung
has not yet been characterised?*'. However, Shields et al. observed areas of
localised asymmetric intense lipid staining near the lung vasculature of male

Sprague-Dawley rats with SuHx-induced PAH, which suggests the existence of lipid-
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laden cells within the lung?32. Therefore, further studies are required to elucidate the

potential role of PVAT in the pathogenesis of PAH.

In the thorax, two main adipose deposits surround the heart: epicardial and
pericardial adipose tissue*'. Thoracic adipose tissue is of particular interest in PAH,
as its lymphatics drain directly into the pulmonary circulation where it can exert local
and systemic effects?3. Epicardial adipose is located between the myocardium and
visceral layer of the pericardium and covers around 80% of the heart’s surface
area®*. In healthy individuals, epicardial adipocytes express high levels of UCP-1
and can therefore actively generate heat, providing the heart with thermal protection
in addition to mechanical cushioning?*. Epicardial adipose tissue also secretes
adipokines which mediate cardiac function (e.g., adiponectin)?°. However, in
obesity, increased epicardial adipose tissue deposition and expansion increases the

workload on the heart and contributes to cardiac hypertrophy?%.

Extragonadal E2 synthesis in peripheral tissues is a key hypothesis for the estrogen
paradox in PAH3334_ Although adipose tissue does not synthesise sex steroids de
novo, it highly expresses the E2-synthesising enzyme aromatase and interconverts
stored or circulating sex steroids (Figure 1.8)*'2%. Increased fat mass in obesity is
positively correlated with increased E2 synthesis via aromatase*®*°. This effect is
more pronounced in postmenopausal women as adipose tissue is the primary
source of E2 production after menopause?®. According to the REVEAL registry, the
average patient age at PAH diagnosis is 53 years old, suggesting that E2 synthesis
in adipose may play an important role in the predisposition of postmenopausal
women to PAH®!. Adipose tissue is also known to mediate estrogen metabolism?°.
CY1P1B1 is one of several CYP450 enzymes which converts E1 and E2 to 16a-
hydroxyestrogens34. CYP1B1 is highly expressed in visceral adipose tissue (VAT)
and is also overexpressed in the pulmonary artery lesions of PAH patients3#35239.240,
Genetically obese ob/ob mice spontaneously develop PAH, and the disease severity
increases following a second hit with chronic hypoxia3*. Mair et al. recently observed
that expression of aromatase and CYP1B1 were upregulated in the peri-renal VAT of
male ob/ob mice compared to their wild type littermates®*. Daily intraperitoneal
injection of the aromatase inhibitor anastrozole attenuated PAH in both male and
female ob/ob mice. In keeping with overexpression of CYP1B1 in VAT, urinary levels
of 160HE1 were also elevated in male ob/ob mice3*. Daily intraperitoneal injection
of the CYP1B1 inhibitor TMS ((E)-2,3’,4,5'-tetramethoxystilbene) attenuated PAH in
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male ob/ob mice3*. Mair et al. also incubated cell culture media with VAT isolated
from male ob/ob mice for 24 hours®*. 160HE1 levels were significantly higher in
VAT-conditioned media compared to control media, suggesting that 160HE1 is
released into the circulation by VAT®**. In keeping with this, Denver et al. observed
that plasma levels of 160HE1 are elevated in male idiopathic PAH patients but not
in females?*'. It is undetermined whether 160HE2 is synthesised and released by

adipose tissue.
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Figure 1.8: Estrogen synthesis and metabolism in adipose tissue from circulating precursors.
Localised synthesis, metabolism, and release of estrogens in human adipose tissue from the
circulating precursors androstenedione, dehydroepiandrosterone (DHEA), and
dehydroepiandrosterone-sulfate (DHEA-S). 178-HSD1 = 173-hydroxysteroid dehydrogenase 1, 173-
HSD2 = 17B-hydroxysteroid dehydrogenase 2, 173-HSD3 = 17B-hydroxysteroid dehydrogenase 3,
CYP1B1 = cytochrome P450 1B1, 160HE1 = 16a-hydroxyestrone, 160HE2 = 16a-hydroxyestradiol.

Created with BioRender.com.

40



Insulin is a peptide hormone which reduces blood glucose levels by inducing its
uptake into insulin-sensitive tissues (e.g., adipose, skeletal muscle, heart) and by
inhibiting glucose production in the liver, kidney and small intestine?*?. Binding of
insulin to the insulin receptor (a tyrosine kinase receptor) triggers
autophosphorylation of tyrosine residues, leading to activation of the insulin receptor
substrate (IRS-1)?43. This activates the PI3K signalling pathway, leading to activation
of Akt, which induces translocation of the glucose transporter 4 (GLUT4) to the cell
surface and diffusion of circulating glucose down its concentration gradient into
cells?®*3, In addition, insulin induces cell proliferation (via MAPK pathway induction
and subsequent activation of ERK1/2), stimulates synthesis of fatty acids and
glycogen, and promotes mitochondrial function®#2243, Inhibition of the insulin
signalling pathway leads to insulin resistance, where sensitive tissues fail to respond
to insulin?*2. It is closely linked to obesity and may lead to development of Type 2
diabetes mellitus, often associated with both hyperglycaemia and
hyperinsulinaemia?*2. For example, Narayan et al. observed that for a BMI >35
kg/m?, the lifetime diabetes risk was 70% in men and 74% in women, whereas in
those with a healthy BMI (18.5-24.9 kg/m?) the lifetime risk was 7% in men and 12%
in women?*. A relationship between insulin resistance and PAH was first reported
by Zamanian et al. in 2009, with female PAH patients nearly twice as likely to be
insulin resistant than control subjects?*®. Pugh et al. subsequently observed that
unrecognised glucose intolerance is common in PAH - 56% of patients were insulin
resistant and 15% had Type 2 diabetes?. However, it is uncertain whether the
relationship between obesity, insulin resistance, and PAH represents an association

or a direct cause-and-effect relationship?*’.

Many of the underlying mechanisms associated with insulin resistance in obesity are
also involved in PAH. For example, the transcription factor peroxisome proliferator-
activated receptor gamma (PPARY) increases insulin sensitivity by protecting non-
adipose tissues (e.g., liver, skeletal muscle) against lipid overload through
stimulating uptake of free fatty acids and lipid storage in adipocytes?*®. Decreased
activity of PPARY in obesity is a key mediator of insulin resistance?*°. Although
predominantly expressed in adipose tissue, PPARY is also expressed in vascular
endothelial cells and macrophages?®. Many of the target genes of PPARYy are
implicated in the pathogenesis of PAH, for example endothelin-1 and interleukin-6
are downregulated by PPARy?':2°2. PPARYy expression is decreased in the lungs of

PAH patients compared to control subjects, resulting in dysregulation of the
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endothelial cell cycle leading to increased proliferation and resistance to
apoptosis?>®. Furthermore, BMPR2 dysfunction in PAH leads to decreased PPARYy
activity, resulting in increased PASMC proliferation via the PDGF-B pathway?%. West
et al. observed increased weight gain in male BMPR2R8%% mice compared to their
wild type controls?4°. 39% of these BMPR2R8°X mice were insulin resistant whereas
none of the wild type controls were?*°. Adiponectin is an anti-inflammatory adipokine
which directly inhibits PDGFR-f ligand binding and decreases MAPK activation
leading to reduced PASMC proliferation?%*. Plasma levels of adiponectin are
decreased in obesity, insulin resistance and PAH, but increase in response to weight
loss and PPARYy activation?®°2%¢, Decreased adiponectin secretion leads to
increased activation of the pro-inflammatory AMPK/mTOR and NF-kf pathways?®’.
Increased circulating levels of pro-inflammatory cytokines (e.g., IL-1B, IL-6) have
also been observed in both PAH and obesity?4>258, Obese individuals also exhibit
higher levels of oxidative stress in white adipose tissue, including elevated ROS
levels and decreased antioxidant activity*°. Similarly, Mair et al. observed increased

oxidative stress in the lungs of male ob/ob mice with obesity-induced PAH3*.

Thiazolidinedione PPARYy agonists (e.g., pioglitazone, rosiglitazone) are widely used
for Type 2 diabetes and may potentially have therapeutic benefits in PAH?°, For
example, Legchenko et al. observed that daily oral administration of pioglitazone
attenuated SuHx-induced PAH, pulmonary vascular remodelling, and RV failure in
male Sprague-Dawley rats?®°. A preliminary clinical trial of pioglitazone has been
conducted in PAH patients?®'. However, further studies have been hampered by
safety concerns due to their possible association with serious cardiovascular side

effects (e.g., myocardial infarction)?62-263,
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1.4.5 Fibrosis and PAH

A key characteristic of PAH is remodelling of the extracellular matrix in pulmonary
arteries?®*. In PAH patients, collagen deposition and cross-linkage (converting
soluble collagen to insoluble collagen) is increased in the perivascular and
intravascular compartments of pulmonary arteries, leading to stiffening and reduced
compliance®®. Collagen deposition is highest in the intima, followed by the media
and adventitia?®®. Fibril-forming collagens (e.g., COL1A1, COL3A1) assemble to
build a microfibril and, when stabilised by cross-linking, provide structure and
strength for the vessel wall?®>. Collagen deposition also plays a key role in RV
dysfunction in PAH?%¢, RV hypertrophy may be classed as ‘adaptive’ or
‘maladaptive’?®. In adaptive RV hypertrophy, cardiac fibroblasts remain concentric
with retained function?%®. However, maladaptive RV hypertrophy is characterised by
transition of cardiac fibroblasts into myofibroblasts leading to excess collagen
formation, disruption of cross-linking and collagen turnover, loss of extracellular
matrix integrity, RV diastolic stiffness, and disruption of co-ordination and
contraction?®, Increased breakdown of elastin in the pulmonary arteries of PAH
patients (fragmenting the internal elastic lamina) leads to excess smooth muscle cell
prolfieration?%4267_ The extracellular matrix glycoproteins fibronectin and tenascin
also accumulate in the pulmonary arteries of PAH patients leading to increased
development of fibrous tissue (fibrosis), smooth muscle cell proliferation, and
pulmonary vascular remodelling?%4268, Increased vascular calcification
(differentiation of vascular smooth muscle cells into osteoblast-like cells) is also

observed in the pulmonary arteries of PAH patients?®®,

Female sex is associated with adaptive RV hypertrophy in PAH, suggesting that E2
may be protective against maladaptive RV remodelling®®. In keeping with this, Liu et
al. observed that daily s/c injection with E2 decreased collagen deposition and
fibrosis in the RV of male Sprague-Dawley rats with MCT-induced PAH®’. Petrov et
al. observed that E2 significantly increased Col7a1 and Col3a7 mRNA expression in
cardiac fibroblasts isolated from male Wistar rats?’?. However, in cardiac fibroblasts
isolated from female Wistar rats, E2 significantly decreased Col7a? and Col3a1
expression?’®. Erewele et al. also observed that collagen deposition was increased
in the lungs of male and female BMPR2R8%X transgenic mice compared to their wild

type littermates'®.
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1.5 Estrogen Metabolism and PAH

There is increasing evidence that metabolic dysfunction is a key driver of PAH?"". A
shift from oxidative phosphorylation to glycolysis (known as the ‘Warburg effect’) is
frequently observed in tumours but has also recently been observed in the
pulmonary arteries and RV of PAH patients®’'. This is associated with
hyperproliferation of PASMCs and endothelial dysfunction leading to pulmonary
vascular remodelling?'. Furthermore, BMPR2 may be protective against the
Warburg effect. For example, following re-exposure to normoxic conditions,
mitochondrial function was preserved in wild type mice with chronic hypoxia-induced
PAH but not in EC-BMPR2"- mice (with endothelial-cell specific BMPR2
knockout)?"2. Therefore, the Warburg effect may present a potential therapeutic
target for both cancer and PAH?2273_ Several other metabolic processes are also
altered in PAH patients including the tricyclic acid cycle and fatty acid oxidation®"".
Therefore, the emerging field of metabolomics has significant potential to identify

novel mechanisms of PAH.

Altered estrogen metabolism is a key hypothesis for the estrogen paradox in PAH?"4,
Estrogen metabolites are known to be active in several diseases including breast
cancer, endometriosis, and systemic lupus erythematosus?’>276-2’7. The CYP450
system is highly active in the lung, with CYP1A1, CYP1A2, CYP1B1 and other
CYP450s oxidising E1 and E2 at the C2, C4 or C16 positions to produce 2-,4- or
16a-hydroxyestrogens’. The catechol 2-hydroxy- and 4-hydroxyestrogens are

further metabolised to 2- and 4-methyoxyestrogens by COMT (Figure 1.4)".

1.5.1 Aromatase

Aromatase (CYP19A1) is the rate-limiting enzyme which catalyses estrogen
synthesis through aromatisation of androstenedione and testosterone®™. It is locally
expressed in the smooth muscle (medial) layer of human and rodent pulmonary
arteries®®. Aromatase expression in postmenopausal female control subject

hPASMCs is significantly higher than in male control subject hPASMCs33. However,
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no difference was observed between female PAH patient hPASMCs and female
control subject hPASMCs?3. On the other hand, aromatase expression is
significantly increased in the pulmonary arteries of male and female chronic hypoxic
C57BL/6 mice and SuHx Wistar Kyoto rats compared to their normoxic controls®:.
Overexpression of CYP19A1 associated with the rs7175922 polymorphism may be

associated with an increased risk of portopulmonary hypertension?8,

Aromatase inhibitors (e.g., anastrozole, letrozole) are widely used for ER-positive
breast cancer®'. Mair et al. observed that daily s/c injection or oral dosing with
anastrozole attenuated PAH in female chronic hypoxic C57BL/6 mice and female
SuHx Wistar Kyoto rats®®. However, no response was observed in males®.
Anastrozole also increased Bmpr2 mRNA expression in the lung tissue of female
normoxic C57BL/6 mice, female chronic hypoxic C57BL/6 mice and female SuHx
rats®3. However, no change in Bmpr2 was observed in males®3. On the other hand,
circulating E2 levels are higher in both men and postmenopausal women with PAH
compared to control subjects®®?'. Therefore, aromatase inhibitors may potentially
benefit PAH patients of both sexes. Anastrozole has been studied in small cohorts of
PAH patients in Phase 2 clinical trials?7°28%.281 Kawut et al. observed that
anastrozole significantly reduced plasma E2 levels, improved 6-minute walk
distance, and was well tolerated in men and postmenopausal women with PAH?7°,

Therefore, further clinical trials of anastrozole in PAH patients may be warranted?’®.

Metformin is a well-established treatment for Type 2 Diabetes Mellitus?®2. Dean et al.
recently observed that daily oral metformin attenuated SuHx-induced PAH in female
Wistar Kyoto rats via inhibition of aromatase??. Given that insulin resistance is a
common comorbidity with PAH, metformin is currently in clinical trials to investigate
whether it can be repurposed as a novel therapy for PAH?4%246.284 Thjs also leads to
the question of whether the recommended lifestyle interventions for obesity and

insulin resistance (e.g., diet, weight loss) could improve the symptoms of PAHZ5,
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1.5.2 Cytochrome P450 Enzymes and PAH

CYP1B1 predominantly metabolises E1 and E2 to 4-hydroxyestrogens, but also
plays a role in formation of 16a-hydroxyestrogens'. Although CYP1B1 can also
mediate formation of the 2-hydroxyestrogens, these are predominantly formed by
CYP1A2 and (to a lesser extent) CYP1A1'°. Altered estrogen metabolism through
CYP1B1 may play a key role in hereditary PAH?%, For example, Austin et. al
observed that female BMPRZ2 mutation carriers homozygous for the N/N genotype of
CYP1B1 N453S have a four-fold greater incidence of hereditary PAH?%, CYP1B1
expression is also decreased in lymphocytes from hereditary PAH patients

compared to unaffected BMPR2 mutation carriers and control subjects?®’.

CYP1B1 is expressed within all cell types in the pulmonary vascular wall including
smooth muscle and endothelial cells®*>. CYP1B1 expression is upregulated in the
pulmonary arteries of idiopathic and hereditary PAH patients®. It is also
overexpressed in the pulmonary arteries of male and female C57BL/6 mice with
chronic hypoxia- and SuHx-induced PAH*. In both sexes, White et al. observed that
chronic hypoxia-induced PAH was attenuated in CYP1B1” mice, and that the
CYP1B1 antagonist TMS attenuated both chronic hypoxic- and SuHx PAH in
C57BL/6 mice®. TMS also attenuated E2-induced proliferation in female hPASMCs,
and this inhibitory effect was 100-fold more potent in hPASMCs isolated from PAH
patients compared to control subjects®®. On the other hand, Johansen et al.
observed that TMS did not reverse PAH in MCT-treated male and female Wistar
rats, but prolonged survival?*. CYP1B1 may also mediate serotonin-dependent
PAH. For example, female CYP1B1” mice are not susceptible to dexfenfluramine-
induced PAH, and daily intraperitoneal injection of TMS attenuates PAH in female
SERT* mice®240, Mair et al. recently observed that daily intraperitoneal injection of
TMS also attenuates PAH and pulmonary vascular remodelling in male genetically
obese ob/ob mice®*. Cell culture media incubated for 24 hours with peri-renal VAT
harvested from male ob/ob mice contained significantly higher levels of 160HE1
than control media®. Intriguingly, 24 hours stimulation with VAT-conditioned media
significantly increased proliferation of PASMCs isolated from male ob/ob mice®*.
This was attenuated by both anastrozole and TMS**. Therefore, antagonism of

CYP1B1 may present a novel therapeutic strategy for PAH.
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The aryl hydrocarbon receptor (AhR) is a heterodimeric transcription factor which
induces aromatase, CYP1A1, CYP1A2, and CYP1B12%, It is highly expressed in the
lung, and is also known to influence tumorigenesis, energy metabolism, lipid
metabolism and obesity?392°0.2%1 The AhR may also play a key role in PAH. AhR
expression is significantly higher in hPASMCs from female PAH patients compared
to control subjects?®2. Sugen 5416 is a known AhR agonist?®2. Dean et al. recently
demonstrated that the AhR plays a key role in SuHx PAH?%2, Activation of the AhR in
female SuHx Wistar rats leads to increased expression of CYP1A1 and aromatase
in the lungs, resulting in increased E2 synthesis and metabolism?®2. Sugen 5416
increases proliferation of blood outgrowth endothelial cells from female PAH
patients, but only causes proliferation of PASMCs when grown in hypoxic
conditions?®2, Under hypoxia, HIF1a translocates from the cytoplasm to the
nucleus?®. There is a close link between E2 metabolism and hypoxia as the aryl
hydrocarbon receptor nuclear translocator (ARNT), also known as hypoxia-inducible
factor 1B (HIF-1B), is shared between the AhR and HIF1a (Figure 1.9)?922% The
AhR antagonist CH223191 attenuated SuHx-induced PAH and CYP1A1
overexpression in female Wistar Kyoto rats?®2. Therefore, AhR antagonism may be

another potential therapeutic target in PAH.
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Figure 1.9: The interaction of Sugen 5416, hypoxia, and the aryl hydrocarbon receptor.

In endothelial cells, Sugen 5416 activates the aryl hydrocarbon receptor (AhR), leading to nuclear
translocation and subsequent alterations in estradiol (E2) metabolism. This results in selection of
apoptosis-resistant endothelial cells (ECs) and increased proliferation, leading to pulmonary vascular
remodelling and formation of occlusive plexiform lesions. In pulmonary artery smooth muscle cells
(PASMCs), Sugen 5416 activates the AhR leading to nuclear translocation. Under hypoxic conditions,
hypoxia-inducible factor 1a (HIF1a) translocates from the cytoplasm to the nucleus. The aryl
hydrocarbon receptor nuclear translocator (ARNT), also known as hypoxia-inducible factor 18 (HIF13),
is shared by both the AhR and HIF1a. Activation of ARNT by the AhR leads to increased expression of
cytochrome P450 1A1 (CYP1A1) and aromatase, resulting in increased E2 synthesis and altered E2
metabolism. When combined with hypoxia, Sugen 5416 induces proliferation of pulmonary artery

smooth muscle cells. Created with BioRender.com.
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1.5.3 The 2-Hydroxylation Pathway

The 2-hydroxylation pathway accounts for around 50% of E2 metabolism, and its
metabolites have no relative estrogenic activity?®®. The 2-hydroxyestrogens are
converted to 2-methoxyestrogens by COMTZE, |t is well-established that 2-
methyoxyestradiol (2ME2) mediates protective effects in both PAH and
cancer?’42%2%_For example, 2ME2 improves the sensitivity of oesophageal
squamous cell carcinomas to radiotherapy?®*. Tofovic et al. observed that continuous
s/c administration of 2-hydroxyestradiol (20HEZ2) or 2ME2 attenuates development
and progression of MCT-induced PAH in male Sprague-Dawley rats?*®. However, the

precise mechanism is unclear.

Hypoxia-inducible factors are crucial for adaptation to decreased oxygen
availability?®. Under normoxic conditions, HIF1a is hydroxylated through prolyl
hydroxylases (PHDs) then tagged for proteasomal degradation through the E3
ubiquitin-ligase system by Von Hippel-Lindau tumour suppressor protein?®. In
response to hypoxia, the PHDs are inhibited and HIF 1a stabilises within the cell,
translocates to the nucleus, and interacts with HIF13 (ARNT) and the hypoxic
response element to mediate gene transcription?®®. Prolonged HIF 1a activation may
contribute to pulmonary vascular remodelling in PAH. For example, hypoxia-induced
proliferation of human PASMCs is inhibited by knockdown of HIF1a2%". Chronic
hypoxia-induced PAH and pulmonary vascular remodelling is also attenuated in
transgenic mice with a smooth muscle cell-specific deletion of HIF1a2%. Docherty et
al. recently observed that basal HIF1a protein expression was higher in female
control hPASMCs compared to males, which may potentially contribute to the
female predominance of PAH?*® Continuous s/c administration of 2ME2 attenuates
chronic hypoxia-induced PAH in male and female Sprague-Dawley rats?®°. HIF1a
protein expression significantly increased in the lungs of female rats in response to
chronic hypoxia, and this was attenuated by 2ME22%°. 2ME?2 also significantly
decreased proliferation in female control human PASMCs, and this was not
mediated by ERa, ERB or GPER?%.
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Microtubules are structural components of the cytoskeleton required for cell
motility®>°°. These regulate a variety of signalling pathways including HIF1a, inducible
nitric oxide synthase, and nuclear factor-kp (NF-kB)%%°3%, 2ME2 disrupts the
cytoskeletal a-tubulin network in both female rPASMCs and female control subject
hPASMCs, leading to downregulation of HIF-1a2%°. Intriguingly, serotonin also plays
a role in HIF1a expression, as the 5-HT2B receptor activates NF-kp which regulates
HIF1a%'. Therefore, the therapeutic effects of 2ME2 in PAH may result from
inhibition of HIF1a and microtubular disruption in PASMCs.

The specific effects of COMT have not been studied in PAH, however it is
reasonable to hypothesise this is protective as it mediates formation of 2ME22%. It is
well-established that COMT mediates protective effects against both benign and
metastatic tumours3°23%, For example, a leiomyoma is a benign smooth muscle cell
tumour often found in the uterus (also known as a uterine fibroid)3°2. COMT
overexpression stabilises microtubules, decreases aromatase expression,
attenuates E2-induced proliferation, and decreases signalling via ERa in human
uterine leiomyoma cells®®?. Intriguingly, women have lower hepatic COMT activity
than men3®®, Furthermore, Jiang et al. observed that E2 decreased COMT
expression in MCF-7 breast cancer cells, and this was attenuated by the ERa
inhibitor fulvestrant (ICI 182780)%. Therefore, future studies could investigate
whether decreased basal COMT expression in the lung may contribute to the female

predominance of PAH.

Overall, 2ME2 has significant therapeutic potential for PAH. It may also be useful as
an adjuvant therapy to current treatments as it modifies endothelin synthesis,
prostacyclin synthesis, and nitric oxide release3®. For example, Tofovic et al.
investigated the effects of combining 2ME2 with the endothelin receptor antagonist
bosentan or the PDE-5 inhibitor sildenafil in male Sprague-Dawley rats with MCT-
induced PAH3%, Combination therapy with 2ME2 improved survival and decreased
pulmonary vascular remodelling compared to bosentan or sildenafil alone®%. While
2ME2 has been investigated in clinical trials for advanced solid tumours, it has not
yet been studied in PAH patients®%¢-3%7, 2-ethoxyestradiol (2EE) is a more potent
synthetic analogue of 2ME2, therefore may provide more efficient dosing in clinical
trials®%8. Tofovic et al. observed that 2EE is anti-mitogenic in human PASMCs,
PAECs, and lung fibroblasts®®. 2EE also attenuated MCT-induced PAH and

pulmonary vascular remodelling in male Sprague-Dawley rats3°e.
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1.5.4 The 4-Hydroxylation Pathway

The 4-hydroxylation pathway accounts for around 5% of E2 metabolism and is
predominantly mediated by CYP1B1%’4. The 4-hydroxyestrogens are converted to 4-
methoxyestrogens by COMT?", In the field of oncology, 4-hydroxyestradiol (4OHE2)
is known to produce ROS leading to genotoxic effects and carcinogenesis, for
example in ER-positive breast cancer®. In PAH, the effects of 4OHE2 appear to
have marked sex differences’®. Mair et al. observed that 4OHE2 significantly
decreased proliferation of male control subject hPASMCs and, in keeping with this,
increased expression of p-Smad1,5,8, 1d1, and 1d3'%. On the other hand, 40OHE2
did not affect proliferation of female control hPASMCs and decreased expression of
p-Smad1,5,8, Id1, and 1d3"%. This suggests that 4OHE2 may mediate protective
effects against PAH in males but pathogenic effects in females'®*. However, further
studies are required to investigate the underlying mechanisms of this sex difference,
the effects of 4OHE2 in vivo, and whether 4OHE2 may contribute to oxidative stress
in PAH.

1.5.5 16a-Hydroxyestrone

16a-hydroxyestrone (160HE1) is produced by oxidation of E1 at C16 by CYP1A1,
CYP1A2, CYP1B1 and CYP3A4'%. CYP1A1 and CYP1B1 mainly mediate
extrahepatic synthesis of 160HE1, whereas CYP1A2 and CYP3A4 are predominant
in the liver''°. 17B-HSD2 also mediates formation of 160HE1 by further oxidation of
160HE2?"*. 160HE1 forms strong covalent bonds with estrogen receptors, leading
to prolonged receptor activation®'°. Therefore, it has a much higher estrogenic

activity than the 2- and 4-hydroxyestrogen metabolites and 160HE2274310,

160HE1 predominantly mediates pathogenic effects in PAH. White et al. observed
that daily intraperitoneal injection of 160HE1 induced PAH in female C57BL/6 mice
in the absence of any additional precipitating factors®. 160HE1 induces proliferation
of female control subject hPASMCs, and this is further increased in female PAH
patient hPASMCs*3"". Hood et al. demonstrated that 1610HE1-induced proliferation
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is redox-sensitive, primarily acting through Nox1*"". 160HE1 induced a rapid, but
transient, increase in ROS generation in female control subject hPASMCs, whereas
in female PAH patient hPASMCs these effects were sustained3'". This was mediated
via ERa®"". Female Nox1” mice were protected against chronic hypoxic PAH and
pulmonary vascular remodelling®*''. 160HE1 had no significant effect on NRF2
activity in female control hPASMCs, but significantly decreased NRF2 activity in
female PAH patient hnPASMCs®"". This effect appears to be dependent on estrogen
metabolism to 160HE1 by CYP1B1, as TMS restored NRF2 activity in female PAH
patient hPASMCs?"'. 160HE1 also decreased expression of the antioxidants SOD1
in female control subject hPASMCs and catalase in female PAH patient
hPASMCs?*". Therefore, 160HE1 may be a key mediator of oxidative stress in PAH.
The NRF2 activator bardoxolone methyl has been investigated in Phase 2 and 3

clinical trials for PAH3'2,

160HE1 may also mediate disease penetrance in hereditary PAH. For example,
Austin et al. observed that the urinary 2-hydroxyestrogen/160HE1 ratio was 2.3-fold
lower in hereditary PAH patients compared to unaffected BMPR2 mutation
carriers?®. Fessel et al. also observed that the urinary 160HE1/2ME2 ratio was
elevated in male hereditary PAH patients compared to healthy control subjects’®.
However, this raises the question of whether this is due to correlation between
estrogen metabolite levels, or if PAH is caused by high 160HE1 or low 2-
hydroxyestrogen/2ME2 levels.

Bmpr2-mutant mice spontaneously develop PAH but, in keeping with human
hereditary PAH, disease penetrance is low3'3. For example, around 50% of
Bmpr2R&9°X mice spontaneously develop PAH after 6 weeks of transgene
activation®'3. Fessel et al. observed that continuous s/c administration of 160HE1
significantly increased the penetrance of PAH in male Bmpr2R8%°X and Bmpr2dex4*
mice'%. 160HE1 also suppressed BMPR?2 signalling in the lung tissue of their wild
type littermates’®. However, 2ME2 had no significant protective effect against PAH
in male Bmpr2R8%X mice'%. Following this, Chen et al. observed that 160HE1
exacerbates PAH in Bmpr2-mutant mice via upregulation of miR29'%¢. Weekly
injections of anti-miR29 for 6 weeks attenuated PAH and pulmonary vascular
remodelling in male and female BMPR2R8X mice in the presence or absence of
160HE1"%¢. 160HE1 may also promote insulin resistance in PAH®. Chen et al.
observed that 160HE1 significantly decreased PPARy expression in the lungs of
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wild type and Bmpr2-mutant mice'®. This was reversed by miR29 antagonism'®. In
keeping with this, 160HE1 also decreased mobilisation of GLUT4 in response to
insulin in pulmonary microvascular endothelial cells isolated from male Bmpr2dex4
mice'®. Therefore, miR29 antagonism presents a potential therapeutic target
against the pathogenic effects of 160HE1 in PAH.

Finally, Sangam et al. recently observed that 160HE1 suppresses protective SOX717
expression in human PAECs'°. 160HE1 also suppressed SOX77 promoter activity
in hPASMCs via ERa'®°. Intriguingly, Tie2-Sox17 transgenic mice overexpressing
Sox17 are protected against 160HE1-induced PAH and RV hypertrophy'®°.
Therefore, SOX17 may be a key link between altered estrogen metabolism and
PAH.

1.5.6 16a-Hydroxyestradiol

160HEZ2, also known as estriol, is predominant during pregnancy?°. It is synthesised
from 16a-hydroxydehydroepiandrosterone (16-OH-DHEA) in the fetal liver then
released into the maternal circulation via the placenta as unconjugated 160HE23™4.
There, it rapidly undergoes extensive conjugation by enzymes such as [3-
glucuronidase and is excreted in the urine as 160HE2-glucuronide (Figure
1.10)315318_ During pregnancy, around 80-90 percent of 160HE2 circulates as
160HE2-glucuronide and the rest as unconjugated 160HE2%'4. Elevated plasma
levels of 160HE2 were recently observed in female idiopathic PAH patients, and in
male and female patients with portopulmonary PAH (affecting both the lungs and
liver)®*'317 However, the source of 160HE2 synthesis in PAH patients is

undetermined.
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Figure 1.10: Biosynthesis of 16a-hydroxyestradiol during pregnancy.

The mother provides cholesterol to the placenta, which converts it to progesterone for release into the
maternal or fetal circulation. Progesterone is converted to dehydroepiandrosterone (DHEA) or
dehydroepiandrosterone sulfate (DHEA-S) in the fetal adrenal glands before further metabolism to 16a-
hydroxydehydroepiandrosterone or 16a-hydroxydehydroepiandrosterone sulfate (16-OH-DHEA/16-OH-
DHEA-S) in the fetal liver. 16-OH-DHEA returns to the placenta and is aromatised to unconjugated
16a-hydroxyestradiol (160HE2) before secretion into the maternal circulation. 160HE2 undergoes
extensive conjugation in the maternal liver by several enzymes (e.g., B-glucuronidase) before excretion

in the urine as 160HE2-glucuronide. Created with BioRender.com.

At present, little is known about the function of 160HEZ2 in PAH. In a preliminary
study, Denver et al. observed that 160HE2 induced proliferation of female PAH
patient hPASMCs, and increased migration of blood outgrowth endothelial cells
(BOECs) from male and female PAH patients?*'. 160HE2-induced migration was
attenuated by the NRF2-activator bardoxolone, suggesting that this may be
dependent on redox signalling®*'. Intriguingly, Kawut et al. observed that the ERa

inhibitor fulvestrant decreased plasma 160HE2 levels in postmenopausal women

54



with PAH"7. Watson et al. also observed that 160HE2 increased proliferation of
GH3/B6/F10 rat pituitary tumour cells, but this did not occur in a subline of these
cells expressing low levels of ERa®'8. During a study primarily focused on E2, Austin
et al. (2012) incidentally observed that 24 hours stimulation with 160HE?2
suppressed BMPR2 expression in human pulmonary microvascular endothelial
cells™”. However, this observation was made before increased plasma levels of
160HE2 were detected in PAH patients (Denver et al. 2020)%*'. While preliminary
evidence suggests that 160HE2 may be pathogenic in PAH, substantial work is
required to elucidate the mechanisms underlying its functional effects in vitro, its

molecular effects, and its effects in vivo.

1.6 Aims and Objectives

Female sex is a significant risk factor for PAH, with up to four-fold more women
developing PAH than men?’. On the other hand, once PAH has developed, women
have better survival than men?. Recent evidence suggests that this ‘estrogen
paradox’ may be mediated by a shift in estrogen metabolism from the protective 2-
hydroxylation pathway to pathogenic 16a-hydroxylation?’. Elevated plasma levels of
160HE2 were recently observed in female idiopathic PAH patients, and in male and
female patients with portopulmonary PAH?*'317 However, little is known about the
function of 160HEZ2 in PAH. Therefore, the principal aim of this research was to
investigate the role of 160HEZ2 in the pathogenesis of PAH. This was addressed by

the following project aims:

1. To functionally characterise the effects of 160HEZ2 in vitro.
2. To investigate the molecular effects of 160HE2 in vitro.

3. To investigate the haemodynamic, physiological, and molecular effects of
160HE2 in vivo.
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Chapter 2

Material and Methods
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21 Chemical Reagents and Equipment

All chemical reagents were purchased from Fisher Scientific (UK) or Sigma-Aldrich
(UK) unless stated otherwise. Plastic-ware for cell culture was supplied by Corning,
ThermoFisher Scientific (UK). Reagents for RNA and protein analyses were
purchased from Qiagen (UK) and ThermoFisher Scientific (UK) respectively unless
stated otherwise. Certified nuclease-free plastic-ware for experimental protocols

involving RNA was supplied by VWR International (UK).

2.2 Cell Culture

2.2.1 Dede Hamster Lung Fibroblasts

Dede hamster lung fibroblasts, an immortalised cell line derived from female
Chinese hamsters, were purchased from ATCC (Manassas, US). Dede hamster lung
fibroblasts were removed from liquid nitrogen and stored on dry ice before rapid
defrosting in a water bath (37°C). Once the contents of the vial had thawed, the
exterior was wiped with 70% ethanol (Fisher Chemical, UK) in distilled water to
prevent contamination. Dede hamster lung fibroblasts were placed in a T-75 flask
with 10 mL Dulbecco’s Modified Eagle Medium (DMEM; Gibco, UK) containing 10%
fetal bovine serum (FBS; Sera Laboratories International, UK) and 1% antibiotic
antimycotic solution (containing 0.25 pg/mL amphotericin B, 10,000 U/mL penicillin,
100 ug/mL streptomycin; Sigma-Aldrich, UK). Penicillin prevents bacterial growth by
inhibiting cell wall synthesis, streptomycin inhibits bacterial protein synthesis, and
amphotericin B is an antifungal agent. DMEM contains the pH indicator phenol red,
which progresses from a red to yellow colour as the pH of the medium decreases.
This most commonly occurs in response to waste products released from the cells
but can also result from bacterial infection or cell death. Cells were placed in a 37°C,
5% CO2, 95% air humidified incubator and fresh media was provided every 2-3

days.
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2.2.2 Subculture of Dede Hamster Lung Fibroblasts

Dede hamster lung fibroblasts were cultured to 90-100% confluency. The media was
aspirated, and the cells washed with 10 mL phosphate buffered saline (PBS; Gibco,
UK). 1 mL trypsin 0.1% (w/v) EDTA in PBS (Life Technologies, UK) was added to the
flask and the cells incubated for 3-5 minutes until detached (sometimes aided by a
gentle tap following removal from the incubator). Trypsin digests adhesive proteins,
detaching cells from the flask. EDTA chelates divalent ions in the media. 9 mL media
was added to each flask to inactivate the trypsin and the cell suspension centrifuged
at 1500 rpm for 5 minutes to pellet the cells. The supernatant was aspirated, and the
cells re-suspended in 10 mL media. A Neubauer Improved Haemocytometer
Counting Chamber BS.748 (Hawksley, UK) was used to count the cells. Cells were
seeded in a 6-well plate at 3x10° cells/well for the Countess proliferation assay (2.5)

and grown to 50-60% confluency.

2.2.3 Isolation of Rat Pulmonary Artery Smooth Muscle
Cells

All in vivo procedures including euthanasia, tissue harvest, and pulmonary artery
dissection were performed by Dr Hicham Labazi. Male and female Sprague-Dawley
rats (Envigo, UK) aged 11-13 weeks weighing 320-344g (males) and 210-265g
(females) were euthanised by CO; inhalation (BOC, UK) in accordance with
Schedule 1 of the Animals (Scientific Procedures) Act 1986. The heart and lungs
were excised, rinsed in sterile PBS, and placed in 2 mL sterile Ham’s F-12 nutrient
mixture media (Gibco, UK). The intra-lobar artery and aorta were dissected using
micro-dissection forceps and placed in new Eppendorf tubes containing 2 mL sterile
Ham’s F-12 media. The right ventricle (RV) was separated from the left ventricle and

septum (LV+S), and both were weighed.

The following digestive enzyme mix was prepared: 10 mg bovine serum albumin
(BSA; Sigma-Aldrich, UK), 5mg collagenase type | (Sigma-Aldrich, UK), 0.6 mg
elastase type Il (Sigma-Aldrich, UK), 1.8 mg soybean trypsin inhibitor (Sigma-

Aldrich, UK) in 10 mL F-12 Ham’s media. Collagenase and elastase break down
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collagen and elastin to compromise the integrity of the blood vessel wall and allow
cell migration into the media. BSA inhibits the collagenase and slows down the
digestion process to prevent damage to cells. Soybean trypsin inhibitor was used to
prevent cell damage during cell dissociation from the vessel. The digestion enzyme
mix was filtered through a 0.22 um syringe filter under sterile conditions into a 35
mm culture dish. The pulmonary arteries were carefully transferred to one culture

dish using fine tweezers. The dishes were incubated overnight.

As only one lung from each rat was available during earlier experiments, three
pulmonary arteries from different rats were pooled to form one cell line as these are
very small and one pulmonary artery alone does not yield sufficient cells. Each cell
line was used three times to provide n=3. In later experiments, both lungs from
each rat were available and two pulmonary arteries from the same rat were pooled

to form one cell line. Each line was used once as n=1.

Vessels were chopped into small pieces using a disposable scalpel, then re-
suspended in the media by pipetting up and down 20 times using a Pasteur pipette
every 30 minutes for 3 hours. 3 mL F-12 Ham’s media was added to the culture
plate, and the cells and debris were filtered through a 100 uM nylon cell strainer
(FALCON, New York, U.S) into a 50 mL Falcon tube. The plate was washed twice
with a further 3 mL F-12 Ham’s media and once with 1 mL media to ensure all cells
and debris were removed from the plate. This was filtered into the Falcon tube, and
a further 5 mL of F-12 Ham’s media was run through the cell strainer to clear any
remaining cells into the Falcon tube. The cell suspension was centrifuged for 5

minutes at 1500 rpm to pellet the cells.

The pulmonary artery cells were re-suspended in 5 mL DMEM containing 20% FBS
and 1% antibiotic antimycotic solution per artery (15 mL for three arteries; 10 mL for
two). T-25 flasks were coated with 1 mL gelatin (bovine; Sigma-Aldrich, UK), allowed
to dry for 20 minutes, then washed with PBS. The cells were distributed 5 mL per
gelatin-coated flask and incubated until adhered. The media was replaced after 1-2

days, and the cells cultured for 5-6 days.

Once 70-80% confluent, the cells were washed with 5 mL PBS, 1 mL trypsin was
added, and the cells incubated for 3-5 minutes until detached. 4 mL DMEM was
added to each flask to inactivate the trypsin, and the cell suspension taken up into a

Falcon tube and centrifuged at 1500 rpm for 5 minutes to pellet the cells. The

59



supernatant was aspirated, and the cells re-suspended in 10 mL media then placed

in T-75 flasks to allow culture expansion.

Once the T-75 flasks were confluent, the cells were washed with 10 mL PBS. 1 mL
trypsin was added, and the cells incubated for 3-5 minutes until detached. 9 mL
DMEM was added to each flask and the cell suspension centrifuged at 1500 rpm for
5 minutes to pellet the cells. The supernatant was aspirated, and the cell pellet was
re-suspended in 2 mL 10% dimethyl sulfoxide (DMSO; ThermoFisher Scientific, UK)
in DMEM. DMSQO is a cryoprotectant that aids in reducing cell death during the slow-
freezing process for storage in liquid nitrogen. 1 mL cell suspension was added to
each cryogenic storage vial and the cells were slowly frozen at a rate of
approximately -1°C/min in a Mr Frosty™ Freezing Container (ThermoFisher
Scientific, UK) insulated with 100% isopropyl alcohol (Fisher Chemical, UK). The

cells were moved into long-term storage in liquid nitrogen (-196°C).

2.2.4 Culture of Rat Pulmonary Artery Smooth Muscle
Cells

Rat pulmonary artery smooth muscle cells (PASMCs) were removed from liquid
nitrogen and kept on dry ice before rapid defrosting in a water bath. Once the
contents of the vial had thawed, the exterior was wiped with 70% ethanol to prevent
contamination. rPASMCs were suspended in 10mL DMEM (containing 20% FBS
and 1% antibiotic-antimycotic solution) in a T-75 flask or 25 mL DMEM in a T-175
flask depending on the number of cells required and left to adhere for ~24 hours.

Fresh media was provided every 2-3 days.
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2.2.5 Subculture of Rat Pulmonary Artery Smooth Muscle
Cells

rPASMCs (passage 2-6) were grown to 90-100% confluency. 1 mL culture media
was taken for Mycoplasma testing, initially using a PCR Mycoplasma Test Kit
(Supplemental Methods 8.1; PromoCell, UK) and later using a MycoStrip™
Mycoplasma Detection Kit (Supplemental Methods 8.2; InvivoGen, San Diego, USA)
as this was less time consuming. One cell line tested positive for Mycoplasma and
was treated with Plasmocin™ Treatment (InvivoGen, San Diego, USA) 12.5 ug/mL
for two passages, then repeat testing confirmed successful Mycoplasma eradication.
Plasmocin™ Treatment is a broad-spectrum anti-mycoplasma agent containing two
bactericidal components: one interfering with ribosome translation and the other

acting on DNA replication.

The culture media was aspirated, and the cells washed with 10 mL or 25 mL PBS for
T-75 and T-175 flasks respectively. 1 mL or 3 mL trypsin was added, and the cells
incubated for 3-5 minutes until detached. PASMCs develop a round morphology
upon detachment. 9 mL or 22 mL media was added to inactivate the trypsin and the
cell suspension taken up into a Falcon tube. The cell suspension was centrifuged at
1500 rpm for 5 minutes to form a pellet. The supernatant was aspirated, and the
pellet re-suspended in 10 mL or 25 mL media for T-75 and T-175 flasks respectively.

The cells were counted using the haemocytometer.

For immunocytochemistry, rPASMCs were seeded in 12-well plates onto collagen
coated coverslips (prepared as per 2.3) at 1x10° cells/well in DMEM containing 20%
FBS. For the Countess proliferation assay, male rPASMCs were seeded at 3x10°
cells/well and female rPASMCs at 2x10° cells/well in a 6-well plate and grown to 50-
60% confluency in DMEM containing 10% FBS. Different seeding densities were
required because female rPASMCs grow more rapidly than male rPASMCs. For
wound migration, rPASMCs were seeded in gelatin coated 6-well plates (prepared
as per 2.6) at 3x10° cells/well in DMEM containing 20% FBS. rPASMCs were initially
seeded at 3x10° cells/well in 6-well plates in DMEM containing 20% FBS for RNA
and protein extraction, but this was later changed to 2.2x10° cells in a 100 mm dish

to yield more RNA and protein.
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2.2.6 Isolation of Pulmonary Artery Smooth Muscle Cells

from Sugen-Hypoxic and Chronic Hypoxic Rats

An attempt was made to isolate PASMCs from male and female Sprague-Dawley rats
treated with a single 20 mg/kg dose of Sugen 5416 (Bio-techne Ltd, UK) followed by
3 weeks hypoxia (reduced atmospheric pressure of 550 mBar) then re-exposure to
normal atmospheric pressure (~1050 mBar) for 3 weeks. All in vivo procedures
including Sugen dosing, maintenance in chronic hypoxia, euthanasia, tissue harvest,
and pulmonary artery dissection were carried out by Dr Hicham Labazi. As this was a
preliminary study, rats were used as available. The male rats were aged 13 weeks
and weighed 269-300g. The female rats were aged 15 weeks and weighed 205-241g.
Euthanasia, tissue harvest, and PASMC isolation were carried out as per 2.2.3. The
RV was separated from the LV+S. Both parts were weighed to calculate the Fulton
index (RV Weight/ LV+S Weight). In all rats, the Fulton index was >0.34 confirming
the presence of RV hypertrophy characteristic of PAH (Supplementary Tables 9.1 and
9.2). As fewer cells were expected to adhere to the flask following isolation, the cells
from four rat pulmonary arteries were pooled in each flask and cultured as per 2.2.4.
Although the cells adhered unfortunately their growth was very poor, and the cultures

had to be abandoned around 5 weeks later.

It was hypothesised that the sugen-hypoxic rPASMCs failed to grow due to the severe
PAH phenotype associated with this model. Therefore, an attempt was made to isolate
PASMCs from female Sprague-Dawley rats following 2 weeks of hypoxia alone. As
previously, all in vivo procedures including maintenance in chronic hypoxia,
euthanasia, tissue harvest, and pulmonary artery dissection were carried out by Dr
Hicham Labazi. The female rats were aged 18 weeks and weighed 241-260g.
Euthanasia, tissue harvest and PASMC isolation were carried out as per 2.2.3. The
RV was separated from the LV+S and both were weighed. In all rats, the Fulton index
was >0.34 confirming the presence of the RV hypertrophy (Supplementary Table 9.2).
The cells were cultured as per 2.2.4 and sub-cultured as per 2.2.5. However, these
cells were highly sensitive to quiescence in 0.2% DMEM (as per 2.5.2) prior to
experiments and stopped growing. Therefore, the decision was made to focus on

other studies.
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2.2.7 Isolation of Rat Aorta Smooth Muscle Cells

Aorta smooth muscle cells (AoSMCs) were isolated from the same male and female
Sprague-Dawley rats at the same time as the PASMCs using the same method as
per 2.2.3. As the aorta is much larger than the pulmonary artery and yields more
cells, one aorta was transferred to each dish for each individual cell line. Following
isolation, rat AoSMC cultures were expanded then stored in liquid nitrogen as per
2.2.3.

2.2.8 Culture of Rat Aorta Smooth Muscle Cells

Culture, subculture, and RNA collection from rat AoSMCs were carried out by Mr
Gregor Aitchison. AoSMCs were removed from liquid nitrogen and kept on dry ice
before rapid defrosting in a water bath (37°C). Once the contents of the vial had
thawed, the exterior was wiped with 70% ethanol to prevent contamination. AoSMCs
were suspended in 10 mL DMEM (containing 10% FBS and 1% antibiotic-
antimycotic solution) in a T-75 flask and left to adhere for ~24 hours. Fresh media

was provided every 2-3 days.

2.2.9 Subculture of Rat Aorta Smooth Muscle Cells

AoSMCs (passage 2-3) were grown to 90-100% confluency. 1 mL culture media was
taken for Mycoplasma testing. The culture media was aspirated, and the cells
washed with 10 mL PBS. 1 mL trypsin was added, and the cells incubated for ~3
minutes until detached. 9 mL DMEM was added to inactivate the trypsin and the cell
suspension taken up into a Falcon tube. The cell suspension was centrifuged at
1200 rpm for 3 minutes to pellet the cells. The cells were re-suspended in 10 mL
media, counted, and seeded into 6-well plates at 3x10° cells/well for RNA collection.

The cells were grown to ~70% confluency.
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2.2.10 Human Fetal Lung Fibroblast-1 Cells

Human fetal lung fibroblast-1 cells (HFL-1; ATCC, Manassas, US) were used as a
fibroblast control for immunocytochemistry characterisation of the newly isolated
rPASMCs and AoSMCs. HFL-1 cells were removed from liquid nitrogen and stored
on dry ice before rapid defrosting in a water bath. Once the contents of the vial had
thawed, the exterior was wiped with 70% ethanol to prevent contamination. Cells
were suspended in 10 mL Ham'’s F-12K (Kaighn’s) Medium (Gibco, UK) with 10%
FBS and 1% antibiotic-antimycotic solution in a T-75 flask, then incubated. Cells

were left to adhere overnight, and fresh media provided every 2-3 days.

2.2.11 Subculture of Human Fetal Lung Fibroblast-1 Cells

HFL-1 cells were grown to 90-100% confluency in a T-75 flask. The culture media
was aspirated, and the cells washed with 10 mL PBS. 1mL trypsin was added to the
flask and the cells incubated for ~3 minutes until detached. The HFL-1 cells were
seeded in 12-well plates onto collagen-coated coverslips at 1x10° cells/well. The

cells were incubated until 50-60% confluent.

2.2.12 Human Pulmonary Artery Smooth Muscle Cells

Experimental procedures using human cells conform to the principles outlined in the
Declaration of Helsinki. Human pulmonary artery smooth muscle cells (hPASMCs)
were provided by Professor Nick Morrell (University of Cambridge, UK) with ethical
permission. Primary cultures were isolated from the small distal pulmonary arteries
(<1mm external diameter). Subject characteristics are provided in Tables 3.1, 3.2
and 4.12.

hPASMCs were stored in liquid nitrogen in 10% DMSO in DMEM (with 10% FBS
and 1% antibiotic-antimycotic solution). hPASMCs were removed from liquid
nitrogen and stored on dry ice before rapid defrosting in a water bath. Once the

contents of the vial had thawed, the exterior was wiped with 70% ethanol to prevent
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contamination. Cells were suspended in 10 mL DMEM containing 20% FBS and 1%
antibiotic-antimycotic solution, then incubated. Cells were left to adhere for ~24

hours, and fresh media was provided every 2-3 days.

2.2.13 Subculture of Human Pulmonary Artery Smooth

Muscle Cells

hPASMCs were grown to 90-100% confluency in a T-75 flask. 1 mL culture media
was taken for Mycoplasma testing. The culture media was aspirated, and the cells
washed with 10 mL PBS. 1 mL trypsin was added to the flask and the cells were
incubated for ~3 minutes until detached. 9 mL media was added to inactivate the
trypsin and the cell suspension was taken up into a Falcon tube. The cells were
centrifuged at 1200 rpm for 3 minutes, and the cell pellet re-suspended in 10 mL
media. The cells were counted. For immunocytochemistry (2.3), female PAH patient
hPASMCs were seeded onto collagen-coated coverslips in 12-well plates at 1x10°
cells/well in DMEM containing 20% FBS and incubated until 50-60% confluent. For
the Countess proliferation assay (2.5), female PAH patient hPASMCs were seeded
in 6-well plates at 2x10° cells/well in DMEM containing 10% FBS and incubated until
~50% confluent. For RNA extraction (2.8.1.3), male control subject hPASMCs were
seeded in 100 mm dishes at 2.2x10° cells/well in DMEM containing 20% FBS and

incubated until ~70% confluent.

2.3 Immunocytochemistry Characterisation of
Rat PASMCs and AoSMCs

19 mm glass coverslips (VWR International, UK) were sterilised in 100% ethanol,
placed on 70% ethanol-sprayed tissue paper in the cell culture hood, and allowed to
dry for a few minutes. The coverslips were placed into 12-well plates. A solution of
20 mM acetic acid was prepared from glacial acetic acid (Fisher Chemical, UK)
diluted in distilled water and sterilised using a Minisart™ 0.2 um syringe filter

(Sartorius, UK). A 50 ug/mL solution of Collagen | Rat Tail (Gibco, UK) was prepared
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in 20 mM acetic acid and used to coat each coverslip. Collagen | is an extracellular
matrix protein and coating promotes cell adherence to coverslips. The coverslips
were left to dry in the hood for 20 minutes, washed with PBS, and the plates were

sealed and stored in the fridge until use.

rPASMCs, AoSMCs, HFL-1 cells, and female PAH patient hPASMCs were cultured
to 90-100% confluency then seeded onto the collagen-coated coverslips at a density
of 1x10° cells/well. The cells were left to adhere for 24 hours then washed twice with
PBS to remove interference from the serum in the media. 500 uL 10% neutral
buffered formalin (Sigma-Aldrich, UK) was added per well and the plates left on ice
for 10 minutes to fix the cells. Formalin is a chemical fixative which acts by formation
of covalent bond cross links between molecules. After a quick rinse with PBS, the
cells were washed twice with PBS for 5 minutes at room temperature. PBS-Tween-
Triton X-100 (PBS-TT) was prepared as follows: 0.05% Tween 20 (Sigma-Aldrich,
UK), 0.1% Triton X-100 (Sigma-Aldrich, UK) in PBS. Tween 20 is a surfactant used
to prevent non-specific binding of antibodies to the cells. Triton X-100 permeabilises
the cells, which is essential to allow antibodies to cross the cell membrane. Fixation
is essential prior to permeabilization as the cellular material would otherwise not be
preserved. The cells were permeabilized in PBS-TT at room temperature for 20

minutes.

After a quick rinse, the cells were washed twice with PBS for 5 minutes at room
temperature. A blocking buffer was made up as follows: 4% BSA, 10% goat serum
(Sigma-Aldrich, UK) in PBS-TT. The blocking buffer prevents non-specific antibody
binding and reduces subsequent fluorescent background in fixed cells. Goat serum
carries antibodies which bind to reactive sites and prevent non-specific binding of
secondary antibodies. BSA also binds to and blocks non-specific sites. 500 uL
blocking buffer was added to each well, and the cells were incubated for one hour at

room temperature.

A primary antibody buffer was made up of 4% BSA in PBS-TT. The following primary
antibodies were diluted in the buffer: ab5694 anti-alpha smooth muscle actin
produced in rabbit 1:500 dilution (Abcam, UK), ab8978 anti-vimentin antibody
[RV202] produced in mouse 1:500 dilution (Abcam, UK). Alpha-smooth muscle actin
(a-SMA) is highly expressed in PASMCs and other types of smooth muscle cells,
whereas vimentin is highly expressed in fibroblasts and mesenchymal cells.

Different host species were selected to minimise secondary antibody cross-reactivity
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and improve specificity. PBS was used as a negative control to assess any non-
specific binding. 150 uL of each primary antibody was added to the other wells and

the cells incubated overnight in a cold room.

The primary antibodies were aspirated, and the cells washed four times for 5
minutes in 0.05% Tween 20 in PBS (PBS-T) after a quick initial rinse. The following
secondary antibodies were diluted in PBS-TT: A-11008 Goat anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 1:500 dilution (Invitrogen,
UK), A-11005 Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594 1:500 dilution (Invitrogen, UK). The primary antibody binds directly
to the target antigen. The secondary antibodies bind to the primary antibodies, with
their attached fluorophores providing a green (488 nm) or red (594 nm) fluorescent
signal. 150 L of both secondary antibodies was added to each well, and the plates
wrapped in foil to protect the fluorophores from light and incubated at for 1 hour at

room temperature.

The secondary antibody was aspirated, and the cells were washed with PBS three
times for 5 minutes after a quick initial rinse. The glass coverslips were lifted using
forceps and mounted onto microscope slides using a drop of Vectashield Antifade
Mounting Medium with DAPI H-1200-10 (Novus Biologicals, UK). DAPI is a marker
for membrane viability and is highly fluorescent when bound to double-stranded
DNA in the nucleus, with an emission wavelength in the blue region of the spectrum
(461 nm). The coverslips were sealed with clear nail varnish and left to set
overnight. The slides were wrapped in foil to protect the fluorophores from light and
stored in the fridge until imaging. The cells were imaged using a Nikon Eclipse E600
fluorescence microscope (Nikon, Japan) with a x40 objective (Nikon Japan S Fluor
40X/1.30 QOil) and oil immersion (Type DF; Cargille Laboratories, USA). Oil
immersion increases the resolving power (ability to distinguish objects located at a
small angular distance) of the microscope. The images were recorded using
WinFluor Software (V3.8.5.; University of Strathclyde, UK) and analysed using
ImagedJ (v1.53e; National Institutes of Health, Bethesda, US).
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24 Validation of the Hypoxic Chamber

Immunocytochemistry and quantitative real-time polymerase chain reaction (qRT-
PCR) were used to validate that 72-hours incubation in 1% O2/5% CO2/nitrogen mix
(BOC, UK) using a Modular Incubator Chamber (Billups-Rothenberg, Del-Mar, US)
induces a hypoxic response in rPASMCs. HIF1a was selected as a marker of
cellular hypoxia as its translocation from the cytoplasm into the nucleus under
hypoxic conditions can be visualised?®®. However, HIF1a degrades quickly upon
exposure to normoxia (half-life ~5 minutes) therefore expression of its more stable

target gene hexokinase 2 (Hk2) was also measured using qRT-PCR293.319-321,

2.4.1 Immunocytochemistry

Collagen-coated coverslips were prepared as per 2.3. Female rPASMCs were
seeded onto the coverslips in two 12-well plates and grown to 50-60% confluency in
DMEM (containing 10% FBS + 1% antibiotic-antimycotic solution). A 200 uM dilution
of cobalt chloride (VWR, UK) in DMEM was prepared from a 25 mM stock solution
and sterilised using a Minisart™ 0.2 um syringe filter. The media was refreshed on
both 12-well plates, and 200 uM cobalt chloride added to two wells of the normoxic
plate as a positive control. Cobalt chloride stabilises HIF1a in the cell, where it can
translocate to the nucleus and interact with HIF13 and the hypoxic response

element to mediate gene transcription322,

The other 12-well plate was placed in hypoxic conditions using a Modular incubator
chamber as follows. The hypoxic chamber was cleaned with 70% ethanol and a 100
mm dish of sterile water was placed in the bottom of the chamber. The first mesh
rack was placed over the top, the cell culture plate added to the space between the
racks, and the chamber was sealed. 100 L of gas (1% O/ 5% CO2/nitrogen) was
passed through the chamber at a rate of 10 L/min. The chamber was placed in the
incubator for one hour, then flushed with a further 100 L of gas to remove any gases
that may have been trapped in the media. The two 12-well plates were incubated in

normoxic and hypoxic conditions respectively for 72 hours.
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The cells were fixed, and immunocytochemistry carried out as per 2.3. The following
primary and secondary antibodies were used: NB100-134 anti-HIF-1a produced in
rabbit 1:200 dilution (Novus Biologicals, UK) and A-11008 Goat anti-Rabbit IgG
(H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 1:500 dilution
(Invitrogen, UK).

2.4.2 Quantitative Real-Time Polymerase Chain Reaction

Female rPASMCs were seeded into two 6-well plates at 2x10° cells/well in DMEM,
left to adhere overnight and grown to 60-70% confluency. One 6-well plate was
incubated in normoxic conditions and the other placed in hypoxia (as per 2.4.1) for
72 hours. RNA was collected from both plates and gRT-PCR carried out (as per 2.8)

to quantify Hk2 expression.

2.5 Countess Proliferation Assay

The Countess proliferation assay was carried out in Dede hamster lung fibroblasts,
male and female rPASMCs under normoxic and acute hypoxic conditions (72 hours
in 1% 02/5% CO2/nitrogen mix) and female PAH patient hPASMCs. Dede hamster
lung fibroblasts were cultured as per 2.2.1 and subcultured in 6-well plates until 50-
60% confluent as per 2.2.2. rPASMCs were cultured as per 2.2.4 and subcultured in
6-well plates until 50-60% confluent as per 2.2.5. Female PAH patient hPASMCs
were cultured as per 2.2.12 and subcultured in 6-well plates until 50-60% confluent

as per 2.2.13.

2.5.1 Charcoal Stripping Fetal Bovine Serum

The estrogens endogenous to FBS (and other sera) may potentially have a
confounding effect when studying the effects of steroid hormones in vitro. Therefore,

FBS was charcoal-stripped to deplete estrogen levels to <10"""M3®2%, Charcoal-
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stripped FBS was used for all experiments involving quiescence and stimulation of
cells. 0.1g/10 mL dextran-coated charcoal (Sigma-Aldrich, UK) was added to FBS.
This was placed on a shaker in the cold room overnight. The following day, it was
centrifuged at 1811G and 4°C for 30 minutes, the stripped serum decanted, and
vacuum filtered under sterile conditions. A further 0.1 g/10 mL dextran-coated
charcoal was added, and the serum placed on a shake table in the cold room
overnight. The centrifugation and filtration steps were repeated, and the stripped

serum was aliquoted and stored at -20°C.

2.5.2 Quiescence of Cells

Dede hamster lung fibroblasts were quiesced with 0.5% charcoal stripped FBS in
phenol red-free DMEM (Gibco, UK) for 24 hours prior to stimulation. This was
reduced to 0.2% charcoal stripped FBS for all subsequent experiments with
rPASMCs, hPASMCs and AoSMCs. Quiescence synchronises cells into the GO
phase of the cell cycle. Phenol red-free media was used because the weak
estrogenic properties of phenol red may potentially have a confounding effect®?*,
Following quiescence, stimulations were carried out in phenol red-free DMEM with
either 2% charcoal-stripped FBS (countess proliferation assay in Dede hamster lung

fibroblasts) or 1% charcoal-stripped FBS (all other experiments).

2.5.3 Cell Stimulation for the Countess Proliferation Assay

10 mM stock solutions of estradiol (E2), 16a-hydroxyestrone (160HE1) and 160-
hydroxyestradiol (160HEZ2; Steraloids, Newport, US) were prepared in ethanol
(absolute 99.8%; Fisher Scientific, UK) and stored at -20°C. Serial dilutions to the
desired concentrations (1 nM E2, 1 nM 160HE1 and 10 nM 160HE2) were
performed immediately before use in phenol red-free DMEM containing either 2%
(Dede hamster lung fibroblasts) or 1% charcoal stripped FBS (all other experiments)
and 1% antibiotic-antimycotic solution. For the Countess proliferation assay in Dede
hamster lung fibroblasts, drugs were added to phenol red-free DMEM in the

presence of 2% FBS. For all other experiments, drugs were added in the presence
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of 1% FBS. 2% phenol red-free DMEM was used as a negative control for the
Countess proliferation assay in Dede hamster lung fibroblasts, whereas 1% was
used for all other experiments. 10 nM ethanol was used as a vehicle control. In the
initial experiment, Dede hamster lung fibroblasts were stimulated with 1 nM 160HE1
and 10 nM 160HEZ2 for 2, 6, 24 and 48 hours. Subsequent experiments were
carried out at 48 hours. rPASMCs were stimulated with 1 nM E2, 1 nM 160HE1 and
10 nM 160HE2 under normoxic and acute hypoxic conditions. Female PAH patient
hPASMCs were stimulated with 10 nM 160HE2 for 48 hours.

2.5.4 Countess Proliferation Assay

Cell proliferation experiments were performed on a Countess Il Automated Cell
Counter (Life Technologies, UK). The 6-well plates were removed from the
incubator, the stimulation media aspirated, and the cells washed with 2 mL PBS.
600 L trypsin was added to each well and the cells incubated for ~3-5 minutes until
detached. The cells in trypsin were transferred to a 1.5 mL Eppendorf tube, kept on
ice, and then centrifuged at 4900g for 3 minutes at 4°C. The supernatant was
removed, and the cell pellets washed with 100 pL PBS. A further 15 uL PBS was
added to each pellet and the Eppendorf tube was placed on ice until ready for
analysis. 15 pL trypan blue (Sigma-Aldrich, UK) was added immediately before
counting as the solution is toxic to cells within 3 minutes, and the cells were re-
suspended by mixing with the pipette. Trypan blue is an indicator of cell viability -
live cells have an intact membrane and do not absorb the dye whereas dead cells
are permeable and appear a dark blue colour. 15 uL cell suspension was added to
each chamber of the Countess cell counting slide (Life Technologies, UK) and the
slide inserted into the machine. The average total cell count from both chambers of
the slide was calculated for each sample using Microsoft Excel (2019, Microsoft
Office, Washington, US), then plotted using GraphPad Prism (Version 10, Prism
Training & Consultancy, UK).

Normality was confirmed using the Shapiro-Wilk test. For rPASMCs and hPASMCs,
analysis was carried out in GraphPad Prism using one-way ANOVA with Tukey post-
hoc test and unpaired t-test respectively. A two-way ANOVA was required for Dede

hamster lung fibroblast analysis. However, in GraphPad Prism, one of the
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independent variables when carrying out a two-way ANOVA is limited to a maximum
of two levels (e.g., could include all time points but only 1% and 10% FBS).
Therefore, a 2-way ANOVA with post-hoc Tukey test was carried out in IBM SPSS
Statistics (Version 29.0.1.0 (171); Armonk, New York, US). The assumption of
homogeneity of variances for each combination of the groups of the two
independent variables was not met (Levene’s test). All other assumptions were met

and the groups were of equal sample size.

2.6 Wound Migration Assay

The wound migration assay was carried out in male and female rPASMCs. In the
sterile hood, the base of a 6-well plate was marked in red pen as per Figure 2.1 to
divide the plate into four locations for imaging designated A, B, C and D. All images

were taken directly below the upper horizontal line for each quadrant.
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Figure 2.1: Division of 6-well plate into four imaging locations designated A, B, C and D for
wound migration assay.

Created with BioRender.com.
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6-well plates were coated with 1 mL gelatin, left to dry for 20 minutes, then washed
with 1 mL PBS. rPASMCs were cultured as per 2.2.4 and seeded at 3x10° cells/well
and subcultured as per 2.2.5 until 90-100% confluent. The cells were quiesced in
0.2% phenol red-free DMEM for 24 hours. Serial dilutions of 160HE2 were prepared
from a 10 mM stock solution to 100 pM, 1 nM and 10 nM in phenol red-free DMEM
containing 1% charcoal stripped FBS. Serial dilutions of E2 and 160HE1 were
prepared from a 10 mM stock to 1 nM. The vehicle control ethanol was serially
diluted to 1 nM or 10 nM depending on the study. 1% and 10% phenol red-free

DMEM were used as negative and positive controls.

After 24 hours quiescence, the 6-well plates were removed from the incubator and
two vertical wounds were created using 200 L pipette tips — one running through
the centre of quadrants A and C, and the other running through the centre of
quadrants B and D. The cells were washed three times with 2 mL PBS to remove
any dead cells and debris, then stimulated with 100 pM, 1 nM or 10 nM 160HEZ2 in
the presence of phenol red-free DMEM containing 1% charcoal-stripped FBS or a
control. Four images were taken per well (at locations A, B, C, and D) at 0, 2, 4, 6, 8,
and 24 hours after stimulation using an EVOS™ XL Core Imaging System
(ThermoFisher, UK) with EVOS® LPlan PH2 4x/0.13 objective (Life Technologies,
UK). Wound area in each image was measured using the freehand selections tool in
Imaged (Figure 2.2) and plotted in Microsoft Excel. The entire background area for
all images was measured using ImageJ and plotted in Microsoft Excel. The average
wound area for each well at every time point was calculated and made relative to
the background image area to normalise for differences in wound thickness. The
average wound area relative to the background area at 0 hours was set as 100%,
and the percentage wound area remaining at 2, 4, 6, 8, and 24 hours calculated
relative to this. As the percentage wound area remaining is inversely proportional to
cell migration, the percentage wound area closed was calculated by subtracting the

area remaining from 100%.
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Figure 2.2.: Measuring the wound area at 0 hours in female rat pulmonary artery smooth muscle
cells immediately after stimulation with 1% FBS control using the freehand selections tool in
Imaged.

The wound area is highlighted in yellow. FBS = fetal bovine serum. Scale bar =5 mm.

The percentage wound area closed was plotted in GraphPad Prism. No outliers
were detected using Grubb’s test and the data were normally distributed (Shapiro-
Wilk test). Analysis was carried out by 2-way ANOVA with Tukey post-hoc test in
IBM SPSS Statistics. The assumption of homogeneity of variances for each
combination of the groups of the two independent variables was not met (Levene’s
test). However, all other assumptions were met, and the groups were of equal

sample size.
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2.7 Investigation of the In Vivo Effects of 16a-
Hydroxyestradiol in C57BL/6 Mice

All experimental procedures were carried out in accordance with the United
Kingdom Animal Procedures Act (1986) and the US National Institutes of Health
Guide for the Care and Use of Laboratory Animals (1996). All in vivo procedures
were performed by Dr Smriti Sharma including dosing, assessment of right
ventricular systolic pressure (RVSP), and tissue harvest. All animals were housed in
the Strathclyde Institute of Pharmacy & Biomedical Sciences Biological Procedures
Unit and maintained in the same environmental conditions, with a continuous 12-

hour light/dark cycle and ad libitum access to fresh food and water.

2.7.1 General Experimental Design

C57BL/6 mice aged 23-25 weeks were provided by the Biological Procedures Unit,
University of Strathclyde, UK. According to the US REVEAL registry, the average
patient age at PAH diagnosis is 53 years old®'. C57BL/6 mice are considered
mature adults at 23-25 weeks old (~6 months)®?%. Furthermore, increased age is
associated with disease penetrance in transgenic mouse models of PAH"326_ For
example, BMPR2R®X mjce are known to spontaneously develop mild PAH at
around 6 months old%?%. Female SERT* mice also spontaneously develop PAH at
around 5 months'™'. Therefore, the C57BL/6 mice were used at 23-25 weeks as age
may increase susceptibility to PAH. C57BL/6 mice were randomised into groups and
studied blindly. Group identity was revealed after pressure-volume (PV) loop and

gRT-PCR results had been analysed.

Power calculations for in vivo studies were based on changes in RVSP as this is an
indirect measure of pulmonary arterial pressure. In previous studies by the MacLean
lab, the RVSP in control male and female C57BL/6 mice was ~22 mmHg?333°. Based
on this, a 5 mmHg increase in RVSP was deemed to be physiologically relevant.
Mair et al. observed that the standard deviation in RVSP was 2.65 in female control
C57BL/6 mice?. Thus, to detect a 5 mmHg change in RVSP with a power of 0.80

75



and Type | error probability of 0.05, 6 animals per group are needed?’. Our group

sizes of 10-12 mice exceeded this requirement.

2.7.2 16a-Hydroxyestradiol Study

Male and female C57BL/6 mice were randomly allocated to receive either 1.5
mg/kg/day 160HEZ2 or vehicle control (4% ethanol) intraperitoneally for 14 days.
Groups were unblinded on completion of analysis. 160HE2 was prepared fresh prior
to use in 4% ethanol at 0.15 mg/mL. Injection volume was adjusted according to

mouse weight to give 1.5 mg/kg/day.

2.7.3 Assessment of Right Ventricular Systolic Pressure

All'in vivo procedures were performed by Dr Smriti Sharma. Following 14 days
treatment with 160HE2 or vehicle, C57BL/6 mice were anaesthetised with inhaled
isoflurane (3% in O for induction, 1-1.5% in O, for maintenance; Zoetis, UK). The
required level of anaesthesia was confirmed by absence of pedal reflex to toe pinch
and was carefully monitored throughout the procedure. PV loop relation
measurements were performed to investigate for any changes in haemodynamics
following treatment with 160HE2. A pressure catheter (Millar Instruments, Houston,
US) was inserted into the RV via the right jugular vein. After a period of stabilisation,
steady state measurements were recorded and RVSP, heart rate and ventricular
contractility were evaluated. RVSP was taken as an indirect method of assessing
pulmonary arterial pressure as it is technically challenging to accurately obtain
pulmonary arterial pressure by diaphragmatic catheterisation in mice. All
haemodynamic readings were recorded and analysed using LabChart Pro (v8.1.25;
ADINSTRUMENTS, UK). At the end of the procedure, mice were sacrificed by

exsanguination under terminal anaesthesia (5% isoflurane).
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2.7.4 Tissue Harvest

All procedures were carried out by Dr Smriti Sharma. The heart and lungs were
gently flushed with cold PBS. The heart was separated into the RV and LV+S, and
both were weighed to allow assessment of the Fulton index (RV weight/LV+S
weight). The spleen was also weighed, and tibia length measured. The right lung
and RV were flash frozen in liquid nitrogen then stored at -80°C for future molecular

studies.

2.8 RNA Analysis

RNA was extracted from cells and C57BL/6 mouse lung tissue using the RNeasy®
Mini Kit (Qiagen, UK). RNA was extracted from C57BL/6 mouse RV tissue using the
ReliaPrep™ RNA Tissue Miniprep System (Promega, Madison, US) protocol for
fibrous tissue.

2.8.1 Harvest of RNA from Cells

2.8.1.1 Rat Pulmonary Artery Smooth Muscle Cells

The experimental protocol for RNA analysis in male and female rPASMCs is
summarised in Figure 2.3. In the initial study, rPASMCs were cultured as per 2.2.4,
seeded in 6-well plates at 3x10° cells/well, and subcultured as per 2.2.5 until ~70%
confluent. In further studies, rPASMCs were subcultured in 100 mm dishes to
increase the RNA yield. On the day after seeding (Day 2), the media was refreshed
and rPASMCs were either maintained in normoxia or placed into acute hypoxia as
per 2.4.1. Hypoxia (1% O2/ 5% CO2/ nitrogen mix) was continued for 72 hours. On
Day 3, rPASMCs were quiesced in phenol red-free DMEM with 0.2% charcoal-
stripped FBS for 24 hours.
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All stimulations were carried out in the presence of phenol red-free DMEM
containing 1% charcoal-stripped FBS. During the initial study to investigate the
estrogen pathway, rPASMCs were stimulated as per 2.5.3 with 1 nM E2, 1 nM
160HE1, 10 nM 160HEZ2, and a vehicle control (10 nM ethanol) for 24 hours. In a
further study to investigate the BMPR2 signalling pathway, rPASMCs were
stimulated with 10 nM 160HE2 and the vehicle (10 nM ethanol) for 24 hours. Male
rPASMCs were also stimulated with 10 nM 160HEZ2 and the vehicle for 2 hours.
Finally, the effects of 24 hours stimulation with 10 nM 160HEZ2 on the expression of
genes within the BMPR2 signalling pathway were investigated in the presence of a 1
MM concentration of the following estrogen receptor antagonists: the ERa antagonist
MPP [chemical name- 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-
piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride] (Tocris, UK), the ER
antagonist PHTPP [chemical name- 4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-
alpyrimidin-3-yl]phenol] (Tocris, UK) and the GPER antagonist G-15 [chemical
name- (3aS*,4R*,9bR*)-4-(6-Bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-3H-

cyclopental[c]quinoline] (Tocris, UK).

Day 1 Day 2 Day 3 Day 4 Day 5
Cells seeded Placed in Quiescence Cell stimulation RNA collection
into dishes normoxic or (0.2% FBS) for with estrogens, (24 hours)

hypoxic 24 hours antagonists and
conditions controls

Low-Serum Media { # ( \%‘ M

&% &% || RNAcollection qRT-PCR
(2 hours) Analysis

Figure 2.3.: Timeline of culture, quiescence, and stimulation of male and female rat pulmonary
artery smooth muscle cells for RNA analysis by quantitative real-time polymerase chain
reaction.

FBS = fetal bovine serium, RNA = ribonucleic acid, gqRT-PCR = quantitative real-time polymerase chain

reaction. Created with BioRender.com.
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RNA was also collected from untreated male and female rPASMCs matched at
passage 3 to investigate basal expression of the BMPR2 signalling pathway. These
were subcultured in 100 mm dishes as per 2.2.5 for 72 hours until 90-100%

confluent.

Following stimulation, the media was aspirated, and the cells washed with PBS. For
RNA extraction, cells were suspended in 700 uL QlAzol Lysis Reagent (Qiagen,
UK), transferred to an RNase-free 1.5 mL Eppendorf tube, and stored at -80°C.
QIAzol is an acidic guanidinium-phenol based reagent. The phenol extracts nucleic
acids and protein from the cells, the guanidinium salt serves as a chaotropic agent
to denature the protein, and the low pH facilitates separation of RNA from DNA and

protein.

2.8.1.2 Rat Aorta Smooth Muscle Cells

Rat AoSMCs were cultured as per 2.2.8, seeded in four wells of a 6-well plate at
3x10° cells/well, and subcultured as per 2.2.9 until ~70% confluent. AoSMCs were
quiesced for 24 hours in phenol red-free DMEM with 0.2% charcoal stripped FBS,
then two wells were stimulated with 10 nM 160HE2 and the other two with the
vehicle control (10 nM ethanol) for 24 hours in the presence of phenol red-free
DMEM with 1% charcoal-stripped FBS as per 2.5.3. Following stimulation, the media
was aspirated, and the cells washed with 2 mL PBS. The cells were suspended in
350 pL QlAzol Lysis Reagent and transferred to an RNase-free 1.5 mL Eppendorf
tube. The cells from two wells treated with 1T60HEZ2 or vehicle were pooled to

increase the RNA yield. The samples were stored at -80°C.

2.8.1.3 Human Pulmonary Artery Smooth Muscle Cells

Male control subject hPASMCs were cultured as per 2.2.12, seeded into 100 mm
dishes at 2.2x108 cells/dish, and subcultured as per 2.2.13 until ~70% confluent.
hPASMCs were quiesced for 24 hours in phenol red-free DMEM with 0.2% charcoal
stripped FBS, then stimulated with 10 nM 160HE2 or vehicle control (10 nM
ethanol) for 24 hours in the presence of phenol red-free DMEM containing 1% FBS
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as per 2.5.3. The cells were lysed in 700 uL QIAzol and stored at -80°C as per
2.8.1.1.

2.8.2 Harvest of RNA from Tissue

Harvest of RNA from the lung and RV tissue of C57BL/6 mice was carried out by Dr

Smriti Sharma.

2.8.2.1 Harvest of RNA from Lung Tissue

700 pL QlAzol Lysis Reagent was added to a piece of lung tissue weighing ~20 mg.
Two 5 mm stainless steel beads (Qiagen, UK) were added, and the tissue

homogenised using a Tissue Lyser Il (Qiagen, UK).

2.8.2.2 Harvest of RNA from Right Ventricle Tissue

500 uL 1-Thioglycerol in LBA Buffer (Promega, Madison, US) was added to a piece
of RV tissue weighing ~20 mg. Two 5mm stainless steel beads were added, and the
tissue homogenised using the Tissue Lyser Il followed by pipetting 7-10 times to
shear the DNA. The samples were centrifuged at 14,000g for 3 minutes to pellet
tissue debris, and the supernatant was transferred to a clean Eppendorf tube. 500
ML RNA Dilution Buffer was added, and the samples were mixed by vortexing for 10
seconds then incubated for 1 minute at room temperature. The samples were
centrifuged at 10,000g for 3 minutes at room temperature to pellet insoluble debris.
The cleared lysates were transferred to a clean Eppendorf tube and used for RNA

extraction.
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2.8.3 RNA Extraction

2.8.3.1 RNA Extraction from Cell Lysates

RNA was extracted using the RNeasy® Mini Kit (Qiagen, UK). Samples were
defrosted on ice then homogenized by vortex mixer. The samples were incubated at
room temperature for 5 minutes, then 140 yL chloroform (Qiagen, UK) was added
as a phase separation reagent for differential extraction of RNA. The samples were
shaken vigorously for 15 seconds, incubated at room temperature for 2-3 minutes,
then centrifuged at 12,000g and 4°C for 15 minutes for phase separation. The upper
aqueous phase mainly contains RNA, and the interphase and lower organic phase
contains DNA, proteins, and lipids. The upper aqueous phase was transferred to a
new RNase-free Eppendorf tube, and 525 uL 100% ethanol was added to
precipitate the RNA. 700 uL sample was added to the RNeasy® Mini column in a
collection tube, which was centrifuged at 8000g for 15 seconds at room
temperature, then the flow-through was discarded. This was repeated with the

remainder of the sample to ensure all the RNA was on the column.

DNase digestion was performed to prevent co-amplification of genomic DNA at the
polymerase chain reaction (PCR) stage, which can confound measurement of gene
expression by gRT-PCR. All centrifugation steps from this point were carried out at
room temperature. 350 pL Buffer RW1 (Qiagen, UK) was added to the RNeasy®
column, which was centrifuged at 8000g for 15 seconds and the flow-through
discarded. For each sample, 80 uL DNase incubation mix (10 uL DNase | stock
solution (Qiagen, UK) and 70 yL Buffer RDD (Qiagen, UK)) was added to the
column and incubated at room temperature for 15 minutes. A further 350 uL Buffer
RW1 was added to the column. This was centrifuged at 8000g for 15 seconds, and

the flow-through discarded.

700 uL Buffer RWT (Qiagen, UK) was added to the RNeasy® Mini column, which
was centrifuged at 8000g for 15 seconds and the flow-through discarded. 500 pL
Buffer RPE (Qiagen, UK) was added to the column, which was centrifuged at 8000g
for 15 seconds and the flow-through discarded. A further 500 pL Buffer RPE was
added to the column and centrifuged at 8000g for 2 minutes. The column was

placed into a new 2 mL collection tube, and briefly centrifuged to further dry the
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membrane. The RNeasy® Mini column was transferred to an RNase-free 1.5 mL
Eppendorf tube. 30 yL RNase-free water (Qiagen, UK) was pipetted directly onto the
membrane, which was centrifuged at 8000g for 1 minute to elute the RNA. The RNA

was stored at -80°C.

2.8.3.2 RNA Extraction from Lung Tissue

RNA extractions from lung tissue were carried out by Dr Smriti Sharma. RNA was

extracted using the RNeasy® Mini Kit as per 2.8.3.1.

2.8.3.3 RNA Extraction from Right Ventricle Tissue

RNA extractions from RV tissue were carried out by Dr Smriti Sharma. RNA was
extracted using the ReliaPrep™ RNA Tissue Miniprep System (Promega, Madison,
US) protocol for fibrous tissue. 340 uL 100% isopropanol was added to the RV
tissue lysate, and the samples vortex mixed for 5 seconds. 700 uL lysate was
transferred to a Reliaprep™ Minicolumn and centrifuged at 14,0009 for 1 minute at
room temperature. The flow-through was discarded, and this was repeated to place
the remainder of the sample on the column. 500 yL RNA Wash Solution was added
to the column. The samples were centrifuged at 14,0009 for 30 seconds, and the

flow-through was discarded.

The DNase | incubation mix was prepared by combining (in this order) the following
amount of each reagent per sample: 24 pL Yellow Core Buffer, 3 uL 0.09M MnCl;,
and 3 uL DNase | enzyme. This was mixed by gentle pipetting. 30 uL DNase |
incubation mix was added directly to the membrane, and the samples left for 15
minutes at room temperature. 200 pL Column Wash Solution was added, and the
samples centrifuged at 14,0009 for 15 seconds. 500 uL RNA Wash Solution was
added, the samples centrifuged at 14,0009 for 30 seconds and the flow-through
discarded. The column was placed in a new collection tube. 300 yL RNA Wash
Solution was added, the samples centrifuged at high speed for 2 minutes and the

flow-through discarded. The column was transferred into a 1.5 mL Elution Tube, 30
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ML RNase-free water added, and centrifuged at 14,0009 for 1 minute to elute the
RNA. The RNA samples were stored at -80°C.

2.8.4 Reverse Transcription of cDNA

Complementary deoxyribose nucleic acid (cDNA) was reverse transcribed from RNA
using an Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, UK). The RNA samples and cDNA kit were defrosted on ice.
The RNA concentration, A260/A280, and A260/A230 ratios of the samples were
measured using a NanoPhotometer® N60 (Implen, Munich, Germany). 500 ng RNA
was added to a 40 pL reverse transcription reaction. The reagent master mix per

reaction was made up as follows:

Master Mix: 1x40pL Reaction
10X RT Buffer: 4uL

25 mM MgCly: 8.8uL

dNTPs 8uL

Random hexamers: 2uL

RNase inhibitor: 0.8uL
MultiScribe™ RT: 1uL

Total RNA + RNase-free Water: 15.4 uL

10X RT Buffer (Applied Biosystems™, UK) maintains a favourable pH and ionic
strength for the reaction. Magnesium chloride (MgCl,; Applied Biosystems™, UK)
acts as a catalyst. Deoxyribonucleotide triphosphates (ANTPs; Applied
Biosystems™, UK) ensure proficient reverse transcription. Random hexamers
(Applied Biosystems™, UK) are short oligodeoxyribonucleotides of random
sequence which serve as primers for cDNA synthesis by annealing to random
complementary sites on the target RNA. RNase inhibitor (Applied Biosystems™,
UK) prevents RNA degradation. MultiScribe™ RT (Applied Biosystems™, UK) is a
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recombinant Moloney murine leukaemia virus DNA polymerase that uses single-

stranded RNA as a template in the presence of a primer to synthesise cDNA.

The master mix for all samples plus excess was made up in an RNase-free
Eppendorf tube and added to a 96-well PCR plate. The RNA and RNase-free water
were added to each well, and the plate was sealed and briefly centrifuged to ensure
all the samples were at the bottom of the well. A 45-minute PCR reaction was
carried out in a Venti 96-Well Fast Thermocycler (Applied Biosystems™, UK) as
follows: 25°C for 10 minutes, 48°C for 30 minutes, 95°C for 5 minutes, then 4°C as

required until the plate was removed. The cDNA was stored at -20°C.

2.8.5 Quantitative Real-Time Polymerase Chain

Reaction

TagMan probes (Tables 2.1-2.3; ThermoFisher, UK) and cDNA preparations were
defrosted on ice. All TagMan probes were labelled with a FAM™ dye. A master mix
for each gene was prepared as follows: 5 uyL TagMan master mix (Applied
Biosystems™, UK), 3 uL RNase-free water, 0.5 pL probe per reaction. 8.5 yL master
mix per well was added to a 384-well plate. 1.5 uL of each cDNA sample was added
to two or three wells (i.e., the reaction was carried out in duplicate or triplicate).
RNase-free water was used as a non-thermocycler control. The plate was briefly
centrifuged to ensure all samples were at the bottom of the well. Using a ViiA™ 7
Real-Time PCR System (Applied Biosystems™, UK), the following PCR programme
was run: 50°C for 2 minutes, 95°C for 10 minutes, then 40 cycles of 95°C for 10
seconds and 60°C for 1 minute. B-actin (Actb) was selected as the housekeeping
gene for all studies, as initial experiments found it to be stable in rPASMCs,
hPASMCs and tissue samples, and other studies have found it to remain stable

under hypoxic conditions3?8:329,

Gene expression was calculated relative to 3-actin using the AACT method in
Microsoft Excel, then plotted using GraphPad Prism. Distribution of data was
assessed using Shapiro-Wilk test, and analysis was carried out using unpaired t-
test, Mann-Whitney test, one-way ANOVA with Tukey post-hoc test, or one-way
ANOVA with Kruskal-Wallis test as appropriate.
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Table 2.1: List of TagMan mRNA Primers Used in Rat Samples

Gene TagMan Assay ID
Actb Rn00667869_m1
Bmpr2 Rn01437214_m1
Col1a1 Rn01463848_m1
Col3a1 Rn01437681_m1
Comt Rn00561037_m1
Cyp1al Rn00487218_m1
Cyp1a2 Rn00561082_m1
Cyp1b1 Rn04219389_g1
Cyp19a1 Rn01422547_m1
Esr1 Rn01640372_m1
Esr2 Rn00562610_m1
Gper1 Rn01643280_m1
Hk2 Rn00562457_m1
Hsd17b1 Rn00563388_g1
Hsd17b2 Rn00577779_m1
Id1 Rn00562985_s1
Id2 Rn01495280_m1
Id3 Rn00564927_m1
Smad1 Rn00565555 m1
Smad2 Rn00569900_m1
Smad3 Rn00565331_m1
Smad4 Rn00570593_m1
Smad5 Rn00572484 _m1
Smad6 Rn01766978_m1
Smad7 Rn01523958 m1
Smad9 Rn00594023 _m1
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Table 2.2: List of TagMan mRNA Primers Used in Mouse Samples

Gene

TagMan Assay ID

Actb

MmO00667939_s1

Bmpr2

MmO00432134_m1

Col1a1

MmO00801666_g1

Col3a1

Mm00802300_m1

Id1

MmO00775963_g1

Id2

MmO00711781_m1

Id3

Mm00492575 m1

Smad1

MmO00484723_m1

Smad2

MmO00487530_m1

Smad3

MmO01170760_mA1

Smad4

Mm03023996_m1

Smad5

MmO01341607_g1

Smad6

MmO00484738_m1

Smad7

MmO00488363_m1

Smad9

MmO00649885_m1

Sox17

Mm00488363_m1
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Table 2.3: List of TagMan mRNA Primers Used in Human Samples

Gene TagMan Assay ID
ACTB Hs01060665_g1
BMPR2 Hs00176148_m1
ID1 Hs00357821_g1
ID2 Hs00747379_m1
ID3 Hs00954037_g1
SMAD1 Hs00195432_m1
SMAD2 Hs00998187_m1
SMAD3 Hs00969210_m1
SMAD4 Hs00232068_m1
SMADS5S Hs00195437_m1
SMADG6 Hs00178579_m1
SMAD7 Hs00998193_m1

SMAD9 Hs00931723_m1




2.9 Protein Analysis

2.9.1 Solubilisation and Preparation of Protein

For in vitro experiments, rPASMCs were cultured and subcultured in 100 mm dishes
as per 2.2.4. and 2.2.5. rPASMCs were quiesced for 24 hours as per 2.5.2, then
stimulated with 10 nM 160HE2 in the presence or absence of a 1 uM concentration
of the estrogen receptor antagonists MPP, PHTPP, and G15 for 48 hours in phenol
red-free DMEM containing 1% FBS. Protein was also collected from untreated male
and female rPASMCs. The media was aspirated, the cells washed with 10 mL PBS,
and 1.5 mL tryspin added per dish. The cells were incubated for 7 minutes until
detached. 3 mL PBS was added, and the cell suspension taken up into a Falcon
tube. The culture dish was rinsed twice with a further 3 mL PBS to collect any
remaining cells. A further 4 mL PBS was added to the Falcon tube to dilute the
trypsin. The cell suspension was centrifuged at 1500 rpm for 5 minutes to pellet the
cells, and the supernatant was aspirated. The cell pellets were either lysed
immediately by repeatedly pipetting up and down in 100-200 L of a 1:100 solution
of Halt Protease Inhibitor Cocktail (ThermoFisher Scientific, UK) in Pierce® RIPA
Buffer (Pierce, ThermoFisher, US), or frozen at -20°C until lysis. Following lysis, the
protein solutions were transferred to pre-chilled 1.5 mL Eppendorf tubes, left on ice
for 20 minutes, and mixed every 5 minutes by pipetting up and down 20 times. The
protein solutions were then centrifuged at 14,000g for 20 minutes at 4°C to remove
any cell debris. The supernatant was transferred into a further pre-chilled 1.5 mL

Eppendorf tube, and the protein solutions stored at -80°C.

Alternatively, when extracting protein from C57BL/6 mouse lung tissue, a piece of
frozen tissue weighing ~20 mg was placed in a pre-chilled 2 mL Eppendorf tube
containing 300-400 uL of 1:100 Halt Protease Inhibitor Cocktail in T-PER™ Tissue
Protein Extraction Reagent (ThermoFisher Scientific, UK) on ice. Two 5 mm
stainless steel beads were added, and the tissue homogenised using the Tissue
Lyser Il. Tissue samples were then centrifuged at 10,000 rpm for 10 minutes at 4°C
to pellet debris. The supernatant (solubilised protein) was placed in a pre-chilled 1.5
mL Eppendorf tube and stored at -80°C.
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2.9.2 Bicinchoninic Acid Assay

Protein samples were defrosted on ice. The bicinchoninic acid (BCA) assay (Pierce,
ThermoFisher, US) was used to determine the protein concentration of collected
samples. Copper in the reagent mix is reduced by protein, which reacts with BCA to
induce a colour change from green to purple. The more protein present, the more
intense a purple colour appears. A standard curve was constructed within the 0-2
mg/mL range, using the BSA 2 mg/mL ampoules provided in the BCA kit diluted in
Pierce® RIPA Buffer (in vitro studies) or T-PER™ Tissue Protein Extraction Reagent
(in vivo studies). Protein samples were diluted 1:4 in Pierce® RIPA Buffer or T-PER™
Tissue Protein Extraction Reagent prior to BCA assay to ensure that protein
concentrations were within the standard range. 10 uL of each standard and protein
sample was added to two wells of a 96-well plate. The required volume of BCA
working solution was prepared by adding 50 parts Reagent A: 1 part Reagent B. 200
ML working solution was added to each well, and the 96-well plate was protected
from light by wrapping in foil and incubated at room temperature for 30 minutes. The
plate was read at 560 nm using a GloMax Explorer microplate reader (Promega,
Madison, US). Protein concentration was then evaluated against the standard curve

using Microsoft Excel. A representative standard curve is show in Figure 2.4.
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Figure 2.4: Standard curve for bicinchoninic acid protein assay.
A representative standard curve obtained for bovine serum albumin solution (0-2 mg/mL) using the

bicinchoninic acid protein assay. Samples were performed in duplicate.

2.9.3 Sodium Dodecyl Sulfate Polyacrylamide Gel

Electrophoresis

Protein samples were defrosted on ice. Samples were diluted with RNase-free water
to contain equal amounts of protein either to a specific loading amount (10-25 ug) or
to the sample of lowest concentration. NUPAGE Sample Reducing Agent (Invitrogen,
UK) and NuPAGE Lithium Dodecyl Sulfate (LDS) Sample Buffer (Invitrogen, UK)
were added. LDS enhances the activity of the reducing agent, and the sample buffer
contains a blue dye for visualisation when loading gels. Samples were heated at 70-
85°C for 10 minutes in a heat block to denature and reduce protein disulfide bonds,
unfolding the proteins to allow efficient antibody binding. Samples were loaded on to
NuPAGE™ Bis-Tris 4-12% Polyacrylamide Gels (Invitrogen, UK) and separated
according to protein size using electrophoresis under constant voltage in NuPAGE™
MES running buffer (Invitrogen, UK) containing 0.1% v/v NUPAGE™ Antioxidant —
150V for 1.5 hours for in vitro studies and 110V for 2 hours for lung tissue samples.
For the small inhibitor of DNA-binding (ID) proteins, gel electrophoresis was run at
150V for 50 minutes in NUPAGE™ MOPS running buffer (Invitrogen UK) with 0.1%
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v/v antioxidant. The antioxidant prevents reoxidation of reduced proteins during gel
electrophoresis and protein transfer. SeeBlue™ Plus2 Pre-Stained Protein Standard
(Invitrogen, UK) was used as the protein ladder to determine approximate protein

size.

2.9.4 Protein Transfer

Dry transfer of proteins was attempted using a Trans-Blot Turbo Transfer System
(Supplemental Methods 8.3), but wet transfer was found to be more effective for the
small amounts of protein available from cells. Once adequate protein separation
according to weight was achieved, the proteins were transferred onto a 0.45 uym
polyvinylidene difluoride (PVDF) membrane (Pierce®, ThermoFisher Scientific, UK).
For the small ID proteins, 0.2 ym PVDF membrane (Amersham™ Hybond™, Cytiva,
Marlborough, US) was used. Proteins were transferred in an XCell SureLock™ Mini-
Cell and XCell II™ Blot Module wet transfer system (Invitrogen, UK). As PVDF
membranes are hydrophobic, the membrane was immersed in 100% methanol for 1
minute prior to use to activate its binding capacity and facilitate effective transfer. A
transfer buffer containing 5% v/v Novex® NuPAGE Transfer Buffer 20X
(ThermoFisher Scientific, UK) and 20% v/v methanol (100%, VWR International,
UK) in distilled water was prepared in advance and placed in the -20°C freezer to
cool. For in vitro studies, the transfer was run at 40V for 2 hours if transferring two
gels or 1.5 hours if transferring one gel. For studies in lung tissue, the transfer was
run at 40V for 4 hours with two gels. Transfer efficiency was evaluated by short
incubation (<1 minute) in 0.1% w/v Ponceau S stain (Sigma-Aldrich, UK) prepared in
1% viv acetic acid. The stain was removed by washing the membranes with distilled
water then a wash buffer containing 5% v/v 20X Tris-Base Buffered Saline (TBS;
ThermoFisher Scientific, UK) with 0.05% v/v Tween-20 (TBST).
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2.9.5 Immunoblotting

Membranes were blocked in Superblock™ T20 (TBS) Blocking Buffer
(ThermoFisher Scientific, UK) for 1 hour at room temperature to minimise non-
specific antibody binding. The primary antibody to detect a specific protein was
diluted in 3-10 mL 10% Superblock™ T20 (TBS) Blocking Buffer in TBS or TBST
(unless stated otherwise in Table 2.4) in a 50 mL Falcon tube. The membrane was
placed inside the tube on a roller overnight in the cold room. After a quick rinse, the
membranes were washed 3x10 minutes with TBST on a shaker to remove any
unbound primary antibody before incubating in a secondary antibody conjugated
with horseradish perioxidase (HRP) prepared in 10% Superblock™ T20 (TBS)
Blocking Buffer in TBST for 1 hour at room temperature. After a quick rinse, the

membrane was washed 1x10 minutes in TBST and 2x10 minutes in TBS.

In preliminary experiments, antibody binding was detected using an Odyssey® M
Imaging System (LI-COR Inc., Lincoln, US; Supplemental Methods 8.4). However,
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher
Scientific, UK) was used in subsequent experiments. The secondary antibodies
were conjugated with HRP, which catalyses the oxidation of luminol present in the
chemiluminescence substrate. The light emitted during the reaction was captured on
CL-XPosure™ Film (ThermoFisher Scientific, UK) using a JPI JP 33 X Ray
Processor (Raytech Diagnostics, Ottawa, Canada), allowing protein band

visualisation.

The membranes were then washed 1x5 minutes with TBST, and the bound
antibodies removed by incubating in Restore™ PLUS Western Blot Stripping Buffer
(ThermoFisher Scientific, UK) for 15 minutes on a shaker. The membranes were
washed 1x5 minutes with TBST to remove the stripping buffer before re-probing for
another protein of interest or the loading control. Densitometry was quantified using
CLIQS 1D, Version 1.5.170 (TotalLab, UK) and data were analysed in GraphPad
Prism. Normal distribution was confirmed using Shapiro-Wilk test and analysis was

carried out using unpaired t-test.
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Table 2.4: List of Primary Antibodies Used for Inmunoblotting

Antibody Supplier Antibody Dilution Detected
Band Size

B-Actin Sigma 1: 20,000 42 kDa
(mouse pAb) A5441 10% blocking buffer in

TBS
B-Tubulin Abcam 1:3000 50 kDa
(rabbit pAb) ab6046 10% blocking buffer in

TSBT
BMPR2 BD Biosciences 1:200 130 kDa
(mouse pAb) 612292 SuperSignal™ Primary

Antibody Diluent
BMPR2 Abcam 1:3000 115 kDa
(rabbit pAb) ab96826 10% blocking buffer in

TBST
ESR1 Atlas 1:1000 62 kDa
(mouse pAb) AMADb90867 10% blocking buffer in

TBS
ESR2 Invitrogen 1:1000 60 kDa
(rabbit pAb) PA1-311 10% blocking buffer in

TBS
Id1 Santa Cruz 1:300 15 kDa
(mouse pAb) sc-133104 10% blocking buffer in

TBS
p-Smad1,5,9 Cell Signaling 1:1000 60 kDa
(rabbit pAb) 13820 4% BSAin TBST
p-Smad1,5,9 Abcam 1:3000 52 kDa
(rabbit pAb) ab76296 10% blocking buffer in

TBST
Smad1 Santa Cruz 1:500 52-56 kDa
(mouse pAb) sc-81378 4% BSA in TBST
Smad1 Abcam 1:2000 60 kDa
(rabbit pAb) ab633356 10% blocking buffer in

TBST

93



Tissue lysates collected from untreated Sprague-Dawley rats for a previous study by

the MacLean group were used as positive controls for immunoblotting (Table 2.5).

Table 2.5: List of Positive Controls Used for Immunoblotting

Protein Positive Control
BMPR2 Rat lung lysate
ESR1 Rat testis lysate
ESR2 Rat testis lysate

2.9.6 Enhancing the Signal of Bone Morphogenetic Protein
Receptor 2

Expression of bone morphogenetic protein receptor 2 (BMPR2) is very weak. As
immunoblotting for BMPR2 was unsuccessful during in vitro studies where <20 ug
protein was available for loading, an attempt was made to increase the
chemiluminescent signal using a SuperSignal™ Western Blot Enhancer kit
(ThermoFisher Scientific, UK). Sodium dodecyl sulfate polyacrylamide gel
electrophoresis and protein transfer were carried out as per 2.9.3 and 2.9.4. The
blots were rinsed then washed for 2 minutes with distilled water. Ponceau S stain
was not used as this can interfere with signal enhancing. The membrane was
covered with 10 mL SuperSignal™ Western Blot Enhancer, and the blots incubated
for 10 minutes at room temperature on a shaker. The blots were rinsed 5 times with
distilled water, then incubated in SuperSignal™ Blocking Buffer for 1 hour. The blots
were rinsed with TBST three times, then washed for 5 minutes on a shaker. The
blots were incubated in the primary antibody and immunoblotting continued as per
2.9.5.
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Chapter 3

The Functional Effects of 16a-
Hydroxyestradiol In Vitro
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3.1 Introduction

Female sex is a significant risk factor for pulmonary arterial hypertension (PAH), with
up to four-fold more women developing PAH than men?’. This suggests that female
sex hormones may mediate pathological effects. Circulating estradiol (E2) levels are
higher in male and postmenopausal female PAH patients compared to control
subjects, and are associated with worse disease outcomes®**'. PAH is characterised
by remodelling of the pulmonary arterial wall, leading to increased pulmonary vascular
resistance, vessel obstruction, and maladaptive right ventricular (RV) hypertrophy and
failure®. Two key mechanisms of vessel remodelling are proliferation and migration of
smooth muscle and endothelial cells®. Adventitial fibroblasts are also activated in
response to vascular stress (e.g., hypoxia) and undergo phenotypic changes
including (but not limited to) proliferation, differentiation, and release of reactive
oxygen species (ROS) and pro-inflammatory cytokines™. The cytokines (e.g.,
interleukin-6) stimulate recruitment and retention of circulating progenitor and
inflammatory cells (particularly macrophages) to the vessel wall”®. Many additional
precipitating factors (or ‘second hits’) contribute to the pathogenesis of PAH including
genetic susceptibilities (e.g., bone morphogenetic protein receptor 2 (BMPR2)
mutation), exposure to certain drugs (e.g., fenfluramines), connective tissue disease,

and hypoxia*130.140,

Estrogen receptor-alpha (ERa) is overexpressed in the pulmonary artery smooth
muscle cells (PASMCs) of female PAH patients'?2. Wright et al. observed that E2
increases proliferation of female PAH patient hPASMCs via ERa'?2. CYP1B1 plays a
key role in metabolism of E1 and E2 to the 16a-hydroxyestrogens (Figure 1.4) and
is overexpressed in the pulmonary arteries of idiopathic and hereditary PAH
patients®. The CYP1B1 antagonist TMS attenuated E2-induced proliferation in
female hPASMCs, and this inhibitory effect was 100-fold more potent in hPASMCs
isolated from PAH patients compared to control subjects®®. The estrogen metabolite
160-hydroxyestrone (160HE1) is known to be mitogenic®®3'. 160HE1 increases
proliferation of male and female hPASMCs and male mouse PASMCs via ERa and
Nox-1 generated ROS*>3"", On the other hand, 2-methyoxyestradiol (2ME2) is
known to be protective and decreases proliferation of female control subject
hPASMCs?%, This has led to the hypothesis that a shift from the protective 2-
hydroxylation pathway towards 16a-hydroxylation may mediate PAH?"4.
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Elevated plasma levels of 16a-hydroxyestradiol (160HEZ2) were recently observed
in female idiopathic PAH patients, and in males and females with portopulmonary
PAH?4317 160HE2 is predominant during pregnancy and increases proliferation of
MCF-7 and T-47D estrogen receptor-positive breast cancer cells, but little is known
about its function in PAH®*'43%0_ |n a preliminary study, 160HE?2 increased
proliferation of female PAH patient hPASMCs and migration of blood outgrowth
endothelial cells (BOECs) from both male and female PAH patients?*'. BOEC
migration was attenuated by the nuclear factor erythroid 2-related factor 2 (NRF2)-
activator bardoxolone methyl, suggesting that 160HE2-induced migration may be
dependent on redox signalling®*'. This suggests that 160HE2 may mediate
pathogenic effects in PAH?*'. Here, we investigate the functional effects of 160HE2

in vitro.

Aims of this chapter:

1. To characterise the effects of 160HEZ2 on proliferation of Dede hamster lung
fibroblasts, rat pulmonary artery smooth muscle cells (rPASMCs), and
female PAH patient hPASMCs.

2. To investigate the effects of combining 160HE2 with acute hypoxia as a

‘second hit’ on rPASMC proliferation.

3. To investigate the effects of 160HE2 on migration of rPASMCs.
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3.2 Results

3.2.1 The Effects of 160HE1 and 160HE2 on Dede Hamster

Lung Fibroblast Proliferation

Proliferation of activated adventitial fibroblasts in response to vascular stress plays a
key role in pulmonary vascular remodelling in PAH”®. As Denver et al. previously
observed that 160HE2 increased proliferation of female PAH patient hPASMCs, we
wished to investigate whether this would be the case in fibroblasts?*'. 160HE1 was
also studied. Dede hamster lung fibroblasts, an immortalised cell line derived from
female Chinese hamsters, were used for preliminary proliferation studies. Previous
studies in hPASMCs have identified the optimal pharmacological concentrations for
proliferation as 1 nM 160HE1 and 10 nM 160HE2, which are in keeping with
physiological concentrations'22413" " |n addition, positive and negative controls of
phenol red-free DMEM containing 10% and 2% charcoal stripped FBS respectively
were used to determine the optimal end time-point for further proliferation studies.
100% ethanol diluted in 2% DMEM to the same concentration of the relevant estrogen
metabolite (1 nM or 10 nM) was used as vehicle control. Total cell counts were

measured at 2, 6, 24 and 48 hours.

There was no change in proliferation of Dede hamster lung fibroblasts in response to
160HE1 or 160HE2 compared to the vehicle control. Dede fibroblast proliferation
was significantly increased at 24 hours and further increased at 48 hours by the 10%
FBS positive control compared to the 2% FBS control, vehicle control, 160HE1 and
160HE2 (Figure 3.1). Therefore, 48 hours was selected as the optimal time point for

further proliferation experiments.
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Figure 3.1: Dede hamster lung fibroblast proliferation is not affected by 160HE1 or 160HE2.
Dede hamster lung fibroblasts were seeded in 6-well plates at 3x10° cells/well, cultured to 50-60%
confluency, quiesced for 24 hours (0.5% charcoal stripped fetal bovine serum (FBS)), then stimulated
with (A) 1 nM 16a-hydroxyestrone (160HE1) and controls. (B) 10 nM 16a-hydroxyestradiol (160HEZ2)
and controls. Experiments were carried out in the presence of 2% charcoal stripped FBS in phenol red-
free Dulbecco’s Modified Eagle Medium. Veh = vehicle (1 nM or 10 nM ethanol). Total cell counts were
assessed at 2, 6, 24, and 48 hours by Countess automated cell counter. Data are expressed as +SEM
and analysed by two-way ANOVA with post-hoc Tukey test. ***p<0.001 (2% FBS vs. 10% FBS);
#p<0.05, ##p<0.001 (veh vs. 10% FBS); $p<0.05, $$$p<0.001 (160HE1 (A) or 160HE2 (B) vs. 10%
FBS). n=4-8.
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3.2.2 Phenotype of Cells Derived from Rat Pulmonary

Arteries and Aortae

Previous in vitro studies by the MaclLean group focused primarily on hPASMCs.

However, as the supply of these ceased during the COVID-19 pandemic, most of
this work focuses on rPASMCs. The hPASMCs used in this project were isolated
from the small distal pulmonary arteries of PAH patients and control subjects and
are provided by Professor Nick Morrell (University of Cambridge, UK) with ethical

permission.

All in vivo work including euthanasia, tissue harvest, and dissection of the
pulmonary artery and aorta was carried out by Dr Hicham Labazi. PASMCs were
isolated from healthy young adult male and female Sprague-Dawley rats aged 11-13
weeks and weighing 320-344g (males) or 210-265¢g (females). Aorta smooth muscle
cells (AoSMCs) were isolated from the same rats to investigate whether the
molecular effects of 160HE2 in the pulmonary artery are similar in the aorta
(Chapter 4).

The isolated cells were examined by immunocytochemistry to confirm these were of
smooth muscle phenotype. a-Smooth Muscle Actin (a-SMA) is highly expressed in
smooth muscle cells, whereas vimentin is highly expressed in fibroblasts33':332,
Human fetal lung fibroblast-1 (HFL-1) cells and a female PAH patient hPASMC line
were used as positive controls because their morphology was already known. The
characteristics of the hPASMC donor (referred to by the anonymous identifier
113MP) are shown in Table 3.1.

Table 3.1: Characteristics of the Human Pulmonary Artery Smooth Muscle Cell Donor

Used for a-Smooth Muscle Actin Positive Control

ID Sex Age Conditions Medications

113MP Female 45 PAH associated with Unknown

congenital heart disease
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PBS was used as a negative control to detect non-specific antibody binding. For
each batch of cells, two slides were prepared per cell line and each slide was
imaged in three different locations (i.e., six replicates). The images shown in Figure
3.2 are representative of a-SMA and vimentin immunofluorescence. The pulmonary
artery and aorta cells had high expression of a-SMA but low vimentin expression,
confirming that they were smooth muscle cells. As predicted, the HFL-1 fibroblasts
had high vimentin expression and low a-SMA, and the hPASMCs had high a-SMA

expression but low vimentin.

A HFL-1 Fibroblasts B hPASMCs

o
e

C rPASMCs D AoSMCs

Figure 3.2: Cells derived from rat pulmonary arteries and aortae are smooth muscle cells.
Human fetal lung fibroblast-1 (HFL-1) cells, human female pulmonary arterial hypertension (PAH)
patient pulmonary artery smooth muscle cells (nPASMCs; passage 8), rat pulmonary artery (passage
3), and rat aorta cells (passage 3) were seeded on to collagen coated coverslips in a 12-well plate at
1x10° cells/well, cultured to 50-60% confluency, and immunocytochemistry carried out as previously
described. The nuclear marker DAPI is shown in blue, a-smooth muscle actin (a-SMA) in green, and
vimentin in red. Images are representative. (A) Vimentin was strongly expressed in HFL-1 fibroblasts.
(B) a-SMA was strongly expressed in female PAH patient hPASMCs. (C) a-SMA was strongly
expressed in newly isolated rat pulmonary artery smooth muscle cells (rPASMCs). (D) Newly isolated

rat aorta smooth muscle cells (AoSMCs) were positive for a-SMA. Scale bars = 20 ym. n=6.
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3.2.3 The Effects of E2, 160HE1 and 160HE2 on Rat
Pulmonary Artery Smooth Muscle Cell Proliferation in

the Presence or Absence of Acute Hypoxia as a
‘Second Hit’

Smooth muscle cell proliferation is a key mechanism of pulmonary vascular
remodelling in PAH®. 1 nM E2 was previously found to increase proliferation of female
control subject and PAH patient hPASMCs, as was 1 nM 160HE1 in male and female
hPASMCs and male mouse PASMCs'%23"", 10 nM 160HEZ2 increased proliferation of
female PAH patient hPASMCs only?*'. Therefore, we wished to investigate whether
these findings would translate to PASMCs isolated from healthy, young adult Sprague-

Dawley rats with the intention to further investigate the underlying mechanisms.

No significant difference in proliferation was observed in response to E2, 160HE1 or
160HE2 in male or female rPASMCs. However, the cells proliferated in response to
the 10% FBS positive control (Figure 3.3 (A, B)). As many additional precipitating
factors have been identified in PAH, and increased proliferation in response to
160HE2 was previously only observed in female PAH patient hPASMCs, it was
hypothesised that a ‘second hit’ with acute hypoxia may enhance the proliferative

response of female rPASMCs?4'.

72 hours incubation in a hypoxic environment (1% O2/5% CO: /nitrogen) induced a
hypoxic response in female rPASMCs (Figure 3.4). The hypoxic response was
determined by examining translocation of hypoxia-inducible factor 1a (HIF1a) from
the cytoplasm to the nucleus?®®. Cobalt chloride was used as a positive control as it
also stabilises HIF1q, facilitating nuclear translocation under normoxic conditions332.
HIF1a was present in both the cytoplasm and nucleus under normoxic conditions.
Following 72 hours incubation in 1% Oz or treatment with 200 uM cobalt chloride,
HIF1a immunofluorescence was strongly present in the nucleus and weak in the
cytoplasm, indicating nuclear translocation (Figure 3.5 (A-C)). The images shown in
Figure 3.4 are representative of HIF1a immunofluorescence. As HIF1a degrades
quickly upon exposure to normoxia (half-life ~5 minutes), expression of its more stable
target gene hexokinase 2 (Hk2) was also quantified®?'. Actb was selected as a stable
housekeeping gene under hypoxic conditions®?832%, Hk2 expression significantly

increased following 72 hours incubation in 1% O- (Figure 3.4 (D)). The basal CT value
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of Hk2 (under normoxic conditions) was 29.6. These results confirm induction of a

hypoxic response.

No significant difference in total cell count was observed in response to E2, 160HE1
or 160HE2 in male or female rPASMCs under acute hypoxic conditions (Figure 3.3
(C, D)). This contrasted with the hypothesis that a ‘second hit’ with acute hypoxia may
enhance the proliferative response of female rPASMCs??°. While the male rPASMCs
proliferated in response to the 10% FBS positive control under acute hypoxia, there
was no significant difference in the female rPASMCs. However, this may be due to

high variability in the total cell count.
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Figure 3.3: The effects of E2, 160HE1 and 160HE2 on rPASMC proliferation under normoxic or
acute hypoxic conditions (72 hours in 1% O2).

Rat pulmonary artery smooth muscle cells (rPASMCs) were isolated from male and female Sprague-
Dawley rats aged 11-13 weeks and characterised by immunocytochemistry as previously described.
rPASMCs were seeded at 3x10° cells/ well (males) or 2x10° cells/well (females) in 6-well plates,
cultured to 50-60% confluency, then quiesced (0.2% charcoal stripped fetal bovine serum (FBS)) for 24
hours before stimulation with 1 nM estradiol (E2), 1 nM 16a-hydroxyestrone (160HE1), 10 nM 16a-
hydroxyestradiol (160HEZ2), vehicle control (Veh; 10 nM ethanol), or 10% FBS positive control for 48
hours in the presence or absence of 72 hours acute hypoxia (1% O2/ 5% CO2/ nitrogen mix).
Experiments were carried out in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM) in the
presence of 1% charcoal stripped FBS. 10 nM ethanol diluted in 1% DMEM was used as the vehicle.
Total cell counts were assessed at 48 hours by Countess automated cell counter. (A) Male rPASMCs
under normoxic conditions. (B) Female rPASMCs under normoxic conditions. (C) Male rPASMCs under
acute hypoxic conditions. (D) Female rPASMCs under acute hypoxic conditions. Data are expressed

as +SEM and analysed by one-way ANOVA with post-hoc Tukey test. *p<0.05, **p<0.01. n=6-8.
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Figure 3.4: 72 hours incubation in 1% O2 induces a hypoxic response in rPASMCs.

(A-C) Female rat pulmonary artery smooth muscle cells (rPASMCs) at passage 4 were seeded on to
collagen coated coverslips in a 12-well plate at 1x105 cells/well, cultured until 50-60% confluent, and
immunocytochemistry carried out as previously described. Hypoxia-inducible factor 1a (HIF1a) is
shown in green. (A) Under normoxic conditions, HIF1a was expressed in both the cytoplasm and the
nucleus. (B) Following 72 hours treatment with 200 uM cobalt chloride, HIF 1a expression increased in
the nucleus but was weak in the cytoplasm indicating nuclear translocation. (C) Following 72 hours
incubation in 1% O2/ 5% COz2/nitrogen, HIF1a expression increased in the nucleus and was weak in the
cytoplasm indicating nuclear translocation. Images are representative of HIF1a immunofluorescence.
Scale bars = 20 ym. (D) Female rPASMCs (passage 4) were seeded into 6-well plates at 3x10°
cells/well, cultured until ~70% confluent, and incubated in normoxia or 1% O2/ 5% COz2/nitrogen for 72
hours prior to RNA collection. gRT-PCR was carried out as previously described. Fold change was
calculated by the AACT method and is represented as relative to vehicle (where the average vehicle
fold change is 1). Hk2 expression significantly increased following incubation in 1% O2. Basal Hk2 CT
(normoxia) = 29.6. Data are expressed as +SEM and analysed by unpaired t-test. *** p<0.001. n=6

(technical replicates performed in one female rPASMC cell line).
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3.2.4 The Effect of 160HE2 on Proliferation of Female PAH
Patient Pulmonary Artery Smooth Muscle Cells

As a statistically significant increase in proliferation in response to 160HE2 was not

observed in rPASMCs, it was decided to further investigate its effects in female PAH

patient hPASMCs when these became available. Denver et al. previously
demonstrated that treatment with 10 nM 160HEZ2 for 48 hours increased

proliferation in these cells?*'. The aim was to replicate these results with the

intention to move onto further studies to investigate the underlying mechanism, for

example with estrogen receptor antagonists. The characteristics of the human cell

donors are shown in Table 3.2. These are referred to by the anonymous internal
identifiers 113MP, 117MP, 73MP, and 130MP.

Table 3.2: Characteristics of Female PAH Patient Pulmonary Artery Smooth Muscle

Cell Donors
ID Sex Age Conditions Medications
113MP Female 45 PAH associated with  Unknown
congenital heart
disease
117MP Female 52 PAH associated with  Unknown
septal defect
73MP Female 30 Hereditary PAH IV Prostanoids,
(BMPR2R8%X Warfarin,
mutation) Zopiclone,
Mebeverine,
Furosemide
130MP Female Unknown  BMPR2 protein- Unknown

truncating mutation

carrier

106



In female PAH patient hPASMCs, total cell count did not significantly change but a
wide variation in response to 160HE2 was noted in line with the heterogeneity of the
patients’ age and condition. However, the cells proliferated in response to the 10%

FBS positive control (Figure 3.5).
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Figure 3.5: The effect of 160HE2 on proliferation of female PAH patient hPASMCs.

Human pulmonary artery smooth muscle cells (RPASMCs) were seeded in 6-well plates at 2x105
cells/well, cultured to 50-60% confluency, then quiesced for 24 hours (0.2% charcoal stripped fetal
bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) prior to stimulation
with 10 nM 16a-hydroxyestradiol (160HEZ2), vehicle control (Veh; 10 nM ethanol) or 10% FBS positive
control for 48 hours. Experiments were carried out in phenol red-free DMEM with 1% charcoal stripped
FBS. Total cell counts were assessed after 48 hours by Countess automated cell counter. Data are
expressed as +SEM and analysed by one-way ANOVA with post-hoc Tukey test. n=8.
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3.2.5 The Effects of 160HE2 on Migration of Male and

Female Rat Pulmonary Artery Smooth Muscle Cells

Cell migration is another key mechanism of pulmonary vascular remodelling in
PAH®. Denver et al. previously observed that 1 nM 160HE2 increased migration of
BOECs from male and female PAH patients?*'. This was attenuated by the NRF2-
activator bardoxolone methyl, suggesting that increased migration may be
dependent on redox signalling®*!. However, previous studies have not investigated

the effects of 160HE2 on migration of smooth muscle cells.

A range of concentrations of 160HE2 from 100 pM to 10 nM were selected.
rPASMCs were cultured in 6-well plates until 90-100% confluent. Following 24 hours
quiescence, two wounds were created per well of the 6-well plate using a 200 yL
pipette tip. Images were taken immediately after stimulation with 160HEZ2 or control
at 2, 4, 6, 8 and 24 hours. The wound area was measured (Figure 3.6) and the

percentage wound area closed analysed as a measure of cell migration (Figure 3.7).

The percentage wound area closed was significantly higher in male and female
rPASMCs stimulated with 1 nM 160HE2 compared to the vehicle control at 8 hours
and 24 hours. In male rats, the percentage wound area closed was significantly
higher in rPASMCs stimulated with 1 nM 160HE2 compared to 10 nM 160HE2 at
24 hours. There were no differences between the vehicle control and 100 pM- or 10
nM 160HE2 (Figure 3.7). The images shown in Figure 3.6 are representative of cell

migration.
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Figure 3.6: Migration is increased in female rPASMCs stimulated with 1 nM 160HE2 compared to the vehicle.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in a 6-well plate at 3x10° cells/well, cultured to 90-100% confluency, and quiesced for 24
hours (0.2% charcoal-stripped fetal bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)). Two wounds were created per well by a 200 yL
pipette tip, the cells were washed three times with phosphate buffered saline (PBS), then stimulated with 100 pM, 1 nM, or 10 nM 16a-hydroxyestradiol (160HE2) or
vehicle control (10 nM ethanol). Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Images were taken at 0, 2, 4, 6, 8, and 24 hours
at 4X magnification using an EVOS XL Core microscope. Images are representative of cell migration and are female rPASMCs (passage 4). Wound area is highlighted in

yellow. Scale bars = 5mm. n=5.
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Figure 3.7: Migration of male and female rPASMCs is increased by 1 nM 160HE2.

Rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in a 6-well plate at 3x10° cells/well,
cultured to 90-100% confluency, and quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in
phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. Two wounds were created
per well using a 200 L pipette tip, the cells were washed three times with phosphate buffered saline
(PBS), then stimulated with 100 pM, 1 nM, or 10 nM 16a-hydroxyestradiol (1610HE2) or vehicle (Veh;
10 nM ethanol). Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped
FBS. Images were taken at 0, 2, 4, 6, 8, and 24 hours, and the percentage wound area closed
calculated as a measure of cell migration. (A) Male rPASMCs. (B) Female rPASMCs. Data are
expressed as +SEM and analysed by two-way ANOVA with post-hoc Tukey test. *p<0.05, **p<0.01,
***p<0.001 (1 nM 160HE2 vs. Veh); ##p<0.01 (1 nM 160HE2 vs. 10 nM 160HE2). n=5-6.
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3.2.6 The Effects of E2 and 160HE1 on Migration of Male
Rat Pulmonary Artery Smooth Muscle Cells

As 1 nM 160HEZ2 increased migration of male and female rPASMCs, we wished to
investigate whether the same concentration of E2 and 160HE1 would have an
effect. Previous data from the MacLean lab showed that 1 nM 160HE1 did not affect
BOEC migration (unpublished). A preliminary study in male rPASMCs (n=3)
observed that both 1 nM E2 and 1 nM 160HE1 significantly increased the
percentage wound area closed at 24 hours compared to the vehicle (Figure 3.8). At
n=3, 160HE2 was not significant (Figure 3.8).
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Figure 3.8: Migration of male rPASMCs is increased by E2 and 160HE1.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in a 6-well plate at 3x10°
cells/well, cultured to 90-100% confluency, and quiesced (0.2% charcoal stripped fetal bovine serum
(FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. Two wounds were
created per well using a 200 L pipette tip, the cells washed three times with PBS, then stimulated with
1 nM estradiol (E2), 1 nM 16a-hydroxyestrone (160HE1), 1 nM 16a-hydroxyestradiol (160HE2), or
vehicle (Veh; 1 nM ethanol). Stimulations were carried out in phenol red-free DMEM with 1% charcoal
stripped FBS. Images were taken at 0, 2, 4, 6, 8, and 24 hours, and the images shown are
representative of cell migration. (A) 1 nM ethanol vehicle control at 24 hours. (B) 1 nM E2 at 24 hours.
(C) 1 nM 160HE1 at 24 hours. Wound area is highlighted in yellow. Scale bars = 5mm. (D) Percentage
wound area closed. Data are expressed as +SEM and analysed by two-way ANOVA with post-hoc
Tukey test. **p<0.01 (E2 vs. Veh); ##p<0.01 (160HE1 vs. Veh). n=3.
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3.3 Discussion

The female predominance of PAH suggests that estrogens and their metabolites
may be involved in its pathogenesis?’. Circulating E2 levels are increased in male
and postmenopausal female PAH patients, and are associated with worse disease
outcomes®®3'. Elevated plasma levels of 160HE2 were recently observed in female
idiopathic PAH patients, and in men and women with portopulmonary PAH?1:317_ |t is
hypothesised that 160HEZ2 may contribute to the pathogenesis of PAH, but little is
known about its function. Cell proliferation and migration are two key mechanisms of
pulmonary vascular remodelling®. This work demonstrates that the major effect of

160HE2 may be increased cell migration in rPASMCs.

Aberrant fibroblast function such as migration, infiltration into the adventitial layer, and
proliferation plays a key role in pulmonary vascular remodelling®. Initial proliferation
experiments were carried out in Dede hamster lung fibroblasts with two aims: to
determine whether 160HE1 or 160HE2 affected cell proliferation and to determine
the optimal end time-point for future proliferation studies. Concentrations of 1 nM
160HE1 and 10 nM 160OHE2 were selected as previously identified optimal
concentrations for smooth muscle cell proliferation, and these are in keeping with
physiological levels3®?4:3"" Dede hamster lung fibroblasts are an immortalised cell
line derived from female Chinese hamsters. An immortalised cell line was
advantageous for experiment optimisation as the growth rate is faster than primary
cells, there is lower risk of contamination, and passage numbers are unlimited without
differentiation from the primary phenotype. DMEM containing 10% and 2% charcoal
stripped FBS were used as positive and negative controls to allow determination of

the optimal end time-point.

No difference in proliferation was observed between 160HE1 or 160HE2 and the
vehicle. Proliferation was significantly increased by 10% FBS at 24 hours, and further
increased at 48 hours compared to 2% FBS. Therefore, 48 hours was selected as the

optimal end time-point for further proliferation studies.
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No published data was found on the effects of estrogens in Dede hamster lung
fibroblasts, or on the effects of 160HE1 or 160HE2 on fibroblasts in general.
However, Martier et al. recently demonstrated that 10 nM E2 increased proliferation
of primary human lung fibroblasts (HLFs) from females but not in males®*. On the
other hand, 10 nM dihydrotestosterone increased proliferation in male HLFs but not
in females®*. Increased proliferation in response to E2 has been documented in
several types of fibroblasts including primary breast cancer-associated fibroblasts and
stromal fibroblasts®3533%¢. The effects of testosterone in fibroblasts are unclear®¥7-33,
However, the MaclLean group observed that its metabolite dihydrotestosterone
increased proliferation of hPASMCs whereas testosterone had no effect (unpublished
data). The effects of 160HE1 and 160HE2 could be investigated in the immortalised
human HFL-1 cell line to determine whether the proliferative response varies
according to species. These could also be used to evaluate a range of metabolite

concentrations.

Prior to cell isolation, male and female Sprague-Dawley rats were age-matched to
remove this as a confounding factor. This is especially important in the context of PAH,
where age has been identified as a risk factor for the disease®. For example,
according to the REVEAL registry, the average patient age at PAH diagnosis is 53
years old, suggesting that PAH is more prevalent in postmenopausal women®'. It was

vital to study both male and female rats given the sex differences in PAH.

Smooth muscle cell proliferation is a key mechanism of pulmonary vascular
remodelling in PAHS. It has previously been shown that E2 induces proliferation of
female control subject and female PAH patient hPASMCs, and this is attenuated by
the ERa antagonist MPP and the CYP1B1 inhibitor TMS35'%2_ |t has also been shown
that 160HE1 increases proliferation of male and female hPASMCs and male mouse
PASMCs®*3". Denver et al. recently observed that 160HE2 significantly increased
proliferation of female PAH patient hPASMCs but had no effect in either male or
female control subject hPASMCs?*'. However, little is known about the function of
160HE2.

In male and female rPASMCs, 48 hours stimulation with E2, 160HE1 and 160HE?2
had no significant effect on total cell count. The results were highly variable despite
using the same seeding density because the primary cell lines grew at different rates.
There are several potential reasons for this. For example, the cell lines were used at

different passage numbers. One of the female rats had a much higher weight of 265g
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compared to the average weight of 226g in female rats (Supplementary Table 9.2).
Extragonadal E2 synthesis and metabolism in adipose tissue is known to contribute
to the development of PAH*!. Therefore, increased weight in one female rat may have
contributed to the variability in rPASMC total cell count. 160HE2 is also known to
have a short half-life. For example, the half-life of 160HE2 after intramuscular
injection was 3-4 hours in male and female Sprague-Dawley rats and 1.5.-5.3 hours
in human female volunteers using the combined contraceptive pill*3°34, Therefore,
the lack of proliferative response may potentially be due to degradation of 160HE?2 in
vitro. As many additional precipitating factors have been identified in PAH, it was
hypothesised that a ‘second hit’ with acute hypoxia may enhance the proliferative
response of female rPASMCs to 160HE2%.

Hypoxia is a known risk factor for pulmonary hypertension associated with lung
disease (WHO Class lll) but is also a consequence of pulmonary vascular remodelling
and obstruction in PAH (WHO Class I)*. Chronic hypoxia is frequently used to induce
pulmonary hypertension in vivo, often in combination with the VEGFR2 inhibitor
Sugen 5416 to enhance the disease phenotype®. HIF 1a mediates adaptive response
to low O availability?®3. Under normoxic conditions, it is hydroxylated through prolyl
hydroxylases then tagged for proteosomal degradation through the E3 ubiquitin-ligase
system by Von Hippel-Lindau tumour suppressor protein®3. When the prolyl
hydroxylases are inhibited by decreased oxygen availability, HIF 1a translocates to the
nucleus and mediates gene transcription through interaction with HIF1B (ARNT)?%,
HIF1B is shared with the aryl hydrocarbon receptor which regulates estrogen
synthesis and CYP1A1 expression?®2. Therefore, there is a close link between hypoxia

and estrogen metabolism (Figure 1.9).

The level of oxygen depletion required to induce a hypoxic response varies across
different cell types*'. For example, 3% O- induces a hypoxic response in neural stem
cells isolated from C57BL/6J mice, whereas 1% O- induced a hypoxic response in
human umbilical vein endothelial cells®2343, Tumour cell lines (e.g., MCF-7 breast
cancer cells, A2780 ovarian cancer cells) are routinely studied under anoxic
conditions with extreme oxygen deprivation (e.g., 0.1% O3) as the microenvironment
of solid tumours is characterised by multiple regions of mild to severe hypoxia due to
lack of blood supply to the growing tumour nodules*¢. Dean et al. previously
observed that proliferation of female PAH patient hPASMCs did not change in

response to Sugen 5416 under normoxic conditions, but significantly increased when
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Sugen 5416 was combined with 48 hours acute hypoxia in 1% 0O2%%2. Therefore, we

also used 1% O, for acute hypoxic studies in rPASMCs.

In female rPASMCs, we observed that 24 hours incubation in 1% O, was not sufficient
to induce a hypoxic response (Supplementary Figure 9.1). 72 hours incubation was
confirmed to be sufficient by observation of HIF1a translocation to the nucleus and a
significant increase in Hk2 expression (Figure 3.4). Many online tools are available to
assist with selection of an appropriate housekeeping gene, for example NormFinder
and geNorm. However, certain housekeepers are unstable under hypoxia, for
example TATA box binding protein (Tbp)*?°. Tan et al. observed that Actb was the most
stable housekeeper in cardiac stem cells under hypoxia®?®. We also observed that
Actb was stable in female rPASMCs following 72 hours acute hypoxia as determined

by no statistically significant difference in CT value (Figure 3.9).

Actb

CT Value

3
éo‘é\ N

Figure 3.9: Actb expression in female rPASMCs is stable following 72 hours acute hypoxia.
Female rPASMCs (passage 4) were seeded into 6-well plates at 3x10° cells/well, cultured until ~70%
confluent, and incubated in normoxia or 1% O2/ 5% COz2/nitrogen for 72 hours prior to RNA collection.
gRT-PCR was carried out as previously described. There was no statistically significant difference in
CT value for Actb in female rPASMCs following 72 hours acute hypoxia. Data are expressed as +SEM

and analysed by unpaired t-test. n=6 (technical replicates performed in one female rPASMC cell line).

116



Although it was hypothesised that a ‘second hit’ with acute hypoxia may increase the
proliferative response of female rPASMCs, the total cell count was not affected by
160HE2. Similarly, there was no difference in proliferation in response to 160HE2 in
male rPASMCs under acute hypoxic conditions. There was also no significant
difference in total cell count in response to E2 or 160HE1 in male or female rPASMCs
under hypoxia. As chronic hypoxia is an established in vivo model and known risk
factor for PAH, it was hypothesised that the effects of acute hypoxia may be different.
There are several potential reasons for this. For example, in both humans and animal
models (e.g., male Wistar rats) acute hypoxia leads to pulmonary vasoconstriction but
pulmonary vascular remodelling and PAH only develop following chronic
hypoxia3#>34¢, Chronic hypoxia is known to induce several molecular changes in
PASMCs associated with proliferation including elevation of intracellular calcium
concentration ([Ca?)) and prolonged activation of HIF1a2°”**7  Therefore, acute
hypoxia may be insufficient to induce the molecular changes required to enhance the
proliferative response of female rPASMCs to 160HE2. It is not possible to maintain
cells in the hypoxic environment of the modular incubator chamber for long periods
time. Therefore, we attempted to isolate cells from male and female Sprague-Dawley
rats treated with SuHx, and from chronic hypoxic female Sprague-Dawley rats.
However, these were unsuccessful due to poor growth and high sensitivity to

quiescence.

Future studies could focus on the effects of combining exogenous hits with 160HE2
on proliferation of rPASMCs. For example, White et al. investigated the effects of 72
hours stimulation with 20HE1, 20HE2, 40HE1, 40HE2, 160HE1 and 160HE2 in the
presence of 10 ng/mL platelet derived growth factor in female control subject
hPASMCs?®*. However, out of these estrogen metabolites, proliferation only increased
in response to 160HE1%. As serotonin induces proliferation in both female control
subject and female PAH patient hPASMCs, this could also be investigated as an
exogenous hit'®. Endothelin-1 is known to induce proliferation in both rat and human
PASMCs, therefore could also be explored as an exogenous hit3834%, Finally, the
effects of 160HE2 on proliferation could be explored in PASMCs isolated from
transgenic mouse models which spontaneously develop PAH (e.g., obese ob/ob mice,

Bm pr2R899X mice)34,31 3_

As we did not observe any significant change in proliferation in response to 160HE2
in rPASMCs, we investigated this in female PAH patient hPASMCs. The aim was to
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replicate the finding by Denver et al. that 160HE2 increased proliferation of female
PAH patient hPASMCs, with the intention to move on to novel studies with estrogen
receptor antagonists to investigate the underlying mechanism?*'. However, we did not
observe any significant difference in proliferation of female PAH patient hPASMCs in
response to 160HE2. There are several possible reasons for this. We used four PAH
patient hPASMC cell lines multiple times due to the shortage of human cells, whereas
Denver et al. used each cell line once?*'. Differences in cell passage number and PAH
patient hPASMC lines between the studies are also likely to have affected
proliferation. For example, the female PAH patient hPASMCs used in this project
(Table 3.2) were mostly used at passage 5-7 (except for one vial of cells used at
passage 3). On the other hand, the cell lines and passage numbers used by Denver
et al. could not be traced and may have come from different female PAH patients.
There are many factors which differ between PAH patients including age, weight,
condition (e.g., hereditary PAH vs. idiopathic PAH) and medications*#'5'. All of these

may potentially affect proliferation in response to 160HE2.

Cell migration is a key mechanism of pulmonary vascular remodelling®. 1 nM 160HE2
significantly increased the percentage wound area closed (a measure of migration) at
8 and 24 hours compared to the vehicle in male and female rPASMCs. Similarly,
Denver et al. recently demonstrated that 1 nM 160HEZ2 increased migration of BOECs
from PAH patients of both sexes?*'. Although concentrations of 100 pM and 10 nM
were also tested, only 1 nM increased migration compared to the vehicle. In male
rPASMCs, the percentage wound area closed was significantly lower in response to
10 nM 160HE2 compared to 1 nM. However, there was no significant difference in
migration between DMEM containing 1% FBS and the vehicle (Supplementary Figure
9.2), suggesting that the 10 nM ethanol (vehicle) concentration was not responsible
for this effect and that migration is dependent on the concentration of 160HE2. As
migration experiments were carried out at the end of the PhD project, time did not
allow for further investigation of the underlying mechanism. In the future, this
experiment could be repeated in the presence of estrogen receptor antagonists and
the NRF2-activator bardoxolone methyl given that this attenuated migration in
BOECs?*,

In a preliminary experiment, we also observed that 1 nM E2 and 1 nM 160HE1
increased migration of male rPASMCs at 24 hours compared to the vehicle (1 nM

ethanol). In this case, 160HE2 did not significantly affect migration which may be due

118



to lower n-numbers (n=3). Furthermore, this study was carried out in rPASMCs of
higher passage number compared to the previous experiment due to the availability
of primary cells (P5-6 versus P3-4). Previous studies have observed a loss of cell
migration ability with increased passage. For example, Liao et al. demonstrated that
the migration capability of human umbilical vein endothelial cells increased with
passage until P10, started to decrease at P15, then dramatically reduced after P20,
Cao et al. investigated the effects of passage number on the migration of HT29 human
colorectal cancer cells at P4, P10 and P16%'. Migration was highest at P4 and lowest
at P16, Therefore, the lack of migration observed in response to 1 nM 160HE2 and
different results from the previous experiment may be due to decreased rPASMC
ability to migrate at a higher passage number. While there is little published data on
the effects of 160HE1 and 160HE2 on migration, the effect of E2 has been studied
but is unclear. For example, E2 increased migration of MCF-7 breast cancer cells,
and this was reversed by the ERa inhibitor fulvestrant which also decreases plasma
levels of 160HE2 in female PAH patients’7:3%2, On the other hand, 10 nM E2 inhibited
migration of vascular smooth muscle cells isolated from the thoracic aorta of female
Sprague-Dawley rats, and this was reversed by fulvestrant (ICI 182,780)%.
Therefore, further study is required to determine the underlying mechanism of the
increased migration observed in rPASMCs in response to 160HE2, and whether

these effects are specific to the pulmonary vasculature.

3.3.1 Limitations of this Study

Dede hamster lung fibroblasts were used to optimise the end time-point for the
Countess proliferation assay because, as an immortalised cell line, they do not have
the same limits on passage number as primary cells. However, there may be species-
specific differences in hamsters compared to rats and humans. It is also challenging
to study the molecular effects of 160HE2 in Dede hamster lung fibroblasts as many
primary antibodies for western blots do not react with this species. Future studies

could overcome this limitation by using human HFL-1 fibroblasts.
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During hypoxic studies, the modular incubator chamber requires to be opened and
the cells re-exposed to normoxia for short periods of time to allow media changes or
harvest of RNA/protein. However, this was minimised and does not appear to have
affected the hypoxic response. Alternatively, cobalt chloride could have been used as
a chemical mimic of hypoxia as it strongly stabilises HIF1a and HIF2a under normoxic
conditions®33, However, unlike low oxygen-induced hypoxia, the response to cobalt
chloride lasts several hours and the extent to which this model can be extrapolated to
hypoxia is uncertain3. Therefore, the use of a modular incubator chamber was

preferable.

72 hours incubation in a hypoxic environment (1% O /5% CO: /nitrogen) was
confirmed to induce a hypoxic response in female rPASMCs by immunocytochemistry
observation of HIF1a translocation into the nucleus and increased gene expression
of Hk2. However, as HK2 protein levels were not analysed, we cannot confirm that

increased gene expression of Hk2 translates to increased protein levels.

There was no significant difference in proliferation in the response to the 10% FBS
positive control in female rPASMCs under acute hypoxia. This may be due to high
variability in the total cell count associated with different passage number, different
primary cell line growth rates, and the higher weight of one female rat compared to
the others used in the study. However, the hypoxic environment may also have
affected cell growth as a significant increase in total cell count was observed in
response to 10% FBS under normoxic conditions. This may potentially have
influenced female rPASMC response to E2, 160HE1 and 160HE2 under acute

hypoxic conditions.

Our supply of hPASMCs ceased during the COVID-19 pandemic. Therefore, it was
not possible to add further n-numbers to investigate the effect of 160HE2 on
proliferation of female PAH patient hPASMCs. Those cells we did study were high

passage.

Finally, as migration experiments were carried out at the end of the PhD project, time
did not allow for investigation of the underlying mechanisms of increased migration in
response to 160HE2 in rPASMCs.
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3.3.2 Summary

In summary, Dede hamster lung fibroblast proliferation was not affected by 1610HE1
or 160HE2, but the optimal end time-point for experiments was determined as 48
hours. 160HE2 did not increase proliferation of male or female rPASMCs. Acute
hypoxia was added as a ‘second hit’ but this did not increase the proliferative
response. 160HE2 also did not increase proliferation of female PAH patient
hPASMCs. 1 nM 160HE2 increased migration of male and female rPASMCs. In
addition, 1 nM E2 and 1 nM 160HE1 increased migration of male rPASMCs. Overall,
these results suggest that increased migration in response to 160HE2 may contribute
to pulmonary vascular remodelling in PAH (Figure 3.10). The molecular effects of
160HE?2 in vitro and the effects of 160HE2 in vivo are presented in Chapters 4 and
5.

T160HE2 .
T Migration Pulmonary Vascular Remodelling

CH; OH

Figure 3.10: Summary of the functional effects of 160HE2 in vitro.

Increased plasma levels of 16a-hydroxyestradiol (160HE2) were recently observed in female idiopathic
pulmonary arterial hypertension (PAH) patients, and in males and females with portopulmonary
PAH?2528% 1 nM 160HE2 significantly increased migration of male and female rat pulmonary artery
smooth muscle cells. This may contribute to pulmonary vascular remodelling in PAH. Created with

BioRender.com.
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Chapter 4

The Molecular Effects of 16a-
Hydroxyestradiol In Vitro
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4.1 Introduction

There are several groups of pulmonary arterial hypertension (PAH) including
hereditary and idiopathic PAH (Table 1.1)*. Around 80% of hereditary PAH cases are
associated with mutations in bone morphogenetic protein receptor 2 (BMPR2)'4,
However, as previously discussed in Chapter 1, BMPR2 expression in human
pulmonary artery smooth muscle cells (hnPASMCs) is generally reduced in PAH
patients regardless of mutation status, therefore this is of interest across all PAH
patients'. In hereditary PAH, disease penetrance is low and is predominantly
affected by sex (penetrance is around 14% in males and 42% in females)''. This
may be driven by many factors including alterations in estrogen metabolism?®. In
the absence of PAH, Mair et al. observed that basal BMPR2 signalling (Figure 1.5)
is lower in female control subject hPASMCs than males'®. Estradiol (E2)
suppressed expression of inhibitor of DNA-binding 1 (Id1) and inhibitor of DNA-
binding 3 (1d3) in male control subject hPASMCs to a similar level observed in
female hPASMCs, suggesting that E2 may suppress BMPR2 signalling’®. Reduced
BMPR2 signalling contributes to hyperactivation of the transforming growth factor-
beta (TGF-B) pathway by shifting protective p-Smad1,5,8 signalling to the
pathogenic p-Smad2,3 pathway, leading to cell proliferation, migration, and

pulmonary vascular remodelling'®.

Estrogens primarily act via three receptors encoded by the genes Esr1 (ERa), Esr2
(ERB) and Gper1 (GPER)'%2, ESR1 expression is upregulated in the lung tissue of
PAH patients compared to control subjects’®. Wright et al. observed that ERa
protein levels are elevated in female PAH patient hPASMCs compared to female
control subjects, whereas ER[ protein levels are elevated in male PAH patient
hPASMCs compared to male control subjects’®. Austin et al. observed that
transfection of increasing quantities of ERa in COS-7 cells (which lack endogenous
estrogen receptors) strongly correlates with decreasing BMPR2 expression™’.
Bmpr2 suppression in the lung tissue of female SERT* mice (overexpressing the
human serotonin transporter gene) was also attenuated by continuous
subcutaneous (s/c) dosing with the ERa antagonist MPP'%2, On the other hand,
Chen et al. observed that ERB primarily mediates the increased PAH penetrance

observed in female Bmpr2R8®X mice compared to male Bmpr2R&® mice, with ERa
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only partially involved'?. Furthermore, Ichimori et al. observed that BMPR2
signalling in human pulmonary artery endothelial cells (PAECs) increased in
response to E2 under normoxic conditions but decreased under acute hypoxia (1%
0O2), and these effects were attenuated by the ERa inhibitor fulvestrant (ICl
182,780)"8. Therefore, the effects of E2 on BMPR?2 signalling may differ according

to sex, species, tissue, and stimulus.

Hsd17b1 and Hsd17b2 encode the 17B-hydroxysteroid dehydrogenase enzymes
178-HSD1 and 17B-HSD2 which interconvert androgens, estrogens, and their
respective metabolites’. Cyp79a71 encodes aromatase which synthesises E1 and
E2 from androstenedione and testosterone (Figure 1.4)". Mair et al. observed that
aromatase expression is significantly increased in the pulmonary arteries of male
and female chronic hypoxic C57BL/6 mice and SuHx Wistar Kyoto rats compared to
their normoxic controls®. Daily s/c injection or oral dosing with the aromatase
inhibitor anastrozole attenuated both PAH and BMPR2 suppression in the lung
tissue of female chronic hypoxic C57BL/6 mice and female SuHx Wistar Kyoto
rats®3. However, no response was observed in males*. Overexpression of
CYP19A1 due to the rs7175922 polymorphism may be associated with an increased

risk of portopulmonary hypertension?’é.

Cyp1ai, Cyp1a2 and Cyp1b1 encode cytochrome P450 enzymes which metabolise
E1 and E2’. Comt further metabolises 2- and 4-hydroxyestrogens to 2- and 4-
methoxyestrogens’. Dean et al. observed that CYP1A1 is highly upregulated in the
lungs of female SuHx Wistar rats compared in response to activation of the aryl
hydrocarbon receptor, leading to increased estrogen metabolism?®2. CYP1B1 is
overexpressed in the pulmonary arteries of idiopathic and hereditary PAH patients®.
The CYP1B1 antagonist TMS attenuates PAH in chronic hypoxic C57BL/6 mice,
SuHx C57BL/6 mice, obese male ob/ob mice, and female SERT+ mice?435240 On
the other hand, the COMT metabolite 2-methoxyestradiol (2ME2) mediates several
protective effects in PAH, for example decreased proliferation of female rPASMCs

and female control subject APASMCs?%°,

160-hydroxyestrone (160HE1) is a metabolite of CYP1B1%®. Increased levels of
160HE1 may mediate disease penetrance in hereditary PAH%. Austin et al
observed that female BMPRZ2 mutation carriers homozygous for the N/N genotype of
CYP1B1 N453S have a four-fold greater incidence of hereditary PAH?¢, Fessel et

al. observed that continuous s/c administration of 160HE1 significantly increased
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the penetrance of PAH in male Bmpr2R¢%°X and Bmpr29*4+* mice'%. 160HE1 also
suppressed BMPR?2 signalling in the lung tissue of their wild type littermates'®. This
has led to the hypothesis that a shift in estrogen metabolism from the protective 2-
hydroxylation pathway to 16a-hydroxylation may mediate the development of
PAH?"#_ In keeping with this, Austin et al. observed that the urinary 2-
hydroxyestrogen/160HE1 ratio was 2.3-fold lower in hereditary PAH patients

compared to unaffected BMPR2 mutation carriers?®.

16a-hydroxyestradiol (160HE2) is primarily produced during pregnancy (Figure
1.10)3'. Increased plasma levels of 160HE2 were recently observed in female
idiopathic PAH patients, and in males and females with portopulmonary PAH?41:317,
During a study primarily focused on E2, Austin et al. (2012) incidentally observed
that 24 hours treatment with 160HE2 (estriol) suppressed BMPRZ2 expression in
human pulmonary microvascular endothelial cells, with 10 nM being the optimal
concentration'¥’. However, this observation was made before increased plasma
levels of 160HE2 were detected in PAH patients (Denver et al. 2020)%*'. While
preliminary studies have shown it increases proliferation of female PAH patient
hPASMCs and migration of blood outgrowth endothelial cells (BOECs) from male
and female PAH patients, its molecular function is undetermined?*'. Here, we

investigate the molecular effects of 160HEZ2 in vitro.

Aims of this chapter:

1. To investigate the effects of 160HE2 on the estrogen pathway, BMPR2
signalling pathway, and fibrosis marker expression in male and female rat
pulmonary artery smooth muscle cells (rPASMCs) under normoxic and acute

hypoxic conditions.

2. To investigate whether the findings in male rPASMCs translate to male
control subject hPASMCs.

3. To investigate the effects of 160HE2 on the BMPR?2 signalling pathway in

the systemic circulation using rat aorta smooth muscle cells (AoSMCs).
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4.2 Results
4.2.1 Effects of E2, 160HE1 and 160HE2 on the

Expression of Genes Within the Estrogen Pathway in

Rat Pulmonary Artery Smooth Muscle Cells

Estrogen synthesis and metabolism (Figure 1.4) play a key role in PAH and may
contribute to its predominance in females’. Many of the effects of estrogens result
from direct interaction between estrogens and their receptors'°. For example, E2
increases proliferation of female PAH patient hPASMCs via ERa'%2. Therefore, we
wished to investigate the effects of 160HE2 on expression of genes within the
estrogen pathway. As previously described, rPASMCs were isolated from male and
female Sprague-Dawley rats (aged 11-13 weeks) and stimulated with 1 nM E2, 1 nM
160HE1, and 10 nM 160HE2 for 24 hours prior to RNA collection. These
concentrations were selected as they were previously observed to increase
proliferation in hPASMCs3%102241311 'However, in Chapter 3, we did not observe any
proliferation in response to 48 hours stimulation with 1 nM E2, 1 nM 160HE1, or 10
nM 160HEZ2 in rPASMCs under normoxic or acute hypoxic conditions (72 hours in
1% O.). Although this may be due to species difference, Denver et al. only observed
proliferation in female PAH patient hPASMCs in response to 160HE2 and not in
male or female control subjects?*'. Therefore, the lack of proliferative response may

occur because the rPASMCs were isolated from healthy control rats.

We investigated the effects of E2, 160HE1 and 160HE2 on the expression of Esr1,
Esr2, Gper1, Hsd17b1, Hsd17b2, Cyp19a1, Cyp1al, Cyp1a2, Cyp1b1 and Comtin
male and female rPASMCs. In male rPASMCs, no significant changes in gene
expression were observed (Table 4.1). In female rPASMCs, Gper1 expression
significantly decreased in response to 160HE1 (Table 4.2). Hsd17b2 and Cyp1a2

were not detected. Cyp79a1 was detected but expression was very low.
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Table 4.1: Effects of E2, 160HE1 and 160HE2 on the Expression of Genes Within the Estrogen Pathway in Male rPASMCs

Basal E2 vs. Veh 160HE1 vs. Veh 160HE2 vs. Veh
PATHWAY | GENES CT

value | FC + SEM P-value | FC + SEM P-value | FC+SEM | P-value

Esrl 36.1 | 1.01+0.09 | >0.9999 | 0.82+0.22 | >0.9999 | 0.97 + 0.31 | >0.9999
Estrogen Esr2 352 | 1.22+0.18 | 0.9584 | 1.93+0.45 | 0.1894 | 1.32+0.29 | 0.8972
Pathway |"Gper1 | 33.0 | 1.05+0.31 | >0.9999 | 1.11+0.40 | >0.9999 | 0.83 + 0.19 | >0.9999
Hsd17bl | 34.3 | 0.94+0.14 | 0.9959 | 0.96+0.21 | 0.9984 | 1.04+0.27 | 0.9992
Cyp19al | 36.0 | 1.13+0.17 | 0.9885 | 1.17+0.41 | 0.9744 | 0.85+0.16 | 0.9783
Cyplal | 35.3 | 0.53+0.13 | 0.4421 | 0.41+0.09 | 0.3225 | 0.43+0.12 | 0.2569
Cyplbl | 23.0 | 1.11+0.20 | 0.9766 | 1.00+0.21 | >0.9999 | 1.13+0.15 | 0.9599

Comt 243 | 1.15+0.12 | 0.7838 | 1.01+0.15 | 0.9998 | 1.07 +0.08 | 0.9746

Table 4.1: Effects of E2, 160HE1 and 160HE2 on the expression of genes within the estrogen pathway in male rPASMCs.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in a 6-well plate at 3x10° cells/well, cultured to ~70% confluency, and quiesced (0.2% charcoal
stripped fetal bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. Cells were stimulated with 1 nM Estradiol (E2), 1 nM
16a-hydroxyestrone (160HE1), 10 nM 16a-hydroxyestradiol (1610HE2), or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA lysis in QiaZol. Stimulations
were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value = average CT value in the vehicle group. FC= Fold change, calculated by
AACT method and represented as relative to the vehicle (where the average vehicle fold change is 1). Normality was assessed by Shapiro-Wilk test. Data are expressed

as +SEM and analysed by one-way ANOVA with post-hoc Tukey test or Kruskal-Wallis test. n=6.
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Table 4.2: Effects of E2, 160HE1 and 160HE2 on the Expression of Genes Within the Estrogen Pathway in Female rPASMCs

Basal E2 vs. Veh 160HEL1 vs. Veh 160HE2 vs. Veh
PATHWAY | GENES | CT

value | FC + SEM P-value FC + SEM P-value FC + SEM | P-value
Esrl 345 | 1.17+0.13 | >0.9999 | 1.10+0.09 | >0.9999 | 1.19+0.29 | >0.9999
Estrogen Esr2 34.8 | 0.91+0.14 | 0.9946 | 1.13+0.48 | 0.9849 | 0.71+0.16 | 0.8817
Pathway | Gper1 | 33.6 | 0.80+£0.07 | 0.4647 | 0.56+0.10 | 0.0190* | 0.67 £ 0.11 | 0.1151
Hsd17b1l| 32.9 | 1.09+0.19 | 0.9816 | 1.29+0.17 | 0.6126 | 0.92+0.18 | 0.9845
Cypl19al | 35.8 | 0.81+0.06 | 0.9249 | 0.53+0.21 | 0.4263 | 0.85+0.15 | 0.9504
Cyplal | 34.4 | 1.28+0.30 | 0.9542 | 1.22+0.45 | 0.9762 | 1.06+0.52 | 0.9996
Cyplbl | 24.1 | 1.02+0.10 | >0.9999 | 0.98 + 0.09 | >0.9999 | 1.00 + 0.11 | >0.9999
Comt 253 | 0.97+0.06 | 0.9995 | 1.21+0.27 | 0.8631 | 1.30+0.21 | 0.6792

Table 4.2: Effects of E2, 160HE1 and 160HE2 on the expression of genes within the estrogen pathway in female rPASMCs.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in a 6-well plate at 3x10° cells/well, cultured to ~70% confluency, and quiesced (0.2%

charcoal stripped fetal bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. Cells were stimulated with 1 nM Estradiol (E2),

1 nM 16a-hydroxyestrone (160HE1), 10 nM 16a-hydroxyestradiol (160HEZ2), or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA lysis in QiaZol.

Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value = average CT value in the vehicle control group. FC= Fold

change, calculated by AACT method and represented as relative to the vehicle (where the average vehicle fold change is 1). Normality was assessed by Shapiro-Wilk

test. Data are expressed as +SEM and analysed by one-way ANOVA with post-hoc Tukey test or Kruskal-Wallis test. *p<0.05. n=6.
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4.2.2 Effects of E2, 160HE1 and 160HE2 on the
Expression of Genes Within the Estrogen Pathway in
Rat Pulmonary Artery Smooth Muscle Cells Under
Acute Hypoxia

Pulmonary vascular remodelling in PAH is complex, and many additional
precipitating factors (or ‘second hits’) have been identified including exposure to
certain drugs (e.g., fenfluramines), genetic susceptibilities, and hypoxia® 130140, As
few changes in expression of genes within the estrogen pathway were observed in
response to E2, 160HE1 or 160HEZ2 in rPASMCs, we wished to investigate the

effects of adding acute hypoxia as a ‘second hit’.

As previously discussed in Chapter 3, 72 hours incubation in a hypoxic environment
(1% O2/5% CO2/nitrogen) was confirmed to induce a hypoxic response in female
rPASMCs by translocation of HIF1a into the nucleus and a significant increase in
Hk2 expression (Figure 3.4). We investigated the effects of 24 hours stimulation
with E2, 160HE1 and 160HE2 on the expression of Esr1, Esr2, Gper1, Hsd17b1,
Hsd17b2, Cyp19a1, Cyplal, Cyplaz2, Cyp1b1 and Comtin male and female
rPASMCs under acute hypoxia. No significant changes were observed in male
(Table 4.3) or female (Table 4.4) rPASMCs. Hsd17b2 and Cyp1a2 were not detected
in either sex. Cyp19a1 was detected at very low levels in female rPASMCs but not

detected in males.
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Table 4.3: Effects of E2, 160HE1 and 160HE2 on the Expression of Genes Within the Estrogen Pathway in Male rPASMCs Under

72 Hours Acute Hypoxia

Basal E2 vs. Veh 160HEL1 vs. Veh 160HE2 vs. Veh
PATHWAY | GENES | CT

value | FC+SEM | P-value | FC+SEM | P-value | FC+SEM | P-value
Esrl | 36.1 | 0.70+0.27 | >0.9999 | 0.87 +0.22 | >0.9999 | 0.67 + 0.20 | >0.9999
Estrogen Esr2 353 | 1.12+0.19 | 0.9825 | 0.75+0.13 | 0.8559 | 1.08+0.18 | 0.9955
Pathway ™o 01 | 34.6 | 067+0.20 | >0.9999 | 0.78+0.34 | >0.9999 | 0.48 +0.09 | >0.9999
Hsd17bl| 34.0 | 0.85+0.18 | 0.8640 | 0.77+0.12 | 0.6407 | 0.75+0.15 | 0.6017
Cyplal | 34.8 | 0.81+0.38 | 0.9824 | 043+0.12 | 0.6519 | 0.72+0.24 | 0.9398
Cyplbl | 24.0 | 0.79+0.22 | 0.9079 | 0.80+0.19 | 0.9073 | 0.91+0.22 | 0.9903
Comt | 27.2 | 0.95+0.19 | >0.9999 | 0.95+0.16 | >0.9999 | 0.94 + 0.19 | >0.9999

Table 4.3: Effects of E2, 160HE1 and 160HE2 on the expression of genes within the estrogen pathway in male rPASMCs under 72 hours acute hypoxia.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in a 6-well plate at 3x10° cells/well. The following day, the culture media was refreshed, and the

cells placed into acute hypoxia (1% O2/ 5% COz2/ nitrogen) for 72 hours as previously described. On day 3, the cells (at ~70% confluency) were quiesced (0.2% charcoal

stripped fetal bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. On day 4, cells were stimulated with 1 nM Estradiol (E2),
1 nM 16a-hydroxyestrone (160HE1), 10 nM 16a-hydroxyestradiol (160HE2), or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA lysis in QiaZol.
Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value = average CT value in the vehicle control group. FC= Fold

change, calculated by AACT method and represented as relative to the vehicle (where the average vehicle fold change is 1). Normality was assessed by Shapiro-Wilk

test. Data are expressed as +SEM and analysed by one-way ANOVA with post-hoc Tukey test or Kruskal-Wallis test. n=6.
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Table 4.4: Effects of E2, 160HE1 and 160HE2 on the Expression of Genes Within the Estrogen Pathway in Female rPASMCs
Under 72 Hours Acute Hypoxia

Basal E2 vs. Veh 160HE1 vs. Veh 160HE2 vs. Veh
PATHWAY | GENES | CT
value | FC+SEM | P-value | FC+SEM | P-value | FC +SEM P-value
Esrl 354 | 0.98+0.14 | >0.9999 | 1.28+0.33 | 0.7969 | 0.94+0.16 0.9968
Estrogen Esr2 347 | 1.17+0.44 | 09883 | 1.29+0.48 | 0.9473 | 1.09 +0.26 0.9983
Pathway |"Gner1 | 334 | 0.79+0.14 | 0.7006 | 0.84+0.13 | 0.8338 | 0.65+0.11 0.3012
Hsd17b1| 33.0 | 1.30+0.23 | 0.7485 | 1.10+0.21 | 0.9872 | 1.19+0.25 0.9193
Cypl9al | 364 | 1.04+£0.23 | >0.9999 | 0.94+0.14 | 0.9955 | Only detected in 2 samples
Cyplal | 34.1 | 0.90+0.16 | 0.9982 | 0.94+0.22 | 0.9996 | 2.13+0.71 0.2451
Cyplbl | 24.3 | 0.95+0.15 | 0.9991 | 1.18+0.28 | 0.9622 | 1.46+0.34 0.5927
Comt 25.8 | 1.12+0.25 | 0.9715 | 1.08+0.17 | 0.9905 | 1.06 +0.21 0.9962

Table 4.4: Effects of E2, 160HE1 and 160HE2 on the expression of genes within the estrogen pathway in female rPASMCs under 72 hours acute hypoxia.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in a 6-well plate at 3x10° cells/well. The following day, the culture media was refreshed, and

the cells placed into acute hypoxia (1% O2/ 5% CO2/ nitrogen) for 72 hours as previously described. On day 3, the cells (at ~70% confluency) were quiesced (0.2%
charcoal stripped fetal bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. On day 4, cells were stimulated with 1 nM

Estradiol (E2), 1 nM 16a-hydroxyestrone (160HE1), 10 nM 16a-hydroxyestradiol (160HE2), or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA lysis in
QiaZol. Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value = average CT value in the vehicle control group. FC=

Fold change, calculated by AACT method and represented as relative to vehicle (where the average vehicle fold change is 1). Normality was assessed by Shapiro-Wilk

test. Data are expressed as +SEM and analysed by one-way ANOVA with post-hoc Tukey test or Kruskal-Wallis test. n=6.
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4.2.3 Effects of 160HE2 (24 Hours Incubation) on the
Expression of Genes Within the BMPR2 Signalling
Pathway in Rat Pulmonary Artery Smooth Muscle

Cells

BMPR2 signalling (Figure 1.5) is reduced in ~80% of PAH patients regardless of
mutation status™?. BMPR2 expression is also decreased in the lung tissue of male
and female chronic hypoxic C57BL/6 mice and SuHx Wistar Kyoto rats in
comparison to their normoxic controls®®. In 2012, Austin et al. incidentally observed
that 24 hours treatment with 160HE2 (estriol) suppressed BMPRZ2 expression in
human pulmonary microvascular endothelial cells, with 10 nM being the optimal
concentration'¥’. However, this observation was made before increased plasma
levels of 160HE2 were detected in PAH patients (Denver et al. 2020)?*'. Therefore,
we wished to investigate the effects of 160HE2 on the BMPR2 signalling pathway in
PASMCs.

We investigated the effects of 24 hours stimulation with 10 nM 160HEZ2 on the
expression of the following genes within the BMPR2 signalling pathway: Bmpr2,
Smad1, Smad2, Smad3, Smad4, Smad5, Smad6, Smad7, Smad9, Id1, Id2 and /d3.
In male rPASMCs, Bmpr2, Smad1 and Smad4 expression significantly decreased in
response to 160HE2 (Figure 4.1, Table 4.5). No significant changes in gene

expression were observed in female rPASMCs (Figure 4.2, Table 4.6).
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Figure 4.1: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in
male rPASMCs.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108
cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in
phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM
16a-hydroxyestradiol (1610HEZ2), or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA
lysis. Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT
value = average CT value in the vehicle control group. FC= Fold change, calculated by AACT method
and represented as relative to the vehicle (where the average vehicle fold change is 1). (A) Bmpr2. (B)
Smad1. (C) Smad4. (D) Heatmap comparison of the fold change mRNA expression in response to
160HE2 compared to the vehicle. Green = <1, white = 1, red = >1. Data are expressed as +SEM and

analysed by unpaired t-test. *p<0.05. n=5-6.
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Table 4.5: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in Male rPASMCs

PATHWAY | GENES B?:STal 160HE2 vs. Veh
value FC + SEM P-value
Bmpr2 27.9 0.61+0.11 0.0115*
Smadl | 276 0.69 + 0.09 0.0237*
BMPR2 Smad2 | 28.9 0.87 +0.14 0.4753
Pathway | smad3 | 27.7 0.83 + 0.07 0.3117
Smad4 | 266 0.72+0.04 0.0273*
Smads | 28.3 0.83 + 0.05 0.0763
Smadé | 26.8 0.76 + 0.06 0.0561
Smad7 | 284 0.84 + 0.07 0.0960
Smad9 | 305 0.82 £ 0.10 0.3032
1d1 29.3 0.86 + 0.20 0.5540
1d2 29.0 0.79 £ 0.20 0.3758
1d3 24.0 0.74 +0.11 0.0919

Table 4.5: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in
male rPASMCs.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108
cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in
phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM
16a-hydroxyestradiol (1610HEZ2), or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA
lysis. Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT
value = average CT value in the vehicle control group. FC= Fold change, calculated by AACT method
and represented as relative to the vehicle (where the average vehicle fold change is 1). Normality was
assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired t-test. *p<0.05.
n=5-6.
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Figure 4.2: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in
female rPASMCs.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at
2.2x10° cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum
(FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated
with 10 nM 16a-hydroxyestradiol (160HEZ2), or vehicle (Veh; 10 nM ethanol) for 24 hours prior to RNA
lysis. Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT
value = average CT value in the vehicle group. FC= Fold change, calculated by AACT method and
represented as relative to the vehicle (where average vehicle fold change is 1). (A) Bmpr2. (B) Smad1.
(C) Smad4. (D) Heatmap comparison of the fold change mRNA expression in response to 160HE2
compared to the vehicle. Green = <1, white = 1, red = >1. Normality was assessed by Shapiro-Wilk

test. Data are expressed as +SEM and analysed by unpaired t-test or Mann-Whitney test. n=6.
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Table 4.6: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in Female rPASMCs

Basal 160HE2 vs. Veh
PATHWAY GENES CT

value FC = SEM P-value
Bmpr2 29.9 0.83 £ 0.05 0.4490
Smad1l 29.8 0.89 £ 0.07 0.2767
BMPR2 Smad?2 31.1 0.95 + 0.04 0.5887
Pathway Smad3 30.5 1.06 + 0.05 0.7641
Smad4 27.7 0.99+0.11 0.9258
Smad5 28.9 0.98+0.11 0.9068
Smad6 28.4 0.95 £+ 0.09 0.6387
Smad?7 29.6 0.89 £ 0.05 0.2522
Smad9 31.3 1.00+0.16 0.9963
Id1 31.8 0.88 £ 0.03 0.5887
Id2 31.6 1.13+0.18 0.5447
1d3 26.8 0.92 +0.02 0.0699

Table 4.6: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in
female rPASMCs.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at
2.2x10°8 cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum
(FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated
with 10 nM 16a-hydroxyestradiol (1610HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24 hours prior
to RNA lysis. Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS.
Basal CT value = average CT value in the vehicle control group. FC= Fold change, calculated by AACT
method and represented as relative to the vehicle (where the average vehicle fold change is 1).
Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired

t-test or Mann-Whitney test. n=6.
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4.2.4 Effects of 160HE2 (24 Hours Incubation) on the
Expression of Genes Within the BMRP2 Signalling
Pathway in Rat Pulmonary Artery Smooth Muscle

Cells Under Acute Hypoxia

Mair et al. observed that chronic hypoxia suppressed BMPR2 expression in the lung
tissue of male and female C57BL/6 mice*. Similarly, Maruyama et al. observed that
3- and 6-hours stimulation with the hypoxia mimetic cobalt chloride (100 pM)
decreased expression of BMPR2 and Id1 in hPASMCs from control subjects3**. On
the other hand, Ichimori et al. observed that BMPR2 signalling in human PAECs
increased in response to E2 under normoxic conditions but decreased under acute
hypoxia (1% O3), and these effects were attenuated by the ERa inhibitor fulvestrant
(IC1 182,780)'%8, Therefore, we wished to investigate the effects of 160HE2 on the

BMPR?2 signalling pathway under acute hypoxic conditions.

We investigated the effects of 24 hours stimulation with 10 nM 160HE2 under acute
hypoxia (72 hours in 1% O2, 5% COg, nitrogen) on the expression of the following
genes within the BMPR2 signalling pathway: Bmpr2, Smad1, Smad2, Smad3,
Smad4, Smad5, Smad6, Smad7, Smad9, Id1, Id2 and /d3. In male rPASMCs,
Bmpr2, Smad1, Smad4 and Smad5 expression significantly decreased in response
to 160HE2 (Figure 4.3, Table 4.7). On the other hand, Bmpr2 expression
significantly increased in female rPASMCs but there were no other changes in gene

expression (Figure 4.4, Table 4.8).
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Figure 4.3: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
male rPASMCs under 72 hours acute hypoxia.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108
cells/dish. The following day, the culture media was refreshed, and the cells placed into hypoxia (1%
02/ 5% COz2/ nitrogen) for 72 hours as previously described. On day 3, the cells (~70% confluency)
were quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in phenol red-free Dulbecco’s
Modified Eagle Medium (DMEM)) for 24 hours. Cells were stimulated with 10 nM 16a-hydroxyestradiol
(160HEZ2) or vehicle control (10 nM ethanol) for 24 hours (in phenol red-free DMEM with 1% charcoal
stripped FBS). Basal CT value = average CT value in the vehicle control group. FC= Fold change,
calculated by AACT method and represented as relative to the vehicle (where the average vehicle fold
change is 1). (A) Bmpr2. (B) Smad1. (C) Smad4. (D) Heatmap comparison of the fold change mRNA
expression in response to 160HE2 compared to the vehicle. Green = <1, white = 1, red = >1. Data are

expressed as +SEM and analysed by unpaired t-test. *p<0.05, **p<0.01. n=6.
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Table 4.7: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in Male rPASMCs Under 72 Hours Acute Hypoxia

PATHWAY | GENES B?:STaI 160HE2 vs. Veh
value FC + SEM P-value
Bmpr2 29.2 0.67 + 0.09 0.0300*
Smadl | 27.8 0.61 + 0.05 0.0089*
BMPR2 Smad2 | 297 0.83 £ 0.05 0.1845
Pathway | Smad3 | 28.9 1.04 + 0.04 0.7091
Smad4 | 275 0.67 + 0.08 0.0036*
Smads | 29.7 0.73+0.05 0.0065*
Smadeé | 28.1 0.84 + 0.05 0.2358
Smad7 | 29.9 0.86 + 0.07 0.2398
Smad9 | 31.2 1.01 + 0.09 0.9603
1d1 30.1 0.72 + 0.20 0.0924
1d2 29.9 0.76 + 0.14 0.3396
1d3 24.2 0.76 + 0.10 0.0747

Table 4.7: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in male
rPASMCs under 72 hours acute hypoxia.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108
cells/dish. The following day, the culture media was refreshed, and the cells placed into hypoxia (1%
02/ 5% COz2/ nitrogen) for 72 hours as previously described. On day 3, the cells (~70% confluency)
were quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in phenol red-free Dulbecco’s
Modified Eagle Medium (DMEM)) for 24 hours. Cells were stimulated with 10 nM 16a-hydroxyestradiol
(160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24 hours (in phenol red-free DMEM with 1%
charcoal stripped FBS). Basal CT value = average CT value in the vehicle control group. FC= Fold
change, calculated by AACT method and represented as relative to the vehicle (where the average
vehicle fold change is 1). Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM

and analysed by unpaired t-test. *p<0.05. n=6.

139



Bmpr2

* Smad1 Smad4
A B c
31 ° 39 31
@ @ @
o =} o
c c c
22 22 22
o b & o
© © ko]
s o« |+ s S
[T [T L ®
< 14 L «< 14 (Y < 1] ®
= ") = =
x [ia (4
£ £ £
0 T T 0 T T 0 T T
Veh 160HE2 Veh 160HE2 Veh 160HE2
Veh 160HE2
| | .
D r Bmpr2- 1.00 1.70
Smad14 1.00 097
Smad?2 1.00 1.10
Smad3+ 1.00 0.91
Smad4 1.00 1.04
-
o
Smad5- 1.00 1.30 =
BMPR2 . o
Pathway ®
Smadt 1.00 0.95 2
[ei]
Smad/ 1.00 1.04
Smad9+ 1.00 1.18
Id1 1.00 1.04
Id24 1.00 117
1d3 1.00 0.89 I
0

Figure 4.4: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
female rPASMCs under 72 hours acute hypoxia.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at
2.2x108 cells/dish. The following day, the culture media was refreshed, and the cells placed into
hypoxia (1% O2/ 5% COz2/ nitrogen) for 72 hours as previously described. On day 3, the cells (~70%
confluency) were quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in phenol red-free
Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. Cells were stimulated with 10 nM 160-
hydroxyestradiol (160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24 hours in phenol red-free
DMEM with 1% charcoal stripped FBS. Basal CT value = average CT value in the vehicle control
group. FC= Fold change, calculated by AACT method and represented as relative to the vehicle (where
the average vehicle fold change is 1). (A) Bmpr2. (B) Smad1. (C) Smad4. (D) Heatmap comparison of
the fold change mRNA expression in response to 160HE2 compared to the vehicle. Green = <1, white

=1, red = >1. Data are expressed as +SEM and analysed by unpaired t-test. *p<0.05. n=6.
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Table 4.8: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in Female rPASMCs Under 72 Hours Acute Hypoxia

PATHWAY | GENES B?:STaI 160HE2 vs. Veh
value FC + SEM P-value
Bmpr2 275 1.70 + 0.29 0.0407*
Smadl | 275 0.97 + 0.04 0.6910
BMPR2 Smad2 | 29.0 1.10+0.10 0.4801
Pathway | Smad3 | 27.8 0.91 + 0.08 0.4902
Smad4 | 26.0 1.04 + 0.04 0.5246
Smads | 27.4 1.30+0.18 0.1682
Smad6 | 26.4 0.95 + 0.08 0.7077
Smad7 | 27.6 1.04 + 0.08 0.7713
Smad9 | 303 1.18 + 0.09 0.1700
1d1 30.9 1.04 + 0.08 0.6398
1d2 29.6 117 +0.11 0.2138
Id3 25.7 0.89 + 0.08 0.2452

Table 4.8: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
female rPASMCs under 72 hours acute hypoxia.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at
2.2x10°8 cells/dish. The following day, the culture media was refreshed, and the cells placed into
hypoxia (1% O2/ 5% COz2/ nitrogen) for 72 hours as previously described. On day 3, the cells (~70%
confluency) were quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in phenol red-free
Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. Cells were stimulated with 10 nM 160-
hydroxyestradiol (160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24 hours in phenol red-free
DMEM with 1% charcoal stripped FBS. Basal CT value = average CT value in the vehicle control
group. FC= Fold change, calculated by AACT method and represented as relative to the vehicle (where
the average vehicle fold change is 1). Normality was assessed by Shapiro-Wilk test. Data are

expressed as +SEM and analysed by unpaired t-test. *p<0.05. n=6.
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4.2.5 Effects of 160HE2 on the Expression of Genes
Within the BMPR2 Signalling Pathway in the
Presence of Estrogen Receptor Antagonists in Male

Rat Pulmonary Artery Smooth Muscle Cells

ERa is overexpressed in female PAH patient hPASMCs'%2. Wright et al. observed
that the ERa antagonist MPP inhibited E2-induced proliferation of female PAH
patient hPASMCs, but the ER[3 antagonist PHTPP and GPER antagonist G15 had
no effect'®. Similarly, Austin et al. observed that transfection of increasing quantities
of ERa in COS-7 cells (which lack endogenous estrogen receptors) strongly
correlates with decreasing BMPR2 expression'’. As we observed that 24 hours
stimulation with 160HE2 decreased mRNA expression of Bmpr2, Smad1, Smad4
and Smad5 in male rPASMCs, we wished to investigate whether this effect was

mediated by the estrogen receptors.

Male rPASMCs were stimulated with 10 nM 160HEZ2 in the presence or absence of
1 uM MPP, 1 uM PHTPP, or 1 uM G15 for 24 hours. Antagonist concentrations of 1
uM were based on a previous study on E2 by Wright et al'%2. The following genes
within the BMPR2 signalling pathway were studied: Bmpr2, Smad1, Smad4, Smad5,
Smad9, Id1, Id2 and /d3. As previously observed, expression of Bmpr2, Smad1,
Smad4 and Smad5 significantly decreased in response to 160HE2 alone. The
decrease in Smad4 was reversed by MPP, suggesting this effect may occur via
ERa. No differences were observed between 160HE2 alone and the addition of
PHTPP or G15 (Figure 4.5, Table 4.9).
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Figure 4.5: Effects of 160HE2 on the expression of genes within the BMPR2 signalling pathway
in the presence of estrogen receptor antagonists in male rPASMCs.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108
cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in
phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM
16a-hydroxyestradiol (1610HE2) in the presence or absence of the estrogen receptor antagonists 1 uM
MPP (ERa), 1 uM PHTPP (ERB) or 1 uM G15 (GPER), or with the vehicle (Veh) control (10 nM
ethanol) for 24 hours prior to RNA lysis. Stimulations were carried out in phenol red-free DMEM with
1% charcoal stripped FBS. Basal CT value = average CT value in the vehicle control group. FC= Fold
change, calculated by AACT method and represented as relative to the vehicle (where the average
vehicle fold change is 1). (A) Bmpr2. (B) Smad4. (C) Heatmap comparison of the fold change mRNA
expression compared to the vehicle. Green = <1, white = 1, red = >1. Normality was assessed using
Shapiro-Wilk test. Data are expressed as +SEM and analysed by one-way ANOVA with post-hoc Tukey
test or Kruskal-Wallis test. *p<0.05, **p<0.01, ***p<0.001. n=4.
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Table 4.9: Effects of 160HE2 on the Expression of Genes Within the BMPR2 Signalling Pathway in the Presence of Estrogen Receptor

Antagonists in Male rPASMCs.

MPP + 160HE2 vs.

PHTPP + 160HE2 vs.

G15 + 160HE2 vs.

PATHWAY | GENES B?:STElI 10ORE2 vs. Ven Veh Veh Veh

value | FC + SEM | P-value | FC + SEM P-value | FC £+ SEM | P-value | FC + SEM | P-value

Bmpr2 25.7 | 0.31+0.07 | 0.0036* | 0.57+0.12 | 0.0950 | 0.30+0.06 | 0.0033* | 0.20+0.12 | 0.0010*

Smad1 26.6 | 0.64+0.05 | 0.0055* | 0.82+0.07 | 0.2559 | 0.60+0.09 | 0.0018* | 0.52 +0.02 | 0.0003*
BMPR2 Smad4 25.4 | 0.61+0.03 | 0.0002* | 0.86+0.05 | 0.2852 | 0.55+ 0.05 | <0.0001* | 0.48 + 0.04 | <0.0001*
Pathway Smad5 27.2 | 0.60+0.03 | 0.0012* | 0.81+0.08 | 0.1566 | 0.51+0.07 | 0.0001* | 0.45+0.03 | <0.0001*
Smad9 30.1 | 0.60+0.08 | 0.0905 | 0.55+0.04 | 0.0733 | 0.50 +0.12 | 0.0250* | 0.43 + 0.06 | 0.0091*

Id1 30.3 | 1.01+0.14 | >0.9999 | 1.03+0.18 | >0.9999 | 0.92 +0.21 | 0.9979 | 0.84+0.15 | 0.9657

Id2 275 | 0.75+0.10 | 0.3694 | 0.66 +0.05 | 0.1647 | 0.43+0.07 | 0.0050* | 0.35+0.08 | 0.0015*

Id3 247 | 1.01+0.22 | >0.9999 | 1.06 + 0.22 | >0.9999 | 0.79 + 0.24 | >0.9999 | 0.49+0.04 | 0.2708

Table 4.9: Effects 160HE2 on the expression of genes within the BMPR2 signalling pathway in the presence of estrogen receptor antagonists in male

rPASMCs.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108 cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal

stripped fetal bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM 16a-hydroxyestradiol

(160HE2) in the presence or absence of the estrogen receptor antagonists 1 uM MPP (ERa), 1 uM PHTPP (ERB) or 1 uM G15 (GPER), or with the vehicle (Veh) control

(10 nM ethanol) for 24 hours prior to RNA lysis. Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value = average CT

value in the vehicle control group. FC= Fold change, calculated by AACT method and represented as relative to the vehicle (where the average vehicle fold change is 1).

Normality was assessed using Shapiro-Wilk test. Data are expressed as +SEM and analysed by one-way ANOVA with post-hoc Tukey test or Kruskal-Wallis test.

*p<0.05. n=4.

145



4.2.6 Effects of 160HE2 (2 Hours Incubation) on the
Expression of Genes Within the BMPR2 Signalling
Pathway in Male Rat Pulmonary Artery Smooth

Muscle Cells

Most research in PAH has focused on ERa and ER, but estrogens can also act
through GPER which mediates rapid non-genomic effects, triggering intracellular
signalling cascades which alter downstream gene expression'3. Wright et al.
observed that GPER was localised to vascular smooth muscle in the human lung'®.
Activation of GPER with the agonist G1 mediates cardioprotective effects in male
and ovariectomised female rats with MCT-induced PAH'25126_ Furthermore, the half-
life of 160HE?2 is short (e.g., 3-4 hours in male and female Sprague-Dawley rats,
1.5-5.3 hours in human female volunteers)33*®340, Therefore, we wished to investigate
the effects of a shorter 2-hour stimulation on expression of genes within the BMPR2

signalling pathway in male rPASMCs.

The following genes within the BMPR2 signalling pathway were studied: Bmpr2,
Smad1, Smad4, Smad5, Smad9, Id1, Id2 and Id3. Id2 expression significantly
decreased in male rPASMCs following 2 hours stimulation within 10 nM 160HEZ2.

No other changes in gene expression were observed (Figure 4.6, Table 4.10).
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Figure 4.6: Effects of 2 hours stimulation with 160HE2 on expression of genes within the
BMPR2 signalling pathway in male rPASMCs.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108
cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in
phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM
16a-hydroxyestradiol (160HE2), or vehicle (Veh) control (10 nM ethanol) for 2 hours prior to RNA lysis.
Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value
= average CT value in the vehicle control group. FC= Fold change, calculated by AACT method and
represented as relative to the vehicle (where the average vehicle fold change is 1). (A) Id1 (B) Id2 (C)
1d3 (D) Heatmap comparison of the fold change mRNA expression in response to 160HE2 compared
to the vehicle. Green = <1, white = 1, red = >1. Normality was assessed by Shapiro-Wilk test. Data are

expressed as +SEM and analysed by unpaired t-test. *p<0.05. n=6.
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Table 4.10: Effects of 2 Hours Stimulation With 160HE2 on Expression of Genes
Within the BMPR2 Signalling Pathway in Male rPASMCs

PATHWAY | GENES B?:STaI 160HE2 vs. Veh
value FC + SEM P-value
Bmpr2 26.0 1.27+0.16 0.1905
Smadl | 27.1 1.01+0.14 0.9721
BMPR2 Smad4 | 258 1.18+0.12 0.2240
Pathway | Smads | 27.6 0.95 + 0.09 0.7073
Smad9 | 316 0.92 +0.10 0.5155
1d1 29.0 0.69 + 0.05 0.0933
1d2 277 0.58 + 0.09 0.0366*
1d3 23.2 0.73+0.13 0.3245

Table 4.10: Effects of 2 hours stimulation with 160HE2 on expression of genes within the
BMPR2 signalling pathway in male rPASMCs.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108
cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in
phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM
16a-hydroxyestradiol (160HE2), or vehicle (Veh) control (10 nM ethanol) for 2 hours prior to RNA lysis.
Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value
= average CT value in the vehicle control group. FC= Fold change, calculated by AACT method and
represented as relative to the vehicle (where the average vehicle fold change is 1). Normality was
assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired t-test. *p<0.05.
n=6.
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4.2.7 Basal Expression of the BMPR2 Signalling Pathway
in Male and Female Rat Pulmonary Artery Smooth

Muscle Cells

We hypothesised that decreased expression of Bmpr2, Smad1, Smad4 and Smad5
in response to 160HE2 was only observed in male rPASMCs because basal
BMPR2 levels were already suppressed in females. In the absence of PAH, basal
BMPR2 signalling is lower in female control subject hPASMCs compared to
males'®. For example, Mair et al. observed decreased basal mRNA and protein
expression of BMPR2, SMAD1, Id1 and Id3 in female control subject \PASMCs'%.
This appears to be dependent on E2, which significantly decreased the levels of 1d1
and 1d3 mRNA and protein in male control subject hPASMCs, resulting in expression
levels akin to females'®. Furthermore, only female Smad1*- mice spontaneously
develop PAH and this is reversed by ovariectomy'%. Therefore, we wished to

compare basal expression of the BMPR2 pathway in male and female rPASMCs.

The following genes within the BMPR2 signalling pathway were studied: Bmpr2,
Smad1, Smad2, Smad3, Smad4, Smad5, Smad6, Smad7, Smad9, Id1, Id2 and /d3.
Smad4 expression was significantly lower in female rPASMCs compared to males.
On the other hand, basal expression of Smad3 and /d1 were significantly increased
in female rPASMCs compared to males (Table 4.11, Figure 4.7). Basal BMPR2
protein levels were significantly lower in female rPASMCs compared to males
(Figure 4.7).
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Table 4.11: Basal Expression of Genes Within the BMPR2 Signalling Pathway in

Female rPASMCs Compared to Male rPASMCs

Basal Females vs. Males
PATHWAY | GENES | CT

value FC £ SEM P-value
Bmpr2 26.2 0.72 + 0.17 0.2192
BMPR2 Smadl 26.9 1.05 £ 0.07 0.7196
Pathway Smad?2 27.7 0.84 £ 0.07 0.1372
Smad3 27.9 1.38+£0.13 0.0487*
Smad4 25.4 0.80 £ 0.06 0.0334*
Smad5 27.5 0.86 + 0.07 0.1307
Smad6 26.3 0.86 £ 0.07 0.2256
Smad7 28.1 0.92+£0.10 0.5439
Smad9 30.5 0.98 + 0.10 0.8537
Id1 27.9 1.47 £0.15 0.0316*
Id2 26.8 0.73+0.12 0.1169
Id3 23.2 1.04+0.11 0.7859

Table 4.11: Basal expression of genes within the BMPR2 signalling pathway in female rPASMCs

compared to male rPASMCs.
Rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x10°

cells/dish and cultured for 3 days until 90-100% confluent before RNA lysis as previously described.

Male and female rPASMCs were passage-matched at P3. Basal CT value = average CT value in male

rPASMCs. FC= Fold change, calculated by AACT method and represented as relative to male

rPASMCs (where the average male rPASMC fold change is 1). Normality was assessed by Shapiro-

Wilk test. Data are expressed as +SEM and analysed by unpaired t-test. *p<0.05. n=5-6.
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Figure 4.7: Basal expression of the BMPR2 signalling pathway in female rPASMCs compared to
male rPASMCs.

Rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x10°
cells/dish and cultured for 3 days until 90-100% confluent before RNA and protein lysis as previously
described. For gqRT-PCR, male and female rPASMCs were passage-matched at P3. For western blots,
male rPASMCs were passage 5-6 and female rPASMCs passage 3 due to the primary cell lines
available at the time. Basal CT value = average CT value in the male rPASMCs. FC= Fold change,
calculated by AACT method and represented as relative to male rPASMCs (where the average male
rPASMC fold change is 1). (A) Bmpr2. (B) Smad3. (C) Smad4. (D) Immunoblot of BMPR2. Positive
control = rat lung lysates. (E) Quantification of BMPR2 protein expression in male and female
rPASMCs. Fold change is BMPR2 relative to B-actin expression. Normality was assessed by Shapiro-

Wilk test. Data are expressed as +SEM and analysed by unpaired t-test. *p<0.05, ****p<0.0001. n=5-6.
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4.2.8 Effects of 160HE2 on the Expression of Genes Within
the BMPR2 Signalling Pathway in Human Male
Control Subject Pulmonary Artery Smooth Muscle
Cells

Following the observation that there was a decrease in Bmpr2, Smad1, Smad4 and
Smad5 expression in response to 160HE2 in male rPASMCs, we wished to
investigate whether these effects would translate to hPASMCs. hPASMCs from male
control subjects were used because basal BMPR2 signalling is suppressed in PAH
patients, and, in the absence of PAH, BMPR2 expression is lower in female
hPASMCs than male hPASMCs'%24", The hPASMCs were provided by Professor
Nick Morrell (University of Cambridge, UK) with ethical permission and are isolated
from small distal pulmonary arteries. Due to the shortage of human cells during the
COVID-19 pandemic, experiments were repeated three times in three cell lines from
individual donors (n=9). These are referred to by the anonymous internal identifiers
103MP, 79MP and 93MP. The characteristics of the human cell donors are shown in
Table 4.12.

Table 4.12: Characteristics of the Human Male Control Subject Pulmonary Artery

Smooth Muscle Cell Donors

ID Sex Age Conditions Medications

103MP Male 52 Mild bronchiectasis, @ Unknown

adenocarcinoma

79MP Male 60 Squamous cell Unknown
carcinoma

93MP Male 75 Lobectomy (lung Unknown
cancer)
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In male control subject hPASMCs, we studied the effects of 24 hours stimulation
with 10 nM 160HE2 on the following genes within the BMPR2 signalling pathway:
BMPR2, SMAD1, SMAD4, SMADS, SMADS9, ID1, ID2, and ID3. BMPR2 and
SMAD4 expression significantly decreased in response to 160HE2 (Figure 4.8,
Table 4.13).
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Figure 4.8: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
male control subject hPASMCs.

Human male control subject pulmonary artery smooth muscle cells (nPASMCs) were seeded in 100
mm dishes at 2.2x108 cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal
bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then
stimulated with 10 nM 16a-hydroxyestradiol (160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24
hours prior to RNA lysis. Stimulations were carried out in phenol red-free DMEM with 1% charcoal
stripped FBS. Basal CT value = average CT value in the vehicle control group. FC= Fold change,
calculated by AACT method and represented as relative to the vehicle (where the average vehicle fold
change is 1). (A) BMPR2. (B) SMAD1. (C) SMAD4. (D) Heatmap comparison of the fold change mRNA
expression in response to 160HE2 compared to the vehicle. Green = <1, white = 1, red = >1. Normality
was assessed using Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired t-test

or Mann-Whitney test. *p<0.05, ***p<0.001. n=9.
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Table 4.13: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in Male Control Subject hPASMCs

PATHWAY | GENES B?:STaI 160HE2 vs. Veh
value FC + SEM P-value
BMPR2 | 31.2 0.77 + 0.07 0.0315*
SMAD1 | 32.6 0.84 + 0.07 0.1792
BMPR2 | SMAD2 | 2938 0.85 + 0.15 0.4607
Pathway | SMAD3 | 27.1 0.81 + 0.08 0.2470
SMAD4 | 29.6 0.73 % 0.05 0.0002*
SMAD5 | 32.2 0.61 + 0.09 0.0835
SMAD6 | 30.1 0.89 + 0.12 0.5110
SMAD7 | 305 0.68 + 0.26 0.2224
SMAD9 | 343 0.75+ 0.11 0.2153
ID1 27.4 0.70 + 0.35 0.2581
ID2 30.4 0.57 + 0.16 0.0625
ID3 29.1 0.99 + 0.52 0.6665

Table 4.13: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
male control subject hPASMCs.

Human male control subject pulmonary artery smooth muscle cells (nPASMCs) were seeded in 100
mm dishes at 2.2x108 cells/dish, cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal
bovine serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then
stimulated with 10 nM 16a-hydroxyestradiol (160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24
hours prior to RNA lysis. Stimulations were carried out in phenol red-free DMEM with 1% charcoal
stripped FBS. Basal CT value = average CT value in the vehicle control group. FC= Fold change,
calculated by AACT method and represented as relative to the vehicle (where the average vehicle fold
change is 1). Normality was assessed using Shapiro-Wilk test. Data are expressed as +SEM and

analysed by unpaired t-test or Mann-Whitney test. *p<0.05. n=9.
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4.2.9 Effects of 160HE2 on the Expression of Genes Within
the BMPR2 Signalling Pathway in Rat Aorta Smooth

Muscle Cells

The source of E2 synthesis may be important in PAH. Many studies have suggested
that ovarian-synthesised E2 is protective against pulmonary vascular remodelling,
haemodynamic alterations, and RV hypertrophy3¢37:38 E2 is also a known
vasodilator in the systemic circulation and is associated with cardioprotective effects
in premenopausal women'®. On the other hand, circulating E2 levels are higher in
men and postmenopausal women with PAH compared to control subjects, and are
associated with worse disease outcomes (e.g., decreased 6-minute walk
distance)®**3'. Furthermore, E2 has been demonstrated to increase proliferation of
female control subject and PAH patient hPASMCs, and the aromatase inhibitor
anastrozole has been investigated in clinical trials for PAH3%102279-281 = Aperrant
proliferation of vascular smooth muscle cells is associated with several disease
pathologies, e.g., atherosclerosis®®. The bone morphogenetic protein 2/4/7
antagonist gremlin is constitutively expressed the normal vasculature®®. Increased
gremlin expression (and consequent reduction in BMPR2 signalling) are associated
with vascular smooth muscle cell proliferation and migration and may be pathogenic
in both systemic vascular injury and PAH3%:3%"_ Therefore, we wished to investigate
the effects of 160HE2 on the BMPR2 pathway in aorta smooth muscle cells
(AoSMCs).

We investigated the effects of 24 hours stimulation with 10 nM 160HEZ2 in male and
female rat AoSMCs on the following genes within the BMPR2 signalling pathway:
Bmpr2, Smad1, Smad2, Smad3, Smad4, Smad5, Smad6, Smad7, Smad9, Id1, Id2
and /d3. In male rat AoSMCs, expression of Smad3, Smad6, Id1, Id2 and /d3
significantly decreased in response to 160HE2 (Figure 4.9, Table 4.14). In female
rat AoSMCs, Smad2, Smad3, Smad4, Smad7, Id2 and /d3 significantly decreased in
response to 160HE2 (Figure 4.10, Table 4.15).
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Figure 4.9: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
male rat AoSMCs.

Male rat aorta smooth muscle cells (AoSMCs) were seeded in 6-well plates at 3x10° cells/well, cultured
to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in phenol red-free
Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM 160-
hydroxyestradiol (160HEZ2), or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA lysis.
Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value
= average CT value in the vehicle control group. FC= Fold change, calculated by AACT method and
represented as relative to the vehicle (where the average vehicle fold change is 1). (A) Id1. (B) Id2. (C)
1d3. (D) Heatmap comparison of the fold change mRNA expression in response to 160HE2 compared
to the vehicle. Green = <1, white = 1, red = >1. Normality was assessed using Shapiro-Wilk test. Data

are expressed as +SEM and analysed by unpaired t-test. **p<0.01. n=6.
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Table 4.14: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in Male Rat AocSMCs

PATHWAY | GENES B?:STaI 160HE2 vs. Veh
value FC + SEM P-value
Bmpr2 26.5 1.19+0.13 0.3399
Smadl | 27.8 0.92 + 0.08 0.6491
BMPR2 Smad2 | 27.8 0.92 +0.12 0.6753
Pathway | Smad3 | 28.3 0.58 + 0.12 0.0074*
Smad4 | 255 1.17+0.18 0.5315
Smad5 | 265 1.020.10 0.9054
Smad6 | 26.6 0.55 + 0.06 0.0006*
Smad7 | 28.1 0.87 + 0.09 0.3257
Smad9 | 311 0.77 +0.11 0.2483
1d1 27.8 0.63 + 0.05 0.0088*
1d2 275 0.51 + 0.06 0.0021*
Id3 23.0 0.68 + 0.02 0.0068*

Table 4.14: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
male rat AoSMCs.

Male rat aorta smooth muscle cells (AoSMCs) were seeded in 6-well plates at 3x10° cells/well, cultured
to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in phenol red-free
Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM 160-
hydroxyestradiol (160HEZ2), or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA lysis.
Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value
= average CT value in the vehicle control group. FC= Fold change, calculated by AACT method and
represented as relative to the vehicle (where the average vehicle fold change is 1). Normality was
assessed using Shapiro-Wilk test. Data are expressed as +*SEM and analysed by unpaired t-test.
*p<0.05. n=6.
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Figure 4.10: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
female rat AoSMCs.

Female rat aorta smooth muscle cells (AoSMCs) were seeded in 6-well plates at 3x10° cells/well,
cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in phenol red-
free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM 160-
hydroxyestradiol (160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA lysis.
Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value
= average CT value in the vehicle control group. FC= Fold change, calculated by AACT method and
represented as relative to the vehicle (where the average vehicle fold change is 1). (A) Id1. (B) Id2 (C)
1d3. (D) Heatmap comparison of the fold change mRNA expression in response to 160HE2 compared
to the vehicle. Green = <1, white = 1, red = >1. Normality was assessed using Shapiro-Wilk test. Data

are expressed as +SEM and analysed by unpaired t-test or Mann-Whitney test. **p<0.01. n=6.
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Table 4.15: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in Female Rat AoSMCs

PATHWAY | GENES B?:STaI 160HE2 vs. Veh
value FC + SEM P-value
Bmpr2 25.9 0.88 + 0.17 0.6135
BMPR2 Smadl | 27.0 0.93 + 0.09 0.6671
Pathway | Smad2 | 27.8 0.71+0.04 0.0037*
Smad3 | 275 0.52 + 0.02 0.0009*
Smad4 | 25.0 0.72 + 0.06 0.0139*
Smads | 27.4 0.76 + 0.07 0.1319
Smadé | 276 0.73+0.05 0.0931
Smad7 | 29.4 0.50 + 0.05 0.0022*
Smad9 | 30.9 0.87 + 0.16 0.5698
1d1 28.0 0.75 + 0.12 0.2458
1d2 27.8 0.59 + 0.07 0.0090*
1d3 24.0 0.65 + 0.07 0.0099*

Table 4.15: Effects 160HE2 on expression of genes within the BMPR2 signalling pathway in
female rat AoSMCs.

Female rat aorta smooth muscle cells (AoSMCs) were seeded in 6-well plates at 3x10° cells/well,
cultured to ~70% confluency, quiesced (0.2% charcoal stripped fetal bovine serum (FBS) in phenol red-
free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours, then stimulated with 10 nM 160-
hydroxyestradiol (160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24 hours prior to RNA lysis.
Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value
= average CT value in the vehicle control group. FC= Fold change, calculated by AACT method and
represented as relative to the vehicle (where the average vehicle fold change is 1). Normality was
assessed using Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired t-test or
Mann-Whitney test. *p<0.05. n=6.
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4.2.10 Effects of 160HE2 on Fibrosis Markers in Rat
Pulmonary Artery Smooth Muscle Cells in the

Presence or Absence of Acute Hypoxia

In PAH, increased deposition and cross-linkage of collagen (converting soluble
collagen to insoluble collagen) in the perivascular and intravascular compartments
causes stiffening and reduced compliance of the pulmonary arteries?%4. Collagen
deposition is highest in the intima, followed by the media and adventitia2%®. Fibril-
forming collagens (e.g., COL1A1, COL3A1) assemble to build a microfibril and,
when stabilised by cross-linking, provide structure and strength for the vessel
wall?®5, Pulmonary collagen deposition is increased in BMPR2R8%X transgenic mice
(with knock-in of a human R899X mutation)'%. On the other hand, daily s/c injection
with E2 decreased collagen deposition and fibrosis in the RV of male Sprague-
Dawley rats with MCT-induced PAH®". Therefore, we wished to investigate the
effects of 160HE2 on Col1a1 and Col3a1 expression in rPASMCs.

We investigated the effects of 24 hours stimulation with 10 nM 160HE2 on Col1a1
and Col3a71 mRNA expression in male and female rPASMCs under normoxic and
acute hypoxic conditions (72 hours in 1% O, 5% COg, nitrogen). In male rPASMCs,
Col1a1 expression significantly decreased in response to 160HE2 in normoxic
conditions. However, there was no significant change in Col7a7 under acute
hypoxia, or in Col3a1 expression (Figure 4.11). There were no changes in Col1a1 or
Col3a1 expression in female rPASMCs under normoxic or acute hypoxic conditions
(Figure 4.12).
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Figure 4.11: Effects 160HE2 on fibrosis marker mRNA expression in the presence or absence of
72 hours acute hypoxia in male rPASMCs.

Male rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x108
cells/dish. The following day, the culture media was refreshed, and the cells either maintained in
normoxic conditions or placed into hypoxia (1% O2/ 5% COz/ nitrogen) for 72 hours as previously
described. On day 3, the cells (~70% confluency) were quiesced (0.2% charcoal stripped fetal bovine
serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. Cells were
stimulated with 10 nM 16a-hydroxyestradiol (160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24
hours in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value = average CT value in
the vehicle control group. FC= Fold change, calculated by AACT method and represented as relative to
the vehicle. (A) Col1a1 in normoxic male rPASMCs. Basal CT=19.9. (B) Col7a1 in hypoxic male
rPASMCs. Basal CT = 20.9. (C) Col3a1 in normoxic male rPASMCs. Basal CT = 18.8. (D) Col/3a1 in
hypoxic male rPASMCs. Basal CT = 20.3. Normality was assessed by Shapiro-Wilk test. Data are
expressed as +SEM and analysed by unpaired t-test. *p<0.05. n=6.
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Figure 4.12: Effects 160HE2 on fibrosis marker mRNA expression in the presence or absence of
72 hours acute hypoxia in female rPASMCs.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at
2.2x10° cells/dish. The following day, the culture media was refreshed, and the cells either maintained
in normoxic conditions or placed into hypoxia (1% Oz2/ 5% COz/ nitrogen) for 72 hours as previously
described. On day 3, the cells (~70% confluency) were quiesced (0.2% charcoal stripped fetal bovine
serum (FBS) in phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)) for 24 hours. Cells were
stimulated with 10 nM 16a-hydroxyestradiol (160HEZ2) or vehicle (Veh) control (10 nM ethanol) for 24
hours in phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value = average CT value in
the vehicle control group. FC= Fold change, calculated by AACT method and represented as relative to
the vehicle. (A) Col1a1 in normoxic female rPASMCs. Basal CT=19.0. (B) Col7a1 in hypoxic female
rPASMCs. Basal CT = 19.3. (C) Col3a1 in normoxic female rPASMCs. Basal CT = 18.8. (D) Col3a1 in
hypoxic female rPASMCs. Basal CT = 18.9. Normality was assessed by Shapiro-Wilk test. Data are

expressed as +SEM and analysed by unpaired t-test. n=6.
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4.3 Discussion

The female predominance of PAH has led to the hypothesis that estrogens and their
metabolites may be involved in its pathogenesis’. Basal BMPR2 signalling is
suppressed in the hPASMCs of PAH patients, and, in the absence of PAH, BMPR2
expression is lower in female hPASMCs than male hPASMCs'%2'41, Mair et al.
observed that E2 suppressed Id1 and Id3 expression in male control subject
hPASMCs to a similar level observed in female hPASMCs'%. Similarly, Austin et al.
also observed that E2 decreased BMPR2 expression in human pulmonary
microvascular endothelial cells’’. Reduced BMPR2 signalling contributes to
hyperactivation of the TGF-8 pathway by shifting protective p-Smad1,5,8 signalling
to the pathogenic p-Smad2,3 pathway, leading to cell proliferation, migration, and
pulmonary vascular remodelling (Figure 1.5)'%. Elevated plasma levels of 160HE2
were recently observed in female idiopathic PAH patients, and in men and women
with portopulmonary PAH?*'317_ However, its molecular effects are undetermined.
We investigated the effects of 160HE2 on the expression of genes within the
estrogen pathway, BMPR2 signalling pathway, and fibrosis markers (Col1af,
Col3a1) in the presence or absence of acute hypoxia as a ‘second hit'. 1T60HE2
suppressed Bmpr2, Smad1, Smad4 and Smad5 expression in male rPASMCs, and
decreased Smad4 expression was reversed by MPP suggesting this occurs via
ERa. Similarly, 160HEZ2 suppressed BMPRZ2 and SMAD4 in male control subject
hPASMCs. 160HE2 decreased /d71-3 mRNA expression in rat AoSMCs. In male
rPASMCs, 160HE?2 decreased expression of the fibrosis marker Col1af under

normoxic conditions only.

As previously discussed in Chapter 3, B-actin (Actb) was used as the housekeeper
for all experiments as it is stable under hypoxia (Figure 3.9). As many of the effects
of estrogen metabolites in PAH result from direct interaction with estrogen receptors,
we wished to investigate the effects of 160HE2 on expression of genes within the
estrogen pathway?3. The following genes were studied in rPASMCs: Esr1, Esr2,
Gper1, Hsd17b1, Hsd17b2, Cyp19a1, Cyp1al, Cyp1a2, Cyp1b1 and Comt. No
significant changes were observed in expression of genes within the estrogen
pathway in response to E2, 160HE1 or 160HEZ2 in male rPASMCs under normoxic

or acute hypoxic conditions. However, Gper1 expression significantly decreased in
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female rPASMCs in response to 160HE1 (under normoxic conditions only). This is
intriguing given the known mitogenic effects of 160HE1, and that the selective
GPER agonist G1 attenuates MCT-induced PAH in male and ovariectomised female
Wistar rats3%12%126. 160HE1 forms strong covalent bonds with estrogen receptors
and has a much higher estrogenic activity than 160HE23'°, However, plasma levels
of 160HE1 are only elevated in male PAH patients compared to control subjects?*'.
Therefore, although decreased Gper? expression may be an additional pathogenic
effect of 160HEN1, it would be interesting to investigate this in hPASMCs to

determine whether this is a species-specific effect.

The effects of acute and prolonged estrogen exposure on PASMCs may also be
different345346, Circulating E2 levels are higher in men and postmenopausal women
with PAH compared to control subjects, and are associated with worse disease
outcomes®®3!. PAH is presumed to develop in humans over several months or
years®®. However, this only takes days or weeks in experimental animal models of
PAH3%, Therefore in vitro and in vivo studies may not fully recapitulate the
underlying mechanisms of human PAH3%®, Mair et al. observed that expression of
the estrogen-synthesising enzyme aromatase was significantly increased in the
medial (smooth muscle) layer of pulmonary arteries isolated from male and female
chronic hypoxic C57BL/6 mice and SuHx Wistar Kyoto rats®®. However, as the
rPASMCs used in this study were isolated from control (non-PAH) rats, this may
explain why few changes were observed in the expression of genes within the
estrogen pathway in response to E2, 160HE1 or 160HE2. mRNA levels may also
not directly correspond to protein levels. However, western blots to investigate this
were unsuccessful due to the very low concentrations of the protein samples, which
limited the amount of protein loaded to 10 pg per well. Attempts to concentrate the

protein samples were unsuccessful.

The effects of acute hypoxia may also be different from chronic hypoxia®4®34. Acute
hypoxia leads to vasoconstriction in both humans and animal models (e.g., male
Wistar rats), whereas pulmonary vascular remodelling and PAH only develop
following chronic hypoxia345346, CYP1B1 expression is upregulated in the
pulmonary arteries of idiopathic and hereditary PAH patients®. It is also
overexpressed in the pulmonary arteries of male and female C57BL/6 mice with
chronic hypoxia- and SuHx-induced PAH*. CYP1A1 mRNA and protein expression

is highly increased in the lungs of female SuHx Wistar rats, and this is reversed by
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antagonism of the aryl hydrocarbon receptor?®2. There is a close link between
hypoxia and estrogen metabolism as HIF13 (ARNT) is shared between HIF1a and
the aryl hydrocarbon receptor (Figure 1.9)?°2. Cell proliferation and migration in PAH
are analogous to the mechanisms observed in cancer, where a ‘second hit’ is
required for carcinogenesis in addition to a tumour suppressor gene
mutation33%:3%23% Therefore, changes in estrogen pathway expression in rPASMCs

may only occur with prolonged exposure to one or more ‘second hits’.

Bmpr2, Smad1 and Smad4 mRNA expression significantly decreased in male
rPASMCs following 24 hours stimulation with 10 nM 160HE2 under normoxic and
acute hypoxic conditions. Smadb also decreased under hypoxia only. This suggests
that 160HE2 may decrease protective BMP signalling through p-Smad1,5,9,
resulting in decreased expression of Ids1-3 and leading to increased cell
proliferation and decreased apoptosis'®'4¢. However, as western blots for p-
Smad1,5,9 were unsuccessful due to low protein sample concentrations, it cannot
be confirmed that decreased mRNA expression translates to decreased protein
expression. Similarly, Austin et al. observed that BMPR2 expression decreased in
response to 10 nM, 30 nM, and 100 nM 160HEZ2 (estriol) in human pulmonary
microvascular endothelial cells, with 10 nM being the optimal concentration'’. On
the other hand, in female rPASMCs no changes were observed in expression of
genes within the BMPR2 signalling pathway under normoxic conditions, but Bmpr2
expression significantly increased under acute hypoxia. Based on in vivo data
presented in Chapter 5, increased Bmpr2 expression may potentially be a
compensatory response to decreased BMPR2 protein expression in the lung.
However, this could not be determined in rPASMCs as western blots were

unsuccessful.

A key question is whether 160HE2 is modulating BMPR2 signalling pathway
expression via the estrogen receptors. rPASMCs were stimulated with 160HE2 in
the presence or absence of the estrogen receptor antagonists MPP (ERa), PHTPP
(ERB), and G15 (GPER) for 24 hours. As per the previous experiment, Bmpr2,
Smad1, Smad4 and Smad5 mRNA expression decreased in male rPASMCs in
response to 160HE2 alone. The decrease in Smad4 was reversed by MPP,
suggesting that this effect may occur via ERa. No changes were observed with the
addition of PHTPP or G15. These findings are similar to a study by Wright et al.,

which demonstrated that continuous s/c dosing with MPP attenuated Bmpr2
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suppression in the lung tissue of spontaneously pulmonary hypertensive female
SERT*" mice'?2. MPP also inhibited E2-induced proliferation of female control subject
hPASMCs, but PHTPP and G15 had no effect'®?. Furthermore, BMPR?2 is a known
target gene of ESR1 (ERa), and single nucleotide polymorphisms in ESR1 are
associated with portopulmonary hypertension'#”-278, Therefore, these findings are
consistent with the hypothesis that 160HE2 suppresses BMPR2 via ERa in a similar
manner to E2. E2 is the parent compound of 160HE2. Chemically, both E2 and
160HE2 consist of one benzene ring, a phenolic hydroxyl group, and two (E2) or
three (160HE2) hydroxyl groups (Figure 4.13)"12:3¢0, Therefore, the structural
similarity between E2 and 160HE2 may potentially explain their similar

pharmacological effects via ERa.
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CYP1B1 and other CYP1B1 and other
CYP450 enzymes CYP450 enzymes

160HE1 160HE2

17B-HSD1

_—
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Figure 4.13: The chemical structures of estrone, estradiol, 16a-hydroxyestrone, and 16a-
hydroxyestradiol.

Estrone (E1), estradiol (E2), 16a-hydroxyestrone (160HE1) and 16a-hydroxyestradiol (160HE2)
contain 18 carbons and are collectively known as C18 steroids. In common, they all have one benzene
ring and a phenolic hydroxyl group. However, estrone contains a ketone group whereas E2 has a
hydroxyl group. 160HE1 and 160HE2 are formed via hydroxylation at C16. Created with

BioRender.com.
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On the other hand, increased Bmpr2 mRNA expression in response to 160HE2 in
female rPASMCs under acute hypoxia was not mediated by the estrogen receptors
(Supplementary Figure 9.3). This was surprising given that ERa is a known regulator
of hypoxic genes (including HIF1a) and suggests this may be due to another
mechanism (e.g. p38 mitogen-activated protein kinase signalling)'43%¢'. Given the
interaction between HIF1a and the aryl hydrocarbon receptor, and that 2ME2
downregulates HIF1q, it may be of interest to investigate the effects 160HE2 on
both HIF1a and the aryl hydrocarbon receptor?°22%_ As acute hypoxia leads to
vasoconstriction but not pulmonary vascular remodelling in both humans and animal
models (e.g., male Wistar rats), increased Bmpr2 mRNA expression may potentially
be a transient compensatory response prior to suppression under chronic hypoxic
conditions resulting in increased cell proliferation®3. This is consistent with the
observation by Mair et al. that chronic hypoxia decreased BMPR2 expression in the

lungs of male and female C57BL/6 mice®:.

The half-life of 160HE2 is short. For example, the half-life of 160HE2 after
intramuscular injection was 3-4 hours in male and female Sprague-Dawley rats, and
1.5-5.3 hours in human female volunteers using the combined contraceptive
pill33°:340_ In vivo, 160HE2 undergoes extensive conjugation by enzymes such as -
glucuronidase and is excreted in the urine as 160HE2-glucuronide®'®%'6, However,
these enzymes may not be present in the in vitro environment, which may explain
why changes in the expression of genes within the BMPR2 signalling pathway were
observed 24 hours after stimulation with 160HE2. The effects of a shorter 2-hour
stimulation with 10 nM 160HE2 were investigated in male rPASMCs under normoxic
conditions. The following genes within the BMPR2 signalling pathway were studied:
Bmpr2, Smad1, Smad4, Smad5, Smad9, Id1, Id2 and /d3. Expression of /d2
significantly decreased in response to 160HE2 but no other changes were
observed. As this effect occurred rapidly, 160HE2 may be acting through GPER and
future work could involve challenging this with the antagonist G15'%2. Suppressed
Id2 expression is associated with increased TGF-3 mediated cell proliferation,
increased cell differentiation, and decreased apoptosis¢233, Therefore, this further

suggests that the effects of 160HE2 in PAH may be pathogenic.
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Another key question is why decreased Bmpr2, Smad1, Smad4 and Smad5
expression were only observed in male rPASMCs in response to 160HEZ2 and not in
females. Basal BMPR2 protein and Smad4 mRNA expression were significantly
lower in female rPASMCs than in males. This is in keeping with the hypothesis that
expression of genes within the BMPR2 signalling pathway were only decreased in
response to 160HE2 in male rPASMCs because this was already suppressed in
females. Similarly, Mair et al. observed decreased mRNA and protein levels of
BMPR2, Smad1, Id1 and 1d3 in female control subject hPASMCs compared to
males'®. Furthermore, in male control subject hPASMCs, Id1 and Id3 expression
decreased in response to E2 to similar levels as observed in females'®. Also, only
female Smad1*" mice spontaneously develop PAH, and this is attenuated by
ovariectomy suggesting that it is E2-dependent'®. Increased basal Smad3 mRNA
expression in female rPASMCs is consistent with a possible shift to increased
pathogenic TGF-B signalling, and this may contribute to the female predominance of
PAH'%. On the other hand, Id1 is involved in many pathways (e.g, PI3K/Akt
signalling, c-Myc signalling), therefore increased /d7 mRNA expression in female
rPASMCs could be independent of suppressed BMPR2 signalling®*. This may also

be a species difference.

ERa and ER protein levels are not significantly different between male and female
control subject hPASMCs'%?, However, ERa levels are increased in female PAH
patient hPASMCs, whereas ER is increased in male PAH patient hPASMCs'%. In
keeping with control subject hPASMCs, there was no significant difference in basal
ERB (ESR2) protein levels between male and female rPASMCs (Supplementary

Figure 9.4). Western blots for ERa (ESR1) were unsuccessful.

BMPR2 and SMAD4 mRNA expression were also decreased in response to
160HE2 in male control subject hPASMCs, suggesting that the effects observed in
rPASMCs may also translate to humans. The effects of 160HE2 were not
investigated in male PAH patient hPASMCs as basal BMPR2 signalling is already
suppressed'®2. Contrary to the rPASMCs, there were no changes in SMAD1 or
SMADS. However, the effects of 1T60HE2 in hPASMCs may be influenced by many

additional factors controlled for in the rats such as obesity, age, and medication3*5".
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In PAH patients, median survival ranges from 5 to 7 years after diagnosis, but no
substantial improvements in survival have been realised during the past decade®®®.
Although current treatments decrease pulmonary arterial pressure, they do not
address the underlying pulmonary vascular remodelling®. Sotatercept is a novel
fusion protein which acts as a ligand trap for selected TGF-B superfamily members
to restore the balance between the pro-proliferative TGF- pathway and the
protective BMPR2 pathway?3®. Sotatercept is known to attenuate pulmonary
vascular remodelling in vivo by reducing cell proliferation, reducing inflammation in
the vessel wall, and promoting apoptosis®¢"*6¢36% Recent Phase 2 and 3 clinical
trials have demonstrated that sotatercept improves exercise capacity (6-minute walk
distance) and has a favourable clinical benefit-risk ratio in PAH patients366:370-373,
Given the decreased Bmpr2, Smad1, Smad4 and Smad5 expression observed in
male rPASMCs in response to 160HE2, and the decreased BMPR2 and SMAD4
expression in male control subject hPASMCs, it would be intriguing to investigate
whether this would be reversed by sotatercept, and whether sotatercept would

attenuate increased plasma levels of 160HE2 in female PAH patients?*'.

The effects of estrogens in the systemic circulation may be different from the
pulmonary vasculature3®''3. Therefore, in addition to PASMCs, we also investigated
the effects of 160HE?2 in rat aorta smooth muscle cells (AoSMCs). In male
rPASMCs, Bmpr2, Smad1, Smad4 and Smad5 mRNA expression significantly
decreased in response to 160HE2, but this did not occur in females. There was no
change in expression of Smad2, Smad3, Smad4, Smad6, Smad7, Smad9, Id1, Id2
or Id3. On the other hand, in rat AoSMCs a response to 160HE2 was observed in
both sexes. In contrast to the male rPASMCs, there was no change in Bmpr2,
Smad1, Smad4 and Smad5 in AoSMCs. However, Smad3, Smad6, Id1, Id2 and /d3
MRNA expression decreased in response to 160HEZ2 in male rat AoSMCs, and
Smad2, Smad3, Smad4, Smad7, Id2 and Id3 decreased in females. Suppressed
1d1-3 expression in rat AoSMCs may result from increased TGF- signalling (Figure
1.5)'8. This is consistent with decreased expression of the TGF-B inhibitor Smad7 in
female rat AoSMCs'#°. Hypothetically, decreased total Smad2, Smad3 and Smad4
expression could be due to increased phosphorylation to the p-Smad2,3,4 complex,
leading to nuclear translocation and Id gene suppression’®. Decreased inhibitory
Smad6 expression in male rat AoSMCs may be due to competition with Smad4 for

complex formation with p-Smad1'4°.

170



Aberrant proliferation of vascular smooth muscle cells is associated with several
disease pathologies, e.g., atherosclerosis®®. E2 is a known vasodilator in the
systemic circulation associated with cardioprotective effects in premenopausal
women and demonstrates anti-mitogenic effects in vascular smooth muscle cells
which may be associated with its sequential metabolism to 2ME2109.113374-376
However, these effects are independent of ERa and ERB'%%374375_ On the other
hand, Wright et al. demonstrated that selective activation of ERa in aorta endothelial
cells increased extracellular signal-regulated kinase (ERK) expression and ERK1/2-
mediated cell proliferation'®?. The bone morphogenetic protein 2/4/7 antagonist
gremlin is constitutively expressed the normal vasculature®®. Increased gremlin
expression (and consequent reduction in BMPR2 signalling) is associated with
vascular smooth muscle cell proliferation and migration and may be pathogenic in
both systemic vascular injury and PAH¢357 Therefore, it would be intriguing to
investigate whether 160HE2 would increase proliferation and ERK1/2 expression in
rat AoSMCs.

Increased collagen deposition in all layers of the pulmonary artery (including the
fibril-forming collagens COL1A1 and COL3A1) plays a key role in stiffening and
reduced compliance of the vessels in PAH?%42%5_|n addition to quantifying mRNA or
protein expression of collagens, another frequent method to assess fibrosis is
immunohistochemical staining of tissue sections using picrosirius red or Masson’s
thricombe to selectively highlight collagen networks'%>2¢5, Using Masson’s thricombe
staining, Hoffmann et al. observed in idiopathic PAH patients that collagen
deposition was highest in the intimal layer of the pulmonary artery, followed by the
media, and then the perivascular tissue?®. Intriguingly, Erewele et al. observed
using picrosirius red staining that pulmonary arterial collagen deposition is increased
in BMPR2R8%% transgenic mice compared to their wild type controls'®. On the other
hand, while we observed that Bmpr2 mRNA expression decreased in male
rPASMCs in response to 160HE2 under both normoxic and acute hypoxic
conditions (72 hours in 1% O2), Col1a1 expression also significantly decreased
under normoxia suggesting that 160HE2 may be protective against fibrosis. Studies
on the effects of E2 on collagen deposition have primarily focussed on the RV. For
example, Liu et al observed that daily s/c injection with E2 decreased collagen
deposition (Masson’s thricombe staining) and fibrosis in the RV of male Sprague-
Dawley rats with MCT-induced PAH®’. This protective effect may be mediated via

ERa as Cheng et al. observed that collagen deposition (picrosirius red staining) was
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increased in the RV of female ERa-mutant Sprague-Dawley rats (with loss of
function) compared to wild type controls, but no effect was observed in males®’”.
However, the effects of collagen deposition in PAH may vary between the heart and
the lungs. For example, Golob et al. observed that Col1a1?R mice (with impairment
of Type | collagen degradation and absence of deposition) developed SuHx-induced
PAH with a comparable increase in RVSP to their wild type littermates®’8. However,
RV hypertrophy was decreased in Col1a1®R mice compared to wild type mice®”®.
Future studies could investigate whether 160HE2 is protective against fibrosis in an
animal model of PAH (e.g., SuHXx rats) by picrosirius red or Masson’s thricombe
staining of pulmonary artery and RV tissue sections in addition to quantification of

Col1a1 and Col3a1 mRNA expression.

4.3.1 Limitations of this Study

Attempts to investigate BMPR2, p-Smad1,5,9 and Id1 protein expression by western
blot were unsuccessful. Although mRNA expression of Bmpr2, Smad1, Smad4, and
Smad5 was decreased in male rPASMCs in response to 160HE2, we cannot
confirm this translates to decreased p-Smad1,5,9 signalling. Several attempts were
made but only basal BMPR2 and ESR2 expression in untreated male and female
rPASMCs were successfully quantified. This may be due to the very low
concentration of the protein samples, which limited the amount of protein loaded per
well to 20 ug in untreated rPASMCs and 10 pg in studies with 160HE2. Attempts to

concentrate the protein samples and different lysis methods were unsuccessful.

Due to the primary cell lines available at the time, male and female rPASMCs were
not passage-matched when investigating basal BMPR2 protein expression (passage
3 females, passage 5-6 males). However, they were matched at passage 3 when
investigating basal BMPR2 pathway mRNA expression later. The main caveat of
higher passage primary cells is the risk of differentiation from the primary
phenotype3*'. However, using the same isolation method, Peng et al. demonstrated
that rPASMCs maintained their smooth muscle cell phenotype and were not
contaminated with fibroblasts or endothelial cells between passage 5 and 7%'. We

also made the same observation up to passage 6. Therefore, it is unlikely that the
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decreased BMPR2 protein levels in female rPASMCs are due to different passage

numbers.

Expression of the sex markers associated with male or female cell phenotype may
decrease with passage®’®. For example, there are two amelogenin genes present in
humans — one on the X chromosome and the other on the Y chromosome
containing an additional 6 base pair insertion®”®. SNU-449 (CRL-2234)
hepatocellular carcinoma cells isolated from a male patient lose amelogenin-Y
expression by passage 17, and amelogenin-Y is not expressed in PC-3 human
prostate epithelial cells®’°38°, In qRT-PCR, the cycle threshold (CT) value is
inversely proportional to gene expression. In this study, the basal CT value for Esr1
was 36.1 in male rPASMCs and 34.5 in female rPASMCs. For Esr2, the basal CT
value was 35.2 in male rPASMCs and 34.8 in female rPASMCs. Austin et al.
previously observed that transfection of increasing quantities of ERa in COS-7 cells
(which lack endogenous estrogen receptors) strongly correlates with decreasing
BMPR?2 expression'#’. Therefore, the significantly lower basal BMPR2 protein
expression in female rPASMCs compared to males may be associated with higher
expression of Esr1. However, this is unclear as the male and female rPASMCs were
run on different gPCR plates at different times so could not be directly compared.
On the other hand, the basal CT value for Gper? was 33.0 in male rPASMCs and
33.6 in females. Androgen receptor expression was not investigated in rPASMCs.
Estrogen receptor expression was not investigated in the hPASMCs as Wright et al.
previously observed that there was no significant difference in the protein levels of
ERa and ERB between male and female control subject hPASMCs'%2. While this
study did not investigate estrogen receptor expression in rat AoSMCs, Hutson et al.
previously observed no significant difference in Esr1, Esr2, Gper, and Cyp19a1
MRNA expression in the aorta (tissue) between male and female Sprague-Dawley
rats®®'. However, Gper expression in A7r5 rat embroyonic AoSMCs (assumed to be
mixed sex) was significantly higher than Esr1, Esr2, and Cyp19a1, which may
mediate the protective effects of E2 on the aorta (e.g., vasodilation)'*8', Future
studies could confirm whether the sex phenotype of rPASMCs is maintained with
passage by PCR investigation of whether only amelogenin-X (females) or both
amelogenin-X and amelogenin-Y (males) are present®®. The basal expression of
the estrogen receptor and androgen receptor genes could also be compared

between male and female rPASMCs. This may be important when studying male
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and female cells as sex differences in response to 160HE2 could potentially be

missed if the cells lose their phenotype.

The effects of normoxia and acute hypoxia were not directly compared as studies
were carried out in primary cell lines from different rats at different times. While
chronic hypoxia is an established in vivo model of PAH, the effects of acute hypoxia
may be different34°34€, However, the ability to maintain cells in a hypoxic
environment for longer periods using a modular incubator chamber is limited.
Attempts to investigate this using PASMCs from chronic and sugen-hypoxic rats
were unsuccessful. Finally, PAH is assumed to develop in patients over several
months or years®%®. This suggests that patients may be exposed to increased
circulating E2 levels for prolonged periods of time®**3'. However, in vitro studies only

investigated a short 24-hour period of stimulation with 160HE2.

4.3.2 Summary

In summary, 160HE2 decreased Bmpr2, Smad1, Smad4 and Smad5 mRNA
expression in male rPASMCs only, and the decrease in Smad4 was reversed by
MPP suggesting this occurs via ERa (Figure 4.14). This may be due to already
suppressed basal BMPR2 protein levels in female rPASMCs compared to males.
Basal Smad4 mRNA expression was also lower in female rPASMCs, whereas
Smad3 and /d1 were increased. On the other hand, 160HE2 significantly increased
Bmpr2 expression in female rPASMCs under acute hypoxia. BMPR2 and SMAD4
expression were decreased by 160HE2 in male control subject hPASMCs. Smad3,
Smad6, Id1, Id2 and /d3 expression decreased in male rat AoSMCs in response to
160HE2. Smad2, Smad3, Smad4, Smad7, Id2 and /d3 decreased in female rat
AoSMCs. Suppressed /d71-3 expression may result from increased TGF-3
signalling™®. Col1a1 expression was decreased by 160HE2 in male rPASMCs, but
not in females. The in vivo effects of 160HE2 in C57BL/6 mice are presented in
Chapter 5.
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The Effects of 160HE2 in Male PASMCs
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Figure 4.14: Summary of the molecular effects of 160HE2 in male PASMCs.

16a-hydroxyestradiol (1610HEZ2) decreased Bmpr2, Smad1, Smad4 and Smad5 mRNA expression in

male rat pulmonary artery smooth muscle cells (rPASMCs). The estrogen receptor-a antagonist MPP

reversed the decrease in Smad4 in response to 160HE2, suggesting it may act via this receptor.
BMPR2 and SMAD4 mRNA expression were also decreased by 160HE2 in male control subject
hPASMCs. Decreased expression of the bone morphogenetic protein receptor 2 (BMPR2) signalling

pathway may lead to the increased rPASMC migration observed in Chapter 3 and contribute to

pulmonary vascular remodelling in PAH. On the other hand, Col7a1 expression decreased in response

to 160HEZ2 in male rPASMCs, suggesting that 160HE2 may decrease fibrosis. These effects were not

observed in female rPASMCs. Created with BioRender.com.
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Chapter 5

The In Vivo Effects of 16a-
Hydroxyestradiol in C57BL/6 Mice
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5.1 Introduction

Pulmonary arterial hypertension (PAH) is characterised by progressive obstruction
of the distal pulmonary arteries resulting in increased pulmonary arterial pressure
leading to right ventricular (RV) hypertrophy and failure, and ultimately death®. The
process of pulmonary vascular remodelling is complex, with multiple known
mechanisms affecting all layers of the arterial wall®. These include proliferation,
migration, genetic mutations, inflammation and oxidative stress®. Increased collagen
deposition leads to stiffening and reduced compliance of the pulmonary arteries and
maladaptive RV remodelling and fibrosis?642¢6, This includes the fibril-forming
collagens COL1A1 and COL3A1, which provide structure and strength for the

pulmonary artery and RV walls?64.266,

First noted by Dresdale et al. in 1951, numerous registries worldwide have observed
that PAH is predominant in women?6-2851.365 Thjs |ed to extensive research into the
potential mechanisms by which estrogens may contribute to the development of
PAH. On the other hand, once PAH has developed, women have better survival
than men (known as the ‘estrogen paradox’)?®. For example, according to the
Swedish Pulmonary Arterial Hypertension Register, 5-year survival was 68% in
women but 55% for men between 2008 and 2016%2. RV hypertrophy and failure is
the major cause of mortality in PAH%2. A key prognostic marker of survival in PAH is
the right ventricular ejection fraction (RVEF), which expresses the amount of
deoxygenated blood pumped out of the RV (stroke volume) divided by the total
amount of blood in the RV (end-diastolic volume) as a percentage®>*. According to
Kawut et al., a 5% lower RVEF at diagnosis was associated with a 60% increased
risk of death between January 1994 and June 2002%. In the absence of
cardiovascular disease, both the Framingham Heart Study and Multi-Ethnic Study of
Atherosclerosis observed that baseline RVEF is higher in women than men®-7, This
may contribute to improved RV adaptability to high pulmonary arterial pressures and
survival in female PAH patients®. There are many hypotheses for the estrogen
paradox including poor translation of animal models to human PAH, altered estrogen
metabolism, and extragonadal E2 synthesis in the peripheral tissues (e.g., lung,

adipose)?9:33-3%,
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Suppression of Bone Morphogenetic Protein Receptor 2 (BMPR2) plays a key role
in hereditary and idiopathic PAH™'. Reduced BMP signalling through BMPR2 shifts
protective p-Smad1,5,8 signalling to the pathogenic TGF- pathway, leading to cell
proliferation, migration, and pulmonary vascular remodelling (Figure 1.5)'%. Basal
Bmpr2 expression is significantly lower in female SERT* mouse lung tissue
compared to their wild type littermates, but this was attenuated by continuous s/c
dosing with the estrogen receptor-a (ERa) antagonist MPP'%2, White et al. observed
that daily intraperitoneal injection of the estrogen metabolite 16a-hydroxyestrone
(160HE1) induced PAH in female C57BL/6 mice in the absence of any additional
precipitating factors®. In male BMPR2R8% transgenic mice (with a knock-in of the
human R899X mutation), continuous s/c dosing with 160HE1 increased pulmonary
vascular resistance and decreased cardiac output'®. Genetic variants associated
with deficiency of SRY-related HMG-box 17 (SOX17) were recently observed in PAH
patients'®. Sangam et al. recently observed that 160HE1 suppressed SOX17
expression in human pulmonary artery endothelial cells (PAECs)'*°. Overexpression
of Sox17 in Tie2-Sox17 transgenic mice attenuated 160HE1-induced PAH and RV
hypertrophy'®®. Therefore, SOX17 may be a key link between altered estrogen

metabolism and PAH.

16a-hydroxyestradiol (160HE2) is primarily produced during pregnancy (Figure
1.10)%". Increased plasma levels of 160HE2 were recently observed in female
idiopathic PAH patients, and in males and females with portopulmonary PAH241:317,
While preliminary studies observed that 160HEZ2 increases proliferation of female
PAH patient hPASMCs and migration of blood outgrowth endothelial cells from male

and female PAH patients, its effects in vivo are undetermined?*'.

Aims of this chapter:

1. To investigate the physiological effects of 160HE2 in C57BL/6 mice.
2. To investigate the effects of 160HE2 on the BMPR2 signalling pathway,

fibrosis marker expression, and Sox77 expression in the lung and right

ventricle.

178



All in vivo procedures were performed by Dr Smriti Sharma including intraperitoneal
injections, pressure-volume (PV) loop measurement, and tissue harvest. For qRT-

PCR experiments, RNA lysis and extractions from lung and RV tissue were carried
out by Dr Sharma.
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5.2 Results

5.2.1 Physiological Effects of 160HE2 in C57BL/6 Mice

White et al. previously observed that daily intraperitoneal injection of 1.5 mg/kg
160HE1 induced PAH in female C57BL/6 mice aged 10-12 weeks in the absence of
any additional precipitating factors®®. In this case, 160HE1 significantly increased
right ventricular systolic pressure (RVSP), pulmonary vascular remodelling and RV
hypertrophy?®®. As the in vivo effects of 160HE2 are undetermined, we repeated this
study with 160HEZ2 in male and female C57BL/6 mice aged 23-25 weeks.

PV loop analysis is the standard in vivo method of assessment for development of
PAH>*. Each PV loop represents a single cardiac cycle, with the width of the loop
representing the stroke volume (amount of deoxygenated blood pumped out of the
RV)%. The RVSP is the ratio of maximal pressure to volume for each loop and
reflects the pulmonary arterial pressure®*. Abnormal enlargement of the muscle
mass in the RV (RV hypertrophy) often occurs in response to pressure overload and
is the key driver of mortality in PAH%2. On receipt of raw PV loop recordings from Dr
Sharma, haemodynamic analysis was carried out to determine the RVSP. The
Fulton Index (RV weight/ left ventricle plus septum (LV+S) weight) was also
calculated as an indicator of RV hypertrophy®2. Enlarged spleen size
(splenomegaly) is associated with inflammation and is a common feature in patients
with advanced idiopathic or hereditary PAH3®. Therefore, we also investigated the

effects of 160HE2 on spleen weight.

In male mice, 160HE2 did not affect either the RVSP or the Fulton index (Figure
5.1(A-B)). There was also no significant difference in body weight at the time of PV
loop analysis (Figure 5.1(C)). However, spleen weight significantly increased in
response to 160HE2 (Figure 5.1(D)).

In female mice, 160HE2 had no effect on the RVSP but significantly increased RV
hypertrophy as measured by the Fulton Index (RV weight/ LV+S weight; Figure

5.2(A-B)). As previously observed in male mice, there was no significant difference
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in body weight at the time of PV loop analysis, however spleen weight significantly
increased in response to 160HE2 (Figure 5.2(C-D)).

RVSP Fulton Index
A 40+ B 1.0
: sl 3
304 H 2 7
w3 ey =
o . 1 0.6 T
I wn ._g_
£ 20+ - + . H
E 2 04 |o .
— »
>
10— o 0.2
0 T T 0.0 T T
Veh 160HE2 Veh 160HE2
Body Weight Spleen Weight
¥
C 40- D 200
L L ]
30 I- o’.
S ? 1504 *e
= : . 'E.
S 20+ £ 100 K
g . 11
10 = s04 | °
U T T D 1 ]
Veh 160HE2 Veh 160HE2

Figure 5.1: Physiological effects of 160HE2 in male C57BL/6 mice.

Male C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal injection
for 14 days. No changes were observed in response to 160HE2 in (A) RVSP, (B) Fulton Index (RV/
LV+S ratio), (C) Body weight at the time of PV loop analysis. (D) Spleen weight significantly increased
following treatment with 160HE2. RVSP = right ventricular systolic pressure, RV = right ventricle, LV+S
= left ventricle plus septum. Normality was assessed by Shapiro-Wilk test. Data are expressed as
+SEM and analysed by unpaired t-test or Mann-Whitney test. *p<0.05. n=10.
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Figure 5.2: Physiological effects of 160HE2 in female C57BL/6 mice.

Female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (1610HE2) by intraperitoneal
injection for 14 days. (A) No change was observed in RVSP. (B) Fulton Index (RV/ LV+S ratio)

significantly increased following treatment with 160HEZ2. (C) There was no difference in body weight at

the time of PV loop analysis. (D) Spleen weight significantly increased following treatment with
160HE2. RVSP = right ventricular systolic pressure, RV = right ventricle, LV+S = left ventricle plus

septum. Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by

unpaired t-test or Mann-Whitney test. *p<0.05, **p<0.01. n=9-12.
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5.2.2 Effects of 160HE2 on the BMPR2 Signalling

Pathway in Lung Tissue

According to Mair et al., basal Bmpr2 mRNA expression in the lung is significantly
lower in both female C57BL/6 mice and female Wistar Kyoto rats compared to
males®. However, suppression of estrogen synthesis in female C57BL/6 mice by
daily s/c anastrozole injection increased Bmpr2 expression in the lung to a similar
level as observed in males®®. The effects of 160HE2 on BMPR?2 signalling in the

lung are undetermined, therefore we wished to investigate this.

We investigated the effects of 160HE2 in the lung tissue of C57BL/6 mice on the
expression of the following genes within the BMPR2 signalling pathway: Bmpr2,
Smad1, Smad2, Smad3, Smad4, Smad5, Smad6, Smad7, Smad9, Id1, Id2, and Id3.
We also investigated the effects of 160HE2 on the protein levels of BMPR2 and p-
Smad1,5,9. In male mice, no significant changes were observed in gene expression
but p-Smad1,5,9 levels significantly increased in response to 160HE2 (Table 5.1,
Figure 5.3). In female mice, no significant changes were observed in gene
expression. However, BMPR2 protein levels significantly decreased in response to
160HE2, whereas p-Smad1,5,9 significantly increased (Table 5.2, Figure 5.4).
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Table 5.1: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling

Pathway in the Lung Tissue of Male C57BL/6 Mice

Basal 160HE2 vs. Veh
PATHWAY | GENES | CT

value FC £ SEM P-value
Bmpr2 27.4 1.39+£0.21 0.1230
BMPR2 Smadl 30.9 1.11 +0.09 0.2954
Pathway | Smad2 | 322 | 1.12+0.06 0.1983
Smad3 304 1.11 + 0.08 0.3281
Smad4 28.2 1.20 £ 0.09 0.0551
Smad5 304 1.27+0.11 0.0509
Smad6 29.3 1.26 £0.16 0.2455
Smad7 28.9 1.08 £ 0.06 0.4056
Smad9 32.9 1.42 +£0.17 0.0650
Id1 27.1 1.09£0.15 0.7326
Id2 28.1 1.13+0.14 0.5066
Id3 26.2 0.96 £ 0.08 0.8155

Table 5.1: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in

the lung tissue of male C57BL/6 mice.

Male C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal injection

for 14 days. Lung harvest, RNA lysis and gRT-PCR were carried out as previously described. FC= Fold

change, calculated by AACT method and is represented as relative to the vehicle (where the average

vehicle fold change is 1). Basal CT value = the average CT value of the vehicle control group.

Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired

t-test or Mann-Whitney test. n=10.
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Figure 5.3: Effects of 160HE2 on the BMPR2 signalling pathway in the lung tissue of male
C57BL/6 mice.

Male C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal injection
for 14 days. Lung harvest, RNA and protein lysis, and gqRT-PCR and western blot were carried out as
previously described. (A) 160HE2 did not affect Bmpr2 mRNA expression. Fold change was calculated
by the AACT method and is represented as relative to the vehicle (where the average vehicle fold
change is 1). Basal CT (average vehicle) = 27.4. (B) Quantification of BMPR2 protein expression in
lung tissue. Fold change is BMPR2 relative to B-tubulin expression. No significant change in BMPR2
was observed in response to 160HE2. (C) Quantification of p-Smad1,5,9 expression in lung tissue.
Ratio to Smad1 = (p-Smad1,5,9/ B-tubulin) divided by (Smad1/ B-tubulin). (D) Immunoblots of BMPR?2,
p-Smad1,5,9, Smad1, and B-tubulin). Normality was assessed by Shapiro-Wilk test. Data are

expressed as +SEM and analysed by unpaired t-test. n=7-10.
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Table 5.2: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in the Lung Tissue of Female C57BL/6 Mice

Basal 160HE2 vs. Veh
PATHWAY | GENES CT

value FC £ SEM P-value
Bmpr2 27.1 0.98 £ 0.09 0.8743
BMPR?2 Smadl 30.8 0.97 + 0.06 0.7512
Pathway | Smad2 | 324 | 0.91+0.04 0.3252
Smad3 30.3 0.93+ 0.04 0.3685
Smad4 28.7 1.03 £ 0.05 0.7672
Smad5 30.6 0.90 + 0.07 0.3881
Smad6 28.9 0.99 + 0.07 0.8350
Smad7 28.7 1.04 £ 0.09 0.9759
Smad9 32.6 0.71 + 0.08 0.1185
Id1 26.6 1.04£0.12 0.8191
Id2 28.1 1.05+0.13 0.8303
Id3 26.4 1.05+0.12 0.8718

Table 5.2: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in

the lung tissue of female C57BL/6 mice.
Female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (1610HE?2) by intraperitoneal

injection for 14 days. Lung harvest, RNA lysis and qRT-PCR were carried out as previously described.

FC= Fold change, calculated by AACT method and represented as relative to the vehicle (where the

average vehicle fold change is 1). Basal CT value = the average CT value of the vehicle control group.

Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired
t-test or Mann-Whitney test. n=11-12.
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Figure 5.4: Effects of 160HE2 on the BMPR2 signalling pathway in the lung tissue of female
C57BL/6 mice.

Female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (1610HE?2) by intraperitoneal
injection for 14 days. Lung harvest, RNA and protein lysis, and gqRT-PCR and western blot were carried
out as previously described. (A) 160HE2 did not affect Bmpr2 mRNA expression. Fold change was
calculated by the AACT method and is represented as relative to the vehicle (where the average
vehicle fold change is 1). Basal CT (average vehicle) = 27.1. (B) Quantification of BMPR2 protein
expression in lung tissue. Fold change is BMPR2 relative to B-tubulin expression. BMPR2 expression
significantly decreased in response to 160HE2. (C) Quantification of p-Smad1,5,9 expression in lung
tissue. Ratio to Smad1 = (p-Smad1,5,9/ B-tubulin) divided by (Smad1/ B-tubulin). (D) Immunoblots of
BMPR2, p-Smad1,5,9, Smad1 and B-tubulin). Normality was assessed by Shapiro-Wilk test. Data are
expressed as +SEM and analysed by unpaired t-test. n=7-12.
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5.2.3 Effects of 160HE2 on the Expression of Genes Within
the BMPR2 Signalling Pathway in the Right Ventricle

Female PAH patients have improved survival rates compared to male patients, likely
due to better RV adaptability to high pulmonary pressures?®%°. Frump et al.
observed that endogenous E2 depletion by ovariectomy worsened SuHx-induced
RV hypertrophy in female Sprague-Dawley rats, and this was attenuated by
continuous s/c administration of E2 in ovariectomised rats'®. Similarly, they also
observed that E2 attenuated SuHx-induced RV hypertrophy in male Sprague-
Dawley rats'%®. Basal expression of BMPR2 in the lung is lower in female C57BL/6
mice and female Wistar Kyoto rats compared to males®. On the other hand, Frump
et al. observed that basal expression of BMPR2 is higher in the RV of female
Sprague-Dawley rats compared to males®®*. While BMPR2 expression in the RV
was not affected by SuHx, it significantly increased in ovariectomised female SuHx
Sprague-Dawley rats following continuous s/c administration of E2%84. Therefore, we
wished to investigate the effects of 160HE2 on expression of genes within the
BMPR?2 signalling pathway in the RV.

We investigated the effects of 160HE2 in the RV of C57BL/6 mice on the
expression of the following genes within the BMPR2 signalling pathway: Bmpr2,
Smad1, Smad4, Smad5, Smad9, Id1, Id2, and Id3. In male mice, no significant
changes were observed (Figure 5.5, Table 5.3). However, in female mice, /d7 and
1d3 expression significantly increased in response to 160HE2 (Figure 5.6; Table
5.4).
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Figure 5.5: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in

the right ventricle of male C57BL/6 mice.

Male C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (1610HE?2) by intraperitoneal injection
for 14 days. Right ventricle (RV) harvest, RNA lysis, and qRT-PCR were carried out as previously
described. 160HE2 did not affect expression of (A) Id1, (B) ld2, (C) /d3. (D) Heatmap comparison of
the fold change mRNA expression in response to 160HE2 compared to the vehicle. Green = <1, white
=1, red = >1. Fold change was calculated by the AACT method and is represented as relative to the

vehicle (where the average vehicle fold change is 1). Normality was assessed by Shapiro-Wilk test.

Data are expressed as +SEM and analysed by unpaired t-test. n=10.
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Table 5.3: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in the Right Ventricle of Male C57BL/6 Mice

Basal 160HE2 vs. Veh
PATHWAY | GENES | CT

value FC £ SEM P-value
Bmpr2 | 251 | 1.03+0.07 0.8108
Smadl | 29.6 | 1.01+0.06 0.8969
BMPR2  ["gmad4 | 27.0 1.12 + 0.09 0.2980
Pathway g ad5 | 292 1.02 + 0.08 0.8502
Smad9 | 32.3 | 1.23+0.11 0.1071
1d1 257 | 0.98+0.14 0.9048
1d2 296 | 0.88+0.10 0.4101
1d3 26.0 | 1.02+0.09 0.8490

Table 5.3: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in
the right ventricle of male C57BL/6 mice.

Male C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal injection
for 14 days. Right ventricle (RV) harvest, RNA lysis, and qRT-PCR were carried out as previously
described. FC= Fold change, calculated by AACT method and is represented as relative to the vehicle
(where the average vehicle fold change is 1). Basal CT value = the average CT value of the vehicle
control group. Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and

analysed by unpaired t-test. n=10.
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Figure 5.6: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in

the right ventricle of female C57BL/6 mice.

Female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HE2) by intraperitoneal
injection for 14 days. Right ventricle (RV) harvest, RNA lysis, and gRT-PCR were carried out as
previously described. (A) /d1 significantly increased in response to 160HE2. (B) No change was

observed in Id2. (C) Id3 significantly increased in response to 160HE2. (D) Heatmap comparison of

the fold change mRNA expression in response to 160HE2 compared to the vehicle. Green = <1, white

=1, red = >1. Fold change was calculated by the AACT method and is represented as relative to the

vehicle (where the average vehicle fold change is 1). Normality was assessed by Shapiro-Wilk test.

Data are expressed as +SEM and analysed by unpaired t-test or Mann-Whitney test. *p<0.05.

**p<0.01. n=11-12.
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Table 5.4: Effects of 160HE2 on Expression of Genes Within the BMPR2 Signalling
Pathway in the Right Ventricle of Female C57BL/6 Mice

Basal 160HE2 vs. Veh
PATHWAY | GENES CT

value FC £ SEM P-value
Bmpr2 24.7 1.15 + 0.06 0.1028
BMPR2 Smad1l 29.1 1.04 + 0.06 0.9279
Pathway ["smada | 266 | 1.15+0.04 0.0564
Smad5 28.6 1.13 + 0.08 0.2414
Smad9 31.6 1.29 + 0.10 0.0792
Id1 25.1 1.44 +0.11 0.0024*
Id2 28.8 0.96 + 0.10 0.7626
Id3 26.2 1.37+0.11 0.0268*

Table 5.4: Effects of 160HE2 on expression of genes within the BMPR2 signalling pathway in
the right ventricle of female C57BL/6 mice.

Female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal
injection for 14 days. Right ventricle (RV) harvest, RNA lysis, and gRT-PCR were carried out as
previously described. FC= Fold change, calculated by AACT method and is represented as relative to
the vehicle (where the average vehicle fold change is 1). Basal CT value = the average CT value of the
vehicle control group. Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and

analysed by unpaired t-test or Mann-Whitney test. *p<0.05. n=11-12.
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5.24 Effects of 160HE2 on Fibrosis Marker Expression
in the Lung and Right Ventricle

In PAH, collagen deposition is increased in both the pulmonary arteries and
RV#4.266 This includes the fibril-forming collagens COL1A1 and COL3A1, which
provide structure and strength for the pulmonary artery and RV walls4:266,
Increased deposition of collagen causes stiffening and reduced compliance of the
pulmonary arteries?**. Erewele et al. observed that BMPR2 deficiency increased
pulmonary collagen deposition in BMPR2R8%X transgenic mice (with knock-in of the
human R899X mutation)'?®. Adaptation of the RV to high pulmonary pressures is the
key determinant of survival in PAH%¢, Excess collagen formation is associated with
maladaptive RV remodelling and fibrosis, which impair cardiac function and lead to
RV failure®®. E2 is known to be protective in the RV®"'%, For example, daily s/c
injection with E2 decreased MCT-induced collagen deposition and fibrosis in the RV
of male Sprague-Dawley rats®’. As the effects of 160HE2 on collagen expression in

the lung and RV are undetermined, we wished to investigate this.

We investigated the effects of 160HE2 on gene expression of Col1a1 and Col3a1 in
the lung and RV tissue of C57BL/6 mice. In male mice, no changes were observed
in the lung tissue. However, in the RV, Col3a1 expression significantly decreased in
response to 160HE2 (Figure 5.7). In female mice, Col3a1 expression significantly
decreased in the lung tissue in response to 160HE2. Col1at and Col3a1 both
significantly decreased in the RV (Figure 5.8).
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Figure 5.7: Effects of 160HE2 on Col1a1 and Col/3a7 mRNA expression in the lungs and right
ventricle of male C57BL/6 mice.

Male C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal injection
for 14 days. Tissue harvest, RNA lysis, and qRT-PCR were carried out as previously described. No
changes were observed in expression of (A) Col1at in lung tissue (basal CT value = 25.1), (B) Col3a1
in lung tissue (basal CT value = 25.5), (C) Col1a1 in the RV (basal CT value = 24.9). (D) 160HE2
significantly decreased Col3a7 expression in the RV (basal CT value = 25.0). Fold change was
calculated by the AACT method and is represented as relative to the vehicle (where the average
vehicle fold change is 1). Basal CT value = the average CT value of the vehicle control group.
Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired

t-test. **p<0.01. n=10.
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Figure 5.8: Effects of 160HE2 on Col1a1 and Col3a7 mRNA expression in the lungs and right
ventricle of female C57BL/6 mice.

Female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal
injection for 14 days. Tissue harvest, RNA lysis, and qRT-PCR were carried out as previously
described. (A) No change was observed in Col1at in response to 160HE2 in lung tissue (basal CT
value = 25.0). (B) Col3a1 significantly decreased in response to 160HEZ2 in lung tissue (basal CT value
= 24.9). (C) Col1a1 significantly decreased in response to 160HE2 in the RV (basal CT value = 24.3).
(D) Col3a1 significantly decreased in response to 160HE2 in the RV (basal CT value = 24.2). Fold
change was calculated by the AACT method and is represented as relative to the vehicle (where the
average vehicle fold change is 1). Basal CT value = the average CT value of the vehicle control group.
Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired

t-test or Mann-Whitney test. *p<0.05, ***p<0.001. n=11-12.
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5.2.5 Effects of 160HE2 on Sox17 Expression in the
Lung and Right Ventricle

SOX17 was recently identified as a novel candidate gene associated with
development of PAH'%®, SOX17 is specifically expressed in endothelial cells, and its
expression is reduced in human pulmonary artery endothelial cells (PAECs) from
PAH patients compared to control subjects’®. SOX17 expression is also decreased
in the endothelium of lung tissue sections from male and female Sprague-Dawley
rats with SuHx-induced PAH%°, Basal SOX17 levels in the lung tissue are
significantly lower in female Sprague-Dawley rats compared to males, suggesting
that E2 may be suppressive'®. Sangam et al. recently observed that 160HE1
suppressed SOX17 expression in human PAECs at concentrations ranging from 1-
100 nM'°_ Its overexpression in Tie2-Sox 17 transgenic mice attenuated 160HE1-
induced PAH and RV hypertrophy'°. Therefore, we wished to investigate the effect
of 160HE2 on Sox17 expression.

We investigated the effects of 160HE2 on Sox77 mRNA expression in the lung and
RV tissue of C57BL/6 mice. In male mice, no significant changes in Sox717
expression were observed in response to 160HE2 (Figure 5.9). In female mice, no
change was observed in lung tissue, but Sox77 expression significantly increased in
the RV in response to 160HE2 (Figure 5.10).
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Figure 5.9: Effects of 160HE2 on Sox77 mRNA expression in the lung and right ventricle of male
C57BL/6 mice.

Male C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal injection
for 14 days. Tissue harvest, RNA lysis, and qRT-PCR were carried out as previously described. (A)
Sox17 expression in lung tissue (basal CT value = 32.1). (B) Sox17 expression in RV tissue (basal CT
value = 30.2). Fold change was calculated by the AACT method and is represented as relative to the
vehicle (where the average vehicle fold change is 1). Basal CT value = the average CT value of the
vehicle control group. Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and

analysed by unpaired t-test or Mann-Whitney test. n=10.
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Figure 5.10: Effects of 160HE2 on Sox77 mRNA expression in the lung and right ventricle of
female C57BL/6 mice.

Female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HE2) by intraperitoneal
injection for 14 days. Tissue harvest, RNA lysis, and qRT-PCR were carried out as previously
described. (A) Sox17 expression lung tissue (basal CT value = 31.2). (B) Sox17 expression
significantly increased in the RV in response to 160HE2 (basal CT value = 29.6). Fold change was
calculated by the AACT method and is represented as relative to the vehicle (where the average

vehicle fold change is 1). Basal CT value = the average CT value of the vehicle control group.

Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired

t-test or Mann-Whitney test. **p<0.01. n=11-12.
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5.3 Discussion

Female sex is a significant risk factor for PAH, with up to four-fold more women
developing PAH than men?’. On the other hand, once PAH has developed, women
have better survival than men and this is likely due to improved RV adaptability to
high pulmonary pressures?®%°, Estrogens are also protective in certain animal
models of PAH?°, These issues are collectively known as the ‘estrogen paradox?. A
key hypothesis for the estrogen paradox in PAH is a shift in estrogen metabolism
from the protective 2-hydroxylation pathway towards pathogenic 16-hydroxylation
(Figure 1.4)?™. White et al. observed that daily intraperitoneal injection of 160HE1
induced PAH in female C57BL/6 mice in the absence of any additional precipitating
factors®. As the in vivo effects of 160HE2 are undetermined, we repeated this study
with 160HEZ2 in male and female C57BL/6 mice. We demonstrated that 160HEZ2 did
not induce PAH, as assessed by no change in RVSP. However, 160HE2
significantly increased RV hypertrophy only in female mice in the absence of raised
RVSP. 160HE2 also significantly increased spleen weight in both male and female
mice. In lung tissue, no changes were observed in expression of genes within the
BMPR2 signalling pathway in response to 160HE2 in either sex. However, BMPR2
protein levels significantly decreased in the lung tissue of female mice, whereas p-
Smad1,5,9 significantly increased in response to 160HE2 in both sexes. In the RV,
Id1 and Id3 mRNA expression significantly increased in response to 160HE2 only in
female mice. In the lung, Col3a7 mRNA expression significantly decreased in
response to 160HE2 only in female mice. However, in the RV, Col1a1 expression
significantly decreased in female mice and Col3a1 expression significantly
decreased in both sexes. Finally, protective Sox77 mRNA expression significantly

increased in the RV of female mice in response to 160HE2.

160HE2 did not induce PAH in male or female C57BL/6 mice, as determined by no
change in RVSP. However, in female mice 160HE2 significantly increased RV
hypertrophy in the absence of raised RVSP, suggesting that these effects occurred
directly in the heart rather than in response to raised pulmonary arterial pressure. It
is not unprecedented that estrogens may have direct effects in the heart
independent of RVSP. For example, Frump et al. observed that continuous s/c E2

was protective against SuHx-induced RV hypertrophy despite the presence of raised
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RVSP in male Sprague-Dawley rats'®. Liu et al. also observed that continuous s/c
E2 protected RV function in ovariectomised female SuHx C57BL/6 mice by
stimulation of RV contractility®®. We investigated the effects of 160HE2 on RV
contractility by analysing the maximum (dP/dtmax) and minimum (dP/dtmin) rate of
pressure change in the ventricle. However, we did not observe any significant
changes in RV contractility in response to 160HE2 (Supplementary Figures 9.5 and
9.6).

White et al. administered intraperitoneal injections of 1.5 mg/kg 160HE1 for 28
days®. However, due to time constraints our mice only received injections of
160HE2 for 14 days prior to PV looping. Given the RV hypertrophy observed in
female mice, it may be worth investigating whether continuing the dosing for the full
28 days would have an impact on RVSP. The half-life of 160HE2 is short. For
example, following intramuscular administration the half-life of 160HE2 was 3-4
hours in male and female Sprague-Dawley rats and 1.5-5.3 hours in human female
volunteers using the combined contraceptive pill*3*®34°. 160HE2 undergoes
extensive conjugation by enzymes such as B-glucuronidase and is excreted in the
urine as 160HE2-glucuronide®'®3'®. Therefore, continuous dosing with 160HE2
using a subcutaneous pellet or osmotic minipump may be preferable to intermittent
intraperitoneal injection. However, this is considerably more expensive. The effects
of 160HE2 in an animal model of PAH are undetermined. As rats exhibit a more
severe disease phenotype than mice in response to both chronic hypoxia and SuHx,

it may be interesting to investigate the effects of 160HE2 in a rat model of PAH°,

160HEZ2 had no effect on body weight at the time of PV looping. However, spleen
weight significantly increased in both sexes in response to 160HE2. Increased
spleen size (splenomegaly) is common in patients with advanced idiopathic or
heritable PAH3#. The spleen plays a key role in modulating immune response and
splenomegaly is associated with inflammation®3®. Perivascular inflammation is a
prominent pathological feature in PAH patients and in most animal models of PAH
(particularly SuHx and MCT rats)®". This suggests that 160HE2 may mediate
inflammation. C-Reactive protein (CRP) is extensively used as a biomarker for
inflammation3®. Therefore, it would be interesting to investigate the effects of
160HEZ2 on plasma levels of CRP.
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In female mice, 160HE2 significantly increased RV hypertrophy in the absence of
raised RVSP, suggesting that the effects of 160HE2 occur directly in the heart.
Remodelling, hypertrophy, and dysfunction of the right, left, or both ventricles can
occur in inflammatory cardiomyopathy where the immune system damages the
muscle of the heart®°. This occurs independently of pulmonary arterial pressures®.
While predominantly triggered by viral infection, inflammatory cardiomyopathy can
also be triggered by autoimmune diseases associated with PAH such as
sarcoidosis®?°, In contrast to PAH, inflammatory cardiomyopathy is predominant in
men, but this sex difference becomes less prominent with age3°°:3°1:392 E2 may
mediate anti-inflammatory effects by inhibiting production and release of pro-
inflammatory cytokines such as interleukin-1 (IL-1B) and tumour necrosis factor-a
(TNF-a) in osteoblast-like cells, macrophages, and whole blood cultures393-3%,
During pregnancy, the severity of inflammation is reduced in autoimmune diseases
such as multiple sclerosis, suggesting that production of 160HE2 may mediate anti-
inflammatory effects®®’. However, the immunological effects of 160HE2 are not well
characterised®®’. Vermillon et al. recently observed that 160HE2 reduced
inflammation in the lungs of female C57BL/6 mice with severe mouse adapted H1N1
influenza3%®. However, the effects of 160HE2 on inflammation in the heart are
undetermined. The significant increase in spleen weight suggests that increased RV
hypertrophy in female mice in the absence of raised RVSP may be due to
inflammation. Therefore, it would be intriguing to investigate the effects of 160HE2

on expression of inflammatory markers such as IL-13 and TNF-a in the RV.

Following this, we investigated the effects of 160HE2 on the BMPR2 signalling
pathway in the lung and RV tissue of C57BL/6 mice. B-actin (Actb) was used as the
housekeeper for all gqRT-PCR experiments as we observed that it was stable in both
lung and RV tissue across all experimental groups, as determined by no statistically
significant difference in CT value (Figure 5.11). All samples were run on the same

gRT-PCR plate to allow direct comparison.
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Figure 5.11: Actb expression is stable in the lung and right ventricle tissue of male and female
C57BL/6 mice following treatment with 160HE2.

Male and female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) or vehicle
control by intraperitoneal injection for 14 days. Lung and right ventricle (RV) tissue harvest, RNA lysis,
and qRT-PCR were carried out as previously described. There was no significant difference in the cycle
threshold (CT) value for Actb expression in (A) Lung tissue, (B) RV tissue. Normality was assessed by
Shapiro-Wilk test. Data are expressed as +SEM and analysed by one-way ANOVA with post-hoc Tukey
test. n=10-12.

B-tubulin was used as the housekeeper for western blots in lung tissue as Dr
Sharma had previously observed this was stable and the antibody worked effectively
in the lung tissue of the wild type littermates of BMPR2R8% mice. No significant
changes in gene expression were observed in lung tissue in response to 160HE2 in
either sex. However, BMPR2 protein levels significantly decreased in female mice in
response to 160HE2, whereas p-Smad1,5,9 expression significantly increased in
both sexes. This suggests that 160HE2 may have a protective effect against PAH in
male C57BL/6 mice, as increased p-Smad1,5,9 signalling results in upregulation of
Ids1-3, mediating cell cycle regulation'®'46, However, the effect of 160HE2 in
females is unclear. It is not unprecedented that BMPR2 protein levels did not
correspond to mRNA expression. For example, Wright et al. observed that
continuous s/c dosing with the ERa antagonist MPP significantly increased BMPR2
protein levels in the lung tissue of female C57BL/6xCBA mice, but Bmpr2 mRNA
expression was significantly decreased'®?. BMPR2 also acts independently of p-
Smad1,5,9 signalling via p38 mitogen-activated protein kinase (p38 MAPK; Figure
1.5)3%. Harper et al. delivered the BMPR2 gene to the pulmonary endothelium of
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MCT-treated Sprague-Dawley rats using a targeted adenoviral vector
(AdBMPR2Fab-9B9)**. Gene therapy with BMPR2 significantly decreased
phosphorylated-p38 MAPK expression in the lung tissue 2 days after treatment3®°.
Therefore, in female C57BL/6 mice, the decrease in BMPR2 protein levels in
response to 160HE2 may potentially occur as a compensatory response to
increased p38 MAPK signalling (independent of increased p-Smad1,5,9 signalling).

Future studies could include western blots to confirm this.

In lung tissue, no changes in expression of genes within the BMPR2 signalling
pathway were observed in either sex. On the other hand, 160HEZ2 significantly
increased the mRNA expression of /d1 and /d3 in the RV of female mice. It is not
unprecedented that estrogens may have different effects on the BMPR2 pathway in
the lung compared to the RV. For example, Mair et al. observed that basal BMPR2
expression in the lung is significantly lower in female C57BL/6 mice and female
Wistar Kyoto rats compared to males®3. However, suppression of estrogen synthesis
in female C57BL/6 mice by daily s/c anastrozole injection increased Bmpr2
expression in the lung to a similar level as observed in males3. On the other hand,
Frump et al. reported that basal expression of BMPR?2 is higher in the RV of female
Sprague-Dawley rats compared to males®*. Furthermore, BMPR2 expression in the
RV significantly increased following continuous s/c E2 administration in

ovariectomised female Sprague-Dawley rats®4.

The inhibitor of DNA-binding (Id) proteins regulate the cell cycle and cell
differentiation®®*. Therefore, increased /d7 and /d3 expression in response to
160HEZ2 in the RV of female mice may be protective against cell proliferation and
RV remodelling. Some PAH patients develop adaptive RV hypertrophy where
cardiac fibroblasts retain their function, however others develop maladaptive RV
hypertrophy characterised by fibrosis, RV remodelling and loss of function?6®.
Therefore, it is not unprecedented for female mice to develop RV hypertrophy in
response to 160HE2 despite increased expression of /d7 and /d3. However, we did
not investigate the effects of 160HE2 on protein levels of Id1 and Id3 as western
blots are technically challenging in the RV due the fibrous nature the tissue, and the
small size of the Id proteins (~15 kDa) further adds to this challenge. We previously
investigated the effects of 160HEZ2 in pulmonary artery smooth muscle cells and
aorta smooth muscle cells isolated from male and female Sprague-Dawley rats.

Therefore, it may be interesting to isolate cardiac fibroblasts from the left and right
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ventricles of these rats, and to investigate the effects of 160HE2 on mRNA and
protein expression of Id1 and 1d3 in these cells. No significant changes were
observed in any other genes within the BMPR2 signalling pathway. Id1 is known to
be involved in many other pathways (e.g., PI3K/Akt signalling, c-Myc signalling),
therefore increased /d1 expression in the RV of female mice may be independent of
BMPR2 signalling®®*.

Increased collagen deposition in PAH causes stiffening and reduced compliance of
the pulmonary arteries?®*. In lung tissue, Col3a7 expression significantly decreased
in response to 160HE2 in female C57BL/6 mice but not in males. This suggests that
160HE2 may increase compliance of the pulmonary arteries in female mice.
Pulmonary vascular resistance (PVR) is a measure of compliance which describes
the resistance blood must overcome to pass through the pulmonary vasculature*®.
PVR is increased in PAH patients and can be used to guide diagnosis and
treatment*°!. A limitation of this study is that we did not investigate the effects of
160HE2 on PVR. In mice, it is difficult to directly measure this during
haemodynamic analysis due to their small size because a pulmonary artery
segment long enough to facilitate cannulation is required*®2, However, PVR can be
indirectly measured using wire myography or an organ bath*®?. English et al.
observed that steroid hormones induced dose-dependent dilation during wire
myography in pulmonary arteries isolated from male and female Wistar rats in the
following order of activity — progesterone > testosterone > cortisol > E2'%6, On the
other hand, White et al. did not observe any changes in pulmonary vascular
contraction in arteries from female C57BL/6 mice treated with 160HE13°. Therefore,
it may be interesting to investigate whether 160HE2 would affect pulmonary arterial
collagen deposition in SuHx-induced PAH and whether this would have any impact
on PVR.

In PAH, collagen deposition is also increased in the RV2%¢. Adaptation of the RV to
high pulmonary pressures is the key prognostic factor for survival in PAH?¢, Some
patients develop adaptive RV hypertrophy where cardiac fibroblasts remain
concentric with retained function?®®. However, others develop maladaptive RV
hypertrophy characterised by transition of cardiac fibroblasts into myofibroblasts
leading to excess collagen formation, disruption of cross-linking and collagen
turnover, loss of extracellular matrix integrity, RV diastolic stiffness, and disruption of

co-ordination and contraction?%¢. RV adaptability is improved in female PAH patients
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compared to males, suggesting that E2 may be protective®. Liu et al. observed that
daily s/c injection with E2 decreased collagen deposition and fibrosis in the RV of
male Sprague-Dawley rats with MCT-induced PAH®’. On the other hand, Petrov et
al. observed that E2 significantly increased Col1a? and Col3a1 expression in
cardiac fibroblasts isolated from male Wistar rats?’°. However, in cardiac fibroblasts
isolated from female Wistar rats, E2 significantly decreased Col1a1 and Col3a1
expression?’?. We observed that Col7a1 expression significantly decreased in
response to 160HE2 in the RV of female C57BL/6 mice, and Col3a1 expression
significantly decreased in the RV of both sexes. This suggests that 160HE2 may be
protective against fibrosis in the RV. It would be intriguing to investigate whether
160HE2 may attenuate RV fibrosis in SuHx-induced PAH, for example by

immunohistochemistry staining for collagen in sections of RV tissue.

SOX17 was recently identified as a novel candidate gene associated with
development of PAH'®. Variants associated with overexpression of SOX17 were
first described in patients with congenital abnormalities of the kidney and urinary
tract (e.g., vesicoureteral reflux)*®3. However, PAH is associated with variants leading
to SOX17 deficiency*®*. Basal SOX17 levels in lung tissue are significantly lower in
female Sprague-Dawley rats compared to males, suggesting that E2 may be
suppressive'®. Sangam et al. recently observed that 160HE1 decreased SOX17
expression in human PAECs'°. However, we did not observe any significant effects
of 160HE2 on Sox17 expression in the lung tissue of male or female C57BL/6 mice.
On the other hand, Sox17 expression significantly increased in the RV of female
mice in response to 160HE2. SOX17 is known to interact with Smad3, preventing
formation of the p-Smad2,3 complex and the downstream effects of TGF-
signalling such as suppression of the |d genes'®'%°, Therefore, increased Sox17
expression in the female RV is consistent with the increases observed in /d7 and /d3
expression and suggests that 160HE2 may have a protective effect. SOX17
expression is decreased in the endothelium of human lung tissue sections from PAH
patients compared to control subjects’®. However, SOX17 expression was not
stratified according to the subtype of PAH (e.g., idiopathic, heritable)'°. A direct link
between BMP2 and SOX17 has been identified during cardiogenesis, where BMP2
and SOX17 form a positive feedback loop and trigger induced pluripotent stem cells
to become cardiac progenitor cells''. Therefore, it may be worth investigating
whether there is a direct link between BMPR2 suppression and loss of SOX17 in
heritable PAH.
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5.3.1 Limitations of this Study

The Fulton Index (RV weight/ LV+S weight) measurement of RV hypertrophy was
consistently higher than expected across all groups of C57BL/6 mice. For example,
the average Fulton Index ratios in the male and female vehicle groups were 0.60
and 0.56 respectively. In comparison, Wang et al. reported a Fulton index of 0.26 +
0.01 in normoxic male C57BL/6 mice*®. The mouse RV is very small and fragile to
handle. Therefore, this may have occurred due insufficient drying of the tissue prior

to weighing.

We previously observed that 160HE2 suppressed /d7, Id2 and /d3 expression in
aorta smooth muscle cells isolated from male and female Sprague-Dawley rats
(Chapter 4). However, we did not investigate the effects of 160HE2 on systemic
arterial pressure. Systemic arterial pressure can be measured by cannulation of the
left common carotid artery'%2. However, prolonged anaesthesia in mice can change
their haemodynamic state and additional systemic arterial pressure analysis may

have affected the results*.

The half-life of 160HE2 is short. For example, following intramuscular
administration, the half-life of 160HE2 was 3-4 hours in male and female Sprague-
Dawley rats and 1.5-5.3 hours in human female volunteers using the combined
contraceptive pill33°349, Therefore, continuous s/c dosing with 160HE2 using an
implanted pellet or osmotic minipump may be preferable to intermittent
intraperitoneal injection. However, this is considerably more expensive and may be

more invasive for the animal.

Finally, most in vitro studies in this project were carried out in rats whereas the in
vivo studies were performed in mice. Ideally, the in vitro and in vivo studies would be
carried out in the same species, followed by investigation of whether these results
translate to human cells. However, this was not possible due to the constraints of
the COVID-19 pandemic.
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5.3.2 Summary

In summary (Figure 5.12), 160HEZ2 did not induce PAH in male or female C57BL/6
mice as determined by no change in RVSP. However, 160HE2 significantly
increased RV hypertrophy in female mice. Spleen weight was significantly increased
in response to 160HE2 in male and female mice. In lung tissue, no changes were
observed in expression of genes within the BMPR2 signalling pathway in either sex.
However, BMPR2 protein levels significantly decreased in the lung tissue of female
mice, whereas p-Smad1,5,9 expression significantly increased in response to
160HE2 in both sexes. 160HE2 significantly increased /d7 and /d3 mRNA
expression in the RV of female mice. On the other hand, 1610HE2 significantly
decreased Col3a1 expression in the lung tissue of female mice but not in males.
Col1a1 expression significantly decreased in response to 160HEZ2 in the RV of
female mice, and Col3a1 expression significantly decreased in both sexes. Finally,
Sox17 expression significantly increased in the RV of female mice in response to
160HE2. These results suggest that increased RV hypertrophy in female mice is
due to direct effects of 160HE2 on the heart. As spleen weight is significantly
increased, this may occur due to increased inflammation independent of the RVSP

and the protective molecular effects of 160HE2 observed in the RV.
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Figure 5.12: Summary of the in vivo effects of 160HE2.

Male and female C57BL/6 mice aged 23-25 weeks received 1.5 mg/kg/day 16a-hydroxyestradiol

(160HE2) by intraperitoneal injection for 14 days before haemodynamic analysis and tissue harvest.

(A) Physiological effects of 160HE2. No change in right ventricular

systolic pressure (RVSP) was

observed in response to 160HE?2 in either sex. However, 160HE2 significantly increased right

ventricular (RV) hypertrophy in female mice. 160HE2 significantly increased spleen weight in both

sexes. (B) The molecular effects of 160HE2 in lung tissue. 160HE2 did not affect expression of genes

within the bone morphogenetic protein receptor 2 (BMPR2) signalling pathway. However, BMPR2

protein levels significantly decreased in the lung tissue of female mice, whereas p-Smad1,5,9

significantly increased in response to 160HEZ2 in both sexes. Col3a1 expression significantly

decreased in the lung tissue of female mice in response to 160HE2. Sox17 expression was not

affected. (C) The molecular effects of 160HE2 in the RV. 160HE2 significantly increased expression of

Id1 and /d3 in female mice. Col1a1 expression significantly decreased in female mice, and Col3a1

expression significantly decreased in both sexes in response to 160HE2. Sox17 expression

significantly increased in response to 160HE2 in female mice.
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Chapter 6

General Discussion
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6.1 General Discussion

Altered estrogen metabolism (Figure 1.4) is a key hypothesis for the estrogen
paradox in PAH?™*. The estrogenic effects of 16a-hydroxyestrone (160HE1) are
more potent than those of other estrogen metabolites as it forms strong covalent
bonds with estrogen receptors?’431°, The effects of 160HE1 in PAH appear to be
predominantly pathogenic. For example, White et al. observed that daily
intraperitoneal injection of 160HE1 induced PAH in female C57BL/6 mice in the
absence of any additional precipitating factors3s. 160HE1 also significantly
increased proliferation of female control subject hPASMCs, and this further
increased in female PAH patient hPASMCs32"", On the other hand, 2-
methoxyestradiol (2ME2) appears to be protective?®®. For example, continuous
subcutaneous (s/c) 2ME2 attenuated chronic hypoxia-induced PAH in male and
female Sprague-Dawley rats?®®. 2ME?2 also significantly decreased proliferation of
female control subject hPASMCs?®. Elevated plasma ratios of 160HE1/2ME2 and
decreased urinary ratios of 2-hydroxyestrogen/160HE1 have been observed in PAH
patients'%¢28_Therefore, a shift in estrogen metabolism from the 2-hydroxylation

pathway towards 16-hydroxylation may mediate development of PAH.

Increased plasma levels of 160HE2 were recently observed in female idiopathic
PAH patients, and in male and female patients with portopulmonary PAH?41:317,
Denver et al. observed that 160HEZ2 significantly increased proliferation of female
PAH patient hPASMCs and migration of blood outgrowth endothelial cells (BOECs)
from male and female PAH patients?*'. During a study primarily focused on E2,
Austin et al. (2012) incidentally observed that 24 hours stimulation with 160HE2
(estriol) suppressed BMPRZ2 expression in human pulmonary microvascular
endothelial cells, with 10 nM being the optimal concentration'#”. However, this
observation was made before increased plasma levels of 160HE2 were detected in
PAH patients (Denver et al. 2020)?*'. The molecular effects of 160HE2 in PAH and

its effects in vivo are undetermined. Therefore, we wished to investigate this.

In Chapter 3, we investigated the functional effects of 160HE2 in vitro. We observed
that 160HE2 did not affect proliferation of Dede hamster lung fibroblasts or rat
pulmonary artery smooth muscle cells (rPASMCs). Denver et al. previously

observed that 160HE2 significantly increased proliferation of female PAH patient
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hPASMCs, but not of hPASMCs from male or female control subjects?'. Therefore,
we hypothesised that at least one ‘second hit’ was required. However, we did not
observe any significant change in proliferation of male or female rPASMCs in
response to 160HE2 under acute hypoxia. Following this, we attempted to replicate
the findings of Denver et al. in different female PAH patient hPASMCs, with the aim
to carry out novel studies to investigate the underlying mechanism with estrogen
receptor antagonists. However, we did not observe any significant change in
proliferation. As previously discussed in Chapter 3, there are many potential
confounding factors present in studies with hPASMCs including differences in
passage number, age, weight, and genetic variance34°' 41, Therefore, different

results may be due to use of different PAH patient cell lines.

A single ‘second hit’ with acute hypoxia was not sufficient to increase proliferation of
rPASMCs in response to 160HEZ2. It is not unprecedented that several ‘hits’ may be
required to induce a proliferative response. There is substantial overlap between the
mechanisms of pulmonary vascular remodelling in PAH and the ‘hallmarks of
cancer’ as defined by Hanahan and Weinberg (Figure 6.1)8497-40%_ Cancers are
known to develop from a range of 2-7 somatic mutations (or ‘hits’) within cells which
generate a growth advantage leading to uncontrolled proliferation or prohibition of
cell death*'%4'" However, no single combination of hits has been identified for all
instances of a specific type of cancer*'®. Somatic mutations may also be involved in
development of PAH. For example, Aldred et al. identified a somatic mutation in
SMADZ9 in the lung tissue of a hereditary PAH patient - an additional insult to
BMPR2 mutation'3. Environmental factors are also involved in both cancer and
PAH. For example, obesity is an established risk factor for estrogen receptor-
positive (ER-positive) breast cancer and is also prevalent in PAH affecting 30-40%
of patients*'4°. Therefore, it is plausible that PAH may result from a different
combination of genetic and environmental ‘hits’ in each patient. This may explain the
difference between the increased proliferation in response to 1610HE2 observed in
female PAH patient hPASMCs by Denver et al., and our own observation that
160HE2 did not have any significant effect on proliferation in female PAH patient

hPASMCs derived from different patients under different conditions?*'.
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Figure 6.1: A direct comparison of the hallmarks of cancer and the hallmarks of PAH.

Hanan and Weinberg (2000) initially presented six ‘hallmarks of cancer’ — sustained proliferative signalling, evading growth suppressors, enabling replicative immortality,

resisting cell death, inducing angiogenesis, and activating invasion and metastasis*?’. Two additional ‘hallmarks’ were introduced in 2011 (deregulating cellular

energetics and avoiding immune destruction), along with the enabling characteristics inducing angiogenesis and tumour-promoting inflammation4®. In 2022, Hanahan
proposed four additional emerging hallmarks and enabling characteristics — unlocking phenotypic plasticity, senescent cells, non-mutational epigenetic reprogramming,

and polymorphic microbiomes*%®. Here, we demonstrate that many of the hallmarks and enabling characteristics of cancer overlap with the underlying mechanisms of

pulmonary arterial hypertension (PAH), and vice versab407-409.412-416  Adapted from “Hallmarks of Cancer (Circle Layout)”, by BioRender.com (2024 )*7.
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In Chapter 3, we also demonstrated that 1 nM 160HEZ2 increased migration of male
and female rPASMCs following 8- and 24-hours stimulation. This occurred in the
absence of a ‘second hit’ and suggests that 160HE2 may independently mediate
pulmonary vascular remodelling. Similarly, Denver et al. also observed that 1 nM
160HEZ2 significantly increased migration of BOECs from male and female PAH
patients following 24 hours stimulation?*'. We also observed that 1 nM E2 and 1 nM
160HE1 significantly increased migration of male rPASMCs after 24 hours
stimulation. While there is little published data on the effects of 160HE1 and
160HE2 on migration, the effects of E2 have been studied but are unclear. For
example, E2 increased migration of MCF-7 breast cancer cells, and this was
reversed by the ERa inhibitor fulvestrant which also decreased plasma levels of
160HEZ2 in female PAH patients'”3%2, On the other hand, E2 inhibited migration of
vascular smooth muscle cells isolated from the thoracic aorta of female Sprague-
Dawley rats and this was reversed by fulvestrant®**3. Therefore, it would be intriguing
to investigate whether ERa mediates increased rPASMC migration in response to
160HE2.

Many of the hormonal therapies widely available for ER-positive breast cancer have
been investigated in clinical trials for PAH, including fulvestrant and the selective
ERa antagonist tamoxifen (Figure 6.2, Table 6.1)"7:'2', Kawut et al. observed that
fulvestrant increased 6-minute walk distance, increased stroke volume, and
decreased plasma 160HE?2 levels in postmenopausal women with PAH". The
results of the tamoxifen trial have not yet been posted'?'. The effects of 160HE?2 in
cancer are not well defined. Intriguingly, Watson et al. observed that 160HE2
increased proliferation of GH3/B6/F10 rat pituitary tumour cells, but this did not
occur in a subline of these cells expressing low levels of ERa®'®. This adds further
weight to the hypothesis that 160HE2 may act through ERa. In practice, 160HE2
(estriol) is used as a vaginal gel or cream as hormone replacement therapy
(HRT)*'418, As 160HE?2 is readily absorbed into the systemic circulation, there has
been some debate about its safety*'®41°. For example, adverse effects listed in the
British National Formulary include increased risk of coronary artery disease,
ischaemic stroke, and venous thromboembolism®'. However, it is undetermined
whether it has any association with PAH. On the other hand, Sanchez-Rovira et al.
advised following a Phase 2 clinical trial that ultralow-dose 0.005% 160HEZ2 vaginal
gel is safe for menopausal symptoms associated with aromatase inhibitors in

women with ER-positive breast cancer*'®. As 160HE2 increased migration of
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rPASMCs in both sexes, future studies could investigate whether this is attenuated

by fulvestrant or tamoxifen because these widely available medicines could

potentially benefit male and female PAH patients.

Phases of a Clinical Trial

Preclinical
Studies

Phase 1 Phase 2

First studies in
patients with the
disease of interest
(usually 100-300
participants).

First studies in
humans (usually
20-100 healthy male
volunteers).

In vitro and in vivo
studies to evaluate
efficacy, toxicity and
pharmacokinetics.

Safety testing to
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maximum tolerable
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? [
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W { |
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Figure 6.2: The phases of a clinical trial*?°.

Created with BioRender.com

Phase 3

Large scale study of
the safety and effica
of the drug in the
disease of interest
(usually 300-3000
participants).

Phase 4

Post-marketing
cy surveillance to
monitor long-term

effects.

Table 6.1: Estrogen-dependent breast cancer drugs in clinical trials for PAH

Drug Indications Mechanism of PAH Year(s) of Ref.
Action Clinical Completion
Trial

Phase
Anastrozole ER-positive Aromatase Phase 2 2015 279
breast cancer inhibitor 2022 280
281
Fulvestrant ER-positive ERa inhibitor Phase 2 2018 117
breast cancer 118
Tamoxifen ER-positive Selective ERa Phase 2 2023 121

breast cancer antagonist in
breast tissue.

Partial agonist in

other tissues, e.g.,

endometrium).
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In Chapter 4, we investigated the molecular effects of 160HE2 in vitro. We observed
that the gene expression of Bmpr2, Smad1, Smad4 and Smad5 significantly
decreased in male rPASMCs in response to 24 hours stimulation with 1T60HE2
under both normoxia and acute hypoxia. Decreased Smad4 expression was
reversed by the ERa antagonist MPP, suggesting that 160HE2 may act via this
receptor. On the other hand, no changes were observed in expression of genes
within the BMPR2 signalling pathway in female rPASMCs under normoxic
conditions, however Bmpr2 expression significantly increased in response to
160HEZ2 under acute hypoxia. As previously discussed in Chapter 4, Bmpr2 may
only decrease in response to 160HEZ2 in male rPASMCs because basal BMPR2
protein levels are already suppressed in females. BMPR2 and SMAD4 mRNA
expression also significantly decreased in male control subject hPASMCs in
response to 24 hours stimulation with 1T60HEZ2. On the other hand, Col1a1
significantly decreased in response to 160HEZ2 in male rPASMCs, suggesting that it

may be protective against fibrosis.

160HEZ2 is known to have a short half-life. For example, following intramuscular
administration the half-life of 160HE2 was 3-4 hours in male and female Sprague-
Dawley rats and 1.5-5.3 hours in human female volunteers using the combined
contraceptive pill*3®34°, In male rPASMCs, we investigated the effects of 2 hours
stimulation with 160HE2 on expression of genes within the BMPR2 signalling
pathway. However, the only change observed was a significant decrease in /d2
expression. Furthermore, in Chapter 3 we only observed increased migration in
response to 160HE2 after 8- and 24-hours stimulation. However, as discussed in
Chapter 4, the enzymes required to break down 1610HE2 may not be present in the
cell culture environment. During pregnancy, 160HE2 is synthesised from 16a-
hydroxydehydroepiandrosterone (16-OH-DHEA) in the fetal liver then is released
into the maternal circulation via the placenta as unconjugated 160HE23'4, It then
undergoes extensive conjugation by enzymes such as (3-glucuronidase and is
excreted in the urine as 160HE2-glucuronide (Figure 1.10)3'%3'6_ This leads to the
questions of why plasma levels of 160HE2 are elevated in PAH patients and where
it is being synthesised?*'*'”. Here, we present two hypotheses for elevated plasma
levels of 160HEZ2 in PAH.
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Firstly, obesity may be more prevalent in PAH than the general population, affecting
~30-40% patients*34%. Adipose tissue was recently identified as an important
endocrine organ*'. Although it does not synthesise sex steroids de novo, adipose
tissue highly expresses the estrogen-synthesising enzyme aromatase and
interconverts stored or circulating sex steroids (Figure 1.8)*':2%"_ Increased fat mass
in obesity is positively correlated with increased estrogen synthesis via
aromatase*®>®. This effect is more pronounced in postmenopausal women as
adipose tissue is the primary source of estrogen production after menopause?3.
According to the REVEAL registry, the average patient age at PAH diagnosis is 53
years old, suggesting that estrogen synthesis in adipose tissue may play an
important role in the predisposition of postmenopausal women to PAH%'. Adipose
tissue is also known to metabolise estrogens?°. CYP1B1 is one of several CYP450
enzymes which convert estrogens to 16a-hydroxyestrogens (Figure 1.4)". CYP1B1
is highly expressed in visceral adipose tissue (VAT) and is also overexpressed in the
pulmonary artery lesions of PAH patients3435239.240 Mair et al. recently observed that
aromatase and CYP1B1 expression were significantly increased in the peri-renal
VAT of male genetically obese ob/ob mice compared to their wildtype littermates®*.
However, this was not observed in female ob/ob mice®. In keeping with this, urinary
levels of 160HE1 were also elevated in male ob/ob mice®*. On the other hand,
Stirrat et al. observed that plasma 160HE2 levels were significantly lower in
severely obese pregnant women (BMI >40) compared to lean pregnant women at
28 and 36 weeks gestation*?'. Therefore, it would be intriguing to investigate
whether there is any correlation between plasma 160HE2 levels and BMI in PAH

patients.

To further investigate the role of CYP1B1, Mair et al. incubated cell culture media
with VAT harvested from male ob/ob mice for 24 hours34. VAT-conditioned media
contained significantly lower levels of E2 compared to control media but significantly
higher levels of 160HE1, suggesting that E2 was metabolised by VAT3*. Intriguingly,
24 hours stimulation with VAT-conditioned media significantly increased proliferation
of PASMCs isolated from male ob/ob mice34. This was reversed by both anastrozole
and the CYP1B1-inhibitor TMS34. Decreased BMPR?2 signalling is associated with
hyperactivation of the TGF-B pathway, leading to increased cell proliferation'®. We
observed that 160HE2 significantly decreased gene expression of BMPR2 in male
rPASMCs and male control subject hPASMCs. Therefore, it is reasonable to
hypothesise this may also occur in male mouse PASMCs. It would be intriguing to
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repeat the experiment by Mair et al. in obese male ob/ob mice with two objectives:
to investigate whether 160HEZ2 is released by VAT and to investigate whether 24
hours incubation in VAT-conditioned media would decrease Bmpr2 expression in
male ob/ob mouse PASMCs.

Secondly, fluid retention is a key symptom of right heart failure in PAH, and this can
lead to chronic kidney disease (CKD)*?2423, CKD is prevalent in PAH (affecting up to
36% of patients) and is associated with worse outcomes including higher incidence
of death or transplant*?442°, 160HE2 is predominantly excreted in the urine as
160HE2-glucuronide®'®316, Therefore, if 160HE2 is synthesised in the peripheral
tissues of PAH patients, then decreased elimination via the kidneys may result in
accumulation of 160HE2 in the circulation. Measurement of 160HE2 at a single
time point in pregnant women is imprecise because of pulsatile secretion, diurnal
variation, and the short half-life of 160HE23'*. While a 24-hour urine collection may
be the most accurate way to analyse 160HEZ2, feasibility of this is a challenge as it
is inconvenient for study subjects*?. It would be interesting to measure urinary
levels of 160HE2 in PAH patients and investigate whether urinary or plasma levels

of 160HE2 correlate with kidney function.

In Chapter 4, we also demonstrated that 160HE2 significantly decreased gene
expression of Smad3, Smad6, Id1, Id2 and /d3 in male rat aorta smooth muscle
cells (AoSMCs), and Smad2, Smad3, Smad4, Smad7, Id2 and Id3 in female rat
AoSMCs. As previously discussed in Chapter 4, suppressed /d71-3 expression may
result from increased TGF-B signalling™®. Aberrant proliferation of vascular smooth
muscle cells is associated with several disease pathologies, e.g., atherosclerosis,
restenosis®®®. Decreased /d71-3 expression is associated with increased TGF-B
mediated cell proliferation, increased cell differentiation, and decreased
apoptosis®2363.384 Syppression of Ids1-3 also plays a key role in the uncontrolled
proliferation of tumour cells in cancers®62363364 Therefore, future studies could

investigate the effects of 160HEZ2 on proliferation of rat AoSMCs.

We observed that the ERa antagonist MPP attenuated decreased Smad4
expression in response to 160HE2 in male rPASMCs. However, the ERB antagonist
PHTPP and GPER antagonist G15 had no effect. Therefore, future studies could
investigate whether decreased /d7-3 expression in rat AOSMCs in response to
160HE2 also occurs via ERa. Selective activation of ERa increased proliferation of

mouse aorta endothelial cells via ERK1/2'%2, On the other hand, E2 is anti-mitogenic
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in vascular smooth muscle cells and this may be associated with its sequential
metabolism to 2ME2'%%:374-376  However, these effects occur independently of ERa
and ERB'%9374375 For example, E2 inhibits vascular injury response to the same
extent in female wild-type, ERa knockout, ERB knockout, and ERa/ERB double
knockout mice'%®374375 Kawut et al. recently observed that the ERa inhibitor
fulvestrant decreased plasma 160HEZ2 levels in postmenopausal women with
PAH". Therefore, future studies could investigate whether fulvestrant would
attenuate /d7-3 suppression in response to 160HE2 in rat AoSMCs, because this
widely available medicine could potentially be repurposed for several vascular
diseases and benefit patients of either sex. However, fulvestrant is not
recommended in premenopausal women as it is non-selective, resulting in the
adverse effects of early menopause (e.g., increased risk of osteoporosis and
cardiovascular disease)''®. Tamoxifen is suitable for premenopausal women with
ER-positive breast cancer as it is a selective ERa antagonist in breast tissue and a
partial agonist in other tissues (e.g., endometrium)'?°. Therefore, it would also be
interesting to investigate the effects of tamoxifen on /d7-3 suppression in response
to 160HE2.

The in vitro studies in Chapters 3 and 4 predominantly focused on the effects of
160HE2 in smooth muscle cells, which form the medial layer of the pulmonary
artery (Figure 1.2)8. However, several other cell types also play a key role in the
development of PAH, for example endothelial cells in the intimal layer and adventitial
fibroblasts®. Therefore, it is important to consider the effects of 160HE?2 in different
cell types and the whole blood vessel environment. In keeping with the migration we
observed in male and female rPASMCs, Denver et al. also observed that 1 nM
160HE2 increased migration of BOECs from male and female PAH patients?*".
However, while we observed that Bmpr2 and Smad1 mRNA expression significantly
decreased in response to 160HE2 in male rPASMCs, Dr Katie Yates Harvey
observed no change in BMPR2 mRNA expression but an increase in SMAD1 in
male hereditary PAH patient BOECs (unpublished data). Intriguingly, Frump et al.
recently observed that ERa expression is decreased in PAECs from PAH patients,
whereas Wright et al. observed that ERa expression is increased in female PAH
patient hPASMCs %2427 In male rPASMCs, we observed that decreased Smad4
mMRNA expression in response to 160HE2 was reversed by the ERa antagonist
MPP. Therefore, differences in ERa expression between smooth muscle and

endothelial cells may potentially explain the different molecular response to
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160HE2. Interaction between the endothelial and smooth muscle layers of the blood
vessel also play a key role in PAH*?8, Vasoconstrictors secreted by the endothelium
(e.g., endothelin-1, serotonin) act on smooth muscle cells in a paracrine fashion,
and endothelial-to-mesenchymal cell transition contributes to increased
muscularisation and neointima formation in the pulmonary artery*'342¢, Crosstalk
between smooth muscle and endothelial cells also plays a key role, for example,
miR-143-3p enriched exosomes from female hPASMCs increased migration of
female human PAECs*?°. While increased migration of both rPASMCs and PAH
patient BOECs suggest that 160HE2 may contribute to remodelling in the whole
blood vessel environment, a limitation of this project is that these effects are
unclear®'. Future studies could investigate this by studying the effects of 160HE2
on release of vasoconstrictors (e.g., endothelin-1) from endothelial cells by enzyme-
linked immunosorbent assay, endothelial-to-mesenchymal cell transition by loss of
endothelial cell markers (e.g., CD31), and its effect on miR-143-3p expression in the

exosomes of PASMCs.

Finally, in Chapter 5, we investigated the in vivo effects of 160HE2 in C57BL/6
mice. In vivo work including dosing, haemodynamic measurements, and tissue
harvest was carried out by Dr Smriti Sharma. 160HE2 did not induce PAH in male
or female C57BL/6 mice, as determined by no significant change in right ventricular
systolic pressure (RVSP). However, 160HE?2 significantly increased RV hypertrophy
in female mice in the absence of raised RVSP, suggesting that 160HE2 acts directly
on the heart. As previously discussed in Chapter 5, 160HE2 also significantly
increased spleen weight in male and female mice. Increased spleen size
(splenomegaly) is common in patients with advanced idiopathic or heritable PAH33,
The spleen plays a key role in modulating immune response and splenomegaly is
associated with inflammation®®. Therefore, RV hypertrophy in female mice may be
due to inflammation, and future studies could investigate the effects of 160HE2 on

expression of inflammatory markers such as IL-13 and TNF-a.

Perivascular inflammation is a prominent pathological feature in PAH patients, and
in most animal models of PAH (particularly sugen-hypoxic (SuHx) and
monocrotaline (MCT) rats)®®’. Sotatercept is an activin receptor type IIA-Fc fusion
protein which acts as a ligand trap for selected TGF-f3 superfamily members to
restore the balance between the pro-proliferative TGF-f3 pathway and the protective

BMPR?2 signalling pathway?%¢-3¢%_ Intriguingly, sotatercept was originally developed
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for anaemia associated with end-stage CKD, and both anaemia and CKD are
common comorbidities with PAH*3431 |n addition to modulating immune response,
the spleen plays a key role in filtering out senescent red blood cells from the
circulation, and splenomegaly is associated with iron deficiency and other types of
anaemia**?433, Therefore, splenomegaly may be a link between PAH and its
comorbid anaemia and CKD. Given the increased spleen weight observed in male
and female C57BL/6 mice, it may be interesting to investigate whether 160HE2 also
affects haemoglobin levels. Hepcidin is a small peptide hormone which regulates
iron homeostasis***. Overexpression of hepcidin is associated with iron deficiency
anaemia and anaemia of chronic or inflammatory disease***. Langdon et al.
observed that the rodent sotatercept analogue RAP-011 increased production of red
blood cells (erythropoiesis) in genetically iron deficient female Tg-Hamp mice
overexpressing the hepcidin antimicrobial peptide (Hamp1)***. Joshi et al. recently
observed that RAP-011 attenuated SuHx-induced elevated expression of several
inflammatory markers (e.g., interleukin-6, chemokine ligand-2) in the lung tissue of
male Sprague-Dawley rats*®°. However, the vasodilator sildenafil had no significant
effect on inflammation despite being a first-line therapy for PAH3®°, In general,
current therapies for PAH decrease pulmonary arterial pressure but do not address
the underlying pulmonary vascular remodelling, and no substantial improvements
have been made in patient survival in the last decade*®. Sotatercept is a promising
solution as it is known to attenuate pulmonary vascular remodelling in vivo by
reducing cell proliferation, and clinical trials have demonstrated a favourable benefit-
risk profile in PAH patients®¢370-373 Having completed Phase 2 and 3 clinical trials,
Sotatercept is in the post-marketing phase and is currently undergoing cost-benefit

analysis for use within the NHS*%.

In Chapter 5, we also investigated the molecular effects of 160HE2 in the lung and
RV tissue of C57BL/6 mice. Tissue harvest and RNA extraction from the lung and
RV was carried out by Dr Smriti Sharma. In lung tissue, no changes were observed
in expression of genes within the BMPR2 signalling pathway in response to 160HE2
in either sex. However, BMPR2 protein levels significantly decreased in the lung
tissue of female mice, whereas p-Smad1,5,9 significantly increased in response to
160HEZ2 in both sexes. Id7 and /d3 mRNA expression significantly increased in
response to 160HE2 in the RV of female mice (but not in males). As previously
discussed in Chapter 5, decreased BMPR2 protein levels in the female mouse lung

may occur independently of increased p-Smad1,5,9 signalling as a compensatory
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response to increased p38 MAPK signalling (Figure 1.5)%°. In female mice,
increased Id1 and /d3 expression may be protective against RV remodelling. We
also investigated the effects of 160HE2 on the gene expression of Col/1a1 and
Col3a1. In lung tissue, Col3a1 significantly decreased in female mice but not in
males. In the RV, Col7a1 decreased in female mice in response to 160HE2, and
Col3a1 decreased in male and female mice. This suggests that 160HE2 may be
protective against fibrosis. Finally, we observed that 160HEZ2 increased gene
expression of Sox17 in the RV of female mice. This is consistent with increased /d1
and /d3 expression as SOX17 is known to interact with Smad3, preventing formation
of the p-Smad2,3 complex and the downstream effects of TGF-[3 signalling such as
suppression of the Id genes''%%. On the other hand, we observed in Chapters 3
and 4 that most of the in vitro effects of 160HE2 were pathogenic including
increased migration of male and female rPASMCs, decreased BMPR2 expression in
male rat and human male control subject PASMCs, and decreased /d71-3 expression
in male and female rat AoSMCs. The only exception was that 160HEZ2 significantly
decreased Col1a1 expression in male rPASMCs. This leads to the question of why

the effects of 160HE2 are different in vivo than they are in vitro.

The chronic effects of 160HE2 in vivo may be different to a single 24-hour
stimulation in vitro. The effects of exogenous 160HE?2 in the circulation may also be
different to its direct effects in the pulmonary artery. While the in vivo effects of
160HE2 in PAH are undetermined, this has previously been observed with its
parent estrogen E2. For example, Mair et al. observed that expression of the E2-
synthesising enzyme aromatase was increased in the pulmonary arteries of chronic
hypoxic C57BL/6 mice and SuHx Wistar Kyoto rats of both sexes compared to
normoxic controls®. In females, daily s/c injection or oral dosing with anastrozole
attenuated chronic hypoxia- and SuHx-induced PAH*3. However, this was not
observed in males33. Wright et al. also observed that E2 increased proliferation of
female control subject hPASMCs via ERa'%2. On the other hand, Frump et al.
observed that depletion of endogenous E2 by ovariectomy worsened RV

hypertrophy in female SuHx Sprague-Dawley rats'%.

The effects of exogenous 160HE2 may also be different in animals than in humans.
This has previously been observed with E2. For example, circulating E2 levels are
higher in male and postmenopausal female PAH patients compared to control

subjects, and are associated with worse disease outcomes3®3'. Exogenous E2 from
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oral contraceptives and HRT may unmask or worsen pre-existing PAH, particularly
in women with additional precipitating factors (e.g., genetic susceptibility, connective
tissue disease)®?*. On the other hand, E2 is protective in certain animal models of
PAH. For example, daily s/c injection with E2 attenuated MCT-induced PAH in male
Sprague-Dawley rats®”. Continuous s/c dosing with E2 also attenuated RV
hypertrophy in male Sprague-Dawley rats with SuHx-induced PAH'®. PAH is
presumed to develop in humans over several months or years®%. However, this only
takes days or weeks in experimental animal models of PAH*®. Therefore, the
different effects of E2 (and potentially 160HEZ2) observed in animal models of PAH
compared to human PAH may occur because in vivo models do not fully recapitulate

the underlying mechanisms of PAH3%,

6.2 Concluding Remarks

PAH is a life-limiting disease which is predominant in women?’. However, once PAH
has developed, women have better survival than men?®. Many paradoxes have been
observed in PAH, and here we provide evidence that the effects of 160HE2 are also
paradoxical (Figure 6.3). Most of the effects of 160HE2 in vitro were pathogenic.
160HE2 significantly increased migration of male and female rPASMCs. It also
significantly decreased the expression of genes within the protective BMPR2
signalling pathway (Bmpr2, Smad1, Smad4, Smad5) in male rPASMCs under
normoxic and acute hypoxic conditions. Decreased Smad4 expression was
attenuated by the ERa antagonist MPP, suggesting that 160HE2 may act via this
receptor. 160HE2 also significantly decreased the gene expression of BMPR2 and
SMAD4 in male control subject hPASMCs. On the other hand, 160HE2 significantly
increased Col1a1 expression in male rPASMCs, suggesting it may be protective
against fibrosis. 160HE2 may also mediate pathogenic effects in the aorta. Id1, Id2
and /d3 expression significantly decreased in male rat AoSMCs in response to

160HEZ2, and /d2 and /d3 expression significantly decreased in female rat AoSMCs.

On the other hand, 160HE2 mediates both pathogenic and protective effects in vivo.
160HE2 did not induce PAH in male or female C57BL/6 mice, as determined by no
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significant change in RVSP. However, 160HE2 significantly increased RV
hypertrophy in female mice, suggesting that it acts directly on the heart. As spleen
weight significantly increased in male and female mice, RV hypertrophy in females
in response to 160HE2 may result from inflammation. However, 160HE?2
significantly increased the gene expression of /d7 and /d3 in the RV of female mice,
suggesting it may be protective against remodelling. In lung tissue, no changes were
observed in expression of genes within the BMPR2 signalling pathway in response
to 160HE?2 in either sex. However, BMPR2 protein levels significantly decreased in
the lung tissue of female mice, whereas p-Smad1,5,9 increased in response to
160HE2 in both sexes. 160HE?2 also decreased expression of Col3a7 in female
mouse lung tissue, Col1at in female mouse RV, and Col3a1 in male and female
mouse RV. Finally, 160HEZ2 also increased Sox77 expression in the female mouse
RV. Therefore, 160HE2 appears to be protective against RV remodelling and

fibrosis, particularly in female mice.

A key hypothesis for the estrogen paradox in PAH is that the effects of extragonadal
E2 synthesis in peripheral tissues (e.g., lung, adipose) are different to circulating
E23334 160HE?2 is normally only present in the circulation during pregnancy as it is
synthesised in the fetal liver®'*. Mair et al. observed that visceral adipose tissue
(VAT) metabolised E2 to mitogenic 160HE1 via CYP1B1 in male genetically obese
ob/ob mice*. Intriguingly, proliferation of male ob/ob mouse PASMCs was
significantly increased by 24 hours stimulation with VAT-conditioned media®*.
Therefore, adipose tissue may be the source of 160HE2 synthesis in PAH patients.
Future studies could investigate whether peripheral 160HE2 synthesis is linked to
localised pathogenic effects in pulmonary artery and aorta smooth muscle cells,
whereas the protective effects of 160HE2 may result from exogenous administration

and/or be specific to rodents.
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Figure 6.3: Summary of the effects of 160HE2 in PAH.

The effects of 16a-hydroxyestradiol (160HEZ2) in pulmonary arterial hypertension (PAH) appear to be paradoxical, as it mediates both pathogenic and protective effects.
Most of the effects of 160HE2 in vitro appear to be pathogenic, whereas 160HE2 mediates both pathogenic and protective effects in vivo. Hypothetically, the pathogenic
effects of 160HE2 may result from synthesis in the peripheral tissues (e.g., lung, adipose), whereas its protective effects may result from exogenous administration or be
specific to rodents. PASMCs = pulmonary artery smooth muscle cells, RV = right ventricle, BMPR2 = bone morphogenetic protein receptor 2, Id = inhibitor of DNA-
binding, Col1a1 = collagen, type I, alpha 1, Col3a1 = collagen, type lll, alpha 1, Sox17 = SRY-related HMG-box 17. Created with BioRender.com.
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6.3 Future Perspective

Plasma levels of 160HEZ2 are elevated in female idiopathic PAH patients, and in
male and female patients with portopulmonary PAH?4'317_ Denver et al. previously
observed that 160HE2 significantly increased proliferation of female PAH patient
hPASMCs?*'. However, we did not observe any change in proliferation in response
to 160HEZ2 in male or female rPASMCs. This suggests that at least one ‘second hit’
is required. We also did not observe any change in rPASMC proliferation in
response to 160HE2 under acute hypoxia. Attempts to isolate rPASMCs from
chronic hypoxic and SuHx Sprague-Dawley rats were unsuccessful. Therefore,
future studies could investigate the effects of combining 160HE2 with exogenous

hits (e.g., serotonin, endothelin) on proliferation.

We observed that 1610HEZ2 significantly increased migration of male and female
rPASMCs. Similarly, Denver et al. demonstrated that 160HEZ2 increased migration
of BOECs from male and female PAH patients®*'. However, the underlying
mechanism is undetermined. Therefore, this experiment could be repeated in future
studies with the addition of estrogen receptor antagonists to determine whether any

of these receptors mediate increased migration in response to 160HE?2.

160HEZ2 is predominant during pregnancy, where it is synthesised in the fetal liver
before entering the maternal circulation via the placenta®'*. However, the source of
160HE2 synthesis in PAH patients is undetermined. Mair et al. recently
demonstrated that CYP1B1 was elevated in visceral adipose tissue (VAT) from male
and female genetically obese ob/ob mice compared with their wild type littermates®*.
In keeping with this, urinary 160HE1 levels were also elevated in male ob/ob mice®*.
Cell culture media conditioned with VAT collected from male ob/ob mice also
contained significantly higher levels of 160HE1 compared to control media,
suggesting that VAT releases 160HE1 into the circulation®. Obesity may be more
prevalent in PAH patients compared to the general population, and affects ~30-40%
of patients**%°. Therefore, future studies could investigate whether adipose tissue is
the source of 160HE2 synthesis in PAH.

The in vivo effects of 160HE2 have not yet been studied in an animal model of PAH.

Rats exhibit a more severe disease phenotype than mice in both chronic hypoxia-
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and SuHx-induced PAH®°, Therefore, future studies could investigate the effects of
160HE2 in a rat model of PAH. Due to the short half-life of 160HE2, continuous
dosing by subcutaneous pellet or osmotic minipump may be preferable to

intermittent injection in future studies33%:34°,

Finally, the estrogen pathway (Figure 1.4) provides many potential therapeutic
targets for treating PAH’. Circulating E2 levels are higher in male and
postmenopausal female PAH patients compared to control subjects, and are
associated with worse disease outcomes®’?'. Aromatase catalyses E2 synthesis
from testosterone®. Kawut et al. observed that the aromatase inhibitor anastrozole
significantly reduced plasma E2 levels, improved 6-minute walk distance, and was
safe and well tolerated in men and postmenopausal women with PAH?"°. However,
this only targets one part of the estrogen pathway. The CYP1B1 antagonist TMS
attenuates PAH in chronic hypoxic C57BL/6 mice, SuHx C57BL/6 mice, obese male
ob/ob mice, and female SERT* mice (which overexpress gene for the human
serotonin transporter)®*3%240 Therefore, future studies could investigate the effects
of targeting both E2 synthesis and E2 metabolism with a combination of anastrozole
and TMS. Finally, the novel fusion protein sotatercept acts as a ligand trap to restore
the balance between the pro-proliferative TGF-f3 pathway and the protective BMPR2
signalling pathway?%¢. Sotatercept attenuated pulmonary vascular remodelling in
vivo, and improved exercise capacity (6-minute walk distance) in PAH patients in
several clinical trials®¢%373, Although current therapies for PAH decrease pulmonary
arterial pressure, they do not address the underlying pulmonary vascular
remodelling®. Therefore, future studies could investigate whether combining
sotatercept with anastrozole and/or TMS enhances its effects against pulmonary

vascular remodelling.
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8. Supplemental Methods

8.1 Protocol for Mycoplasma Testing Using a
PCR Kit

During earlier experiments, Mycoplasma testing was carried out by Gregor Aitchison
and Ayman Gebril using a PCR Mycoplasma Test Kit (PromoCell, UK). 1 mL culture
media (taken at 90-100% cell confluency) was stored in an Eppendorf tube. The
sample was heated at 95°C for 10 minutes, then centrifuged at 500g for 5 minutes
to pellet cellular debris. The supernatant was transferred to a fresh tube and
centrifuged at 14,0009 for 15 minutes. The supernatant was removed, and the pellet

re-suspended in 100 uL RNase-free water.

The test reaction tubes were rehydrated by adding 23 uL Rehydration Buffer. 2 uL
media was added to each tube and 2uL DNA Elution Buffer was added to one as a
negative control. A positive control reaction tube was rehydrated by adding 23 L
Rehydration Buffer and 2 uL DNA-free water was added. The contents were mixed
thoroughly by flicking the tube and the lyophilised components allowed to dissolve
by incubating for 5 minutes at room temperature. The PCR tubes were placed in a
PTC-100™ Programmable Thermal Controller (MJ Research Inc., Quebec, Canada)

and the following program run:

1 cycle 95°C for 2 minutes

40 cycles 94°C for 30 seconds
55°C for 30 seconds
72°C for 40 seconds

Cool down to 4-8°C
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Agarose gel electrophoresis was carried out using a 1.5% standard agarose gel with
5 mm comb. The reaction tube was vortexed gently then 8uL of DNA ladder, positive
control, negative control, and each sample were loaded. Gel electrophoresis was
carried out at 100V for 30 minutes, and the bands visualised under UV light on an

Azure imaging system.

8.2 Mycoplasma Testing Using a MycoStrip™
Detection Kit

During later experiments, Mycoplasma testing was carried out by Gregor Aitchison
and Ayman Gebril using a MycoStrip™ Mycoplasma Detection Kit (Invivogen, San
Diego, US) as this was less time consuming. 1 mL culture media (taken at 90-100%
cell confluency) was transferred to an RNase-free Eppendorf tube and centrifuged at
16,0009 for 5 minutes to pellet any Mycoplasma. The supernatant was discarded,
ensuring that no more than 50 uL media remained. 500 uL sterile PBS was added
and the sample was mixed by pipetting. The kit provided a positive control
containing Mycoplasma DNA. Sterile PBS was used as a negative control. 5 yL
reaction buffer was added to 5 L of prepared sample or control and heated at 65°C
for 40 minutes. 200 uL migration buffer was added to the tube and mixed well. 100
ML processed sample was added to the test strip. One band (‘C’ band only) indicates
that Mycoplasma was not detected in the processed sample. Two bands (‘C’ and ‘T')
indicate that the processed sample is contaminated by Mycoplasma. If no ‘T’ band

appears after 5 minutes, the test is considered negative.
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8.3 Protein Transfer Using the Trans-Blot Turbo

Transfer System

Sodium dodecyl sulfate polyacrylamide gel electrophoresis was carried out as per
2.9.3. The Trans-Blot Turbo Transfer Pack was opened, and the bottom part placed
in the tray of the Trans-Blot Turbo Transfer system (Bio-Rad Laboratories Ltd, UK).
The gel was removed from the cassette and placed on top of the PVDF membrane.
A small amount of TBS was poured over and any bubbles removed. The top half of
the gel pack was placed over the gel and any bubbles removed. The transfer was
run for 7 minutes. The blot was rinsed in distilled water and Ponceau S stain used to

assess transfer. Immunoblotting was carried out as per 2.9.5.

8.4 Visualisation of Protein Bands Using the LI-

COR Imaging System

Sodium dodecyl sulfate polyacrylamide gel electrophoresis, protein transfer and
immunoblotting with primary antibodies were carried out as per 2.9.3, 2.9.4, and
2.9.5. The following fluorophore-labelled secondary antibodies were used: IRDye®
680RD Donkey anti-Rabbit IgG (LI-COR Inc., Lincoln, US), IRDye® 800CW Donkey
anti-Mouse IgG (LI-COR Inc., Lincoln, US) at 1:20,000 dilution in TBST. The blots
were incubated in secondary antibody for 1 hour at room temperature and rinsed
1x10 minutes in TBST then 2x10 minutes in TBS. The blots were imaged using an
Odyssey® M Imaging System (LI-COR Inc., Lincoln, US). Densitometry was

quantified using ImageJ, and analysis carried out as per 2.9.5.
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9. Supplemental Data

9.1 The Effect of 24 Hours Incubation in 1% O2 on
Female Rat Pulmonary Artery Smooth Muscle
Cells

Following 24 hours incubation in 1% O2, 5% CO2, nitrogen mix, HIF1a remained
present in both the nucleus and cytoplasm of female rPASMCs (Figure 9.1). There
was also no change in Hk2 expression. This suggests that a longer incubation
period is required to induce a hypoxic response, and 72 hours was found to be

sufficient (Figure 3.4).
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Figure 9.1: 24 hours incubation in 1% O: is insufficient to induce a hypoxic response in
rPASMCs.

(A-C) Female rat pulmonary artery smooth muscle cells (rPASMCs) at passage 3 were seeded on to
collagen coated coverslips in a 12-well plate at 1x105 cells/well, cultured until 50-60% confluent, and
immunocytochemistry carried out as previously described. HIF1a is shown in green. HIF1a was
strongly present in both the cytoplasm and nucleus under (A) normoxic conditions, (B) 24 hours
treatment with 200 uM cobalt chloride, (C) 24 hours incubation in 1% O2/ 5% COz in N2, indicating that
a longer incubation period was required to induce a hypoxic response. Images are representative of
HIF1a immunofluorescence. Scale bars = 20 ym. (D) Female rPASMCs were seeded into 6-well plates
at 3x10° cells/well, cultured until ~70% confluent, and incubated in normoxia or 1% O2/ 5% CO2 in N2
for 24 hours prior to RNA collection. qRT-PCR was carried out as previously described. Basal Hk2 CT
(normoxia) = 33.0. Data are expressed as +SEM and analysed by unpaired t-test. n=6 technical
replicates performed in one female rPASMC cell line.
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9.2 Physiological Data from Sprague-Dawley

Rats

Table 9.1: Physiological Data from Male Sprague-Dawley Rats

Parameter Untreated Sugen-Hypoxic
Age (Weeks) 11-12 15

Body Weight (g) 320-344 269-300

RV Weight (mg) 184.70 £ 5.12 520.40 £ 17.49
(Mean * SEM)

LV+S Weight (mg) 751.60 £ 11.39 825.90 £ 44.61
(Mean * SEM)

Fulton Index 0.25+0.01 0.63 £ 0.03
(Mean * SEM)

Spleen Weight (mg) 549.00 + 51.80 850.60 + 70.22

(Mean * SEM)

Table 9.1: Physiological data from male Sprague-Dawley rats.

Rat pulmonary artery smooth muscle cells (rPASMCs) were isolated from untreated healthy male

Sprague-Dawley rats aged 11-12 weeks as previously described. rPASMCs were also isolated from

Sprague-Dawley rats treated with a single 20 mg/kg dose of Sugen 5416 followed by 3 weeks hypoxia

(reduced atmospheric pressure of 550 mBar) then 3 weeks re-exposure to normal atmospheric

pressure (~1050 mBar), however these cell cultures failed due to poor growth. Physiological data are

shown in Table 9.1 and expressed as the range or mean + SEM. RV = right ventricle, LV+S = left

ventricle plus septum. n=4-9.
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Table 9.2: Physiological Data from Female Sprague-Dawley Rats

Parameter Untreated Chronic Sugen-Hypoxic
Hypoxic

Age (Weeks) 11-13 18 15

Body Weight (g) 210-265 241-260 205-241

RV Weight (mg) 159.70+4.91 21790+6.76 406.00 £ 116.10

(Mean * SEM)

LV+S Weight (mg) 603.70 £ 24.33 533.60+17.95 713.90 + 125.10

(Mean * SEM)

Fulton Index 0.26 + <0.01 0.41 +£0.03 0.56 +0.13

(Mean * SEM)

Spleen Weight (mg) 578.00 £ 60.11 426.80 + 35.74 706.5 £ 92.22

(Mean * SEM)

Table 9.2: Physiological data from female Sprague-Dawley rats.

Rat pulmonary artery smooth muscle cells (rPASMCs) were isolated from untreated healthy female
Sprague-Dawley rats aged 11-13 weeks as previously described. rPASMCs were also isolated from
female Sprague-Dawley rats treated with a single 20 mg/kg dose of Sugen 5416 followed by 3 weeks
hypoxia (reduced atmospheric pressure of 550 mBar) then 3 weeks re-exposure to normal atmospheric
pressure (~1050 mBar), however these cell cultures failed due to poor growth. rPASMCs were
successfully isolated from female Sprague-Dawley rats treated with 2 weeks hypoxia (550 mBar)
alone. Physiological data are shown in Table 9.2 and expressed as the range or mean + SEM. RV =

right ventricle, LV+S = left ventricle plus septum. n=4-9.
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9.3 Wound Migration Assay

In male rPASMCs, the percentage wound area closed was significantly lower in
response to 10 nM 160HE2 compared to 1 nM (Figure 3.7), and there was no
significant difference in migration between DMEM containing 1% FBS and the
vehicle control (10 nM ethanol, Figure 9.2). This suggests that the 10 nM ethanol
concentration was not responsible for this effect, and that migration in response to

160HEZ2 is concentration dependent.
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Figure 9.2: Comparison of migration in response to 1% FBS and vehicle in male rPASMCs.

Rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in a 6-well plate at 3x10° cells/well,
cultured to 90-100% confluency, and quiesced (0.2% charcoal stripped FBS in phenol red-free DMEM)
for 24 hours. Two wounds were created per well using a 200 uL pipette tip, the cells were washed three
times with PBS, then stimulated with 16a-hydroxyestradiol (160HEZ2) as previously described or
controls. Stimulations were carried out in phenol red-free DMEM with 1% charcoal stripped FBS.
Images were taken at 0, 2, 4, 6, 8, and 24 hours, and the % wound area closed calculated as a
measure of cell migration. No significant difference was observed between stimulation with the vehicle
(10 nM ethanol) and 1% FBS. Data are expressed as +SEM and analysed by two-way ANOVA with
post-hoc Tukey test. n=6.
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9.4 Effects of 160HE2 on Bmpr2 Expression in the
Presence of Estrogen Receptor Antagonists in
Female Rat Pulmonary Artery Smooth Muscle

Cells Under Acute Hypoxia
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Figure 9.3: Effects of 160HE2 in the presence of estrogen receptor antagonists on Bmpr2
mRNA expression in female rPASMCs under acute hypoxia.

Female rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at
2.2x10° cells/dish. The following day, the culture media was refreshed, and the cells were placed into
hypoxia (1% O2/ 5% COz/ nitrogen) for 72 hours as previously described. On day 3, the cells (~70%
confluency) were quiesced (0.2% charcoal stripped FBS in phenol red-free DMEM) for 24 hours. On
day 4, cells were stimulated with 10 nM 16a-hydroxyestradiol (160HEZ2) in the presence or absence of
the estrogen receptor antagonists 1 uM MPP (ERa), 1uM PHTPP (ERB) or 1uM G15 (GPER), or with
the vehicle control (10 nM ethanol) for 24 hours prior to RNA lysis. Stimulations were carried out in
phenol red-free DMEM with 1% charcoal stripped FBS. Basal CT value = 29.1 (average CT value in the
vehicle control group). FC= Fold change, calculated by AACT method and represented as relative to
the vehicle (where the average vehicle fold change is 1). Data are expressed as +SEM and analysed
by one-way ANOVA with post-hoc Tukey test. *p<0.05, ***p<0.001. n=3.
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9.5 Basal ESR2 Expression in Female Rat
Pulmonary Artery Smooth Muscle Cells
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Figure 9.4: Basal expression of ESR2 in female rPASMCs compared to male rPASMCs.

Rat pulmonary artery smooth muscle cells (rPASMCs) were seeded in 100 mm dishes at 2.2x10°
cells/dish and cultured for 3 days until 90-100% confluent before protein lysis as previously described.
Male rPASMCs were passage 5-6 and females passage 3 due to the primary cell lines available at the
time. (A) Immunoblots of ESR2 and (-actin. Positive controls = rat testis and rat brain lysates. (B)
Quantification of basal ESR2 expression in male and female rPASMCs. Fold change is ESR2 relative

to B-actin expression. Data are expressed as +SEM and analysed by unpaired t-test. n=6.
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9.6 Physiological Effects of 160HE2 in C57BL/6

Mice
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Figure 9.5: Physiological effects of 160HE2 in male C57BL/6 mice.
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Male C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (160HEZ2) by intraperitoneal injection

for 14 days. No significant changes were observed in response to 160HE2 in (A) Right ventricular (RV)
weight, (B) Weight of the left ventricle plus septum (LV+S), (C) Ratio of RV weight/ tibia length, (D)

Heart rate, (E) Maximum rate of pressure change in the RV (dP/dtmax), or (F) Minimum rate of pressure

change in the RV (dP/dtmin). Normality was assessed by Shapiro-Wilk test. Data are expressed as

+SEM and analysed by unpaired t-test. n=10.
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Figure 9.6: Physiological effects of 160HE2 in female C57BL/6 mice.

Female C57BL/6 mice received 1.5 mg/kg/day 16a-hydroxyestradiol (1610HE?2) by intraperitoneal
injection for 14 days. (A) Right ventricle (RV) weight significantly increased in response to 160HE2. (B)
Weight of the left ventricle plus septum (LV+S) significantly decreased in response to 160HE2. (C)
Ratio of RV weight/ tibia length significantly increased in response to 160HE2. (D) There was no
change in heart rate. (E) There was no change in the maximum rate of pressure change in the RV
(dP/dtmax). (F) There was no change in the minimum rate of pressure change in the RV (dP/dtmin).

Normality was assessed by Shapiro-Wilk test. Data are expressed as +SEM and analysed by unpaired
t-test or Mann-Whitney test. n=9-12.
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