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Abstract

Background: Pulmonary arterial hypertension (PAH) has a female predominance with a ~4:1
female-to-male ratio. However, female PAH patients exhibit better right ventricular (RV)
compensation in the face of increased pulmonary arterial pressures and thus better survival
than the males. The sex differences and the associated mechanism in RV in PAH are not well
characterised. Additionally, the mitochondria become dysfunctional in PAH, which involves a
glycolytic shift in the mitochondrial metabolism. The mitochondria also undergo excessive
fission in PAH, losing their filamentous structure and becoming fragmented. These key
mitochondrial dysfunctional features have been shown to contribute to RV dysfunction, and
within PAH, the status of the RV serves as the main determinant of survival. Hence, we aim
to explore whether there are any sex differences in mitochondrial function and RV
remodelling in a Sugen-hypoxia (SuHx) induced PAH rat model. The work in this thesis also
describes the impact of a mitochondria-targeted antioxidant, Mitoquinone (MitoQ), in vivo

and whether MitoQ is able to exhibit protective activity with regard to RV status in PAH.

Methods: Male and female Sprague-Dawley rats were injected with Sugen (25 mg/kg) and
exposed to hypoxia for 3 weeks followed by up to 5 weeks in normoxia. Control rats received
vehicle (CMC) and were kept in normoxia for up to 8 weeks. RV haemodynamics were
measured via pressure-volume (PV) loop measurement using the open chest method.
Confocal imaging was performed on fresh RV tissue stained with mitochondrial dyes to
examine mitochondrial properties. RV fibrosis, myocyte size, and right coronary artery (RCA)
remodelling were assessed by staining the RV tissue with picrosirius red. Mitochondria-linked
biogenesis, dynamics and oxidative stress genes were examined in both the RV and lung tissue
by quantitative polymerase chain reaction (qPCR). The effect of MitoQ (300 nM) and estradiol
(E2; 10 nM) on mitochondrial superoxide levels, cell proliferation and protein expression were
examined in vitro in male and female human cardiac fibroblasts (HCF) and primary RV
fibroblasts isolated from male monocrotaline (MCT) rats. MitoQ (5 mg/kg) was given by
intraperitoneal injection (IP) injection to male and female SuHx rats twice a week from week

5 post Sugen injection. The rats were assessed in vivo using the PV loop method to obtain the



hemodynamic parameters. RV from these rats were then examined histologically for collagen

deposition and myocyte size.

Results: SuHx caused significant increases in RV systolic pressure (RVSP), RV hypertrophy, RV
fibroblast proliferation, and RV myocyte size in both sexes. Although SuHx did not cause
differences in the RVSP and effective arterial elastance (Ea) between the sexes, it caused a
slightly greater increase in RV end-systolic elastance (Ees) in females vs. males, leading to a
preserved RV-pulmonary artery coupling (Ees/Ea) in females and a significant decrease in
Ees/Ea in males. SuHx caused a significant increase in RV end diastolic pressure (RVEDP) only
in males, which was associated with a significantly higher amount of RV interstitial fibrosis
and increased expression of fibrotic gene expression in males vs. females. The male SuHx rats
had more severe RCA remodelling in their smaller vessels (diameter of 15-50 um) which was
not detected in the females. SuHx caused a significant decrease in mitochondrial membrane
potential and fusion in RV from male SuHx rats only. Within the lung, SuHx reduced
mitochondrial biogenesis and mitochondrial fusion gene expression in only the male SuHx
rats. E2 (10 nM) and MitoQ (300 nM) were able to mediate protective effects by reducing
mitochondrial superoxide levels, fibroblast proliferation in male and female HCF cells and
male MCT RV fibroblasts. Both MitoQ and E2 were able to reduce markers of fibrosis protein
expression and increase mitochondrial biogenesis protein expression. In vivo, MitoQ (5
mg/kg) was not able to reduce RVSP, RVEDP, RV hypertrophy, and Ea or increase Ees in the
SuHx rats of both sexes. However, MitoQ reduced RV interstitial fibrosis and increased RV-

pulmonary artery coupling (Ees/Ea) in male SuHx rats.

Conclusion: Overall, this project shows that the male SuHx rats have worse RV hemodynamic
parameters, which correlate with worse interstitial collagen production. Mitochondrial
function in the RV and lung displayed sexual dimorphisms, with the male RV associated with
more impaired mitochondrial properties compared to the females. We show that both E2 and
MitoQ are protective in vitro by reducing MitoSOX, cell proliferation, and collagen expression.
Meanwhile, MitoQ treatment in vivo was not able to reverse the RV hypertrophy in either
sex. However, it did improve the RV-pulmonary artery coupling and lower RV collagen

deposition in the male SuHx rats. Taken together, this provides preliminary evidence that

iv



male SuHx rats are associated with worse PAH characteristics and that MitoQ could

potentially offer therapeutic value for RV, but only in the male sex in PAH.
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CHAPTER 1



1. Introduction

1.1 Thesis overview

This thesis is focused on pulmonary arterial hypertension (PAH), which is a specific group of
pulmonary hypertension (PH). The introduction chapter will briefly cover the fundamental
properties involved in the initiation and progression of this disease and the current therapies
available. This thesis will also focus on the mitochondria, a principal target within the right
ventricle (RV) as well as the sex differences which exist within this disease. Finally, it will cover

the involvement and impact of oxidative stress in PAH.

1.1.1 Pulmonary hypertension classifications

Pulmonary hypertension (PH) is a term used to describe a resting mean pulmonary artery
pressure (mPAP) > 20 mmHg, measured by right heart catherization (RHC) (Galié et al., 2019,
Simonneau et al., 2019). It can occur from a broad variety of conditions, which the World
Health Organisation (WHO) has now established into five different groups; 1) PAH, 2) PH due
to left heart disease, 3) PH due lung diseases and/or hypoxia, 4) PH due to pulmonary artery
obstruction and 5) PH with unclear multifactorial mechanisms (Table 1.1) (Simonneau et al.,
2019).These groups all share similar pathological mechanisms, however, their underlying

causes all vary which influence the diagnosis, prognosis and treatment.

This project will focus on PAH which belongs to group 1 and can be further subcategorised
into seven different categories: idiopathic (IPAH), heritable (HPAH), drug and toxin induced,
associated (APAH), PAH due to pulmonary veno-occlusive disease and/or pulmonary capillary
hemangiomatosis and persistent PH of the newborn syndrome (Table 1.1) (Prins and
Thenappan, 2016, Simonneau et al., 2019). IPAH is illustrated when there is no genetic history
of the disease, and the cause remains unknown. In HPAH, 80% of the time this is due to a
mutation in a gene member belonging to the transforming growth factor beta (TGF-p)
superfamily, known as bone morphogenetic protein receptor 2 (BMPR2) (Simonneau et al.,
2013, Sahay, 2019). Although, this mutation can also be seen 11-40% of the time in IPAH
patients (Montani et al., 2013a). There are also other gene mutations reported to be involved
in HPAH, however, these only account for 5% of the HPAH cases, thereby confirming the

involvement of environmental factors (Simonneau et al., 2019, Montani et al., 2013a). Drug
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and toxin induced PAH is when there has been exposure to certain drugs and toxins which
play a direct role in the development of PAH. There is a list of drugs in which the European
Respiratory Society have organised into four subgroups based on their risk factor, ranging
from definite, likely, possible and unlikely (Table 1.2) (Montani et al., 2013a). APAH occurs
from a number of systemic diseases including connective tissue disease, human
immunodeficiency virus (HIV) infection, portal hypertension, congenital heart disease and
schistosomiasis (Simonneau et al., 2013). PAH can also occur from pulmonary veno-occlusive

disease and/or pulmonary capillary hemangiomatosis and persistent PH of the newborn.

Table 1.1. WHO pulmonary hypertension (PH) group classifications and subtypes



WHO CLASSIFICATIONS

SUBTYPES

GROUP 1: PULMONARY ARTERIAL
HYPERTENSION

1.1 Idiopathic

1.2 Heritable

1.2.1  BMPR2

1.2.2 ALK-1, ENG, SMAD9, CAV1, KCNK3
1.2.3  Unknown

1.3 Drug and toxin-induced

1.4 Associated with:

1.4.1 Connective tissue disease

1.4.2  HIV infection

1.4.3 Portal hypertension

1.4.4 Congenital heart disease

1.4.5 Schistosomiasis

1.5 Pulmonary veno-occlusive disease and/or
pulmonary capillary Hemangiomatosis

1.6 Persistent pulmonary hypertension of the

newborn

GROUP 2: PULMONARY HYPERTENSION DUE
TO LEFT HEART DISEASE

1. Left ventricular systolic dysfunction

2. Left ventricular diastolic dysfunction

3. Valvular disease

4. Congenital/acquired left heart inflow/outflow
tract obstruction and congenital

cardiomyopathies

GROUP 3: PULMONARY HYPERTENSION DUE
TO LUNG DISEASES AND/OR HYPOXIA

1. Obstructive lung disease

2. Restrictive lung disease

3. Other lung diseases with mixed
restrictive/obstructive pattern

4. Hypoxia without lung disease

5. Developmental lung disorders

GROUP 4: PULMONARY HYPERTENSION DUE
TO PULMONARY ARTERY OBSTRUCTION

1.Chronic thromboembolic PH

2.0ther pulmonary artery obstructions




GROUP 5: PULMONARY HYPERTENSION WITH 1. Hematologic disorders: chronic haemolytic
UNCLEAR MULTIFACTORIAL MECHANISMS anaemia, myeloproliferative disorders,
splenectomy

2. Systemic disorders: sarcoidosis, pulmonary
histiocytosis, Lymphangioleiomyomatosis and
Metabolic disorders: glycogen storage disease,
Gaucher disease, thyroid disorders

3. Others: tumoral obstruction, fibrosing
mediastinitis, chronic renal failure, segmental
PH

4. Complex congenital heart disease

Bone morphogenetic protein receptor 2 (BMPR2), activin receptor-like kinase 1 (ALK1),
endoglin (ENG), SMAD family member 9 (SMAD 9), caveolin 1 (CAV1), potassium channel
subfamily k member 3 (KCNK3), human immunodeficiency virus (HIV). Adapted from

(Simonneau et al., 2019).



Table 1.2. European Respiratory Society list of drugs with their probability of inducing

pulmonary arterial hypertension (PAH). Adapted from (Montani et al., 2013b)

Definite Likely Possible Unlikely

Aminorex L-Tryptophan Cocaine Cigarette smoking
Fenfluramine Amphetamines St John’s Wort Oral contraceptives
Dexfenfluramine Selective serotonin Estrogen

reuptake inhibitor

Toxic rapeseed oil Chemotherapeutic
agents

Benfluorex Phenylpropanolamine

Dasatinib Pergolide

Methamphetamines




1.1.2 Epidemiology of PAH

PAH is a chronic and rapidly progressive disease. Due to this, many registries across the globe
have contributed knowledge regarding PAH epidemiology, including the USA, UK, France,
Spain and China. The first registry was the National Institute of Health (NIH) in the USA, which
estimated that PAH has a 1 year median survival rate of ~68%, 3 year survival rate at ~48%
and 5 year survival rate at ~¥34% (McLaughlin et al., 2004). However, these survival rates have
shifted over time, according to the UK and Ireland registry which reported that within 1, 3
and 5 year the mean survival rates have increased to 92.7%, 73.3% and 61.1%, respectively
(Ling et al., 2012). Recent study on US registry has also reported mortality rates, at 1, 2 and 3
years: 1%, 4-6% and 7-11% for low risk PAH patients, 7-8%, 11-16% and 18-20% for
intermediate patients and 12-19%, 22-38% and 28-55% for high risk PAH patients,
respectively (Chang et al., 2022). The improvement that has been detected over the years, is
most likely a result of better understanding of PAH and management, aiding for earlier

detection and hence, clinical intervention.

PAH is a rare disease with an estimated prevalence of around 10 to 52 cases per million in
which it predominately affects females (4:1 ratio vs. males) (Badesch et al., 2010, Hoeper and
Simon, 2014). In most of the cases, the mean age of presentation has been reported to be
over the age of 50 years (Ling et al., 2012, Memon and Park, 2017). However, in 1987 the NIH
registry illustrated the mean age to be 36 years * 15 years (Frost et al., 2011, Memon and
Park, 2017). Despite this being lower, the NIH did report that the younger cohort appear to
have a greater survival rate compared to the older patients, who are also more likely to be
diagnosed at a later stage of the disease and with other comorbidities (Hoeper and Simon,
2014, Memon and Park, 2017). It has also been confirmed that one third of PAH patients are
obese (Min et al., 2020). However, the obese patients are suggested to have lower mortality
rates compared to their non-obese counterparts (Frank et al., 2020). Whilst, other studies
suggest that obesity contributes to PAH progression, otherwise known as the “obesity

paradox” (Poms et al., 2013, Min et al., 2020).

The NIH registry also studied the racial predisposition of PAH, in which they found that 85.4%
of the patients were Caucasian, 12.3% African American and 2.3% Hispanic (Prins and

Thenappan, 2016). The Registry to Evaluate Early and Long-term PAH Disease Management
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(REVEAL) found a similar pattern of racial distribution (Frost et al., 2011). However, when this
was adjusted for age and gender, blacks were reported to be overrepresented meanwhile
Asians were slightly underrepresented (Frost et al., 2011). It must also be noted that within
the USA, the baseline obesity rates are higher than the PAH cohort, whilst other countries
(France and Scotland) face a lower obesity rate but higher PAH rate (Agarwal et al., 2017,
Weatherald et al., 2018, MclLean et al., 2019).

1.1.3 Diagnosis of PAH

Diagnosis of PAH is difficult given that early symptoms are non-specific such as shortness of
breath, fatigue, an increase in heart rate, and fainting (Figure 1.1) (Kondo et al., 2019). Due
to this, many patients already have an advanced form of the disease by the time they’re finally
diagnosed. As well as this, the only way to definitively diagnose PAH is by right heart
catherization (RHC) and given the invasiveness of this procedure, clinicians are reluctant to
perform this unless there is strong evidence that the patient is suffering from PAH. It does not
help that symptoms may not present for months or even years later, with the mean time of
symptom onset to diagnosis estimated around 2 years (Kiely et al., 2019). Although, RHC is
the only way to get a definitive diagnosis, there is the involvement of several other diagnostic
procedures before a diagnosis is confirmed, which includes: blood tests for biomarkers such
as brain natriuretic peptide, electrocardiograms, echocardiograms, chest X-rays and

cardiopulmonary exercise testing (Figure 1.1) (Kiely et al., 2019).
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Figure 1.1. Brief overview of the early non-specific symptom’s patients may present with

prior to testing

Patients will initially experience worsening of symptoms during exercise, an increase in
breathlessness, fatigue, heart rate and fainting. The initial screening can be seen in the form
of echocardiograms, electrocardiograms, blood tests and the gold standard right heart

catherization. Figure created with BioRender.com.



1.2 Pathophysiology of PAH

The normal pulmonary vasculature becomes disrupted in a number of ways, including
through uncontrolled proliferation, migration and apoptosis of the cells which regulate
vascular function. This can lead to complete obstruction of the pulmonary arteries,
thrombosis and inflammation (Humbert et al., 2022a, Fukumoto, 2024). All of these exist to
varying degrees within PAH and are key hallmarks (Prins and Thenappan, 2016, Humbert et
al., 2019). The main pathological features can be defined by the increase in pulmonary
vascular resistance (PVR), pulmonary artery pressure (PAP), vascular cellular proliferation and
vasoconstriction of the pulmonary arteries leading to pulmonary vascular remodelling
(Simonneau et al., 2019). As the disease progresses, this is usually accompanied by right
ventricular (RV) hypertrophy and eventually RV failure, leading to death (Thenappan et al.,
2018). It is noted that though the PAH development starts within the pulmonary vasculature,
the prognosis of PAH and survival is mainly determined by the response of the RV to the RV
afterload (Ghio et al., 2010, Voelkel et al., 2015). However, the mechanisms driving the RV
remodelling are understudied and currently no effective therapy directly targets the RV in

PAH.

1.2.1 Vasoconstriction of pulmonary vasculature

One of the main pathogenic factors contributing to PAH is chronic and inappropriate
vasoconstriction (tightening and narrowing of the vessel lumen) within the pulmonary
vasculature (Humbert et al., 2004). Vasoconstriction will be activated under hypoxic
conditions and within seconds, and is usually referred to as hypoxic pulmonary
vasoconstriction (HPV) (Tarry and Powell, 2017). As a result, this creates a rise in PAP, and the
blood flow is subsequently re-diverted to portions in the lung which are more sufficiently
oxygenated and do not have elevated PAP (Dunham-Snary et al., 2017). The HPV mechanism
has been shown to mainly occur within group 3 of PH rather than group 1. Instead, group 1
vasoconstriction is predominately mediated by numerous potent endogenous
vasoconstrictors derived from the vascular endothelium which are released into the
pulmonary circulation and activate vasoconstriction. These include endothelin-1 (ET-1),
serotonin (5-hydroxytryptamine, 5-HT), angiotensin Il (Ang Il), prostaglandins, thromboxane

and histamine (Humbert et al., 2004, Maclean and Dempsie, 2010, Chester and Yacoub, 2014,
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Tanriverdi, 2023). In PAH, these tend to be upregulated meanwhile the vasodilators, including
prostacyclin and nitric oxide (NO) are downregulated (Humbert et al., 2004). Whilst it is true,
that this imbalance itself evokes vasoconstriction, the increased synthesis of the
vasoconstrictors extends further beyond vasoactivity. The release of ET-1 and 5-HT also serve
as key stimulators of pulmonary artery smooth muscle cells (PASMC) contraction and
proliferation, meanwhile, thromboxane activates platelet aggregation (Farber and Loscalzo,
2004, Prins and Thenappan, 2016, MacLean, 2018). Currently, the majority of the therapeutic

interventions for PAH are those which target vasoconstriction in the pulmonary vasculature.

1.2.2 Pulmonary vascular remodelling: proliferation and cell migration

Hyperproliferation and migration of the pulmonary endothelial, fibroblasts and PASMCs and
their resistance to apoptosis has been widely recognised as key drivers in a PAH setting. This
eventually leads to cellular hypertrophy, accumulation of extracellular matrix deposits, distal
muscularisation, formation of occlusive plexiform lesions and inflammation (Xu and Erzurum,
2011). These features all produce tightening and narrowing of the blood vessel lumen and

can at times lead to complete obliteration (Chopra et al., 2012).

All pulmonary artery (PA) blood vessels share the same vessel wall composition, which is
separated into three different layers (Figure 1.2). The innermost layer, tunica intima consists
primarily of the endothelial cells (Mazurek et al., 2017). The middle layer is the thickest layer
and is the tunica media layer composed mainly of smooth muscle cells and the outermost
layer, the tunica adventitia is composed of the fibroblasts and collagen fibres (Nogueira-
Ferreira et al., 2014, Mazurek et al., 2017). Within PAH, medial and adventitial thickening are
the most prominent with intimal thickening less so (Stenmark and McMurtry, 2005). The PA
vessels differ from the systemic vessels as it is coupled to a lower-pulmonary circulation
pressure versus the systemic circulation which faces much higher pressure conditions. Due to
this, the PA vessel wall is thinner, with larger diameters and a lack of basal tone. Meanwhile,

the systemic arteries are more muscular (Suresh and Shimoda, 2016).
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Figure 1.2. The three distinct layers of the pulmonary artery blood vessels

1. The fibroblasts form the outermost layer, the tunica adventitia. 2. The middle layer, the
tunica media consists of the smooth muscle cells. 3. The innermost layer, the tunica intima is

lined by the endothelial cells. Figure created with BioRender.com.
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1.2.3 RV remodelling and failure

The RV consists of a thin wall, approximately 3-5mm in thickness, which is about one-third of
that compared to the left ventricle (Figure 1.3) (Ho and Nihoyannopoulos, 2006, Del Rio et al.,
2019). Under normal circumstances, the RV is coupled to a low-pressure pulmonary
circulation system, unlike the LV which faces a higher afterload and hence, higher resistance
(Rana et al., 2019, He et al., 2023). During times when oxygen demand needs to be increased,
such as periods of exercise in healthy individuals, the RV can accommodate up to 3-4 times
increase in stroke volume by the heart increasing its contractility, such that SV is increased

(Matthews and McLaughlin, 2008).

However, in PAH, the remodelling of the distal pulmonary arteries subsequently produces a
persistentincrease in the mPAP and PVR which as a result, increases the RV afterload pressure
(the wall tension experienced during ejection of blood) (Pinsky, 2016). Ultimately, this
increase in afterload pressure triggers RV hypertrophy (an increase in muscle mass), RV
dilatation, right atrial (RA) enlargement and tricuspid regurgitation, all which contributes

towards RV failure (Figure 1.4) (Ryan et al., 2015b).
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Figure 1.3. The structure of a healthy heart and its major blood vessels

The blood flow through the heart is represented by the arrows. Image is adapted from Jean-

Francis Berry (2020). The physiology of the heart. Figure created with BioRender.com.
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In the early phase, RV hypertrophy will occur in a compensatory manner to the increased PVR,
this will be adaptive, in which the RV function is concentric and retained (Ryan and Archer,
2014). Similar to the pulmonary remodelling, as time proceeds, the chronic and progressive
increase in afterload will result in the RV compensatory mechanisms failing and this will
transition into maladaptive RV hypertrophy (Ryan and Archer, 2014). At this point, the RV
contractility will be fully impaired meaning that the RV is no longer able to maintain the
cardiac output (CO) required for the metabolic demands of the body (Frump et al., 2018). On
a cellular and molecular level, this adaptive remodelling is associated with decreased
mitochondrial function, calcium handling, sarcomere organisation and increased reactive
oxygen species (ROS) (Vonk Noordegraaf and Gali¢, 2011, Ryan and Archer, 2014).
Maladaptive remodelling is accompanied by an increase in oxidative stress, myocyte

apoptosis, fibrosis, inflammation and metabolic dysfunction (Frump et al., 2018).

In the face of this increased pressure, the RV will start to undergo dilatation which further
negatively impacts RV perfusion by increasing myocardial oxygen demand and thus,
simultaneously increasing heart rate (HR) (Ryan and Archer, 2014). As the HR increases to try
limit the reduction in stroke volume (SV), and given that there is already contractile
dysfunction and afterload mismatch, this results in RV-PA uncoupling (Vonk Noordegraaf and
Galie, 2011, Naeije, 2015). The RV dilatation can also lead to functional tricuspid regurgitation
which further reduces the SV as the blood flows backwards into the RA (Casa et al., 2013,
Rana et al., 2019). At this stage, a decrease in left ventricular (LV) filling will occur alongside
flattening of the interventricular septum (Cativo Calderon et al., 2017). This series of events
occurs in a vicious cycle until eventually RV failure is underway. This can be characterised

when the cardiac index is <2.5L/min/m? and RA pressure >8 mmHg (Ryan and Archer, 2014).

15



Healthy PAH

RV hypertrophy

Figure 1.4. Cross sectional view of a healthy heart versus PAH heart

Enlargement of the right ventricle (RV) during pulmonary arterial hypertension (PAH). The RV
adapts to the increased pulmonary pressures by increasing contractility where it
subsequently undergoes RV dilatation and increases the wall thickness leading to
enlargement, otherwise known as RV hypertrophy. At advanced stages this will lead to

atrophy of the left ventricle (LV). Figure created with BioRender.com.
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1.2.4 RV fibrosis

Fibrosis is a process in which the fibroblasts (collagen producing cells) undergo excessive
proliferation leading to an accumulation in collagen formation (Wynn, 2008). There are two
main types of collagen; type | and type Il (Safdar et al., 2014). Type | contributes to the
collagen stiffness, meanwhile type Ill contributes to the collagen elasticity (Singh et al., 2023).
Within the RV in PAH animal models, it has been found that there is a greater accumulation
of thick type | collagen fibres versus thin type Il fibres (Schimmel et al., 2022, Cheng et al.,
2020). As well as this, there also appears to be reduced collagen degradation in PAH models
versus wildtype models as a potential explanation for the increased collagen accumulation
(Cheng et al., 2020). The collagen accumulation within the RV is similar to the RV hypertrophy
process in which it will transition from adaptive to maladaptive (Andersen et al., 2019).
Usually, the adaptive collagen accumulation will initially be beneficial in which it attempts to
help the myocardium withstand the high pressures (Andersen et al., 2019). Eventually as this
transitions to maladaptive, the collagen network turnover becomes dysregulated, there is loss
of the myocardium supportive extracellular matrix (ECM) network and noncompliance,

ultimately accelerating PAH progression (Andersen et al., 2019).

1.2.5 RV ischemia

Under normoxic conditions the RV receives a constant supply of blood during both systole
and diastole with the oxygen supply and demand maintained by autoregulation. This ensures
that the blood flow is maintained at a constant despite changes in coronary pressure (Ren et
al.,, 2019, Agrawal et al.,, 2020). However, in the face of increased PAP leading to RV
hypertrophy and enhanced workload, this initiates a supply demand discrepancy between the
RV and right coronary artery (RCA) as the pressure gradient begins to decrease (Agrawal et
al., 2020, Sree Raman et al., 2021). Immediately, vasodilation will be stimulated and there will
be an increase in right coronary blood flow in the RV (Ren et al., 2019). Although, as RV failure
transitions into maladaptive, the coronary perfusion pressure begins to decrease alongside
blood flow to the RV leading to ischemia (Agrawal et al., 2020). Within PAH, it is believed that
in the early beginning stages there will be an increase in RCA flow. However overtime, this

can lead to RCA vessel remodelling which will then reduce RCA flow and contribute to RV
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ischemia, and eventually RV dysfunction which occurs at the later stage of PAH (Ryan and

Archer, 2015).

1.2.6 Right coronary artery in PAH

The RCA serves as the main supply of blood to the right side of the heart (Figure 1.3). It is
composed of the same three layers seen in the PA, the tunica intima, tunica media and tunica
adventitia (Figure 1.2). It was originally thought that in instances of increased blood flow to
the RV via the RCA, that the RCA vessel wall would undergo structural remodelling due to
changes in the RCA’s elastin and collagen composition (Garcia and Kassab, 2009). Ultimately,
this vessel adaptation in response to increased blood flow would lead to wall stress and
finally, vessel stiffness (Garcia and Kassab, 2009). Using a right ventricle pressure overload pig
model, known as pulmonary arterial banding (PAB), Garcia and Kassab were the first study to
examine the RCA vessels in a RV hypertrophic model and test this theory. The PAB model
involves placing a silk suture or clip around the main PA, therefore causing the RV workload
to be enhanced as it has to work harder to ensure it can eject blood through the restricted
PA. This creates a significant increase in RV pressure overload, RV contractility and overtime
leads to RV dysfunction (Sharifi Kia et al., 2021). Indeed, they found increases in elastin in the
axial and circumferential directions of the vessel (Garcia and Kassab, 2009). As well as this,
they also found increases in the elastin and collagen area in the adventitial layer of the RCA,

overall suggesting vessel stiffness (Garcia and Kassab, 2009).

Within PAH, as the demand of the RV increases, the rate of the RV perfusion supplied by the
RCA will also have to increase (Gomez-Arroyo et al., 2012). Eventually, the RV ability to
compensate becomes limited by reduced RV perfusion which is RCA dependent (Hamud et
al., 2021). Direct correlations with impaired RCA flow have been made in IPAH patients, with
RCA flow initially maintaining high during diastole and then reducing during systole (van
Wolferen et al., 2008). The reduction seen during systole is linked to the increased RV mass,
increased muscle contractility, muscle thickening and RV pressure (van Wolferen et al., 2008),
and in cases of severe RV hypertrophy the overall RCA flow is reduced (van Wolferen et al.,
2008). RCAs taken directly from patients with PAH and from male monocrotaline PH rats,
exhibit thickened walls when compared with their controls (Meloche et al., 2017). Both PAH

patients and rat RCAs had increased proinflammatory IL-6 gene expression and DNA damage
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detected by measuring p53-binding protein 1 protein levels (Meloche et al., 2017). They also
detected an increase in bromodomain 4 (BRD4) protein in both patient and RCAs (Meloche et
al., 2017). BRD4 is known to be overexpressed in the lungs of patients with PAH and is known
to play a role in the remodelling process by acting as a trigger for proliferation and driver

towards an anti-apoptotic phenotype (Meloche et al., 2017).

Overall, further research is required to understand the consequences of the reduced RCA flow
in PAH patients and animal models, and whether this impaired RCA flow leads to RV ischemia

that contributes to RV dysfunction.

1.3 Mitochondrial dysfunction in PAH

The mitochondria are membrane bound organelles, present in most eukaryotic cells. They are
often referred to as the powerhouses of the cell as they provide cells with majority of their
energy in the form of adenosine triphosphate (ATP) (Riou et al., 2023). However, they are
involved in many other integral processes which are required for normal cellular function,
including apoptosis, calcium signalling, cell growth and control of the cell cycle (Osellame et
al., 2012). Hence, any dysfunctions in mitochondrial activity are frequently associated with

diseases (Osellame et al., 2012).

The mitochondria itself are formed from an inner mitochondrial (IMM) and outer
mitochondrial membrane (OMM) (Figure 1.5) (Friedman and Nunnari, 2014). The OMM is
highly porous allowing for small uncharged molecules and ions, including ROS to pass through
from the cytoplasm into the mitochondria via voltage dependent anion channel mechanisms
or by translocator TOM40 and TOB/SAM complexes (Endo and Yamano, 2010). In between
the OMM and IMM is what is known as the intermembrane space (IMS) which is the home of
a key protein, cytochrome C (Endo and Yamano, 2010). The IMM contains a tight diffusion
barrier which only allows ions and molecules through via TIM23 and TIM22 complexes (Endo
and Yamano, 2010, Dabir et al., 2013). The folds in the IMM form the cristae, creating a
greater surface area for the IMM reactions to take place (Leveille et al., 2017). Enclosed within
the IMM is the mitochondrial matrix, which constitutes many of the mitochondria’s enzymes,

DNA and ribosomes (Figure 1.5). The mitochondrial DNA (mtDNA) encodes 37 genes, of which
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11 are mRNA, 22 tRNA and 2 rRNA inherited exclusively from the mother (Taanman, 1999,
Luo et al., 2018).
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Figure 1.5. The structure of the mitochondria

Highlighting the location of the cristae, inner mitochondrial membrane (IMM), outer

mitochondrial membrane (OMM), matrix, ribosomes, ATP synthase, electron transport chain

and circular DNA. Figure created with BioRender.com.
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1.3.1 Mitochondrial dynamics in PAH

The mitochondria are usually organised into a filamentous network, which is tightly controlled
via fusion and fission events (Meyer et al., 2017). Fusion of the mitochondria helps to maintain
normal functions despite the presence of mitochondrial defects. Meanwhile, mitochondrial
fission helps identify the dysfunctional mitochondria, and facilitates its removal by
segregating it from the network (Youle and van der Bliek, 2012). These events are mediated
predominately by dynamin related guanosine diphosphatases (GTPases) that also ensures
there is a balance between the two competing processes (Youle and van der Bliek, 2012).
However, in PAH, this balance becomes disrupted usually by excessive fission, which then
leads to a reduction in ATP production, mitochondria motility and an increase in oxidative
stress (Dasgupta et al., 2020) (Figure 1.6). Subsequently, the filamentous morphology is lost
and the mitochondria become fragmented (Dasgupta et al., 2020). One of the most important
proteins in mediating fission is dynamin 1-like protein (DNM1L; or dynamin-related protein 1,
Drp1) which is recruited to the OMM where it accumulates into concentrated foci via the help
of the four mitochondrial dynamic proteins 49 (MiD49) and 51 (MiD51), mitochondrial fission
1 protein (Fis1) and mitochondrial fission factor (MFF) (Figure 1.6) (Samangouei et al., 2018).
The MiD49 and MiD51 are critical in mediating mitochondrial fission as knockout of these
proteins will significantly reduce DNM1L recruitment and promote mitochondrial elongation
(Samangouei et al., 2018). In PAH, there is overexpression of MiD49 and MiD51 proteins
which upregulates DNM1L recruitment and hence, enhances mitochondria fission (Chen et
al., 2018a, Samangouei et al., 2018). Meanwhile, the expression of the fusion proteins,
Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2) are significantly downregulated in pulmonary
artery tissue from PAH rats (Luo et al., 2023, Santos et al., 2024). Various other stressors such
as ROS and high cytosolic Ca?* levels can also alter the mitochondrial dynamics leading to

fragmentation (Shah et al., 2019).
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Figure 1.6. Schematic illustration of mitochondrial fusion and fission

Mitochondrial fusion is represented by the joining of the mitochondria. Meanwhile, fission
can be seen by the splitting of them (Figure A) which can be mediated by the dynamin 1-like
protein (DML1) which is shown as concentrated foci located at the outer mitochondria
membrane (Figure A). Under normal conditions, these will be equally balanced however in

PAH this is disrupted by excessive fission. Figure created with BioRender.com.
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1.3.2 Mitochondrial metabolism in PAH

The mitochondria generates cellular energy through a three step process involving; glycolysis,
TCA cycle and oxidative phosphorylation which involves both the electron transport chain and
chemiosmosis (Zhao et al., 2019a) (Figure 1.7). This will be initiated by the intake of glucose
into the cytoplasm which undergoes glycolysis to form pyruvate. Pyruvate dehydrogenase
(PDH) then catalyses pyruvate into acetyl coenzyme A (acetyl coA) which is transported into
the mitochondrial matrix (Li et al., 2015). This will then undergo a series of oxidation reactions

via the tricarboxylic acid (TCA) cycle (Breault et al., 2023).

Nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH;) serve as
two main products from the TCA cycle which facilitate the electron transport chain (ETC). The
ETC consists of four mega complexes (complex |, Il, Ill and IV) which are located in the IMM
(Figure 1.7) (Zhao et al., 2019a). NADH donates its electrons to complex |, which energize the
complex in a manner that allows it to form a proton gradient, whereby it pumps hydrogen
ions from the mitochondrial matrix uphill to the IMS (Guo et al., 2018). The electrons from
complex | are then passed onto coenzyme Q (CoQ), whilst FADH; similarly donates its
electrons directly to complex Il (Guo et al., 2018). However, no proton pump is generated
here, thus, the electrons are transported to CoQ which delivers them to complex Il (Guo et
al., 2018). Similar to complex I, this will generate a proton gradient allowing for the hydrogen
ions to be pumped from the matrix into the IMS. At this stage, the electrons will be
transported to cytochrome C which will accept them and shuttle them to complex 1V, in which
the proton gradient continues to form and pumps more of the hydrogen ions to the IMS (Guo
et al., 2018). Finally, oxygen serves as the terminal electron acceptor which is reduced and
formed into water. At this point, ATP synthases which consists of FoF1 subunits, uses its Fo to
allow for the proton gradient generated over the ETC to flow back into the mitochondrial
matrix (Guo et al., 2018). Meanwhile, the F; subunit undergoes conformational changes
which allow it to catalyse adenosine diphosphate (ADP) into ATP (Guo et al., 2018, Zhao et al.,
2019b).
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Figure 1.7. Electron transport chain

The electron transport chain (ETC) series of reactions take place within the inner
mitochondria membrane (IMM) where the electrons are passed along the complexes. During
this, a proton gradient is formed in complex |, [l and IV. This is then utilized at the final stage
complex which synthesises adenosine diphosphate (ADP) + inorganic phosphate (Pi) to form

adenosine triphosphate (ATP). Figure created with BioRender.com.

25



In many cases of PAH, metabolism dysregulations occur which ultimately produces a chronic
shift in energy production. This shift is a result from the cells opting for ATP production via
glycolysis as opposed to mitochondrial oxidative phosphorylation and is also referred to as
the Warburg phenomenon (Wallace, 2005). This was initially discovered to occur in a number
of cancerous cells and can be defined as when the mitochondria chooses to behave in an
anaerobic manner despite being in an oxygen rich environment (Wallace, 2005). This then
effects other mechanisms such as silencing of transcription of superoxide dismutase 2 (SOD2)
and a reduction in hydrogen peroxide (H,02) which all lead to activation of hypoxia inducible
factor 1 o (HIF-1a) (Figure 1.8) (Dasgupta et al., 2020). HIF-1a then upregulates pyruvate
dehydrogenase kinase (PDK) activity thereby inhibiting PDH (Soni and Padwad, 2017). This
inhibition of PDH prevents the conversion of pyruvate into acetyl CoA and stimulates the
mitochondria to alter its ROS production causing it to be upregulated in response to the
hypoxia (Handy and Loscalzo, 2012, Chen et al., 2018b). At the same time, it must be noted
that reduced ROS levels have been detected from the PASMC from human PAH patients and
are said to be primary changes that occurred in the absence of hypoxia (Wigfield et al., 2008,
Dromparis et al., 2010). This is known as the “Redox hypothesis of HPV” model which is where
some studies suggest that the mitochondria sense hypoxia and decrease mtROS production
(Bonnet and Boucherat, 2018). However, this model has been challenged by the “ROS
hypothesis” which is the opposing theory that hypoxia increases mtROS (Bonnet and
Boucherat, 2018). Since, studies have investigated into whether ROS is reduced or increased
during acute and chronic hypoxia within the pulmonary vasculature. Pak et al, found that
mtROS was increased within the PASMC following acute hypoxic exposure but not chronic
hypoxia exposure (Pak et al., 2018). Whilst other studies have reported a decrease of mtROS
during the acute phase and an increase in ROS following chronic exposure (Wu et al., 2007).
These conflicting results have prompted many questions such as which types of ROS are
responsible for the changes, whether the Warburg metabolism is responsible and which
hypothesis best represents what is seen in PAH. Nonetheless, future experiments are needed

to resolve these contradicting findings.
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Figure 1.8. Representative image of the pathways involved in ROS

Once the Warburg metabolism is triggered, this upregulates the expression of PDK which
contributes to the suppression of oxidative phosphorylation. Glucose is broken down into
pyruvate which is then formed into lactate. The pyruvate can be imported into the
mitochondrion and then is broken down into carbon dioxide (CO;). Hypoxia will increase the
production of reactive oxygen species (ROS). ROS will stabilize hypoxia inducible factor 1
alpha (HIF1a), a master regulator of the Warburg metabolism. HIF1o will then upregulate the
expression of pyruvate dehydrogenase (PDK), glucose transporter 1 (GLUT1), hexokinase 2
(HK2) and pyruvate kinase (PKM) stimulating glycolysis to keep the HIF1a. pathway regulated.
The Warburg metabolism can also prevent the conversion of superoxide to hydrogen
peroxide by inhibiting superoxide dismutase 2 (SOD2). Under normal conditions, Kelch-like
ECH-associated protein 1 (Keap1) is ubiquitinated to Nuclear factor erythroid 2-related factor

2 (NFE2L2) however after exposure to ROS, Keapl becomes inactivated which leads to the
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phosphorylation and release of NFE2L2 which is then translocated into the nucleus where it
binds to antioxidant response element (ARE) sites. This then activates the expression of
antioxidant genes including NAD(P)H dehydrogenase (quinone 1) (NQO1). NQO1 will then
inhibit the expression of nitric oxide (NO) and inducible nitric oxide (iNOS) and when activated
via antioxidant gene expression this will then counteract ROS. High ROS levels will lead to
increases in oxidative stress which contributes to PAH progression. Figure created with

BioRender.com.
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1.3.3 Mitochondrial biogenesis in PAH

Mitochondrial biogenesis refers to the process in which new mitochondria are formed. It is
controlled predominately by peroxisome proliferator activated receptory (PPARY) coactivator
la (PGC-1a) (Gureev et al., 2019). PGC-1a is a versatile transcription coactivator which is
predominantly expressed in tissues in which the mitochondria are most abundant, such as
the RV (Liang and Ward, 2006, Cheng et al., 2018). Here, it interacts with a variety of
transcription factors that play a role in many responses including those involved in
mitochondrial biogenesis (Jung and Kim, 2014). The exact mechanism by which PGC-1a
achieves this is still being studied, however it has been shown to involve nuclear respiratory
factor 1 and 2 (NRF1/2) and signalling via the estrogen related receptor a (ERRa) (Dominy
and Puigserver, 2013, Jung and Kim, 2014). The relationship between PGC-1a and the NRF
system is considered to be major as PGC-1a directly and dramatically modulates NRF1/2 gene
expression and its downstream gene, TFAM, the key gene involved in mtDNA replication and
repair (Picca and Lezza, 2015). Meanwhile, mutated NRF1 can equally inhibit PGC-la-
stimulated mitochondrial biogenesis. During hypoxia, there are also reductions in PPARy
which leads to depletion in PGC-1a and this result has been long established to decreased
mitochondrial biogenesis, detrimental structural changes and dysfunction (Agrawal et al.,
2020). Additionally, there are other factors which can contribute to reduced PGC-1a levels
including a loss of BMPR2 (Diebold et al., 2015). Particularly, within the RV, PGC-1a. has been
found to be significantly reduced in male monocrotaline (MCT), Sugen-hypoxia (SuHx) rats
and ovariectomized female SuHx rats and also displays a trend toward decrease in the RV
from limited PAH patients (Enache et al., 2013, Gomez-Arroyo et al., 2013, Liu et al., 2017).
Reduced PGC-1a level is associated with impaired mitochondrial and RV function in male
SuHx rats and also ovariectomized female SuHx rats (Enache et al., 2013, Gomez-Arroyo et
al., 2013, Liu et al., 2017) and treatment with E2 before the induction of PAH preserved PGC-
la level and mitochondrial and RV function in the female SuHx rats (Liu et al., 2017).
Therefore, upregulation of PGC-1a. could be identified as a potential target to limit

mitochondrial dysfunction.
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1.3.4 Oxidative stress in PAH

Oxidative stress refers to when there is an imbalance between oxidant and antioxidant
production, due to an excessive production of the oxidants thereby preventing the cells ability
to produce an effective antioxidant response (Ray et al., 2012). Under normal conditions, this
balance is highly controlled however under PAH conditions there is enhanced levels of
oxidative stress as a result of an increased production of ROS and reactive nitrogen species
(RNS) (Demarco et al., 2010). This increase in ROS is triggered by numerous mediators
including those involved in the pulmonary vascular remodelling, RV fibrosis and hypertrophy.
As well as this, ROS can also be increased when the mitochondria undergoes a metabolic shift
from oxidative stress to the Warburg metabolism (Pokharel et al., 2023). The increase in ROS
will also exacerbate PAH pathogenesis via promoting cell proliferation, apoptotic resistant
cells, inflammatory signalling and hypertrophy of the smooth muscle layer within the
pulmonary arteries, further disrupting the pulmonary vasculature and RV (Demarco et al.,
2010). As well as this, when the mitochondria is exposed to high levels of oxidative stress this
increases its susceptibility to mitochondrial DNA damage and thereby, mitochondrial
dysfunction (Pokharel et al., 2023). Importantly, this increase in ROS levels has been detected
in patients with PAH (Wong et al., 2013, Jernigan et al., 2017). As well as this, in human PAH
patients that have increased ROS also have reduced antioxidant SOD2, suggesting decreased

antioxidant capacity (Bonnet et al., 2006, Archer et al., 2010).

Cellular ROS include the free radicals such as superoxide and non-radicals such as hydrogen
peroxide listed in Table 1.3. ROS can be generated either endogenously by the cytoplasm, cell
membrane, endoplasmic reticulum, peroxisome or more predominately during the electron
transport chain located in the IMM (Figure 1.7) (Tirichen et al., 2021). As well as this, ROS can
also be produced in a response to exogenous sources such as bacterial invasion (Ray et al.,
2012, Zorov et al., 2014). Above all, the mitochondria serve as one of the most important
sources of ROS as they are responsible for generating approximately 90% and also contain
many of the required enzymes for ROS production (Balaban et al., 2005, Tirichen et al., 2021).
The major site for ROS production within the mitochondria ETC is at complex | and complex

[, with complex Il producing ROS to a lesser extent (Tirichen et al., 2021). There are also other
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enzymatic and metabolic sources such as nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases (NOX), cyclooxygenases (COX), lipoxygenases (LO), uncouple NOS and
xanthine oxidases (XO) known to generate superoxide (Demarco et al., 2010). Under normal
circumstances, the free radicals tend to be short lived as they are scavenged by the
antioxidants. There are around 4000 antioxidants, which include the SODs, glutathione
peroxidase and catalases (Hatwalne, 2012). One of the most important antioxidant
transcription factors is said to be nuclear factor erythroid 2-related factor 2 (NFE2L2) because
of its interaction with antioxidant response element (ARE). ARE is responsible for amplifying
the gene expression of potent antioxidants such as the SODs and glutathione peroxidases
(Alves et al., 2021). One of the main target genes associated with NFE2L2 activation is
NAD(P)H dehydrogenase (quinone 1) (NQO1) (Qin et al., 2022). Activation of NFE2L2/NQO1
can then upregulate the expression of anti-inflammatory enzymes such as the
hemeoxygenases (HO-1) thereby contributing towards protective cellular activity (Lopes et
al., 2015, Qin et al., 2022). Mice hearts which have knockout of NFE2L2 have demonstrated
an increase mitochondrial DNA damage, worse cardiac hypertrophy and cardiac dysfunction
when compared with their littermates following chronic cardiac pressure overload (Lopes et
al., 2015). Human PASMC from PAH patients stimulated with serotonin was found to increase
ROS through NADPH oxidase (Nox) mechanisms (Hood et al., 2017). This was correlated with
reduced NFE2L2, antioxidant catalase activity, promotion of cell proliferation and ECM
remodelling (Hood et al., 2017). Mitochondrial ROS has been shown to stimulate Nox2 activity
whilst, Nox2 has also been shown to stimulate mitochondrial ROS, suggesting that the cross
talk between mitochondria and Nox may be due to a feed-forward mechanism (Fukai and
Ushio-Fukai, 2020). Additionally, Nox1 upregulation by Ang-Il has also been linked to
mitochondrial dysfunction and vascular senescence (Schulz et al., 2014). The mechanism by

which Nox can stimulate mitochondrial ROS production remains unknown.

Another study demonstrated that when they employed a potent NFE2L2 and NQO1 activator,
Sulforaphane, it produced significant cardiac protection by preventing SuHx-induced RV
dysfunction, remodelling, inflammation, and RV fibrosis and also reduced pulmonary

dysfunction, inflammation and pulmonary fibrosis in male mice (Kang et al., 2020). Given the
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importance of NFE2L2, it has received a large amount of attention, all which point towards it

being protective.

Overall, in an attempt to reduce or prevent oxidative stress, a strong antioxidant response
must be generated, with the key gene transcription factors such as NFE2L2 and its
downstream target genes, NQO1 playing crucial roles. Thus, suppression of these genes will
likely play a role in contributing to ROS generation and oxidative stress within PAH (Qin et al.,

2022).
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Table 1.3. Examples of reactive oxygen species (ROS) and reactive nitrogen species (RNS)

generated free radicals

ROS and RNS

Superoxide (the most abundant)

Hydrogen peroxide

Hydroxyl radical (the most potent)
Singlet oxygen

Nitric oxide

Peroxynitrite

Lipid hydroperoxides

Alkoxyl radical

Peroxyl radical

Sulfate radical

Nitrogen-centered radical (Sp)
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1.4 Sex differences in PAH

Within the PAH population there is a 4:1 ratio of females versus males, thus, implying that
females have an increased susceptibility (Batton et al., 2018). Although PAH occurs more
commonly in women, it has been found that they have a greater survival outcome compared
to the males (DesJardin et al., 2024). The reason for this has been correlated to women having
better RV function where it can adapt more efficiently to the increased PVR (Swift et al.,
2015). Meanwhile, males have been associated with worse RV adaptation resulting in poorer
RV ejection and hence, lower SV values (Swift et al., 2015, Keen et al., 2020). Although, it must
be noted that the status of RV ejection and SV volume also greatly depends on other factors
including both age and race (Swift et al., 2015). This conflict between susceptibility versus
survival led to research focusing upon sex hormone signalling, particularly the role of estrogen
(E2) (Umar et al., 2012). Circulating E2 has been found to be elevated in pre-menopausal PAH,
post-menopausal PAH and male PAH patients (Denver et al., 2020, Baird et al., 2021, Dignam
etal., 2023). As a result, this led to the debate of whether elevated E2 proposed a greater risk
of developing PAH. However, as it stands a great deal of controversy remains between E2’s
function in PAH with further investigation required. We briefly review some of the literature

available regarding E2’s role below.

In healthy post-menopausal women using HRT, the higher E2 levels are correlated with
improved RV function and lower incidence of PAH (Rodriguez-Arias and Garcia-Alvarez, 2021).
As well as this, estrogen treatment following Sugen-hypoxia (SuHx) exposure in male and
female rat models has shown to also mediate protective effects within both the RV and
pulmonary vasculature (Liu et al., 2014, Frump et al., 2015). E2 treatment has also been
shown to mediate beneficial effects in the MCT model by reducing PASMC proliferation,
reducing vasoconstrictor ET-1 and upregulating vasodilator NO (Farhat et al., 1993, Yuan et
al., 2013). The female rats also manifest a milder PH phenotype with better survival rates
versus the male rats (Sun et al., 2021b). Additionally, ovariectomised female rats exhibit a
poorer PH status which is then alleviated by the treatment of E2 (Earley and Resta, 2002,
Umar et al., 2011). Whilst, in contrast inhibiting estrogen synthesis with aromatase inhibitors
such as anastrozole and metformin have shown to abolish the PH phenotype in female SuHx

rats and female chronic hypoxic mice, implying that E2 exerts a pathogenic role (Mair et al.,

34



2014b, Dean et al.,, 2016). Anastrozole was also found to reduce the PH phenotype by
lowering ROS within the pulmonary vasculature in obese mice that developed mild PH (Mair
et al., 2019). Estrogen inhibition has also been shown to prevent (fulvestrant and anastrozole)

and treat (tamoxifen) PAH in BMPR2 mutant mice (Chen et al., 2017b).

Another example of sex differences in PAH can be seen in the mutations for the BMPR2 gene.
Females are found to have a higher penetrance of the BMPR2 mutation (40%) versus the
males (14%) (Austin et al., 2009, Morris et al., 2021). E2 signalling has also been correlated
with reduced BMPR2 function in normal PASMCs without BMPR2 mutation and drives a pro-
proliferative phenotype in the PASMCs (Mair et al., 2015), suggesting that E2 may predispose
women to PAH and promote the development of PAH. As a whole, this can be referred to as

the sex paradox in PAH.

1.4.1 Estrogen

Estrogen serves as one of the major sex hormones in the female body. There are three
different types: estrone (E1), estradiol (E2) which also exists in two different isoforms, 17coE2
and 17BE2 and estriol (E3) (Cui et al., 2013). During a lifetime, the levels of each estrogen will
fluctuate significantly. Within healthy males aged between 26-77 years, the normal circulating
E2 level is 43-113 pmol/L (Vesper et al., 2014). In pre-menopausal women, E2 is the most
predominate estrogen, with its concentrations varying depending on the oestrous cycle, in
which normal ranges usually sit between 275-1650 pmol/L and in post-menopausal women
this falls to <40 pmol/L. Given that the E2 levels are significantly reduced within post-
menopausal women, they instead experience higher levels of E1 (Mendelsohn and Karas,
1999). Meanwhile, E3 is the dominating circulating estrogen in pregnant women, although

their E2 levels can increase to as much as 26 nmol/L (Cui et al., 2013, Baird et al., 2021).

1.4.2 Estrogen synthesis

The estrogens are synthesised from cholesterol, which takes place predominately in the
ovaries, placenta and to a lesser extent in the skin, liver, adipose tissue and brain (Cui et al.,
2013). Cholesterol will undergo a series of reactions mediated largely by members of the
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cytochrome P450 family (Tofovic, 2010) (Figure 1.9). Firstly, it will be converted into
pregnenolone via CYP11Al. This will then be followed by CYP17A1 to
dehydroepiandrosterone (DHEA) or 3[B-hydroxysteroid dehydrogenase (3BHSD) to
progesterone which is then converted into androstenedione (Lahm et al., 2014). This serves
as an intermediate which can be converted via CYP2C11 into 16a-hydroxyandrostenedione
or by 17B-hydroxysteriod dehydrogenase type 3 (173HSD3) into testosterone. E1 can then be
formed by CYP19A1, otherwise known as aromatase, catalysing androstenedione (Lahm et
al., 2014). As a result of E1, this can be transformed into 173-oestradiol by 173HSD1 or into
16a-hydroxyestrone by CYP1B1 which can then go onto form E3. At the same time, E3 can be
formed by aromatase catalysing 160.-hydroxyandrostenedione. Finally, 173-oestradiol can be

formed by the activity of aromatase catalysing testosterone (Lahm et al., 2014).
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Figure 1.9. The synthesis of E1, E2 and E3

Cholesterol serves as the precursor molecule which is converted into pregnenolone via the
cytochrome P450 (CYP) enzyme, CYP1A1l. The remainder of the reactions are also catalysed
predominately by the CYP enzymes. Pregnenolone is biotransformed into either
dehydroepiandrosterone (DHEA) or progesterone and then into androstenedione. This serves
as an intermediate which can be directly converted into: estrone (E1) via aromatase, estradiol
(E2) via conversion into testosterone or estriol (E3) via conversion into 16a-

hydroxyandrostenedione. Figure created with BioRender.com.
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1.4.3 Estrogen receptors

Once synthesised, estrogen will mediate its signalling through coupling to one of its three
receptors: ERa, ERB (which belong to the type 1 nuclear receptor family) and the g-protein-
coupled estrogen receptor (GPER). ER have been found to reside in the nucleus,
mitochondria, cytoplasm and plasma membrane as an extra-nuclear receptor (Revankar et
al., 2005, Levin and Hammes, 2016). Meanwhile GPER is expressed in the plasma membrane
as well as in the endoplasmic reticulum (Thomas et al., 2005) (Figure 1.10). The estrogen
receptors have been found to be present within cardiac cells including the cardiomyocytes,
fibroblasts and endothelial cells (Luo and Kim, 2016). Estrogen will diffuse into the cell where
it will then locate the ER and this will lead to detachment of the HSP protein and trigger
receptor dimerization. Here, they interact with chromatin at specific DNA sequences known
as estrogen response element (ERE) or transcription factors (AP-1, STATSs, Elk-1, CREB, NF-kB,
Sp-1 and ATF-2) which can lead to transactivation or transrepression of gene expression
(Zimmerman et al., 2016, Fuentes and Silveyra, 2019). These effects will usually take hours or
several days to occur, which can be defined as genomic activity (Liu et al., 2018). Meanwhile,
the extra-nuclear ER can mediate both genomic and non-genomic activity (Fuentes and
Silveyra, 2019). A great deal remains unknown regarding how these receptors travel to the
plasma membrane, although it does appear to require palmitoylation. Once at the
membrane, these receptors work in a G-protein coupled receptor (GPCR) manner by
signalling through associated GPCRs such as GPER1 and mGluRs (Klinge, 2008, Krentzel et al.,
2021). The non-genomic actions involve activation of four signalling pathways: 1)
cAMP/protein kinase A, 2) the phospholipase C (PLC)/protein kinase C, 3) the Ras/Ras/MAPK
pathway and 4) the phosphatidylinositol 3-kinase (P13K)/Akt signalling pathway (Fuentes and
Silveyra, 2019). Once at the plasma membrane, ERo. and ERP can also indirectly signal through
the genomic pathway. This occurs when the protein kinases can phosphorylate transcription
factor particularly, Elk-1, CREB and NF-kB allowing the ERa and ERJ to indirectly regulate
gene transcription (Fuentes and Silveyra, 2019). Hence, the extra-nuclear ER can also allow
estrogen to influence gene expression without binding to the cytosolic ER through the
classical nuclear translocation pathway. GPER was first identified following when studies

inhibited ERa and ERP and found that it did not abolish the effects of estrogen, indicating that
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there was another receptor present (Li et al., 2000, Ullrich et al., 2008). Unlike ERo. and ERp,
GPER is not able to bind to transcription factors and cannot directly regulate gene expression.
However, it may be able to influence the genes indirectly via activating particular proteins

that can then influence transcriptional activity (Romano and Gorelick, 2018).

In PAH, ERa has been reported to be highly expressed, especially in the PASMC in females,
meanwhile ERPB is markedly increased in the PASMC of PAH male patients (Wright et al.,
2015). The increased levels of ERo activates the extracellular signal-regulated kinase
(ERK)/mitogen activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt
signalling pathway which drives pro-proliferation within the PASMC and hence, pulmonary
remodelling (Wright et al., 2015). Meanwhile, the role of ERP3 has generated a protective
status due to its anti-proliferative activity (Warner and Gustafsson, 2010). ER3 knockout mice
have also exhibited increased mortality, and abnormal vascular function (Zhu et al., 2002).
Due to this, previous studies have employed ER[ agonists in male MCT rats and found that it
mediates protective activity by restoring lung and RV function and structure (Umar et al.,
2011). E2 therapy was not able to achieve these same results in the presence of a ERfB
antagonist, suggesting that E2 rescue action is likely mediated through ERB (Umar et al.,
2011).Alternatively, the GPER receptor is responsible for the rapid (occurring over seconds to
minutes) non genomic effects as a result of binding to estrogen (Liu et al., 2018). This
activation has shown to facilitate vasodilation as it stimulates the release of endothelial NO,
inhibits calcium channels whilst increasing the opening state of the potassium channels (Liu
et al., 2018). At the same time, it can counteract vasoconstriction by inhibiting the potent Ang
Il levels (Lindsey et al., 2014). Indeed, mice with GPER deficiency have increased production
of endothelial prostanoid thereby enhancing vasoconstricting activity (Meyer et al., 2012).
These findings do predict that GPER could serve as a protective factor in PAH. In support of
this, GPER mutations have also been correlated to obesity, cardiovascular dysfunctions,

insulin resistance and glucose intolerance (Prossnitz and Hathaway, 2015).
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Figure 1.10. Location of the estrogen receptors

Estrogen receptor ERa. and ERB have been found to reside in the nucleus, cytoplasm,
mitochondria and plasma membrane which belong to the type 1 nuclear receptor family.
Meanwhile, extra nuclear receptor G protein coupled estrogen receptor (GPER) is expressed

in the plasma membrane. Figure created with BioRender.com.

40



1.4.4 Estrogen in the pulmonary vasculature

Within human PAH patients, several lines of research point towards E2 contributing to the
progression of PAH given its higher prevalence in the females (Hester et al., 2019, Hye et al.,
2021). Studies have also shown in males that have higher circulating E2 levels, there is a
greater risk of developing PAH (Ventetuolo et al., 2016, Kawut et al., 2024). To solve this,
patients were treated with an aromatase inhibitor, known as anastrozole to block the
conversion of E2, and thereby reduce the circulating E2 levels (Kawut et al., 2024). Aromatase
expression has been detected within the smooth muscle layer of the pulmonary arteries from
both male and female control and PAH patients (Mair et al., 2014b). Anastrozole was found
to increase the 6-minute walk distance (6MWD) in a phase Il randomized clinical trial
(ClincialTrials.gov identifier: NCT03229499 and NCT01545336) at the six months’ time point,
meanwhile the placebo group had a reduced 6MWD (Kawut et al., 2024). As well as this,
estrogen receptor modulator (SERM), tamoxifen has also been recruited in a clinical trial of
PAH patients to antagonise estrogen production (ClinicalTrials.gov identifier: NCT03528902)
with results yet to be posted. When E2 is given exogenously in animal models of PH, it can
exhibit both protective effect as well as pathogenic effects within the pulmonary vasculature
(Yuanetal., 2013, Lahm et al., 2014). One of the first animal studies to establish E2 protection
was on ovariectomized hypoxic PH female rats, which produced a 10-20% worsening of
hemodynamic parameters, remodelling and erythropoiesis which was subsequently
alleviated by replacement of E2 (Resta et al., 2001, Earley and Resta, 2002, Xu et al., 2010).
Since, studies have found that treatment of E2 decreased vascular endothelial growth factor
secretion and cell proliferation within the lungs of hypoxia induced PH male rats (Lahm et al.,
2012). Similarly, another study demonstrated application of E2 suppressed PASMC
proliferation in chronic hypoxia male rats (Xu et al., 2010). In a study using male MCT rats, E2
was found to repair lung structure and function by restoring the loss of blood vessels (Umar
et al.,, 2011). The increased protection mediated by E2 in the animal models of PH could
represent that in human PAH there is altered E2 signalling. However, studies inhibiting
endogenous estrogen synthesis using anastrozole and metformin has also shown to attenuate
pulmonary hypertension as mentioned in section 1.4. The controversies in E2 signalling,
expression, and metabolism between both human PAH and PH animal models require further

investigation.
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1.4.5 Estrogen in the RV

Whilst it is unknown whether E2 exerts protective or pathogenic effects in the pulmonary
vascular system (PVS), it is believed to be beneficial in the context of the RV. This stemmed
from increased estrogen levels correlating to higher right ventricle ejection fractions (RVEF)
which is linked to improved survival in females (Ventetuolo et al., 2011). This in turn, improves
RV contractility without increasing afterload pressure thereby enhancing ventricular-vascular
coupling efficacy (Liu et al., 2017). In addition, repletion of E2 in rat models of PAH reduced
RV apoptotic signalling, oxidative stress, dysfunctional mitochondrial and expression of pro-
inflammatory cytokines. This attenuated RV hypertrophy and improved RV function under

both rest and exercising states (Frump et al., 2015).

Another study demonstrated that ERa is protective in female PAB rats, meanwhile female KO
ERa exhibit poorer RV function. Whilst the WT female rats RV function is preserved and
protected from RV-vascular uncoupling, diastolic dysfunction and fibrosis from the PAB RV
pressure overload (Cheng et al., 2020). Additionally, a previous study found that female rats
which were depleted in estrogen had reduced PGC-1a expression which as a result reduced
mitochondrial volume density (Scarpulla, 2011). Estrogen repletion was then able to preserve
RV PGC-1a. expression and hence, mitochondrial content (Liu et al., 2017). As a result of
normal mitochondrial function, this enabled for better RV contractility (Hsieh et al., 2005, Liu
et al., 2017). Currently, there is only one ongoing clinical study which is the first to examine
the effect of E2 precursor DHEA on RV function in a group of PAH patients (ClincialTrials.gov
identifier: NCT03648385).

1.4.6 The effects of estrogen on mitochondrial function

Estrogen can affect the mitochondria both indirectly via targeting the nucleus or directly by
regulating the expression of mitochondrial genes (Figure 1.11). Indirect modulation occurs via
ER binding to the ERE, activator protein 1 (Ap1) and specificity protein 1 (Sp1) of genes in the
nucleus (lorga et al., 2017). Here, they have been found to upregulate PGC-1a. which induces
NRF1 expression and this stimulates an increase in mitochondrial respiratory complex (MRC)
genes, mitochondrial transcription factor A (TFAM), mitochondrial transcription factor B

(TFBIM and TFB2M) which are then imported to the mitochondria (Klinge, 2008). This
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upregulates ETC oxidative phosphorylation and mtDNA transcription, thereby enhancing
mitochondria biogenesis (Klinge, 2008). However, the increase in mitochondrial number and
size has found to be cell specific (Irwin et al., 2008, Klinge, 2008, Rosario et al., 2009). For
instance, there was no increase in mitochondrial biogenesis following E2 treatment found in

ovariectomized rats brain cells (Irwin et al., 2008).

This binding of ER to E2 responsive genes in the nucleus is the long-established mechanism
regarding estrogens actions. However, both ERa and ER[ have been detected within the
mitochondria, with ERB accounting as the main receptor (Yang et al., 2009). Interestingly,
these receptors appear to be derived from the same genes which code for nuclear ERa and
ERP. This finding comes from an ERa/p knockout study which showed complete absence of
mitochondrial ER in the knockout mice (Pedram et al., 2006). Within MCF7 cells, the receptors
were identified in the mitochondrial matrix, however it is likely that the localisation of the ER
will vary depending on the cell type (Chen et al., 2004). Activation of these receptors via
binding to ER can directly influence mtDNA gene transcription and function. It has been
proposed that these effects are mediated via the plasma membrane ER receptors due to
conformational changes, rapid increases in cytosolic calcium and cAMP levels elicited upon
activation, although this does require further investigation (Improta-Brears et al., 1999,
Velarde, 2014). Exogenous estrogen treatment has shown to increase the levels of ETC
cytochrome c and complex IV subunits and reduce ROS expression (Razmara et al., 2007). This
repression in ROS was due to estrogen binding to ER and activating MAPK and NF-xB thereby
enhancing manganese superoxide dismutase (MnSOD) activity (Razmara et al., 2007). As
MnSOD is a major mtROS scavenger, this illustrated estrogens protective activity upon

mtDNA, however whether this plays a significant role remains undetermined.

Within the human mitochondrial genome, there has been a variety of partial ERE sites
detected in genes: cytochrome oxidase (CO) Il, 7S rRNA, 12S rRNA, D-loop region, tRNA-met,
unidentified reading frame 1 and 5 (Felty and Roy, 2005). Similarly, in the rat genome they
have been found in genes: CO |, CO Il, tRNA-gIn, CO b, URF 4, URF5, 12S rRNA, 16S rRNA and
D-loop region (Felty and Roy, 2005). Estrogen treatment has shown to enhance mitochondrial
gene transcription, demonstrated by a 3- to 16-fold increase in CO Il following E2 treatment
(Van Itallie and Dannies, 1988). The mechanism by which E2 achieves this remains unclear,
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however it is possible that the partial ERE may be responsible. As well as regulation of
transcription, estrogen has also been found to modulate the mitochondrial proteins. This was
revealed by E2 regulating FoF1 ATP synthase activity via binding to oligomycin sensitive-

conferring protein (Moreno et al., 2013).

Alongside ATP production, the mitochondria also serves as the site for estrogen biosynthesis
as it contains many of the required enzymes (Velarde, 2014). Even when estrogen is
administered exogenously it is preferentially translocated to the mitochondria. The high
fluidity of the mitochondria membranes and lipophilic nature of E2 allows for it to diffuse
easily into the mitochondria. Thus, the mitochondria essentially act as an “estrogen sink”
(Moreno et al., 2013). Once in the mitochondria, E2 has shown to selectively bind to ERE in
the D-loop region in both human and mouse mtDNA (Felty and Roy, 2005, Klinge, 2008). On
the other hand, estrogen helps to maintain low levels of ROS thereby preventing
mitochondrial damage. If the mitochondrial does become damaged this will inhibit estrogen
biosynthesis leading to a decline in estrogen levels and an increase in ROS production which

would further accelerates mitochondrial dysfunction (Velarde, 2014).
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Figure 1.11. Effects of estradiol on mitochondrial function

Genomic activity: estradiol (E2) diffuses into the cell and locates the estrogen receptor (ER)
in the cytoplasm, where it undergoes dimerization. In the genomic activity, the ERs are then
translocated to the nucleus where they bind to the estrogen responsive element (ERE) and
regulate expression of transcription factors including nuclear respiratory factor 1 (NRF1).
Concomitantly, peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-
la) expression is enhanced and together this stimulates mitochondrial biogenesis which is
responsible for the indirect effects upon mitochondrial function. Direct effects of E2: E2 binds
to ER within the mitochondria and induces an increase in mitochondrial RNA (mtRNA) activity
and manganese superoxide dismutase (MnSOD) and reduces reactive oxygen species (ROS)
generation. Non-genomic activity: E2 binds to extra-nuclear ER and G-protein coupled
estrogen receptor (GPER) activating cyclic adenosine monophosphate (cAMP), extracellular
signal regulated kinase / mitogen activated protein kinase (ERK/MAPK) and phosphoinositide

3-kinase (PI13K). Figure created with BioRender.com.
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1.4.7 Sex differences in mitochondrial function

Mitochondrial function differs between the sexes. It has been reported that women exert
greater mitochondrial respiration compared to men with similar VO2max (Farhat et al., 2017,
Cardinale et al., 2018). Above all, when the mitochondria reach dysfunctional it contributes
significantly to PAH development. One study which investigated the impact on mtDNA
mutations in both female and male mice with hypertension, found that the mutations have a
greater impact on the males (Golob et al., 2015). The male mice demonstrated significant
increases in arterial diameter, aortic pressure, ventricular pressure, E, and left circumflex
coronary arteries velocity (Golob et al., 2015). Meanwhile, in female mice there was no
significant increases in pressures and arterial stiffening detected. The protective mechanism

in the female mice is proposed to be partially estrogen mediated (Golob et al., 2015).

A housekeeping gene, 16S rRNA which reduces overtime with age was found to be increased
four-fold in female versus male rats of the same age (Borrds et al., 2003). As this is an indicator
of cellular aging, this implies that female mitochondria behave as though they are younger
than the male mitochondria (Borras et al., 2003). The same study also found that mtDNA
oxidative damage is four times higher in male rats compared to female (Borras et al., 2003).
This was explained by the higher expression and activity of mitochondrial antioxidant
enzymes glutathione peroxidase and MnSOD in the females. These were confirmed to be

more than double when compared to the males of the same age (Borras et al., 2003).

1.4.8 Sex differences within the RV mitochondrial function in PAH

Within PAH, clinical studies have shown that the mitochondria become dysfunctional,
however the underlying sex differences have not been examined likely due to the limited
number of PAH patients. Although, as described above, sex does indeed play a role in
mitochondrial function, and it is proposed that females will exert better mitochondrial
function within the RV in PAH. One study showed that female SuHx rats which underwent an
ovariectomy reduced mitochondrial density and PGCla protein expression levels which was
associated with impaired mitochondrial and RV function (Liu et al., 2014). Treatment with
exogenous E2 prior to PH induction preserved the PGCla level and restored mitochondria

and RV function (Liu et al., 2014). The differences between the exogenous and endogenous
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E2 on mitochondria function remains unclear. As well as this, it also remains unclear if the

better mitochondria and RV function is largely due to E2 activity.

1.5. Animal models of pulmonary hypertension

It has been discovered that the sex differences that occur in humans, are similar to that of
animals. Female rats present with a less severe PH phenotype due to better RV adaptation
and lower PAP than the males following chronic hypoxia induced PH (Rabinovitch et al., 1981).
However, the female preserved PH status is abolished following ovariectomy suggesting that
estrogen may be protective against PH (Earley and Resta, 2002). As with the chronic hypoxia
model, female sex also appears to be protective in the monocrotaline model (Umar et al.,
2011). However, the female sex is not always favored in the animal models of PH. Female
mice presenting with an overexpression of the serotonin transporter SERT+, developed
severe PAH which was attenuated by ovariectomy whilst the males SERT+ mice remained
unaffected (White et al., 2010). Hence, as with humans, the effects of estrogen can also be
dimorphic in the animal models of PH. We chose to utilize animal work into this project as it
serves as an invaluable tool for discovering the mechanisms of PH and its dimorphisms
between the two sexes. Within PH, there has been the development of various animal models
(Table 1.4). Despite this progression, there still remains to be a model developed which fully
mimics the PH characteristics that is seen in humans. Table 1.4 highlights some of the major
PH models which have been commonly used over the years, although it must be noted that

not all of the models are listed.

1.5.1 Monocrotaline model

The monocrotaline (MCT) model, derived from the plant Crotalaria spectabilis seeds was first
found to induce PH in rats in 1967 (Maarman et al., 2013). Nowadays, the alkaloid agent from
the plant will be injected into rats at a single subcutaneous dosage of (60-80 mg/kg)
(Maarman et al., 2013). This induces PASMC proliferation together with RV hypertrophy (Wu
et al., 2022). Alongside this, MCT will also induce hepatoxicity, myocarditis, renal insufficiency
and lung injury therefore its effects are not completely in line with PH as seen in humans (Wu
et al., 2022). The MCT model produces the most profound myocarditis and as a result the

MCT model has been critiqued for its toxicity, which has sparked concerns regarding animal
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welfare. As well as this, the MCT has yet to be confirmed to be able to recapitulate some of
the PH features (RV hypertrophy and PA remodeling) in the female rats, perhaps due to the
protective effects of estrogen or the differences in the metabolism (Long et al., 2022).
Therefore, making this an unfavorable model for studying the sex differences. In the male
rats, there is also the absence of the angio-proliferative lesions in the lungs similar to the

plexiform lesions in humans (Dignam et al., 2022)

1.5.2 Sugen-hypoxia model

The Sugen-5416 hypoxia (SuHx) model involves either a single or weekly subcutaneous
injection (20-25mg/kg) of a vascular endothelial growth factor receptor (VEGF) 1/2 antagonist
(Sugen) followed by 3 weeks in hypoxia (Vitali et al., 2014). Once returned to normoxia (for a
minimum duration of 3 weeks), the SuHx model will continue to worsen. The SuHx model is
best recapitulated within the rat species rather than the mice. The first study to test SuHx in
mice, illustrated that it did indeed provide some PAH hallmarks but did not mimic the severity
of PH (Ciuclan et al., 2011). It was found that the mouse model did not present with
obliterative angiopathy and the PA remodeling and RV hypertrophy reverted to normal after
exposure to normoxia preventing it from progressing to RV failure (Vitali, 2019). Thus, the rat
model is thought to best represent the pathological changes that occur within the pulmonary
vasculature. This is seen via the VEGF receptor antagonist inducing endothelial cell apoptosis
that eventually leads to progressive proliferative endotheliopathy, causing angio-obliterative
lesions to develop (Vitali et al., 2014). These lesions develop during the normoxia period and
are similar to the plexiform lesions that are seen in human PH patients, which do not form in
the MCT model. Therefore, SuHx model can be deemed as a sustained and progressive model,

which cannot be confirmed for the other models.

1.5.3 Pulmonary artery banding model

The pulmonary arterial banding (PAB) model focuses entirely on the RV failure response,
rather than the pulmonary aspect of the disease. It is appealing as it minimizes toxicity and
the need for hypoxia (Akazawa et al., 2020). This model has a real advantage given that RV
therapies are the most in demand when it comes to PH therapy/treatment (Akazawa et al.,

2020). Additionally, it can be performed on both mice and rats. This is where the pulmonary
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artery is banded via a clip or a silk suture, with the level of constriction altered accordingly
(Mamazhakypov et al., 2021). Once the clip/suture is put in place and tied the constriction
will then remain fixed. Typically, animals will be maintained for ~5 weeks which should be
sufficient time to produce an increase in RV pressure load (Akazawa et al., 2020). The greater
the constriction the more severe the outcome, with severe constriction groups resulting in

high mortality rates (Borgdorff et al., 2015).

1.5.4 Chronic hypoxia model

Lastly, the chronic hypoxia (CH) model involves exposure to 10% O, for 3-4 weeks in the
hypobaric chamber (Wu et al., 2022). This has shown to induce muscularization of the small
pulmonary arteries and veins as well as apoptosis of endothelial cells (Wu et al., 2022).
Alterations in the RV are limited with the CH model, with only signs of RV hypertrophy
occurring and minimum evidence of RV failure (Stenmark et al., 2009). As well as this, analysis
of the CH is limited as upon return to normoxia the CH model will slowly start to undergo
reversal of the pathological changes (Wu et al., 2022). Both rats and mice can be used for this
model, although the key features that lead to pulmonary remodeling are less pronounced in
the mouse model (Maarman et al., 2013). Thus, the CH model is a suitable model for less

severe PH.

Although, most studies will typically use one model, it is recommended to utilize them all
prior to proceeding to human studies (Akazawa et al., 2020). Nonetheless, each animal model

has aided our understanding in PAH significant amounts.

Table 1.4. List of pulmonary hypertension (PH) animal models

Model Species
Monocrotaline Rats
Sugen-hypoxia Rats
Pulmonary artery banding Rats/Mice
Chronic hypoxia Rats/Mice
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1.6 Treatments of PAH

As it stands, there is no cure for PAH. Although, over the years there has been a significant
improvement in PAH research leading to the implementation of a variety of medications.
However, prior to use in PAH, these medications were initially developed for systemic
vascular disease and therefore do not address PAH specific mechanisms (Dromparis et al.,
2010). These are categorised into four different classes: endothelin-1 receptor antagonists
(ETRA), prostanoids, soluble guanylate cyclase (sGC) and phosphodiesterase (PDE) 5 inhibitors
(Humbert and Ghofrani, 2016) (Table 1.5). Additionally, patients will also be recommended
to take calcium channel blockers, however these are believed to only benefit up to 5% of PAH
patient long termly (Medarov and Judson, 2015). All these drugs overlap in that their main

mechanism is to achieve vasodilation in the pulmonary arteries.

Following clinical severity assessments, if a patient can be classified as low risk, it is
recommended that they will be treated using monotherapy (Galie et al., 2016). If there is an
inadequate response, or if the patient is at a more advanced stage of the disease,
combinational therapy can be used as this has shown to produce a greater clinical outcome
(Galie et al.,, 2016). This will typically involve duo-therapy, for instance, prostanoid
epoprostenol combined with ETRA bosentan (Kemp et al., 2012). A clinical trial which took
place in 2020 directly compared triple oral therapy (selexipag, macitentan and tadalafil) with
double oral therapy (macitentan, tadalafil and placebo) in patients with newly diagnosed PAH
(TRITON study; NCT02558231). They demonstrated marked improvements in hemodynamic
parameters, however no differences between the two groups. Although they did suggest that
treatment with triple therapy (targeting three pathways) could slow down disease
progression versus double therapy (Chin et al., 2021). As well as this, in order to prevent
thrombosis and oedema from occurring, majority of patients will also be prescribed anti-
coagulation medication and diuretics (Galié et al., 2016). If all treatment options have been
exhausted and prove to be ineffective, lung transplantation can be offered if the patient is
deemed as a viable candidate (Long et al., 2011). Recently, a new line of treatment became
available which is a first-in-class fusion protein, named Sotatercept (Humbert et al., 2021).
Sotatercept was designed to trap members of the TGF-3 signal transduction superfamily,

including anti-proliferative BMPRII and pro-proliferative activin receptor type IIA (ActRIIA)
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(Doggrell, 2023, Humbert et al., 2023). Inhibition of the TGF-3 superfamily members has been
found to promote inhibition of the excessive proliferation of the vasculature cells and
enhance apoptotic signalling, thereby reducing the pulmonary vascular remodelling and
inflammation (Yung et al., 2020, Andre et al., 2021, Joshi et al., 2022). Recently, Sotatercept
passed the STELLAR phase Ill trial and was approved by the FDA for the treatment of PAH
(March, 2024) in adults, sold under the brand name Winreviar (Kingwell, 2024). The results
from the STELLAR trial following 24-weeks of treatment with Sotatercept on RV function
demonstrated an improvement in haemodynamic parameters by reducing mPAP, RV work
and power and overall improving cardiac function following RHC (Souza et al., 2023).
Following echocardiography analysis, Sotatercept revealed an improvement in right
ventricular-pulmonary artery coupling (RV-PA), a reduction in tricuspid regurgitation, an
increase in RV fractional area change (RVFAC) and reduction in RV volume. Overall,
Sotatercept does illustrate a substantial improvement on RV function (Souza et al., 2023).
Extension studies are ongoing with Sotatcerpt regarding its safety and tolerability with the
likelihood of being completed in 2027 (Kingwell, 2024). Nonetheless, this marks a huge

milestone and breakthrough for the treatment of PAH.

In PAH, diagnosis usually takes place once the disease is well established. Therefore,
treatment intervention works to target the structural and functional changes which have
already taken place to prevent this from progressing, whilst also alleviating the patients’
symptoms. The current pharmacological treatments have shown to increase survival rates;
however, they cannot reverse the pathological pulmonary remodelling. Additionally, all these
therapies target the vasoconstriction component, with no therapies targeting the RV directly.
This is important as RV function is one of the main determinants of mortality. Thus, there is a
great need for novel therapeutics which are able to reverse the pulmonary vascular

remodelling as well as target the RV dysfunction.
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Table 1.5. Current medications involved in the treatment of pulmonary hypertension (PAH)

(Humbert and Ghofrani, 2016, Humbert et al., 2022b, Souza et al., 2023)

Drug Class Approved drugs

ET-1 receptor antagonists Bosentan
Macitentan
Ambrisentan
Prostanoids Epoprostenol

Treprostinil

Beraprost

lloprost

PDE 5 inhibitors Sildenafil

Tadalafil

Calcium channel blockers Amlodipine
Guanylate cyclase stimulators Riociguat
Activin signalling inhibitor Sotatercept

ol
N

Route of administration
Oral

Oral

Oral

Intravenous

Intravenous, oral, inhaled,

subcutaneous

Inhaled

Oral or Intravenous
Oral

Intravenous, oral
Oral

Subcutaneous injection



1.6.1 Targeting the mitochondria in PAH

It is understood that targeting mitochondrial function may be essential in regressing PAH
development. Particularly cells such as the cardiomyocytes rely on the mitochondria for
almost 90% of ATP production (Piquereau et al., 2013). To date, studies have been carried out
using a PDK inhibitor known as dichloroacetate (DCA) which has been able to improve the PH
phenotype in the PAH animal models and improve symptoms in some PAH patients (Culley
and Chan, 2018). Small interfering RNA (siRNA) has also been employed to reduce PDK
expression which was able to normalize mitochondrial metabolism by restoring mitochondrial
activity and improving normal cell phenotype (Yuan et al., 2016). The inhibition of PDK via
siRNA approach and DCA promotes upregulation of PDH activity and restoration of oxygen
consumption rate (OCR) (Tian et al., 2020a). This reduces mitochondrial fission, collagen
production, stabilises rates of proliferation and apoptosis as well as reduces fibrosis (Tian et
al., 2020a). Indeed, this lowers RV pressures, improves contractility and overall, RV function

(Tian et al., 2020a).

A novel mitochondria tetrapeptide, elamipretide has been found to diffuse across the OMM
and bind to cardiolipin in the IMM (Sabbah et al., 2016). Cardiolipin is almost exclusively found
in the IMM, where it interacts with a myriad of proteins, enzymes and metabolite carriers
involved in oxidative phosphorylation (Paradies et al., 2019). When elamipretide binds to
cardiolipin it has shown to inhibit the cardiolipin-cytochrome c¢ formation, reduce ROS
generation and caspase-3 activation, consequently suppressing apoptotic pathways (Sabbah
et al., 2016). At the same time, it enhances ATP synthesis, improving mitochondrial function
and has been able to attenuate PAH induced by transverse aortic constriction (TAC) in mice
(Lu et al., 2016a). Another drug which limits ROS production is an xanthine oxidase inhibitor,
allopurinol. This is an FDA urate-lowering medication used in a variety of conditions and has
been largely studied in cancer, with recent investigations underway in PAH. It has revealed to
enhance myocardial efficiency and ameliorate hypoxia in rat PAH models (Badlam and Bull,

2017).
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Additionally, there has been inhibitors developed which target members of the apoptosis
inhibitor family, including YM155 which inhibits survivin expression. Survivin localizes itself to
the mitochondria and is highly expressed in PAH animal models (Dohi et al., 2004).
Conversely, it is usually undetectable in non-PAH tissue and therefore also serves as a
valuable PAH marker. YM155 treatment in a PAH animal model has demonstrated to reverse
the proliferation stimulated by hypoxia and upregulate apoptosis (Zhang et al., 2016).
Similarly, another study revealed that YM155 treatment reduced right ventricular systolic

pressure (RVSP) and RV hypertrophy (Blanco et al., 2019).

The fatty acid oxidative (FAO) pathway has also been targeted to promote activation of PDH
via the randle cycle. Trimetazidine, an FAO inhibitor leads to improved glucose oxidation and
has been studied in a PAH context. Here, they found an increase in glucose oxidation which
lead to improved RVEF and capacity (Sakti Muliawan et al., 2020). Another FAO inhibitor,
ranolazine has demonstrated therapeutic benefits in PAH animal models in which it
attenuated monocrotaline induced PAH and RV dysfunction (Liles et al., 2012). Ranolazine
studied amongst symptomatic PAH patients was found to be safe, well tolerated and able to
reduce RV size and improve systolic function (Khan et al., 2015, Gomberg-Maitland et al.,
2015). Both trimetazidine and ranolazine are already approved for use in the treatment of
angina and have undergone clinical trials for use in PAH. However, neither yielded success as
they did not reach within the therapeutic range due to potential under-dosing, heterogeneity
of patients, differences in PAH severity and the multitude of background therapies (Gomberg-

Maitland et al., 2015, Sitbon et al., 2019).

Inhibition of NFAT by VIVT or cyclosporine has shown to depolarise the mitochondrial
membrane potential which leads to efflux of cytochrome c, increase in ROS production and
apoptosis (Dromparis et al., 2010). In the monocrotaline rat model, this reversed both
pulmonary remodelling and RV hypertrophy (Bonnet et al.,, 2007, Chen et al,
2017a). Therefore, NFAT inhibition could be a useful therapeutic strategy in human
PAH. Initially, targeting mitochondria metabolism was studied for cancer therapy, with it only

recently emerging as a PAH target. Although, it is doubtful that targeting a single
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mitochondrial pathway will be able to attenuate PAH, instead, approaches which target

downstream/upstream multifactorial signalling pathways will be necessary.

1.6.2 Mitochondria targeted MitoQ as a potential therapeutic in PAH

Mitoquinone (MitoQ) composed of coenzyme Q 10 and lipophilic triphenylphosiumcation
(TPP*) works as a mitochondrial targeted antioxidant drug (Figure 1.12) (Gottwald et al., 2018,
Punetha et al., 2023). The lipophilic TPP* cation makes it possible for MitoQ to enter into the
mitochondrial IMM by passing easily through the phospholipid bilayers where it can
accumulate within the mitochondria (Pak et al., 2018). Once accumulated within the
mitochondria, it is absorbed into the matrix surface of the IMM (Smith and Murphy, 2010).
The active ubiquinol can be oxidised by ROS to the inactive ubiquone. Ubiquone will then be
recycled to the active quinol form by complex Il (Smith and Murphy, 2010). MitoQ has been
confirmed to be protective against lipid peroxidation (Kelso et al., 2001, Asin-Cayuela et al.,
2004). Additionally, it has shown promising results in isolated mitochondria, tissue, cells, and
animal studies and has been utilised in many clinical trials to help in the treatment and
symptoms of multiple sclerosis (ClincialTrials.gov identifier: NCT03166800), breast cancer
(ClincialTrials.gov identifier: NCT05146843), severe viral illness (ClincialTrials.gov identifier:
NCT05381454), asthma (ClincialTrials.gov identifier: NCT04026711), Parkinson’s disease
(ClincialTrials.gov identifier: NCT00329056), hepatitis C (ClincialTrials.gov identifier:
NCT00433108), chronic kidney disease (ClincialTrials.gov identifier: NCT02364648), COPD
(ClincialTrials.gov identifier: NCT05605548), ulcerative colitis (ClincialTrials.gov identifier:
NCT05539625) and sickle cell anaemia (ClincialTrials.gov identifier: NCT04109820).

MitoQ has been tested in mice which underwent PAB or chronic hypoxic exposure for 4 weeks
to induce PH. It was confirmed that MitoQ was protective against acute hypoxia induced
increases in superoxide but not chronic hypoxia induced PH (Pak et al., 2018). MitoQ
treatment did however reduce RV hypertrophy and dilatation in the chronic hypoxic mice
(Pak et al., 2018). Similarly, MitoQ treatment reduced superoxide concentration within the
RV and also attenuated RV dilatation and hypertrophy and as a result, prevented RV

dysfunction following PAB (Pak et al., 2018). Male rats which were exposed to chronic hypoxia
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for 4 weeks were treated with MitoQ prior to their placement in the hypoxia chambers. MitoQ
had no effect on their body weight, attenuated RV hypertrophy and reduced RVSP (Yan et al.,
2023). Rats which were placed into a hypoxia chamber for 15 days but exposed to intermittent
short duration reoxygenation (three times for one hour per day) were treated with MitoQ
during their reoxygenation period (Li et al., 2024b). They found that MitoQ reduced RVSP, the
thickness of RV free wall and hence, RV hypertrophy index values, the thickness of the larger
distal arteries and proliferation of the PASMCs (Li et al., 2024b). To date, there has been no
studies directly testing MitoQ on SuHx animal models in both sexes, however there is one
study which tests on primary microvascular endothelial cells (MVECs) extracted from male 4-
month-old Wistar SuHx rats, which were placed into hypoxia for 3 weeks followed by 2 weeks
in normoxia. MitoQ was found to attenuate migration and proliferation, Ca?* entry induced

by TRPV4 and mitochondrial fragmentation in SuHx MVECs (Suresh et al., 2019).

Figure 1.12. Chemical structure of Mitoquinone (MitoQ)
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1.7 Hypothesis and aims

Mitochondria have been envisaged as a promising target given their crucial role in RV function
and its clear suppression in PAH. Given that mitochondrial function is impaired in PAH, and
that fibrosis and oxidative stress are exacerbated in the failing RV, we hypothesize that there
is a sex difference in mitochondrial properties (dynamics, membrane potential and
superoxide levels) in the RV in PAH and restoring mitochondrial function could restore normal
cellular phenotype and improve RV function in PAH. To help us achieve this, we propose that
reducing oxidative stress via a mitochondria-targeted antioxidant, MitoQ, will reduce RV
fibrosis and hypertrophy and improve RV function in PAH via NFE2L2-ROS pathway. In
addition, given that males demonstrate a worse PH status than the females, we propose that

the effects we will see from MitoQ treatment will be more pronounced in males.

The individual aims are:

1. Characterize sex differences in the SuHx PH rat model. To characterize the SuHx rat
model and examine the sex differences in hemodynamic parameters, RV hypertrophy
and fibrosis (i.e., interstitial collagen deposition), and cell proliferation.

2. Assess the sex differences in RV and lung mitochondrial function. To examine the RV
mitochondrial dynamics (fusion vs. fission), membrane potential, and superoxide
production from male and female SuHx RV tissue. Additionally, we examine the
mitochondrial genes linked to mitochondrial dynamics, membrane potential, and
superoxide production from the rat RV and lung. We also examine whether SuHx
influences RCA remodeling by examining the perivascular collagen deposition and
intima-media thickness and the associated sex differences.

3. Investigate the role of a mitochondria-targeted antioxidant drug, MitoQ, on human
cardiac fibroblasts and male MCT RV fibroblasts in vitro and SuHx rats in vivo. To
investigate the mitochondrial superoxide production using human cardiac fibroblasts
exposed to hypoxia and treated with MitoQ and estradiol (E2). Similarly, we test MitoQ
and E2 on male MCT RV fibroblasts and examine their collagen and NFE2L2 protein
expression following treatment. We then follow up by directly treating SuHx rats in vivo

with MitoQ and examining the benefits of MitoQ on RV function.

57



58

CHAPTER 2



2. Materials and Methods

2.1 Materials and chemicals

Table 2.1. List of materials and chemicals that were used in the experiments

prep system

Materials and Chemicals | Supplier Catalogue number or
RefSeqNumber
RNase-free DNase kit Qiagen 79254
miRNeasy Qiagen 217004
Stainless steel beads Qiagen 69989
QIAzol lysis reagent Qiagen 79306
SYBR green master mix Thermo Scientific 10658255
Reverse transcription kit Thermo Scientific 10117254
PCR 96 well plates Thermo Scientific 10670986
96 well PCR seals Thermo Scientific 11570274
PCR 384 well plates Thermo Scientific 10005724
384 well PCR seals Thermo Scientific 10567414
PBS tablets Thermo Scientific 18912014
Hanks’ Balanced Salt | Thermo Scientific WD3187641
Solution (HBSS, without
Ca?"Mg?)
L-glutamine Merck G7513
Penicillin/streptomycin Thermo Scientific 15140122
Fetal bovine serum Lab tech FB1001500
Tryspin Thermo Scientific R0O01100
UltraPure™ Distilled water | Invitrogen 2692477
DNAase/RNAase free
RNAase Zap™ Thermo Scientific 01074932
ReliaPrep™ RNA cell mini | Promega 0000574367

59




LUNA universal master mix | New England biolabs 10204127
HK2 primer IDT NM012735
PPARGC1A primer IDT NM031347
TFAM primer IDT NM031326
NRF1 primer IDT NMO001100708
NRF2 primer IDT NM001108841
MFN1 primer IDT NM138976
ESR1 primer IDT NM012754
TSC22D1 primer IDT MNO001109912
ESR2 primer IDT NM012754
HSP90aa1 IDT NM175761
MFN2 primer IDT NM014874
DNM2 primer IDT NM013199
OPA1 primer IDT NM133585
NFE2L2 primer IDT NM031789
NQO1 primer IDT NM017000
SOD2 primer IDT NM017051
MAO-A primer IDT NM033653
LTBP2 primer IDT NM021586
TGFB1 primer IDT NM021578
CTGF primer IDT NM022266
COL 1A1 primer IDT NM053304
COL 3A1 primer IDT NM032085
GAPDH primer IDT NM017008
20X TBS Tween™ 20 buffer | Thermo scientific YD366733
NuPage SeeBlu™ plus 2 | Invitrogen 2818371
prestained standard

marker

Pierce™ BCA protein assay | Thermo scientific WG327907

kit
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LDS NuPage sample buffer | Invitrogen 2394081
Transfer buffer (20X) Novex by life technologies | 2461350
NuPage™ SDS running | Invitrogen 2683236
buffer (20X)

Antioxidant Thermo Scientific NPO005
SuperBlock™ T20 (TBS) | Thermo scientific YB365093
blocking buffer

PVDF membrane Thermo scientific SC2304912A
Bovine serum albium Sigma Aldrich 9048468
Skim milk powder Millipore 70166
Methanol VWR 20847307
NuPAGE™ 4-12% Bis-Tris | Invitrogen 22020411
mini precast

polyacrylamide gels

1.0mm x 10 well

NFE2L2 antibody Invitrogen YJ3965233
GAPDH antibody Abcam AB8245
Anti-rabbit Sigma A0545
Pierce ECL western | Thermo Scientific YF367056
blotting substrate

Pierce RIPA buffer Thermo Scientific YC365115
Restore™ PLUS western | Thermo scientific XJ357026
blot stripping buffer

SU 5416 Tocris 204005469
Carboxymethylcelluose Sigma 9004324
sodium

HEPES Sigma SLBL2149V
Sodium chloride Sigma SZBE2100V
Polysorbate 80 Sigma 11211P12
Benzyl alcohol Sigma SHBK5943
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Isoflurane Covetrus 2800025
Formalin Merck HT50112
Millar pressure volume | AD instruments SPR869NR
catheter

MitoQ Selleckchem 58978
NucBlu Thermo Scientific R37605
MitoSox™  mitochondrial | Thermo Scientific 2647630
superoxide indicator

MitoTracker™ green FM Invitrogen 2301075
TMRM Thermo Scientific T668
13mm coverslips VWR 6311578
Mr Frosty™ Freezing | Thermo Scientific 51000001
container

Cryovials Star lab 21121
Ki-67 Cell signalling 12075S
1.5ml centrifuge tubes Star lab K195636H
50ml falcon tube Corning 30622006
15ml falcon tube Corning 30022001
2ml centrifuge tubes Eppendorf 0030120094
Penicillin-Streptomycin Merck P4458
17B-Estradiol Merck 3301

T75 flask Corning 14423038
T25 flask TPP 20210196
BioLite™ 35mm cell | Thermo Scientific 130180
culture treated surface

petri dish

BioLite™ 60mm cell | Thermo Scientific 130181

culture treated surface

petri dish
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Hypoxia incubator | Stem cell technologies 27310
chamber
BioLite™ 100mm  cell | Thermo Scientific 130182
culture treated surface
petri dish
Mitoquinone Cambridge bioscience CAY29317
Female human cardiac | Promocell 49470436
fibroblasts
Male human cardiac | Promocell 47970181
fibroblasts
Fibroblast growth medium | Promocell C-23025
3
Growth medium 3 | Promocell C-39345
supplement mix
Phosphate buffered saline | Gibco 2662260
(PBS)
TrypLE™Express Gibco 12604013
DMSO Merck D2650
Monocrotaline rat (male) | Kindly donated from Dr. | N/A
RV fibroblasts Lian Tian post-doctoral

study.
Dulbeccos Modified Eagle | Gibco 2662099
Medium (DMEM)
Ethanol Supelco 11307083
Xylene substitute Thermo Scientific 10524305
Picrosirius red Abcam Ab246832
H&E staining kit | Abcam Ab245880
(Haematoxylin and Eosin)
DPX Merck 0652
Elastin stain (miller) TCS HS780
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Van Gieson TCS HS780
Goat serum Thermo Scientific 10098792
Square 22x22mm glass | Fisher Scientific 12363138
cover slip

Histoclear National Diagnostics HS200
Biopsy cassettes Thermo Scientific 11651210
Methanol VWR 221234017
Eosin Y solution TCS Biosciences 210103
Bovine serum albumin Sigma-Aldrich A9647
2-Mercaptoethanol Sigma-Alright M3148
Cell lysis buffer (10X) Cell signalling 9803S
Triton X-100 Merck 19284
Prolong gold antifade Invitrogen 11569306
BLOXall blocking solution | Vector Laboratories ZK0501
PCNA antibody Abcam Ab18197
Impact AEC substrate kit Vector Laboratories ZK0417
2.5% normal horse serum | Vector Laboratories ZK0314
Aquatex Sigma Aldrich 10856200
Square 40mm glass cover | Fisher Scientific 12363128
slip

Square 50mm glass cover | Fisher Scientific 12373128
slip

Superfrost™ plus adhesion | Epredia 101123-9
microscope slides

(25x75x1mm)

ImMmPRESS HRP horse | Vector laboratories ZK0830
anti-rabbit IgG polymer kit

ImMmPRESS HRP Horse | Vector laboratories 710112
anti-mouse IgG polymer kit

Citric acid Fisher Scientific BP339500
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Sodium citrate Fisher Scientific 1884595
Tween 20 Sigma Aldrich 9005645
Col1a1 Cell signalling CST91144S
E2 Merck E2758
TFAM Invitrogen PA529571
NFE2L2 Invitrogen PA588084
Ki-67 Cell signalling CST12075S
488 goat anti-rabbit IgG Invitrogen A11034
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2.2 Animal studies

2.2.1 Ethical approval

All animal studies were performed in the Strathclyde biological procedures unit (BPU) under
the personal license numbers (195560681) and (197819091) and project license number
(PP4061704) held by Dr. Lian Tian (University of Strathclyde, Glasgow). All experiments were

approved by the Home Office UK in compliance with the Animals Procedures Act 1986.

2.2.2 Animal model of PAH

2.2.3 Animals

Male and female Sprague-Dawley (SD) rats were obtained from Envigo (Bicester, UK). Upon
arrival to the BPU they were quarantined for at least 7 days to allow for acclimatisation prior
to use in experimental procedures. All animals arrived at Strathclyde BPU at 6 weeks old,
with experiments beginning at week 7 or 8. Rats were randomly assigned to treatment

groups.

2.2.4 SuHx rat model of PAH

Both male and female SD rats received a single subcutaneous injection of SU5416 (25mg/kg)
in line with the following literature (de Raaf et al., 2014, Labazi et al., 2023). Prior to injections
rats were weighed, with females weighing between 150-170g and males between 180-240g.
Sugen (25mg/kg) was dissolved in 0.5% carboxymethyl cellulose (CMC) (0.9% sodium chloride,
0.4% polysorbate 80 and 0.9% benzyl alcohol in dH,0). Male and female SD control rats

received a single dose of vehicle (0.5% CMC) and remained in normoxia for up to 8 weeks.

Following Sugen injection, male and female SD rats were placed into the hypobaric chambers
in their cages which had ad libitum access to food and water. The atmospheric pressure within
the chambers was slowly dropped on the first day from 1000mbar to 750mbar at a rate of
50mbar every 30 minutes to allow the rats to acclimatise to the hypoxia. On the second day
the pressure was further dropped from 750mbar to 550mbar. The pressure remained here

(10% oxygen and 90% nitrogen) until the cages needed to be changed (once or twice weekly)
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and then otherwise until the end of their time in hypoxia (approx. 3 weeks). The atmospheric
pressure was increased in a similar rate of 100mbar at 30-minute intervals from 550mbar to
1000mbar when required. After the 3 weeks in hypoxia, rats were then placed in normoxia

for up to 5 weeks (Figure 2.1).
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Injection of Sugen
6 week old rat (SU5416)

PV loop
Mito imaging
Tissue harvest

Hypoxia (10% Oxygen)

3 weeks

6 week old rat | |Injection of vehicle (CMC)

PV loop
Mito imaging
Tissue harvest

Figure 2.1. Schematic illustration of protocol timeline

Upon arrival to the SIPBS biological procedures unit (BPU) at 6 weeks old, male and female
Sprague-dawley rats were given a subcutaneous injection of Sugen (SU5416) or vehicle and
then exposed to hypoxia for 3 weeks followed by 5 weeks in normoxia or up to 8 weeks in
normoxia. Rats were then hemodynamically assessed by obtaining pressure-volume (P-V)
loop data and after the rats were sacrificed their tissues were collected for future

downstream experiments.
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2.2.5 SuHx rats treated with MitoQ

In a separate animal study, we followed the exact same protocol to achieve the SuHx induced
PH rat model, with the rats placed into normoxia for up to 4-weeks, instead of the 5 weeks.
During their 4 weeks in normoxia, rats were treated with a mitochondrial targeted antioxidant
drug Mitoquinone (MitoQ; 5 mg/kg) twice weekly (commencing approximately one week
after rats were placed into normoxia) via intraperitoneal (IP) injections. Control rats also
received an IP injection of 5% dimethylsulfoxide (DMSO) in PBS, twice weekly. At the end of
the 4 -weeks, rats underwent pressure-volume (PV) loop measurement and were sacrificed

via anaesthetic overload with the heart and lung tissue harvested.

2.2.6 MitoQ preparation

Mitoquinone (MitoQ) (Sellekchem, MW = 678.8) was prepared by dissolving in PBS with 5%
dimethylsulfoxide (DMSO) to obtain a working solution of 2.5mg/mL (5mg/kg) as based on

the current literature (Chandran et al., 2009, Xiao et al., 2017, Li et al., 2024a).

2.2.7 In vivo pressure-volume measurement

The rats were placed into an induction chamber where they were anaesthetized by inhalation
of 4% of isoflurane supplemented with O, Following successful induction of anaesthetic, the
rats were weighed and the anaesthetic (3% isoflurane) was maintained via a face mask.
The rats were placed in the supine position and the depth of anaesthetic was measured
by pinching the toe prior to all experiments. Rats were then intubated via insertion of
endotracheal tube to supply anaesthetic (3% isoflurane) in oxygen during the surgical
procedure. The animals were also placed on a heat mat with a rectal probe to ensure their
body temperature was within range (37.5°C to 37.8°C) during anaesthesia. Endotracheal

intubations were carried out by either Dr. Lian Tian or myself.

The rats were anaesthetised and the fur was removed to allow for the skin to be exposed. A

cut was made over the xiphoid cartilage. The cartilage was then used to guide the cut through
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the chest wall in a lateral manner at both sides until the diaphragm was seen. The diaphragm
was then cut through carefully until the heart became clearly visible. Forceps were used to
remove any pericardium tissue attached to the heart. A 26-gauge needle was inserted directly
in the RV to create an incision which was then removed. The Millar ultra-PV catheter tip (SPR-
869NR; AD Instruments, Oxfordshire, UK) was inserted into the incision. Adjustment of the
catheter was made until the PV loop remained stable. Once stabilised, the PV loop was then
recorded for 10 minutes with the PowerlLab 35 series data acquisition system with Labchart
Pro. The same procedure was then applied to the LV. All PV loop measurements were

performed by Dr Lian Tian.

2.2.8 Tissue harvest

After PV loop measurements were taken, rats were sacrificed via anaesthetic overdose (5%
isoflurane), followed by the heart and lungs removed entirely. To ensure the measurements
were only of the ventricles, the atria and connective tissue were removed. For some rats prior
to tissue sectioning and storage, two very small fresh pieces of RV (less than 1% of the whole
RV weight) were taken for confocal imaging immediately after tissue harvest. Then the RV
and LV plus septum weights were recorded and Fulton index was calculated as the ratio of RV
weight to LV+Septum weight. Three or four pieces of the RV and LV were then sectioned and
snap-frozen in liquid nitrogen for quantitative polymerase chain reaction (qPCR) and western
blot at a later date. Another piece of RV and LV+septum was fixed in 10% formalin in which it
remained in for more than 2 days. Finally, four pieces of lung tissues from the right lung were
sectioned and snap-frozen for use at a later date, whilst the left lung was perfused until the
lung appeared fully inflated and fixed in 10% formalin for more than 2 days. All samples which

were snap-frozen were then stored in the -80 freezer until future use.

2.2.9 Pressure-volume data analysis

Left ventricle systolic pressure (LVSP) and left ventricle end diastolic pressure (LVEDP) were
obtained from the LV PV loop recordings. RV systolic pressure (RVSP), RV end diastolic
pressure (RVEDP) and HR were obtained from the RV PV loop recordings. The pulmonary
effective arterial elastance (Ea) was calculated as the RV end-systolic pressure divided by the
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SV, which is an estimate of the pulmonary vascular load and hence, RV afterload. The RV end-
systolic elastance (Ees) is a measurement of ventricular contractility and was estimated by
the single-beat method (Takeuchi et al., 1991, Shishido et al., 2000, Brimioulle et al., 2003,
Bellofiore et al., 2018, Tian et al., 2020b). RV-pulmonary vascular coupling was defined as the

Ees/Ea ratio which determines the efficiency of RV’s response to RV afterload.

2.3 Imaging on mitochondria in fresh RV tissues and analysis

2.3.1 Mitochondrial superoxide, membrane potential and morphology measurements

Two small fresh pieces of the RV free wall were taken immediately after the heart was
harvested and placed into a 12-well plate with chilled Hanks’ balanced salt solution (HBSS).
30nM of TMRM (indicator of mitochondrial membrane potential; Table 2.2) and 300nm of
MitoTracker green (staining mitochondria) were added to a dish followed by two drops of
NucBlue® Live ReadyProbes® Reagent to stain the nucleus. Similarly, 5uM of MitoSOX
(Mitochondrial Superoxide indicator) was then added to a separate dish with two drops of
NucBlue® Live ReadyProbes® Reagent. The tissue was then incubated for 15 minutes for
MitoSox and 30 minutes for TMRM and MitoTracker green at 37°C, 17-21% O, and 5% CO..
The tissue was then quickly washed in HBSS and transferred onto 35mm glass bottom dish
with HBSS with a coverslip on top of the tissue to ensure good contact of the tissue with the
glass bottom. Images were captured using the Leica TCS SP8 confocal microscope on the Leica

Application Suite X (LAS X) software (Leica SP8; Leica Microsystems, Wetzlar, Germany).
TMRM is used an indicator of the mitochondrial membrane potential. MitoTracker green

stains mitochondria and is used to measure mitochondrial morphology. MitoSOXis used

to determine mitochondrial superoxide and NucBlue is used to stain the nucleus.
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Table 2.2. List of mitochondrial dyes

Dye used Concentration Staining

TMRM 30nm Mitochondrial membrane
potential

MitoTracker green 300nm Mitochondrial morphology

MitoSOX 5uM Mitochondrial superoxide

NucBlue Two drops/ml Nucleus

2.3.2 Image analysis

MitoSox and TMRM intensity were quantified using the Image) software (National

Institutes of Health, Bethesda, MD, USA). This was achieved by placing a rectangle box on

top of the region of interest (ROI) to obtain the mean fluorescent intensity value. The

same measurements for the rectangle box were used consistently throughout. Around 3

to 6 ROI were taken for each individual image, these were then averaged. Each animal

had around 7-15 images and the final average was then plotted as the data for this

animal. For mitochondrial morphology, one of the grades (0, 1, 2, and 3) was given for

each image depending on the morphology of the mitochondria. The higher the grade is,

the more filamentous or less fragmented the mitochondria are. The grades of images

from the same animal were then averaged as the data for that animal.
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2.4 Quantitative PCR on RV

Table 2.3. List of primers and their sequences

Primers Primer sequences Company

PCGa 5’-ACCCACAGAGAACAGAAACAG-3’ Forward | IDT
5’-GGTCAGAGGAAGAGATAAAGTTGT-3’

Reverse

ESR1 5’-CAATGCACCATCGATAAGAACC-3’ Forward
5’-GCTTCAACATTCTCCCTCCTC-3’ Reverse

ESR2 5’-GGTGATTGCGAAGAGTGGTAT-3’ Forward
5’-CAGATGTTCCATGCCCTTGT-3’ Reverse

NRF1 5’-GATGCTTCAGAACTGCCAAC-3’ Forward
5’-GTCATTTCACCGCCCTGTA-3’ Reverse

NRF2 5’-CTCAGAGCAAGTGACGAGAT-3’ Forward
5’-ACTCCTTCATTACCCAAACCAC-3’ Reverse

TSC22D1 5-CTGCTTCTCTCTTCCCGTTG-3’ Forward
5’-TTGCACCAGATCCATAGCTTGC-3’ Reverse

SOD2 5’-CGACCTACGTGAACAATCTGA-3’ Forward
5’-ATTGAACTTCAGTGCAGGCT-3’ Reverse

TFAM 5’-AGCTAAACACCCAGATGCAA-3’ Forward
5’-GTACACCTTCCACTCAGCTTT-3’ Reverse

HSP90aa1 5’-GGTGCGGTTAGTCACGTTT-3’ Forward
5’-CGACCTCCTCTTCCTCCATT-3’ Reverse

MAO-A 5’GAGAAGAACTGGTGTGAGGAG-3’ Forward
5-ACTGTGTTGCTGTCTCTGTG-3’ Reverse

GAPDH 5’-AACCCATCACCATCTTCCAG-3’ Forward
5’-CCAGTAGACTCCACGACATAC-3’ Reverse

HK2 5’-GCTCTCAAAATGTTGCCTACC-3’ Forward
5’-CATTGTCCGTCACCCTTACTC-3’ Reverse

MFN 1 5’-GATTGATAAGTTCTGCCTTGATGC-3’

Forward
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5’-CCGCTCATTCACCTTATGGAA-3’ Reverse

MFEN 2 5’-GTGACGTAGTGAGTGTGATGG-3’ Forward
5’-GTTGAGGTTGGCTATTGATTGAC-3’ Reverse
OPA1 5’-CTGAGCCAGGTTACTCCAAAG-3’ Forward
5’-TGTTCCTGAGTTCATGGTCTG-3’ Reverse
DNM2 5’-ATCACCAAGCTAGACCTGATG-3’ Forward
5’-TTTCTGCCCTCGATGTCTTTC-3’ Reverse
NFE2L2 5’-CAGTGGATCTGTCAGCTACTC-3’ Forward
5’-CAAGCGACTCATGGTCATCTA-3’ Reverse
NQO1 5’-ACGTATGCCACCATGTATGAC-3’ Forward
5’-GCCAGAGAATGACGTTCATGT-3’ Reverse
SOD2 5’-CGACCTACGTGAACAATCTGA-3’ Forward
5’ATTGAACTTCAGTGCAGGCT-3’ Reverse
CTGF 5’-CCTGTGAAGCTGACCTAGAG-3’ Forward
5-GCCAGAAAGCTCAAACTTGAC-3’ Reverse
COL 1A1 5’-CGCAAAGAGTCTACATGTCTAGG-3’
Forward
5’-CATTGTGTATGCAGCTGACTTC-3’ Reverse
COL 3A1 5’-TTCTTCTCACCCTGCTTCAC-3’ Forward
5’-TCTCTAGACTCATAGGACTGACC-3’
Reverse
TGFB1 5’-ACTACGCCAAAGAAGTCACC-3’ Forward
5’-CCGAATGTCTGACGTATTGAAGA-3’ Reverse
LTBP2 5’-GGCTACGTCATGGTCAGAAG—3’ Forward

5’-AGTTGACGCATCTCCCATC-3’ Reverse
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2.4.1 RNA extraction

The RNA extraction was performed on the RV tissue using the miRNeasy mini kit according to
the manufacturer’s instructions. All samples were kept on ice at all time points throughout
the experiment. Before RNA extraction took place, each tissue sample was exposed to 700uL
of QlAzol. The tissue was then homogenised using the Tissue Lyser Il machine set at 25Hz with
3x30 second intervals. This was then followed by a 5-minute incubation at room temperature
to promote dissociation. Briefly, 140uL of chloroform was added to each sample and shaken
vigorously for 15 seconds. These were incubated at room temperature for 3 minutes and
centrifuged at 12,000 x g for 15 minutes at 4°C. Following centrifugation, the samples
separate into three distinct layers with the upper aqueous layer containing the RNA. 300uL
of RNA is transferred into a tube containing 525uL of 100% ethanol and thoroughly mixed via
pipetting. The mixed RNA and ethanol were transferred into collection tubes and centrifuged
at 8,000 x g for 15 seconds at room temperature. This process was repeated until all the
sample was used with the flow-through discarded each time. To wash the RNA, 350uL of RWT
buffer was added to each tube and centrifuged at > 8,000 x g for 15 seconds with the flow
through discarded. 80uL of DNase master mix was added to ensure there were no small DNA
traces left and this was incubated for 15 minutes at room temperature. 350uL of RWT was
added to each column and centrifuged for 15 seconds with the flow-through discarded. This
was followed with two wash steps with 500uL of RPE, firstly the columns were centrifuged at
8,000 x g for 15 seconds and then 8,000 x g for 2 minutes with the flow-through discarded
both times. The columns were then transferred into new tubes and centrifuged at 16,000 x g
for 2 minutes. Similarly, the columns were transferred into new tubes with 36uL of RNA free
water and left to incubate at room temperature for 2 minutes. This was followed by
centrifugation at 7,800 x g for 1 minute which was repeated twice. The RNA concentration
was then quantified using a Nanodrop 1000 Spectrophotometer machine (Thermo Scientific,

UK).
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2.4.2 cDNA conversion

For the cDNA conversion, 500-1000ng of RNA was utilized from the mRNA extraction. For one
reaction 24.6uL of master mix was made up, consisting of 4uL of 10x RT buffer, 8.8uL of
magnesium chloride, 8L of deoxynucleotide triphosphates (ANTP), 2uL of random hexamers,
0.8pL of RNA inhibitor and 1uL of multiscribe. The master mix was then added to the tubes
followed by 15.4pL of RNA free water and 500-1000ng of RNA to give a total final reaction
volume of 40uL. The tubes were centrifuged at 3000 x g for 1 minute. Each tube was then run

on the Veriti® Thermal Cycler (Applied Biosystems, UK) for the steps in Table 2.4.

Table 2.4. cDNA cycling conditions.

1 25 10

2 48 30

3 95 5

4 4 Infinite time

2.4.3 qPCR

Real time gPCR was performed using the SYBR green master mix and Integrated DNA
technologies probes. All samples were done in triplicates on a 384 well plate. Firstly, the
master mix was made by combining 5uL of SYBR green with 3uL of RNA free water and 0.5ulL
of primer and vortexed. Finally, 1.5uL of cDNA was added to the plate to give a final reaction
volume of 10uL. The plate was then centrifuged at 3,000 x g for 2 minutes. The fluorescence
was then measured using the ViiA7 Real Time PCR System machine (Thermo Scientific, UK).
The cycling conditions were as follows: initial copy 50°C for 2 minutes followed by 95°C for 10
minutes. The start of the 40 cycles: 95°C for 15 seconds and 60°C for 18 seconds. Finally, the
last stage (the melt curve) 95°C for 15 seconds and 60°C for 1 minute (Table 2.5). Gene

expression was analysed using the comparative cycle threshold (Ct) method and compared
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to either glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeper for RV tissue or

B-actin for lung tissue.

Table 2.5. Quantitative polymerase chain reaction (qPCR) cycling conditions.

Initial copy 50 2 minutes
Initial copy 95 10 minutes
Step 1 95 15 seconds
Step 2 60 18 seconds
Melt curve 95 15 seconds
Melt curve 60 1 minute

2.4.4 qPCR analysis

Gene expression is represented as a ratio to the housekeeper (HK). This ratio was obtained
from calculating the difference between the mean CT value of the gene of interest and the
mean value of GAPDH or B-actin, otherwise known as the AACT value. The CT values for
GAPDH RV tissues from one plate were 23.38 + 0.16, 23.23 £ 0.58, 22.21 + 0.56 and 21.76
0.24 for male control, male SuHx, female control and female SuHx, respectively. No
significance was detected across the different the groups for several qPCR plates. Therefore,
we deemed GAPDH to be a stable HK for our RV tissue. Additionally, the CT values for 3-actin
from one plate were 18.53 +0.64, 16.14 £ 0.73,18.06 £ 0.72 and 17.71 £ 0.61 for male control,
male SuHx, female control and female SuHx, respectively. Similar to the RV, no significant

differences were detected across the different groups and also across different gPCR plates.
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2.5 Western blot on RV

2.5.1 Protein extraction from tissue

Following in vivo work, RV tissue was stored in the -80 until it was required. The tissue was
then placed on ice and transferred into a 2ml centrifuge tube, with two 5mm stainless steel
beads (Qiagen, UK). 500uL of cell lysis buffer (protease inhibitor cocktail, EDTA, purified
water) was added to each tube. Each tissue sample was homogenised using the Tissue Lyser
Il (Qiagen, UK) for 4 x 30 seconds set at 25Hz. If required, the tissue was processed at an
additional 4 x 30 secs at 25Hz to ensure it had fully broken down. The tissue was then left on
ice for 30 mins and occasionally vortexed. The samples were then centrifuged at 4°C for 15
minutes at 10,000rpm. The supernatant was then transferred into fresh 1.5ml centrifuge

tubes ensuring it did not disturb the pellet.

2.5.2 Protein quantification by BCA assay

Bovine serum albumin (BSA) standards were prepared by diluting them with dH,0 as protein
concentration references. These were made at final concentrations of 0Omg/ml, 0.5mg/ml,
0.75mg/ml, 1.0mg/ml, 1.25mg/ml, 1.5mg/ml, 1.75mg/ml and 2mg/ml. RV samples were then
diluted at 1:10 with dH>0. All samples were then vortexed and centrifuged prior to being
added in 10uL to the 96-well plate. The BSA standards and samples were all added in
duplicate. The working reagent (reagent A and reagent B) which was prepared at a 50:1 ratio
was then added in a volume of 200uL. The 96-well plate was then incubated at room
temperature in the dark for 20 minutes. Following incubation, the plate was placed into the
GloMax® Explorer Multimode microplate reader (Promega, UK). The BSA protein assay (Abs
560) setting was selected, and the protein calculation was assessed (mg/ml). As the samples
were done in duplicates, the mean concentration was then calculated. The protein samples

were then stored in the -80°C freezer until required.
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2.5.3 RV sample preparation

The samples were then prepared, and their protein concentration adjusted for the western
blot to ensure all samples were loaded at the same concentration (40ug). This was achieved
by adding NUPAGE™ LDS sample loading buffer (4x), 2ME (10x), dH.0 and the appropriate
protein volume to 1.5ml centrifuge tube. All agents and protein samples were placed on ice
at all time points until the samples were ready, which were then heated to 90°C for 10
minutes to denature the proteins. The samples were then quickly centrifuged for 2 minutes

and stored in the -80°C freezer until needed.

2.5.4 Gel electrophoresis

NuPAGE™ 4-12% Bis-Tris mini precast polyacrylamide gels (Invitrogen, UK) were assembled
into the western blot tank. The tank was then filled with 700ml of 5% (v/v) NuPAGE™ MOPS
SDS running buffer (20x) in dH20. The SeeBlu Plus2 molecular weight ladder was then loaded
into the wells, followed by the protein samples (40 ug). The gels were then left to run at 150V

for 1.5 hours at 280mA using the Life Technologies PowerEase™ power supply.

2.5.5 Protein transfer

After the proteins had successfully separated across the gel, the proteins were then
transferred onto a polyvinylidene fluoride (PVDF) membrane. The transfer buffer consisted
of 5% (v/v) NuPage™ transfer buffer, 20% (v/v) methanol and 75% (v/v) dH,O. Prior to the
transfer, sponges and filter paper were soaked in transfer buffer, these where then stacked
into a cassette, with a roller used each time to ensure there were no air bubbles. The gel was
then carefully removed from the tank and placed on top of the PVDF membrane. The cassette
containing the sponges, filter paper, membrane and gel was then placed into the transfer tank
with around 500ml of transfer buffer. The Life Technologies PowerEase™ power supply was
set at 40V and 280mA for 2 hours, with the tank placed on top of an ice tray to ensure that it
did not overheat. Ponceau red was occasionally applied to the PVDF membranes following

the transfer to ensure that the proteins had successfully transferred. The membranes were
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then blocked using SuperBlock™ (Thermo Scientific, UK) for 1 hour at room temperature on
a shaker. The membranes were then transferred into 50ml falcon tubes and incubated with
their primary antibody (Table 2.6) diluted in either 5% milk (GAPDH) or 5% BSA (NFE2L2) in

TBST and rotated overnight at 4°C.

Table 2.6. Primary and secondary antibodies with their dilutions

Primary antibody Primary Dilution Secondary Secondary
antibody Dilution

GAPDH 1:50,000 Anti-mouse (IR800) | 1:20,000

NFE2L2 1:100 Anti-rabbit (IR680) | 1:20,000

2.5.6 Immunoblotting

Following primary antibody incubation, the membrane was then washed with TBST 3 x 15
minutes. The membrane was incubated with its corresponding secondary antibody (Table
2.6)in TBST for 1 hour at room temperature on a shaker. The membrane was then washed
with TBST 3 x 15 minutes per wash. For fluorescent immunodetection, the membrane was
scanned using the LI-COR Odyssey 9120 IR Imager (LI-COR Biosciences, Cambridge, UK). The
same protocol was followed for the loading control using GAPDH primary antibody for RV

protein.

2.5.7 Western blot analysis

Western blot results are represented as the ratio of the protein of interest (NFE2L2) to the
housekeeper, GAPDH using the densitometry analysis method using the ImageJ software

(National Institutes of Health, Bethesda, MD, USA).
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2.6 Histology and immunohistochemistry

2.6.1 Tissue processing

Sectioned RV and lungs were stored in 10% formalin following in vivo work for more than 2
days. Each of the sectioned tissue was then placed into biopsy cassettes, which were placed
into a tissue basket and washed under tap water. Here after, the tissue was processed using
a Shandon citadel 1000 tissue processor (ThermoFisher, UK) to become dehydrated.
Overnight, the tissue was taken through an ethanol gradient and then into histoclear and
paraffin wax (Table 2.7). After the tissue was processed it was then embedded into paraffin
wax blocks using the Shandon Histocenter 3 (ThermoFisher, UK). Prior to embedding into the
wax, the tissue was carefully adjusted into the orientation of interest. The wax was then
added, and the tissue wax blocks were placed onto a cooling machine set at -20 °C for 2-3
hours to allow the wax to fully set. Following this, the tissue was then stored at room

temperature until further use.

Table 2.7. Tissue processor programme schedule

Station Solution Incubation period
1 10% NBF pass

2 70% Ethanol 2 hours

3 80% Ethanol 2 hours

4 95% Ethanol 2 hours

5 95% Ethanol 2 hours

6 100% Ethanol 1 hour 30 mins
7 100% Ethanol 1 hour 30 mins
8 100% Ethanol 1 hour

9 HistoClear 1 hour 30 mins
10 HistoClear 1 hour

11 Paraffin wax 1 hour

12 Paraffin wax + vacuum 1 hour

(0]
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2.6.2 Tissue sectioning

The microtome was used to cut the tissue embedded paraffin wax blocks. This was adjusted
to cut the tissues at 5 um using the Leica RM2125 microtome (Leica Microsystems, UK). Each
of the cut sections were then placed into a paraffin section flotation mounting bath set at
~45°C for 1 minute to allow the tissue to stretch. The tissue was then mounted onto glass

microscope slides.

2.6.3 Picrosirius red staining

The 5 um sections of tissue were deparaffinized by washing them twice in xylene for 15
minutes followed by 10 minutes. The tissue was then rehydrated by washing them for 5
minutes each through an ethanol gradient (100% ethanol, 90% ethanol, 70% ethanol)
followed by two final washes in distilled water. Sections were stained with picrosirius red
(100%) for one hour followed by a rinse in distilled water. Sections were dehydrated in an
ethanol gradient of 70% ethanol and 90% ethanol for one minute each and two washes of
100% ethanol with 5 minutes per wash followed by two washes in xylene for 5 minutes. The
sections were then mounted using the DPX mounting medium and covered by a glass

coverslip.

2.6.4 Haematoxylin and eosin staining

The 5 um sections of tissue were deparaffinized and rehydrated following the same
procedure mentioned in section 2.6.3. Haematoxylin (Abcam, ab245880) was applied to each
tissue section and incubated for 5 minutes at room temperature. Sections were then rinsed
with distilled water to remove any excess stain. Bluing reagent was then applied to each
section and incubated for 10-15 seconds. The sections were then washed with distilled water
and dipped in 100% ethanol. Eosin Y solution was added to each section and incubated for 2-
3 minutes in room temperature. Slides were rinsed with 100% ethanol and dehydrated by
passing them through an ethanol gradient (70%, 90% and 100% ethanol) and two washes in
xylene. Finally, sections were mounted using DPX mounting medium and covered by a glass

coverslip.
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2.6.5 PCNA staining in RV tissue

The 5 um sections of tissue were deparaffinized and rehydrated following the same
procedure mentioned in section 2.6.3. For antibody staining, we used the heat-induced
antigen retrieval method where slides were heated in citrate buffer (10 mM, pH 6.0) in a
pressure cooker for 15 minutes set to full power. Slides were then left to cool for at least 30
minutes followed by a wash with distilled water for 10 minutes. Slides were blocked using
BLOXall blocking solution for 10 minutes to reduce any background staining and then washed
twice with PBS for 10 minutes. The tissue was then permeabilised using 1% BSA in PBS with
0.4% Triton X-100 and this was done twice, with 10 minutes incubations each time. The slides
were then blocked to prevent any non-specific binding using 2.5% normal horse serum for 1
hour at room temperature. The primary antibody PCNA (Abcam, ab18197) (1:5000) in PBS
with 1% BSA was incubated overnight at 4°C. On the second day, after two 10-minute PBS
washes, sections were incubated with the secondary antibody (anti-rabbit) in 1% BSA in PBS
for 1 hour at room temperature. This was then followed by another two 10-minute’s washes
with PBS and then incubated with an AEC substrate until the colour develops (between 2-10
minutes). Sections were washed with distilled water and then counterstained lightly with
Carazzi haematoxylin for 5 mins. This was followed by incubation in lukewarm water for 4
minutes. Finally, Aquatex® mounting media was added to the slides followed by a glass

coverslip. Sections were left to dry for at least 3 hours before imaging.

2.6.6 Analysis of interstitial collagen in RV

RV interstitial collagen images were taken using the Zeiss microscope, all at a 20x
magnification. Images were quantified using a ratio of the area positive for collagen to the
total tissue area. This was achieved by using the threshold method via Image) software

(National Institutes of Health, Bethesda, MD, USA).
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Originalimage Thresholding image

Figure 2.2. Example image of how thresholding was performed

RV tissue was stained with picrosirius red to assess interstitial collagen production and
assessed on Imagel (National Institutes of Health, Bethesda, MD, USA) using the thresholding
method. Figure A) represents the original image taken from the Zeiss microscope at a 20x
maghnification Figure B) represents an example of how the thresholding technique was

performed. The collagen areas were highlighted in red and then the area was obtained.
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2.6.7 Analysis of perivascular collagen in right coronary artery

RCA vessels from the RV tissue which were pre-stained with picrosirius red were imaged using
the Zeiss microscope, at both 20x and 40x magnification. Firstly, we measured the collagen
area by measuring the collagen in the adventitial layer of the RCA using threshold method in
Image) (National Institutes of Health, Bethesda, MD, USA). Then we traced the lumen
perimeter which is assumed to be the perimeter of a circle. The diameter of this circle is thus
calculated (by dividing the lumen perimeter by Pi) to indicate the size of the vessel and to
calculate the lumen area. Then finally, we ratioed the collagen area to the lumen area (named
as RCA collagen area fraction). We then measured the intima-media thickness, by drawing
from the intima layer of the vessel to the outer of the media layer to gain the intima-media
thickness. We then calculated this as a ratio of intima-media thickness to vessel diameter. For
comparison of the two ratios between animal groups: RCA collagen area to lumen area and
RCA intima-media thickness to diameter, RCA vessels were categorised into three different

groups based on their diameter size: 15-50um, 50-100um and >100um.
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__. Intima-media thickness

Lumen perimeter

Perivascular collagen

Figure 2.3. Example image of how the RCA analysis was performed

RV tissue was stained with picrosirius red to assess perivascular collagen production and
assessed on Imagel (National Institutes of Health, Bethesda, MD, USA) using the thresholding
method. Images were taken using the Zeiss Axioplan microscope on the ZEN microscopy
software at both 20x and 40x magnification. Representative images show a RCA vessel
highlighting what was defined as the perivascular collagen area, how the lumen perimeter

was traced and how to measure the thickness of the intima-media layers.
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2.6.8 Analysis of myocyte size in RV

We used the RV images which were counterstained with picrosirius red or H&E to calculate
the myocyte size. This was achieved by drawing directly around the area of the myocyte on
the Imagel software (National Institutes of Health, Bethesda, MD, USA). Between 10-20
myocytes from a single sample were measured and the sizes of these myocytes was averaged

as the myocyte size for that sample.
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Figure 2.4. Example of how the RV myocyte area was obtained

RV tissue was either stained with picrosirius red or H&E to highlight the cell boundary. Images
were captured on the Zeiss Axioplan microscope on the ZEN microscopy software at 40x
magnification and analysed using Image) software (National Institutes of Health, Bethesda,

MD, USA).

2.6.9 Analysis of PCNA in RV

The purpose of PCNA staining was to assess the cell proliferation status of the RV fibroblasts.
The images of PCNA stained RV tissues were taken using the Zeiss Axioplan microscope and
brightfield images were captured on the ZEN microscopy software. The PCNA analysis was

achieved by calculating a PCNA score. The cells which are PCNA positive have a clear, distinct
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brown nucleus. Therefore, the number of positive cells was ratioed to the total number of

nucleus-stained cells ensuring to exclude the RV myocytes.

’

Figure 2.5. Example image of RV with arrows pointing to a PCNA positive and PCNA negative

nuclei

2.7 Cell culture and biological study of human cardiac fibroblasts and MCT RV fibroblasts

All cell culture work was performed in a Class Il biological safety cabinet.

2.7.1 Subculturing procedure

Male and female human cardiac fibroblast (HCF) isolated from the ventricles of patients with
some heart diseases (C-12375, PromocCell, UK) and RV fibroblasts isolated from male MCT-
treated rats (Kindly donated from the Archer Lab, Canada). Cells were grown in T-75 cm?
culture flasks containing pre-warmed fibroblast growth medium 3 (C-23025, Promocell, UK)
for the male and female HCF cells or DMEM for the male MCT RV fibroblasts and incubated

at 37°C, 17-21% O, and 5% CO,. The treatment for the male MCT can be referred to in Dr Lian
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Tian study (Tian et al., 2020a). When cells were ready to be passaged, once they had reached
80-90% confluency, the media was aspirated, and cells were washed with sterile 1x phosphate
buffered saline (PBS). Cells were then treated with 5ml of TrypLE™ Express (Gibco, UK) and
incubated at 37°C, 17-21% O, and 5% CO, for 2-3 minutes until all the cells had fully detached
from the flask. Once all cells had fully detached, as observed via the microscope, they were
resuspended with fibroblast growth medium 3 or DMEM and centrifuged at 150 xg for 8
minutes at room temperature. The supernatant was then discarded, and the cell pellet was
resuspended with the required amount of media. Cells were then either seeded into their cell
culture dishes (35mm, 60mm and 100mm) for downstream experiments or were placed into
a fresh 75cm? culture flask to allow them to grow and then placed into the incubator at 37°C,
17-21% O, and 5% CO,. Female HCF cells were ready to be split usually once every 7-10 days,
meanwhile male HCF were ready to be split every 4-5 days, usually at a ratio of 1:2. For the
HCF cells, cells were treated at passage numbers 4-9, meanwhile MCT RV fibroblasts cells

were treated at passage 3 or 4.

2.7.2 Treatment on cells

Male and female HCF cells were seeded into 12x35mm cell culture dishes. 6 from the
12x35mm dishes were labelled as the normoxic group and the other 6 were labelled as the
hypoxic group. 35mm dishes were labelled for either MitoSOX or Ki-67 staining. Within each
of the normoxic and hypoxic groups, cells were either treated with ethanol (100%), E2 (10nM)
or MitoQ (300nM) once they had reached 50% confluency. The dishes labelled for hypoxia,
were then placed into a 1% O, 5% CO,, Nitrogen 200bar hypoxic chamber to induce a hypoxic
environment. The chamber was then placed into the incubator. Meanwhile, the other 6 dishes
were placed into a normoxic environment in the incubator at 37°C, 17-21% O, and 5% CO,.
Approximately, one hour after the chamber was sealed, it was then flushed for 10 minutes to
degas the media and then placed back into the incubator. At the 24-hour time point, the
dishes were then re-exposed to ethanol (100%) which was used as the vehicle, E2 (10nM) or
MitoQ (300nM) and sealed back into the hypoxic chamber for these hypoxic dishes and placed
back into the incubator. Similarly, one hour later the chamber was flushed for 10 minutes,

sealed and placed back to the incubator.
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For male MCT RV fibroblasts, cells were seeded into 3x35mm cell culture dishes. Similarly, the
cells were then treated with ethanol (100%), E2 (10nM) or MitoQ (300nM) once they had
reached 50% confluency. Given that these cells were primary cultures from MCT treated rats,
the cells were not placed into the hypoxic chambers, and instead were incubated in the
normoxic environment at 37°C, 17-21% O, and 5% CO, overnight. At the 24-hour time point,
the cells were then re-exposed to ethanol (100%), E2 (10nM) or MitoQ (300nM) and
incubated overnight. The cells were then stained with MitoSOX or used for

immunocytochemistry studies as described below at the 48-hour time point.

2.7.3 Imaging of MitoSOX-stained human cardiac fibroblasts and MCT RV fibroblasts and

analysis

At the 48-hour time point, the media in the culture dish was aspirated and the treated
samples were washed with sterile PBS and then incubated with 2.5uM MitoSOX along with
two drops of NucBlue® Live ReadyProbes® Reagent to stain the nucleus for 30 minutes at
37°C, 17-21% O, and 5% CO, and in the absence of light. The cells were then imaged using the
confocal microscope (Leica TCS SP8 microscope) on the Leica Application Suite X (LAS X)
software at 63x magnification. Several images were taken from each sample. Images were
then analysed on ImageJ software (National Institutes of Health, Bethesda, MD, USA) by
drawing a rectangle box on the region of interest to obtain the mean fluorescent intensity

value from an individual cell. A few cells from each sample were analysed and averaged.

2.7.4 Immunocytochemistry staining with Ki-67, PCNA, Collal, TFAM, NFE2L2 on cultured
human cardiac fibroblasts and MCT RV fibroblasts

At the 48-hour time point, cells were washed with PBS and then fixed by adding 400p.L of pre-
chilled (-20°C) methanol (100%) for 5 minutes at room temperature. Cells were then washed
three times with ice cold PBS for 5 minutes. Cells were then blocked using in 1% BSA, (0.3m
glycine, 0.1% tween-20 and PBS) for 30 minutes at room temperature. Cells were then
incubated with their appropriate primary antibody (NFE2L2, TFAM, PCNA, Ki-67 and Col1al).
All primary antibodies were used at a 1:100 dilution in PBS with 1% BSA with 0.1% Tween-20
overnight, except for PCNA (1:5000) and Ki-67 (1:50). On the following day, the cells were
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washed with PBS three times at room temperature. The secondary antibody (488 goat anti-
rabbit 1gG in 1% BSA, 1:400) was then added, (except for Ki-67 which is conjugated to Alexa
Fluor® 647) and cells were incubated for 1 hour hidden from light at room temperature.
Following this, cells were washed 3 times with PBS in the dark. Prolong™ gold antifade
mounting media was then added to counterstain for DAPI and this was followed by placing a
coverslip on the dish. The dishes were left in the dark overnight at 4°C to be imaged the
following day. The dishes were imaged using the confocal microscope (Leica TCS SP8
microscope) on the LAS X software at 20x magnification or with EVOS MC5000 microscope

(Invitrogen, UK) at 20x magnification.

2.7.5 Image analysis on immunocytochemistry staining

For the immunocytochemistry on cells stained with Ki-67 or PCNA, the analysis was done by
counting the number of positive cells over the total cell count to get the ratio. NFE2L2, was
analysed by measuring only the nuclear intensity, while for TFAM and Collal, cytosolic

intensity of cells was measured.

2.8 Statistical analysis

All statistical analysis was performed using GraphPad Prism (V 9.1.0). All data is represented
as mean * standard error of mean (S.E.M), with the n number denotating the number of
samples which is either referring to an individual rat, individual cell or vessel. Data was
analysed using either unpaired T-tests, one-way ANOVA, two-way ANOVA or three-way
ANOVA where appropriate. A ROUT outlier test was performed if deemed appropriate to
identify and remove any potential outliers. Simple linear regression analysis was performed
between RCA collagen area fraction and RCA diameter, intima-media thickness and RCA
diameter, PCNA and RV fibrosis and between Fulton index and RVSP. P values of <0.05 were

deemed as statistically significant with *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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CHAPTER 3



3. Examining the sex differences in RV function, structural remodelling and fibrotic

parameters in a SuHx rat model

3.1. Introduction

PAH predominately affects the females with a 4:1 female to male ratio, although the females
with PAH display better RV function and survival than the males (Shapiro et al., 2012).
Currently, research particularly on sex differences in RV within PAH is limited. Thus,
understanding these sex differences with regards to the structural remodelling and functional
changes taking place within the RV, will be essential in identifying potential targets and must
also be considered in case these targets vary between the sexes. Hence, throughout this

thesis we consistently explore both the males and females.

In PAH, remodelling of the RV is triggered by the increase in afterload as a result of pulmonary
vasculature remodelling (Vonk Noordegraaf and Galie, 2011). During the compensated stage,
the RV will increase in muscle mass in an attempt to preserve cardiac function (Vélez-Renddn
et al., 2018). At this stage, this increase in muscle mass may serve as beneficial in helping
maintain the RV function whilst its dealing with the high pressures (Andersen et al., 2019).
However, at the later stage or decompensated stage of PAH, it is inevitable that maladaptive
remodelling will occur, with excessive fibrosis serving as one of the key drivers (Andersen et
al., 2019). Fibrosis can be characterised by excessive activation and proliferation of the
fibroblast cells (Egemnazarov et al., 2018). The fibroblasts serve as the main collagen
producing cells, and excessive fibrosis leads to pathological alterations in the collagen
network surrounding the cardiomyocytes and interstitium in the heart (Travers et al., 2016).
The integrity of this network is crucial in maintaining cardiac structure and function and

thereby remodelling of this only contributes to RV failure (Travers et al., 2016).

It was shown that the healthy RV has a higher collagen content than the LV (7.4% versus 5%)
in the human myocardium, suggesting that remodelling of the collagen network within the
RV may have more of a biomechanical impact on overall heart function (Oken and Boucek,

1957, Andersen et al., 2019). However, given the major structural differences between the
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RV and LV as well as the differences in the responses to the PAH signals (that lead to
predominant RV failure and not LV), it is not appropriate to compare findings between the RV

and LV from this study. Due to this, we do not examine the scope of the LV.

Despite the plethora of research that has been done within PAH, all the current therapies only
target the pulmonary vasculature component with no existing therapies available and
effectively targeting the RV. To combat this, we decided to induce PH by utilising the gold
standard SuHx model in male and female rats to examine the sex differences in RV structure
and function. Male and female Sprague-dawley rats were grouped into either control or SuHx.
Rats then either received a subcutaneous injection of Sugen (25mg/kg) and were then placed
into a hypobaric hypoxic chamber for approximately 3 weeks. Following the end of their
period in hypoxia, rats were placed into normoxia for up to 5 weeks in which the SuHx
phenotype continues to worsen. Control rats received the vehicle (CMC) and were kept in
normoxia for up to 8 weeks. In week 8 post injection, rats were haemodynamically assessed
by PV loop via the open chest method then humanely killed with the RV dissected freely then
cut into small pieces. Less than 1% of the overall RV tissue was cut into pieces of fresh RV
tissue taken and stained for mitochondrial properties. The remainder of the heart (RV and
LV+S) and lungs were collected and harvested for immunohistochemistry (IHC) staining and

guantitative polymerase chain reaction (QPCR) experiments.

The objectives of this chapter were to:

To characterise the SuHx model in both male and female rats by assessing their

hemodynamic parameters and pathological alterations.

e To examine the sex differences in factors linked to and affecting RV collagen
deposition and fibrosis.

e To examine the extent of RV hypertrophy by measuring RV myocyte size.

e To assess the changes in the RV genes that play a role in RV fibrosis.
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3.2 SuHx affected only the body weight of male rats

At the start of the study all animal body weights were recorded. No significant differences
were detected between male control versus male SuHx and female control and female SuHx
groups (Figure 3.1 A). Although there were significant sex differences between the male
control and female control group (211.2 £ 6.25g vs. 158.7 + 4.41g, ****p<0.0001, n=10) and
the male SuHx and female SuHx groups (208.2 + 4.43g vs. 159.3 + 2.55g, ****p<0.0001, n=10),
confirming that the male groups were heavier than the female groups (Figure 3.1 A). The
weights of the rats were recorded at the end of the study, with the same trend seen between
the males and females. Male control rats were significantly heavier than the female controls
(346.7 £ 6.93g vs. 228.9 + 5.37g, ****p<0.0001, n=10) and the male SuHx versus the female
SuHx (319.1 £ 9.11g vs. 223.4 + 5.78g, ****p<0.0001, n=10) (Figure 3.1 B). There was also a
significant decrease in body weight in the male SuHx group versus the male controls (319.1 +
9.11gvs. 346.7 £9.11g, *p<0.05, n=10) with no differences found between the female control
and female SuHx groups (Figure 3.1 B). As well as this, animal bodyweights were recorded
weekly to monitor animal welfare (Figure 3.1 C, D and E), no differences were detected
between the two female groups however bodyweight changed overtime in the male control
vs. male SuHx groups, (week 8: 249.8 + 5.69g vs. 209.3 + 2.17g, ****p<0.0001, n= 10) (week
9:278.6 + 5.54g vs. 231.1 + 2.88g, ****p<0.0001, n=10) (week 10: 298.5 + 5.44g vs. 224.8 +
3.89g, ****p<0.0001, n=10) (week 11: 313.9 + 5.25g vs. 277.6 + 4.86g, ***p<0.001, n=10)
(week 12: 325.6 *+ 6.38g vs. 297.7 + 6.15g, *p<0.05, n=10) and (week 14: 346.7 £ 6.93g vs.
319.1£9.11g, *p<0.05, n=10) (Figure 3.1 C, D and E).
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Figure 3.1. Bodyweight of male and female control and Sugen-hypoxia (SuHx) treated

animals

A) and B) represent each individual rat’s body weight measurement at the start and end of
the study protocol. C), D) and E) represent animal body curves throughout the duration of the
study. Statistical analysis was performed using two-way ANOVA for figures A and B and three-
way ANOVA for figure E. In figure E, statistical significance only compares male control vs.
male SuHx and female control vs. female SuHx groups at their given time point. Statistical

significance is shown as *p<0.05, *** p<0.001, **** p<0.0001, with n=10 per group.
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3.3 RV, LV + Septum and Fulton index were affected by SuHx

After the rats’ bodyweights were recorded following the end of their 3 weeks in hypoxia and
5-week period in normoxia, the hemodynamic parameters were recorded. The animals were
then culled with the RV and LV + septum dissected and weighed prior to being harvested.
There was a significant increase in RV weight in the male control versus male SuHx group (0.51
+0.02g vs. 0.21 + 0.01g, ****p<0.0001, n=10) and female control versus female SuHx group
(0.38 + 0.04g vs. 0.15 + 0.01g, ****p<0.0001, n=10), with the male SuHx RV being notably
heavier than the female SuHx groups (0.51 + 0.02g vs. 0.38 + 0.04g, **p<0.01, n=10) (Figure
3.2 A). Whilst there was only a significant increase in LV + Septum weight in the female SuHx
group versus the female control (0.68 £ 0.03g vs. 0.56 + 0.01g, **p<0.01, n=10) (Figure 3.2 B).
The male control LV + septum weighed more than the female control group (0.80 + 0.02g vs.
0.56 + 0.11g, ****p<0.0001, n=10) and the same was seen for the male SuHx versus the
female SuHx group (0.83 £ 0.02g vs. 0.68 + 0.03g, ***p<0.001, n=10). The Fulton Index
(RV/LV+S) ratio was then calculated, and this was significantly increased in both male SuHx
versus male control (0.61 + 0.02g vs. 0.25 + 0.01g, ****p<0.0001, n=10) and female SuHx
versus female control groups (0.55 + 0.05g vs. 0.26 £+ 0.01g, ****p<0.0001, n=10) (Figure 3.2
C).
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Figure 3.2. RV, LV+S and Fulton index in male and female control and SuHx rats

Figure A) and B) male and female right ventricle (RV) and left ventricle + septum (LV + S)
weights were recorded after their PV loop surgery. C) The Fulton index (RV/LV+S) was
measured at the end of the study as an indicator of RV hypertrophy. n=7-10 per group.
*p<0.05, ** p<0.01, **** p<0.0001. Statistical analysis was performed using two-way ANOVA.

All data represent mean + standard error of the mean (S.E.M). (SuHx) Sugen-hypoxia.
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3.4 RVSP was increased in both male and female SuHx rats, whilst RVEDP was only

increased in male SuHx rats

RVSP was recorded at the end of the rat’s period in normoxia (Figure 3.3). There was a
significant increase in RVSP in the male SuHx versus male control group (86.13 £ 5.05 mmHg
vs. 30.10 + 1.61mmHg, ****p<0.0001, n=8-10) and female SuHx versus female control group
(85.14 + 6.31mmHg vs. 30.67 £ 1.31mmHg, ****p<0.0001, n=7-9), highlighting no sex
differences (Figure 3.4 A). Meanwhile, RVEDP was only increased in the male SuHx versus
male control group (4.16 £ 0.44mmHg vs. 2.01 + 0.31mmHg, *p<0.05, n=8-10) suggesting that
the males could be more severely affected than the females (Figure 3.4 B). Meanwhile, there
were no significant differences in the heart rates across all the four groups (Figure 3.4 C).
Thus, implying that the changes detected in RVSP and RVEDP are not associated or linked to

increases in heart rate.
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Figure 3.3. Diagram of RV pressure traces from the PV loop recordings

Traces of right ventricular (RV) pressures from male and female control and Sugen-

hypoxia (SuHx) rats to highlight the differences visually between the control RV trace and

the pulmonary hypertensive RV trace. Each pressure trace was recorded for between 10-

15 minutes. A clean trace indicates correct placement of the catheter within the

chamber.
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Figure 3.4. SuHx increases RVSP in both male and female rats, meanwhile RVEDP is only
increased in male Sugen-hypoxia (SuHx) rats

A) right ventricular systolic pressure (RVSP) (mmHg/ml) B) right ventricular end diastolic
pressure (RVEDP) (mmHg/ml). C) Heart rate (bpm) taken during PV loop recordings, n=7-10
per group. *p<0.05, **** p<0.0001. Statistical analysis was performed using two-way

ANOVA. Data represents the mean + standard error of the mean (S.E.M).

102



3.5 SuHx had no effect on LVSP and LVEDP in male and female rats

Male and female rats left systolic pressure (LVSP) and left ventricular end diastolic pressure
(LVEDP) was assessed at the end of their period in normoxia (Figure 3.5). No significant
differences were detected in both LVSP and LVEDP measurements in male and female SuHx
groups versus their counterpart controls (Figure 3.6 A and B). Thus, implying that SuHx effects

seen are not influencing LV function and hence, we propose the model to be RV specific.
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Figure 3.5. Diagram of LV pressure traces from the PV loop recordings.

Traces of left ventricle (LV) pressures from male and female control and Sugen-hypoxia (SuHx)
rats to show visually that there was no difference between the control LV trace and the

pulmonary hypertensive LV trace. Each pressure trace was recorded for between 10-15

minutes. A clean trace indicates correct placement of the catheter.
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Figure 3.6. LV hemodynamic parameters

The following left ventricle (LV) parameters were measured via PV loop by open chest
method. A) Left ventricular systolic pressure (LVSP) (mmHg/ml). B) Left ventricular end
diastolic pressure (LVEDP) (mmHg/ml). n=7-9 per group. All statistical analysis was performed

using two-way ANOVA. All data represent mean * standard error of the mean (S.E.M).
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3.6 SuHx reduced right ventricular-pulmonary artery coupling in male rats but not in female

rats

Figure 3.7 shows the representative RV PV loops based on which the RV-pulmonary artery
coupling was calculated using the single-beat method. The pulmonary effective arterial
elastance (Ea), a measurement of RV afterload was significantly increased in both male SuHx
versus male control groups (1.66 £ 0.16 mmHg vs. 0.56 + 0.08 mmHg, ****p<0.0001, n=9-10)
and female SuHx versus female control groups (1.76 + 0.29 mmHg vs. 0.61 + 0.08 mmHg,
***%*p<0.0001, n=7-8) (Figure 3.8 A) whilst RV end-systolic elastance (Ees) was not affected in
either male and female groups by SuHx (Figure 3.8 B). The RV adaptation to alterations in RV
contractility can be defined by the ratio of Ees/Ea, which revealed a significant reduction in
the male SuHx versus male control group (0.39 + 0.05 mmHg vs. 0.78 + 0.08 mmHg,

***p<0.001, n=9-10) with no significant differences seen in the female groups (Figure 3.8 C).
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Figure 3.7. Diagram of right ventricular (RV) pressure volume loops recordings from male

and female control and SuHx rats

Representative pressure volume (PV) loops. In the right ventricle (RV) of the Sugen-hypoxia

(SuHx) rats, the shape of the PV loop changed due to the increases in RV pressure.
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Figure 3.8. Right ventricular (RV) hemodynamic parameters

The following right ventricle (RV) parameters were measured via pressure-volume (PV) loop
by open chest method. A) Pulmonary effective arterial elastance (Ea) (mmHg/ml) B) Right
ventricular end-systolic elastance (Ees) (mmHg/ml) C) The ratio of right ventricular end
systolic elastance (Ees) to pulmonary arterial elastance (Ea), often referred to as right
ventricular-pulmonary arterial (RV-PA) coupling (mmHg/ml), with n=7-10 per group. All data

represent mean * standard error of the mean (S.E.M). Statistical analysis was performed using

two-way ANOVA. *** p<0.001, ****p<0.0001.
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3.7 The effect of SuHx on collagen deposition in the RV in both male and females

A key feature of RV failure is excessive collagen formation, alterations in the collagen cross
linking and imbalances in collagen turnover which correlates positively with increased fibrosis
(Andersen et al., 2019). Therefore, we examined sections of the RV from the tissue harvested
from the male and female control and SuHx rats by counterstaining them with picrosirius red
to detect total collagen production (Figure 3.9 A). The collagen area fraction was calculated
as aratio of the area positive for collagen to the total tissue area. It was detected that collagen
deposition was increased in only the male SuHx versus male control groups RV tissue (20.05
+ 1.78 % vs. 9.41 + 0.38 %, ****p<0.0001, n=7-8), with mild increase but no significant
difference detected in the females RV tissue (Figure 3.9 B). Thus, suggesting that males may

be experiencing a greater degree of fibrosis than the females.
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Figure 3.9. RV collagen deposition

Right ventricle (RV) tissue section from male and female Sugen-hypoxia (SuHx) and control
rats were counterstained with picrosirius red to stain for areas positive for collagen. (A)
Representative images for male and female control and SuHx RV. (B) Summary of the
percentage of collagen positive area, with n=5-9 per group. All data represent mean %
standard error of the mean (S.E.M). Statistical analysis was performed using the two-way

ANOQVA. ****p<0.0001. Scale bar represents 100um.
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3.8 The effect of SuHx on the RV expression of genes linked to fibrosis and cardiac

remodelling

The effect of SuHx on RV gene expression linked to fibrosis and cardiac remodelling was
assessed in both male and female rats. Interestingly, we detected an upregulation in collagen
type 1 alpha 1 chain (Collal) in the female SuHx rats versus their controls (4.49 + 1.22 vs.
1.04 + 0.10, *p<0.05, n=10) (Figure 3.10 A). The same was found for collagen type 3 alpha 1
chain (Col 3al) in the female control versus the female SuHx (2.37 + 0.48 vs. 1.03 + 0.08,
*p<0.05, n=10) which was not seen in the males (Figure 3.10 B). Instead, the male SuHx rats
demonstrated an increase in transforming growth factor 3 1 versus the male controls (3.32 +
0.58 vs. 1.04 £ 0.04, ***p<0.001, n=10) (TGFB1), a key promoter of fibrosis, which was not
seen in the females (Figure 3.10 C). TSC-22 (TGF [ stimulated clone 22) (TSC22D1), which
enhances TGF1 signalling by increasing receptor stability via antagonising Smad 7 was also
similarly found to be upregulated in only the male SuHx rats (2.30 + 0.36 vs. 1.09 £ 0.19,
**p<0.01, n=10) (Figure 3.10 D). The plasma biomarker, latent transforming growth factor 3
binding protein 2 (LTBP-2), which is intimately connected to cardiac fibrosis, was found to be
upregulated in only the female SuHx group when compared with the female control group
(38.48 + 15.85 vs. 1.03 + 0.08, *p<0.05, n=10) (Figure 3.10 E). Meanwhile, both male control
versus male SuHx (10.97 + 1.89 vs. 1.03 + 0.08, **p<0.01, n=10) and female control versus
female SuHx (11.46 + 3.02 vs. 1.05 + 0.11, **p<0.01, n=10) demonstrate an increase in

connective tissue growth factor (CTGF) (Figure 3.10 F).
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Figure 3.10. The effect of SuHx on RV gene expression linked to fibrosis and cardiac

remodelling

Quantitative polymerase chain reaction (QPCR) was performed on right ventricular (RV)
tissue harvested from the male and female control and Sugen-hypoxia (SuHXx) rats. A)
collagen type 1 alpha 1 chain col1al gene expression B) collagen type 3 alpha 1 chain
col3a1 gene expression C) transforming growth factor B 1 TGF31 gene expression D)
transforming growth factor 3 1 stimulated clone 22, TSC22D1 gene expression E) latent
transforming growth factor 3 binding protein 2, LTBP2 gene expression F) connective
tissue growth factor, CTGF gene expression. All values represent the mean AACT value =
standard error of the mean (S.E.M). All data was normalized to the housekeeper,
glyceraldehyrde-3-phosphate dehydrogenase (GAPDH) gene expression with n=10 per

group. Samples were performed in triplicates and data was analysed using the two-way

ANOVA with *p<0.05, **p<0.01 and ***p<0.001.
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3.9 Proliferating cell nuclear antigen is upregulated by SuHx in both male and female SuHx

rats

Proliferating cell nuclear antigen (PCNA) is an important factor involved in DNA replication
and repair (Gonzdlez-Magafa and Blanco, 2020). Using IHC, we stained the RV tissue from
male and female control and SuHx rats with an anti-PCNA antibody to target the highly
proliferating cells which can be identified as bright red in colour (Figure 3.11 A). We found
that there was an increase in PCNA protein expression in both the male SuHx versus male
control (18.59 + 3.04 % vs. 2.31 + 0.71 %, ****p<0.0001, n=7-9) and female SuHx versus
female control rats (11.96 £ 1.87 % vs. 2.12 + 0.75%, **p<0.0019, n=7-8) (Figure 3.11 B). We
then directly compared the collagen deposition in terms of area fraction (%) versus the PCNA
(%) (Figure 3.11 C). We found that in the male SuHx and female SuHx rats as PCNA increases,
there is an increase in collagen deposition (Figure 3.11 C). Meanwhile, male control and
female control rats which represent a lower PCNA (%) are associated with lower levels of
collagen deposition (%) (Figure 3.11 C). In addition, the linear regression line for female is
below the male, which implies that at the same proliferation rate (PCNA) in response to SuHx,
female RV displays less fibrosis, indicating that the female RV responds better in terms of

fibrosis than the males.
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Figure 3.11. Proliferation marker PCNA was significantly upregulated in RV tissue from male

and female control and SuHx rats

Immunohistochemistry (IHC) was performed using an anti-proliferating cell nuclear
antigen (PCNA) antibody (1:5000) on right ventricle (RV) tissue to detect the expression
of PCNA protein from male and female control and SuHx rats. PCNA positive cells can
be detected as they appear bright red in colour versus negative cells which appear as a
dull/light red. A) PCNA representative images B) quantification of PCNA positive cell
count, which was ratioed to the total cell count and represented as a percentage. C)
Simple-linear regression of PCNA (%) versus collagen deposition (%) was performed for
male and female control and SuHx rats. Each data point represents an individual rat.
Between 2-10 images were analysed for each rat, with n=7-9 across the groups.
Statistical analysis was performed using a two-way ANOVA. Images were captured at

40x. Scale bar represents 100pm.
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3.10 Myocyte area is increased by SuHx in both male and female rats

Hypoxia induced cardiac hypertrophy is associated with increases in myocyte size (Johnson et
al., 2023). Therefore, we assessed cross sections of RV tissue, which was pre-stained with
picrosirius red to determine myocyte size from the male and female SuHx rats. The myocyte
size was measured by drawing around the myocyte and obtaining its area, which was
repeated for several myocytes from the one rat. The area of the myocytes was then averaged
to obtain the overall mean myocyte area from the one rat (Figure 3.12 A). Here, we found
that the myocyte area (um?) was increased for both male SuHx versus male control (375 *
30.08um?vs. 169.7 + 14.63um?, ****p<0.0001, n=7-9) and female SuHx versus female control
rats (396.0 £ 37.07um?vs. 114.5 + 2.71um? ****p<0.0001, n=6-9) (Figure 3.12 B). When we
compared only the male and female control groups, we found that there was also a reduction
in the female control group (114.5 £ 2.71um?vs. 169.7 + 14.63um?, **p<0.01, n=6-7) (Figure
3.12 C).
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Figure 3.12. The effect of SuHx on myocyte area in male and female rats

A) representative images of picrosirius red stained right ventricle (RV) tissue from male and
female control and SuHx rats. B) Quantification of the myocyte area which was calculated by
drawing around the area of a single myocyte. C) Quantification of the myocyte area but only
comparing the control groups. The area was obtained for several myocytes (10-20 myocytes)
from the one rat, which was then averaged to obtain the overall mean area of a myocyte from
the one rat (um?). One data point represents one rat. n=6-10. Scale bar represents 100um.
All data represent mean * standard error of the mean (S.E.M). Statistical analysis was
performed using the two-way ANOVA for figure B and unpaired t test for figure C. **p<0.01
and ****p<0.0001.
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3.11 Pulmonary arteries in the male and female SuHx rats

To further characterise the SuHx model, we examined lung sections from the male and female
control and SuHx rats, which were stained with Millars elastin stain and Haematoxylin and
Eosin (H&E) which allowed us to visualise some of the PA. Millars elastin stain will stain the
elastin layers in the PA as a brown-black colour (Figure 3.13 A), and it is known that within PH
the PA vessels will become muscularised in which they will develop a double elastic lamina.
Meanwhile, H&E stains the cytoplasm as pink and the nuclei blue, enabling for visualisation

of the PA vessel structure (Figure 3.11 B).
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Figure 3.13. Male and female control and SuHx pulmonary artery vessels

Male and female control and SuHx rat’s lung tissue was counterstained with (A) Elastin and
(B) H&E. Vessels stained with H&E and elastin to examine the PA vessel structure. Arrows

point to the location of the pulmonary artery. Scale bar represents 100um.
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3.12 Discussion

The aim of chapter 3 was to characterise the SuHx rat model by assessing the rats
haemodynamics, pathological changes within the pulmonary vasculature and the functional
and structural remodelling changes within the RV. Firstly, we are able to report that we were
able to successfully replicate the SuHx model as described by Nicolls and colleagues by
producing a PH phenotype (Nicolls et al., 2012). The choice of rats as the model species was
primarily due to the fact that the SuHx model was originally developed in rats (Taraseviciene-
Stewart et al., 2001). Gomez-Arroyo has also reported multiple failed attempts using a mouse
SuHx model (Gomez-Arroyo et al., 2012). As well as this, the mouse SuHx models exhibit a
much less severe PAH phenotype and do not show the same characteristics which can be
found in the rat models, such as the occluded vessels and obliterative angiopathy (Vitali,
2019). It has also been reported that once the mice enter their normoxia period, the RV
hypertrophy will return to normal, hence they will not progress into RV failure, which are key
features of human PAH that must be presented in the models to allow for them to be targeted
(Vitali, 2019). The SuHx rat model has since been used extensively amongst different research
groups (Vitali et al., 2014, Mamazhakypov et al., 2020, Hamberger et al., 2022). Majority of
the studies carried out using the SuHx model use only the male sex, and given the sexual
dimorphism within PAH (Rafikova et al., 2015), we realised the importance of investigating

both the sexes and thereby incorporated both male and females in our study.

We firstly looked at the bodyweights at the start of the study, where we did not find any
differences between the control and SuHx groups for both male and female. However, we did
find the male rats to be significantly heavier than the females as expected due to the
differences in their natural growth rate, food intake and gonadal hormones secretions. At
their final weight, we found this sex difference between the males and female weight
remained the same, with the males being significantly heavier. We also found there was a
significant reduction in the male SuHx weight versus its control. There is an overwhelming
amount of evidence showing the trend in sick animals and their reduced food-motivated
behaviour, which could be mediated by the infiltration of inflammatory cytokines in the SuHx

rats (Johnson, 1998). It is interesting that there was no reduction in the female SuHx
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bodyweight given that these animals are also sick. The preservation of the female bodyweight
could be due to the protective activity of estrogen or differences in the stress response

making them less vulnerable to weight loss.

The hemodynamic parameters confirmed the development of SuHx induced PH. It is worth
noting that we did use the open-chest method to record our hemodynamic parameters and
given that this is a highly invasive technique it can cause disruption to the cardiac and
respiratory system potentially affecting the PV loop data. Therefore, it is more suitable to use
the close chest method. We firstly examined the RV function by recording the RVSP. Here we
found, that SuHx significantly increased RVSP in both male and female SuHx rats, whilst it had
no effect on LVSP. Interesting, we did find that the RVEDP was only increased in the male
SuHx group. Increases in RVEDP has been associated with worse mortality and positively
correlates with ventricular structural remodelling (Imamura and Kinugawa, 2017). Similarly,
when we assessed LVEDP we found no differences, indicating that the effects we will see will
be subject to the changes within the RV. When we looked at the effective pulmonary effective
arterial elastance (Ea), which is an indicator of the RV afterload, we found that SuHx increased
this in both male and female. The coupling between the cardiac contractility and arterial
system can be analysed using the ratio of Ees to Ea, also known as RV-PA coupling which is
able to give an overall indication of the cardiovascular function and efficiency. Here, we found
the RV-PA coupling was reduced in only the male SuHx rats, suggesting that females have
better RV function in response to the SuHx. We did also examine the PA vessel structure to
further characterise the model, however given that we did not quantify the images we cannot

confirm whether remodelling has occurred within the PA which is a limitation of this study.

The RV hypertrophy was measured by the Fulton index, which is the RV weight scaled to the
LV+S weight and here we found that there was a significant increase in both male and female
SuHx groups, confirming the development of RV hypertrophy, as a result of the increases in
RV afterload. We did, however, see that there was a significant increase in LV+S weight in the
female SuHx group, which can influence the ratio. It is now recommended that RV
hypertrophy should be measured by ratioing the RV weight to the tibia length to avoid any

biases due to changes in LV+S weight/potential LV remodelling and also bodyweight (Hagdorn
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etal., 2019). Nevertheless, this increase in Fulton index does suggest that the male and female

SuHx rats did undergo a significant degree of RV hypertrophy.

Following these findings, we then measured the size of the myocyte area within the RV tissue.
Here we found, the female control baseline myocyte area to be significantly smaller versus
the males. However, the female SuHx rats show that it does increase to the same size as the
male SuHx rats, suggesting that the female rats underwent a greater increase in myocyte size
in response to SuHx. This may explain why there was preservation in RV-pulmonary artery

coupling in female only but not in male.

We then investigated the interstitial collagen deposition within the RV tissue. Collagen is
synthesised predominately by the fibroblasts and plays an important role in maintaining
cardiac structure and function (Andersen et al., 2019). In PAH, there is excessive activation
and proliferation of the collagen-producing fibroblasts, that eventually leads to excessive
fibrosis within the RV, which is one of the main hallmarks of PAH induced RV failure. RV
fibrosis has been measured in human patients with PAH, where they detected higher levels
when compared with their respective controls; (9.6 + 0.7% vs. 7.2 + 0.6%, p<0.01 n=9-11)
(Rain et al., 2013), (4.1 £ 0.6% vs. 2.3 £ 0.7%, p<0.01, n=5-6) (Bruggen et al., 2016). When we
measured the collagen deposition within the RV tissue, we detected a significant increase in
collagen content in only the male SuHx rats, which points towards male SuHx undergoing
worse RV fibrosis. We propose that the increases in RVEDP that we see in only the male SuHx
could be associated with this higher degree of RV interstitial fibrosis, which we also only
detect in the male SuHx rats. In addition, the increase in RV myocyte size in the female SuHx
rats may explain why the female RV developed the same degree of hypertrophy (indicated by
Fulton index) as the males in response to the SuHx. When examined at the gene expression
level, we found the opposing effects in which we seen a significant increase in Collal and
Col3al in the female SuHx rats. Although, it has been reported that Collal and Col3al are
highly time dependent (Marlovits et al., 2004). The increase in Collal and Col3al gene
expression but not protein detected by PSR staining in the female SuHx, could be as a result

of the genes not having enough time to translate into protein. Alternatively, at the time we
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measured the RV interstitial fibrosis, perhaps enough of the protein in the male SuHx had

been made causing the genes to be downregulated through negative feedback.

We then had a look at the expression of genes which play a key role in tissue fibrosis including
TGF-B1, which was found to be increased in only the male SuHx rat. The same was seen for
TSC22D1, a facilitator of TGF-B1 signalling (Yan et al., 2011). Given these genes play a role in
activating the fibroblasts and contributing towards fibrosis, reduced expression could be
associated with a reduction in RV hypertrophy and mass. Consistent with the increased RV
hypertrophy that we see in both sexes, we found that CTGF, another marker of fibrosis was
upregulated in both the male and female SuHx rats. However, LTBP2, a novel gene member
that belongs to the TGF-3 family and plays a role in fibrosis, was found to be increased in only
the female SuHx rats. We did also examine these genes at the protein expression level, but

due to antibody complications we were not able to retrieve any clear data.

The RV tissue from the male and female SuHx showed increased levels of PCNA protein
expression detected by IHC. PCNA positive cells were present in the myocytes from the RV,
however we only counted the PCNA positive fibroblasts cells as a direct measurement of
fibroblasts proliferation. This increase in PCNA positive cells was expected in the male SuHx
rats as they also illustrate an upregulation in their interstitial collagen deposition. We did not
detect this increase in collagen deposition in the female SuHx rats, but as we did see that the
females had underwent significant RV hypertrophy (measured by Fulton Index) alongside
increased RV myocyte size, we presume that fibroblast proliferation may have contributed to
the RV hypertrophy, which we have confirmed by the PCNA staining. We then directly
measured PCNA versus collagen deposition, and as expected, for both male and female SuHx

rats as PCNA increased, there was also an increase in collagen deposition.

Overall, to summarise the findings from chapter 3, we illustrate that the male SuHx rats have
worse RV-pulmonary artery coupling, as seen by reduced Ees/Ea compared to the females.
We show that the males SuHx demonstrate increased RVEDP, which could be connected to
the higher degree of RV interstitial fibrosis as increased fibrosis would contribute to a stiffer

RV and thereby increase the RVEDP, which was also only observed in only the male SuHx rats.
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We found the increase in interstitial fibrosis in the males to be associated with upregulated
expression of the pro-fibrotic genes: TGF-f1, TSC22D1 and CTGF. We show that both male
and female myocyte sizes are increased as a result of RV hypertrophy, although the myocyte
area appears to undergo a larger increase in size in the female SuHx rats. While it is known
that male PAH patients tend to have worse RV function and that male and female PAH
patients do undergo more fibrosis in their RV when compared to healthy controls, it has not
yet been investigated whether this fibrosis is worse in the male patients. Currently, there are
no treatments targeting the RV fibrosis in PAH patients. Therefore, there is a need for more
research to investigate the mechanisms driving this fibrosis and the associated sex differences

to identify potential targets.

3.13 Summary

Overall, chapter 3 demonstrates that we were able to reproduce the SuHx model phenotype
in both male and female Sprague-Dawley rats. We confirmed the SuHx model by specifically
showing the rats’ haemodynamics profiles, which confirmed an increased RVSP, and by
measuring several different parameters linked to fibrosis, hypertrophy, pulmonary
remodelling, and proliferation. We highlight key sex differences in the male SuHx rats, which
exhibit worse RV interstitial fibrosis and elevated RVEDP. We targeted a fibrosis pathway by
measuring the gene expression of Collal, Col3al, TGF-B1, TSC22D1, and LBTP2 in RV tissue
for the first time, and found key sex differences in the male and female SuHx rats. Many
studies using the SuHx rat model have variabilities in their protocols, with the main
differences in their hypoxia and normoxia exposure periods. We achieved the SuHx model by
using a single subcutaneous Sugen (25mg/kg) injection followed by 3-weeks in hypoxia (10%
02) and 5 weeks in normoxia. Given that we are able to successfully mimic key features seen
in human PAH patients (remodelled PA vessels and increased RVSP), we propose that this

protocol could be utilised for future studies.
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CHAPTER 4
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4. Sex differences in mitochondrial related gene expression in the RV and lungs

4.1 Introduction

Mitochondria are the energy powerhouses of all eukaryotic cells, as they are responsible for
providing the cells with adenosine triphosphate (ATP) via oxidative phosphorylation (Brand
et al., 2013). However, in pulmonary arterial hypertension (PAH), there is a reprogramming
of the cell metabolism, which shifts it over to an aerobic glycolytic state leading to a reduction
in the amount of ATP produced (Riou et al., 2023). Within PAH, there is excessive proliferation
of both myocardial right ventricular (RV) fibroblasts and pulmonary artery smooth muscle
cells (PASMCs), therefore the ATP demand begins to exceed the ATP supply which can then
offset detrimental cellular processes such as, apoptosis within both the RV and pulmonary
vasculature (Ryanto et al., 2023). This impaired metabolism has also been demonstrated to

reduce RV myocyte contractility during systole in the heart (Tian et al., 2020b).

Mitochondria quickly adapt to their conditions via a number of mechanisms referred to as
biogenesis (the formation of new mitochondria), fusion and fission (division) (Bonnet et al.,
2006). They are normally tightly regulated by a series of fusion and fission events allowing the
mitochondria to exist in a highly dynamic filamentous network. However, in PAH there is a
favourable shift towards excessive fission which leads to the mitochondria losing its
filamentous structure and becoming fragmented, which further reduces ATP production and
has been shown to promote reactive oxygen species (ROS) in the RV (Breault et al., 2023).
Within PAH, overexpression of fission proteins has been identified in RV fibroblasts and in the
PASMCs (Bonnet et al., 2007, Marsboom et al., 2012, Tian et al., 2017, Tian et al., 2018). An
inhibitor of the fission protein dynamin related protein 1 (Drpl) known as Drpitorla was
found to reduce mitochondrial fission, cell proliferation and inhibit apoptosis in human PAH
PASMCs (Wu et al., 2023). In monocrotaline (MCT) induced PH rats, Drpitorla reduced
pulmonary artery (PA) obstruction, lowered pulmonary vascular resistance and overall
improved RV function (Wu et al., 2023). Thus, the results demonstrated by Wu et al., shine
light on the potential impact that excessive mitochondrial fission may have on PAH patients.

Limited research has been done examining the sex differences in the mitochondrial dynamics
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gene expression profile within the RV, therefore we aim to examine this in the Sugen-hypoxia

(SuHx) rat model.

Beside that females demonstrate preserved RV function in PAH, there is growing evidence to
suggest that females also have better mitochondrial capacity than the males (Cardinale et al.,
2018). Previous studies have shown that the female mitochondria, have higher antioxidant
capacity and produce less ROS when compared with males, which is proposed to be
predominately due to the protective actions of the estrogens (Vina et al., 2011, Gorlach et al.,
2015). Hence, the current evidence under healthy conditions points towards females
exhibiting better mitochondrial function. However, whether this sex differences exists in a
PAH environment remains unknown. The data from PAH models suggests that restoring
mitochondrial metabolism, by decreasing fatty acid oxidation, increasing PDH activity, glucose
oxidation and ATP production in PAH may lead to improved RV function by increasing RV
contractile function, reducing cell proliferation and collagen production in the RV fibroblasts
(Fang et al., 2012). This has been found in pulmonary artery banding (PAB), MCT, Fawn-
Hooded and SuHx rat models of PH in both RV myocytes and RV fibroblasts (Piao et al., 2010,
Fang et al., 2012, Piao et al., 20133, Piao et al., 2013b, Frump et al., 2015, Drozd et al., 2017,
Tian et al., 2017).

Although, it must be noted that these studies mentioned above examine only the male sex

and not the female, therefore the sex differences remain unknown.

It was previously reported that ischemia induced injury may be responsible for the
detrimental mitochondrial changes which take place within the RV in PAH (Ryan et al., 2015a).
Ischemia has been found to occur in the RV in rodent models of PAH including male MCT rats,
male SuHx rats and in male and female human PAH patients (Dasgupta et al., 2020, Wu et al.,
2021). It was also found that restoring right coronary perfusion via supra-aortic banding in
MCT-induced PAH in male rats improves oxidative metabolism and RV function (Tian et al.,

2020b).

Therefore, the aims of this investigation were to assess the effect of SuHx-induced PH on RV

right coronary artery (RCA) remodelling and mitochondrial function. We investigate the RCA
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remodelling including vessel wall remodelling in the intima and media layers and perivascular
collagen deposition and whether there were any sex differences, as this has never been done
before in a SuHx rat model. As well as this, we examined MitoSox, mitochondrial membrane
potential and mitochondrial morphology in the RV. We also investigate the RV and lung
expression of genes linked to mitochondrial dynamics and function and their sex differences.
Indeed, we hypothesise that mitochondrial function in terms of biogenesis, dynamics and
oxidative stress is better preserved in the RV of females and that sex is involved in the
mitochondrial abnormalities in PAH associated RV failure. Due to this, we propose that more
intact mitochondrial function will be positively correlated with less severe RCA remodelling
in the females. In order to determine this, using the SuHx rat model, we used
immunohistochemistry to stain and examine the RCA collagen deposition. Similarly, using the
SuHx rat model, we stained fresh pieces of RV tissue for mitochondrial properties which were
then imaged using the confocal microscope. We then followed this up by using gPCR to

examine mitochondrial gene expression in both the RV and lung tissues.

The objectives of this chapter were to:

e Examine the degree of RCA vessel remodelling and RCA collagen deposition

e Examine mitochondrial membrane potential via TMRM, mitochondrial superoxide via
MitoSOX, and mitochondrial morphology via MitoTracker Green in male and female
control and SuHx rats

e Assess gene expression linked to hypoxia, mitochondrial biogenesis, mitochondrial

dynamics, and mitochondrial oxidative stress in control and SuHx RV and lung tissue
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4.2 The effect of SuHx on RCA remodelling in male and female rats

It has been found that in PAH, there is a reduction in systolic RCA flow due to an increase in
RV pressure and RV mass (van Wolferen et al., 2008). RCA remodelling may contribute to the
change in RCA flow. Due to this, we measured the perivascular collagen deposition and
intima-media thickness from the RCA vessels from both male and female control and SuHx
rats to determine the sex differences as this has yet to be reported. The vessels were
subcategorised into groups based on their diameter sizes (15-50pum, 50-100um and >100um).
Vessels below 15um were excluded in case they were mistaken for a capillary. Figure 4.1

shows representative images of the RCA from both male and female control and SuHx rats.

Firstly, we analysed the perivascular collagen area by ratioing the perivascular collagen area
to lumen area, and here we found that in the male control, as diameter decreases, there is a
slight increase in the ratio (R?=0.09 and p<0.12) (Figure 4.2 A). In male SuHx, as diameter
increases there is a greater reduction in the collagen ratio (R?=0.23 and p<0.0002) (Figure 4.2
A). We found there was a significant difference between the two slopes (p<0.0129) (Figure
4.2 A). We then directly compared the differences in the collagen ratio with the vessels
separated into three different size groups. This showed that the greatest increase and
remodelling in collagen content took place in the male SuHx vessels which had a vessel
diameter between 15-50pum (1.45 £ 0.13 vs. 0.90 £ 0.11, *p<0.05, n=12-21) (Figure 4.2 B). In
the female, as diameter decreases no differences in the ratio were detected for both female
SuHx and control rats (Figure 4.2 C). Similarly, when the three RCA vessel size groups were

compared, no differences were detected (Figures 4.2 D).

Next, we analysed the intima-media thickness (ratioed to the vessel diameter mentioned
above). In male control, as diameter decreases there is an increase in the intima-media
thickness (R?=0.28 and p<0.0059) (Figure 4.3 A). In male SuHx, as the diameter increases, the
ratio is also reduced (R¥0.21 and p<0.0004) (Figure 4.3 A). There was no differences found
between the slopes (Figure 4.3 A). As described above, the vessels were subcategorised into
the same groups based off their diameter size. This revealed no changes across the different

vessel diameters for the male rats (Figure 4.3 B). Meanwhile, as the female control diameter
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decreases there is an increase in the intima-media thickness (R>=0.30 and p<0.0037) (Figure
4.3 C). In female SuHx, we found that as diameter increases there is a reduction in the intima-
media thickness (R?=0.0002 and p<0.9167) and there was a significant difference between
the slopes (p<0.0174) (Figure 4.3 C). When we compared the vessels by size, we detected a
significant, though slight, reduction in the ratio in the female SuHx rats, in the vessels
belonging to the 50-100um group (Figure 4.3 D) (0.10 + 0.01 vs. 0.15 £ 0.01, *p<0.05, n=12-
14).

133



] - ',
Vi g / 1 A
J 7 3 Ny -
4 /d . " \ e
27 f ' » -
2% B, _—
J ( )‘ 3 N\

Female control

Male SuHx

Figure 4.1. SuHx induces RCA vessel remodelling in the male RCA vessels

Male and female control and SuHx right coronary artery (RCA) vessels were stained with
picrosirius red to aid for RCA vessel detection within the male and female control and SuHx

RV tissue. Images shown were taken at 20x magnification. Scale bar represents 100um.
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Figure 4.2. SuHx induces RCA collagen remodelling in the male RCA vessels

Male and female control and SuHx right coronary artery (RCA) vessels were stained with
picrosirius red to detect the collagen area. The collagen area was then measured and
ratioed to the lumen area. Figure A and B show the quantification for the male rats, whilst
figure C and D show the female quantification. The areas were obtained using Image)
software (National Institutes of Health, Bethesda, MD, USA) analysing images taken at both
20x and 40x magnification. Simple-linear regression was performed across all the
vessels. The RCA vessels were categorised based on their vessel size (15-50um, 50-
100pm and >100um). Results shown represent the mean + SEM. Male n= 4-25 and
female n=4-17. The n number represents the number of RCAs from each group. All data
represent the standard error of the mean (S.E.M). Statistical analysis was performed by

using an unpaired t-test, with *p<0.05.
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Figure 4.3. SuHx induces an increase in RCA intima-media thickness in the female RCA

vessels

Male and female control and SuHx right coronary artery (RCA) vessels were stained with
picrosirius red to help identify the vessel layers and structure. The intima-media area was
then measured and ratioed to the vessel’s diameter. Figure A and B show the quantification
for the male rats, whilst figure C and D show the female quantification. The areas were
obtained using ImageJ software (National Institutes of Health, Bethesda, MD, USA) analysing
images taken at both 20x and 40x magnification. Simple-linear regression was performed
across all the vessels. The RCA vessels were categorised based on their vessel size (15-50um,
50-100pum and >100pum). Male n= 4-21 and female n= 4-17. The n number represents the
number of RCAs from each group. Statistical analysis was performed by using an unpaired t-

test, with *p<0.05. All data represent the standard error of the mean (S.E.M).
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4.3 The effect of SuHx on mitochondrial superoxide levels, mitochondrial membrane

potential and mitochondrial morphology in male and female RV tissues

Fresh RV tissue from rats was incubated with the following stains: DAPI, MitoSox, Mito green
tracker and TMRM at 37°C, 17-21% O, and 5% CO,. The blue fluorescent dye, DAPI, is a widely
employed nuclei stain to confirm the presence of a live cell which was used as a control on all
RV tissues. The tissue was then co-incubated with TMRM, MitoTracker green or MitoSOX.
TMRM acts as a measurement of mitochondrial membrane potential which fluoresces as red
in colour. It is a lipophilic cationic dye, which is positively charged and able to accumulate
within the mitochondria in an inverse manner to the mitochondrial membrane potential
(Creed and McKenzie, 2019). MitoTracker green will accumulate within the mitochondrial
matrix where it selectively binds to the mitochondrial proteins and fluoresces as green in
colour (Presley et al., 2003). Meanwhile, MitoSOX which is also lipophilic and positively
charged, will accumulate within the mitochondrial matrix where it becomes oxidized by
mitochondria superoxide causing it to produce a strong red signal (Roelofs et al., 2015). It

must be noted that MitoSOX will not become oxidized by the other ROS and RNS species.

The SuHx reduced mitochondrial membrane potential in only male SuHx rats compared to the
male control (22.19 + 2.33vs. 52.20+ 17.29, *p<0.05, n=5-8) (Figure 4.4 A and B). Additionally,
there was a significant reduction in the mitochondrial fusion grade assessed on MitoTracker
green-stained tissues in the male SuHx rats versus their control (2.36 + 0.16 vs. 3.0 + 0.00,
**p<0.01, n=5-8) (Figure 4.5 A and B). Mitochondrial fusion grades were ranked from either
0 to 3, with 3 representing the most intact mitochondria which exhibits minor fragmentation.
Although, the RV mitochondrial fusion grade from female SuHx rats appeared to be slightly
reduced compared to their control, this did not reach significance and was significantly higher
in the females SuHx versus male SuHx (2.79 £ 0.12 vs. 2.36 £ 0.16, *p<0.05, n=8-9) (Figure 4.5
A and B). While SuHx had no significant effect on MitoSox signal across all groups, although
there was a strong trend toward reduction in male SuHx group compared to male control

group (p=0.13) (Figure 4.6 A and B).
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Figure 4.4. SuHx reduces mitochondrial membrane potential in the male SuHx rats

A) confocal microscopy images representing right ventricle (RV) tissue stained with DAPI
for the nuclei and TMRM for mitochondrial membrane potential. B) Quantification of
mitochondrial membrane potential. n=5-9. All statistical analysis was performed using
two-way ANOVA. *p<0.05. Images were captured at 63x magnification. Scale bar

represents 20um. All data represent the standard error of the mean (S.E.M).
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Figure 4.5. SuHx reduced mitochondrial fusion in both male and female SuHx rats

A) confocal microscopy images representing (right ventricle) RV tissue stained with DAPI
for the nuclei and MitoTracker green for mitochondrial morphology. B) Quantification of
mitochondrial fusion grade. n=5-9. All statistical analysis was performed using two-way
ANOVA. *p<0.05, **p<0.01. Images were captured at 63x magnification. Scale bar

represents 20um. All data represent the standard error of the mean (S.E.M).
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Figure 4.6. SuHx did not affect MitoSOX intensity

A) Confocal microscopy images representing right ventricle (RV) tissue stained with DAPI for
the nuclei and MitoSOX (red) for mitochondrial superoxide intensity. B) Quantification of
MitoSOX. n=7-10. All statistical analysis was performed using two-way ANOVA. Images were
captured at 63x magnification. Scale bar represents 20um. All data represent the standard

error of the mean (S.E.M).
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4.4 The expression of a hypoxia marker gene, HK2 was upregulated in the RV tissue in both

male and female but reduced in the lung tissue

There are four isoforms of hexokinase (HK 1-4), which play a role in the glycolytic pathway,
with HK2 serving as the most predominate isoform in cardiac tissue (Heikkinen et al., 2000).
Under hypoxic conditions, it is known that HK2 will become upregulated through hypoxia
inducible factor 1 alpha (HIF1a) activation, thereby serving as a marker of hypoxia. The
expression of HK2 was measured by gRT-PCR which showed that SuHx did indeed increase
HK2 expression in the RV for male SuHx versus male control (1.46 + 0.13 vs. 1.02 + 0.07,
*p<0.05, n=10) and female SuHx versus female control (1.64 + 0.16 vs. 1.02 + 0.07, **p<0.01,
n=10) (Figure 4.7 A). However, the opposite effect was seen in the lung tissue, in which HK2
was reduced in the male SuHx versus male control (0.62 + 0.08 vs. 1.06 £ 0.11, *p<0.05, n=10)
and female SuHx versus female control (0.67 £ 0.09 vs. 1.10 £ 0.14, *p<0.05, n=10) (Figure 4.7
B).
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Figure 4.7. SuHx increased HK2 gene expression within the RV but reduced HK2 in the lungs

Quantitative polymerase chain reaction (QPCR) was performed on right ventricle (RV) tissue
harvested from the male and female control and Sugen-hypoxia (SuHx) rats. A) Hexokinase 2
(HK2) expression in RV tissue. B) HK2 expression from lung tissue. All values represent the
mean AACT value % standard error of the mean (S.E.M). RV gene expression data was
normalized to the glyceraldehyrde-3-phosphate dehydrogenase (GAPDH) gene expression,
whilst lung tissue was normalised to B-actin, with n=10 per group. Samples were performed
in triplicates and data was analysed using the two-way ANOVA with *p<0.05, **p<0.01,
**%*p<0.001 and ****p<0.0001.
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4.5 The effect of SuHx on the expression of genes involved in the mitochondrial biogenesis

pathway in RV tissue

Mitochondrial biogenesis is regulated by the peroxisome proliferator activated receptor
gamma co activator 1 alpha (PCG-1a), nuclear respiratory factor 1 and 2 (NRF 1 and 2) and
mitochondrial transcription factor A (TFAM) pathway. The PCG-1a-NRF1/2-TFAM signalling
pathway is critical in the maintenance of mitochondrial metabolic capacity. Therefore, we
decided to examine the effect of SuHx on this pathway by using quantitative polymerase chain
reaction (qRT-PCR) in the RV tissue. gRT-PCR results showed that SuHx did not influence NRF1
activity (Figure 4.8 C) but did increase NRF2 expression in the male SuHx rats versus male
control (2.24 £ 0.40 vs. 1.12 + 0.20, *p<0.05, n=10) (Figure 4.8 D). No significant differences
were detected in PCG-1a. (PPARGC1A) expression (Figure 4.8 A). Meanwhile, there was a
significant increase in TFAM expression in the male SuHx rats versus male control (1.90 £ 0.25

vs. 1.11 £ 0.18, *p<0.05, n=10) (Figure 4.8 B).
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Figure 4.8. The effect of SuHx on RV gene expression linked to mitochondrial biogenesis

Quantitative polymerase chain reaction (QPCR) was performed on RV tissue harvested from
the male and female control and SuHx rats. A) Peroxisome proliferator activated receptor
gamma co activator 1 alpha, PPARGCI1A, also referred to as PGClo gene expression B)
Mitochondrial transcription factor A, TFAM gene expression C) Nuclear respiratory factor 1,
NRF1 gene expression D) Nuclear respiratory factor 2, NRF2 gene expression. All values
represent the mean AACT value * S.E.M. All data was normalized to the Glyceraldehyrde-3-
phosphate dehydrogenase (GAPDH) gene expression, with n=10 per group. Samples were

performed in triplicates and data was analysed using the two-way ANOVA with *p<0.05.
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4.6 The effect of SuHx on the expression of genes involved in the mitochondrial dynamics

in RV tissue

Assessment of the genes involved in mitochondrial dynamics was performed using qRT-PCR
on the male and female RV tissue. There were no significant differences in Mitofusin 1 and 2
(MFN1/2) across the groups which plays a crucial role in mitochondrial fusion (Figure 4.9 A
and B). Also, no differences were detected in dynamin 2 (DNM2) which is involved in
mitochondrial fission (Figure 4.9 C). Similarly, no differences were found in optic atrophy-1

(OPA1) which is involved in mitochondrial fusion (Figure 4.9 D).
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Figure 4.9. The effect of SuHx on RV gene expression linked to mitochondrial dynamics

Quantitative polymerase chain reaction (QPCR) was performed on RV tissue harvested from
the male and female control and SuHx rats. A) Mitofusin 1, MFN1 gene expression B)
Mitofusin 2, MFN2 gene expression C) Dynamin 2, DNM2 gene expression D) Optic atrophy 1,
OPA1 gene expression. All values represent the mean AACT value £ S.E.M. All data was
normalized to the Glyceraldehyrde-3-phosphate dehydrogenase (GAPDH) gene expression,
n=10 per group. Samples were performed in triplicates and data was analysed using the two-

way ANOVA.
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4.7 The effect of SuHx on the expression of genes involved in mitochondrial oxidative stress

in RV tissue

Transcriptional activator, nuclear factor erythroid 2-related factor 2 (NFE2L2) which plays a
crucial role in regulating cellular resistance to reactive oxidants, demonstrated no significant
differences across the groups (Figure 4.10 A). The same was seen for a downstream target of
NFE2L2, known as NAD(P)H dehydrogenase (quinone 1) (NQO1) (Figure 4.10 B). No
differences were found in superoxide dismutase (SOD2) which plays a role in reducing ROS
(Figure 4.10 C). Whilst one of the major mitochondrial enzymes, monoamine oxidase A (MAO-
A) that generates ROS, was found to be upregulated in only the female SuHx versus female
control rats (9.94 + 3.47 vs. 1.16 £ 0.22, **p<0.01, n=10) (Figure 4.10 D). Heat shock protein
90 alpha family class A member 1 (HSP90AA1) which is known to play a role in reducing
oxidative stress was found to be upregulated in the male SuHx versus the male control rats
(4.28 + 0.76 vs. 1.10 + 0.18, ****p<0.0001, n=10) (Figure 4.10 E). At the same time, a
significant reduction in HSP90AA1 was detected in the female SuHx rats versus the male SuHx

rats (2.16 + 0.31 vs. 4.28 + 0.76, **p<0.01, n=10) (Figure 4.10 E).
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Figure 4.10. The effect of SuHx on RV gene expression linked to mitochondrial oxidative

stress

Quantitative polymerase chain reaction (QPCR) was performed on RV tissue harvested from
the male and female control and SuHx rats. A) Nuclear factor erythroid 2-related factor 2,
NFE2L2 gene expression B) NAD(P)H dehydrogenase (quinone 1), NQO1 gene expression C)
superoxide dismutase 2, SOD2 gene expression D) monoamine oxidase A, MAO-A gene
expression E) Heat shock protein 90 alpha family class A member 1, HSP90OAA1l gene
expression. All values represent the mean AACT value * standard error of the mean (S.E.M).
All data was normalized to the Glyceraldehyrde-3-phosphate dehydrogenase (GAPDH) gene
expression, with n=9-10 per group. Samples were performed in triplicates and data was
analysed using the two-way ANOVA with *p<0.05 and **p<0.01. A ROUT outlier test was
performed on NFE2L2 and NQO1 gene expression which identified one outlier in the male

SuHx group, for both genes which was removed.
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4.7.1 The effect of SuHx on RV NFE2L2 protein expression

To follow up on the RV gPCR, NFE2L2 RV protein expression was measured. Densitometric
analysis of the western blot revealed a significant reduction in the male SuHx group versus
male control (0.57 £ 0.06 vs. 1.00 £ 0.07, **p<0.01, n=4-5) (Figure 4.11 A and C). Meanwhile

no significant differences were detected in the in the female groups (Figure 4.11 B and D).
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Figure 4.11. NFE2L2 protein expression in male and female control and SuHx RV tissue

Protein expression was assessed by western blot. A) Representative image of male right
ventricle (RV) nuclear factor erythroid 2-related factor 2 (NFE2L2) expression normalized to
glyceraldehyrde-3-phosphate dehydrogenase (GAPDH) B) Representative image of female RV
NFE2L2 expression normalized to GAPDH C) Quantitative analysis of NFE2L2 expression
ratioed to housekeeper, GAPDH for male rats D) Quantitative analysis of NFE2L2 expression
ratioed to housekeeper, GAPDH for female rats, with n=4 for male and female control rats
and n=5 for male and female SuHx rats. Data represents mean + standard error of the mean

(S.E.M) value. Statistical analysis was performed using an unpaired t test with **p<0.01.
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4.8 The effect of SuHx on the expression of estrogen receptor genes in RV tissue

Estrogen will couple to one of its estrogen receptors: ERa, ERB or GPER to mediate its
signalling (Fuentes and Silveyra, 2019). ESR1 is the gene that encodes for the ERa receptor,
meanwhile ESR2 encodes for the ERPB receptor (Fuentes and Silveyra, 2019). ESR1 and ESR2
have been found to reside in the nucleus, mitochondria and cytoplasm or as an extra-nuclear
receptor at the plasma membrane (Fuentes and Silveyra, 2019). Sex differences have been
found in ESR1 protein expression, with ESR1 expression significantly higher in the female
cardiomyocytes compared with the males (Sun et al.,, 2021b). Meanwhile, ESR2 protein
expression is similar in both male and female cardiomyocytes (Grohé et al., 1998, Sun et al.,
2021b). Due to this, we examined the ESR1 and ESR2 gene expression in the RV tissue from
the male and female SuHx rats. We found there was a significant reduction in the ESR1 gene
expression in the female SuHx rats versus the male SuHx rats (0.47 + 0.03 vs. 1.33 + 0.30,
*p<0.05, n=10) (Figure 4.12 A) whilst no differences were found in ESR2 gene expression

(Figure 4.12 B).

161



ESR1 ESR2
6 10 -
8_
o * 5 .
4 ' < 6
O] o (O]
8 L4 o ] °
o ,_ o 47
2_
=
- .
oL L L1el 1 1P I '1".-!'.‘
» + » 4+ » 3 » +
& K & L ¢ K
000 Q\G 00° @ o ° é\& 00° »°
SIS o NP
4 QQ&" @ é & <

Figure 4.12. The effect of SuHx on RV estrogen receptor gene expression

Quantitative polymerase chain reaction (qPCR) was performed on RV tissue harvested from
the male and female control and SuHx rats. A) estrogen receptor 1, ESR1 gene expression B)
estrogen receptor 2, ESR2 gene expression. All values represent the mean AACT value *
standard error of the mean (S.E.M). All data was normalized to the Glyceraldehyrde-3-
phosphate dehydrogenase (GAPDH) gene expression, with n=10 per group. Samples were

performed in triplicates and data was analysed using the two-way ANOVA with *p<0.05.
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4.9 The effect of SuHx on lung gene expression linked to mitochondrial biogenesis

We decided to examine the effect of SuHx on the same mitochondrial biogenesis genes that
were investigated in the RV tissue but now in the lung tissue. The gRT-PCR results showed
that SuHx did not alter PCG-1a. (PPARGC1A) or nuclear respiratory factor 2 (NRF2) gene
expression (Figure 4.13 A and D). However, it did reduce mitochondrial transcription factor A
(TFAM) expression in the male SuHx versus male control group (0.52 + 0.09 vs. 1.05 £ 0.12,
*p<0.05, n=10) (Figure 4.13 B). Similarly, SuHx reduced NRF1 expression in the male SuHx
versus male control rats (0.62 + 0.08 vs. 1.01 + 0.04, *p<0.05, n=10) (Figure 4.13 C).
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Figure 4.13. The effect of SuHx on lung gene expression linked to mitochondrial biogenesis
Quantitative polymerase chain reaction (qPCR) was performed on the lung tissue harvested
from the male and female control and SuHx rats. A) Peroxisome proliferator activated
receptor gamma co activator 1 alpha, PPARGC1A, also known as PGCla gene expression B)
Mitochondrial transcription factor A, TFAM gene expression C) Nuclear respiratory factor 1,
NRF1 gene expression D) Nuclear respiratory factor 2, NRF2 gene expression. All values
represent the mean AACT value * standard error of the mean (S.E.M). All data was normalized
to the B-actin gene expression with n= 10 per group. Samples were performed in triplicates

and data was analysed using the two-way ANOVA with *p<0.05.
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4.10 The effect of SuHx on lung gene expression linked to mitochondrial dynamics

When we examined the genes linked to mitochondrial dynamics in the lung, we found a
significant reduction in MFN1 in the male SuHx versus male control group (0.67 £ 0.07 vs. 1.00
+0.03, *p<0.05, n=10) (Figure 4.14 A). Whilst a significant reduction in MFN2 was detected in
both male SuHx versus male control and female SuHx versus female control groups,
highlighting no sex differences (males: 0.65 + 0.09 vs. 1.02 + 0.07, *p<0.05, n=10; females:
0.67 £0.08 vs. 1.04 £ 0.09, *p<0.05, n=10) (Figure 4.14 B). Similarly, when we looked at DNM2
expression this was found to be reduced in both male SuHx versus male control and female
SuHx versus female control groups (males: 0.62 + 0.05 vs. 1.00 + 0.04, *p<0.05, n=9-10;
females: 0.72 £ 0.09 vs. 1.06 £ 0.13, *p<0.05, n=10) (Figure 4.14 C). Whilst no differences were
detected in OPA1 expression (Figure 4.14 D).
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Figure 4.14. The effect of SuHx on lung gene expression linked to mitochondrial dynamics

Quantitative polymerase chain reaction (QPCR) was performed on lung tissue harvested from
the male and female control and Sugen hypoxia (SuHx) rats. A) Mitofusin 1, MFN1 gene
expression B) Mitofusin 2, MFN2 gene expression C) Dynamin 2, DNM2 gene expression D)
Optic atrophy 1, OPA1 gene expression. All values represent the mean AACT value + standard
error of the mean (S.E.M). All data was normalized to the -actin gene expression with n=9-
10 per group. Samples were performed in triplicates and data was analysed using the two-
way ANOVA with *p<0.05. A ROUT outlier test was performed on DNM2 gene expression

which identified one outlier in the male SuHx group which was removed.
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4.11 The effect of SuHx on lung gene expression linked to mitochondrial oxidative stress

The same gPCR was performed on the lung tissue examining the same mitochondrial
oxidative stress linked genes which were tested in the RV. No changes were detected across
the groups in NFE2L2 gene expression (Figure 4.15 A). We did detect a significant increase in
NQO1 expression in male SuHx versus male control and female SuHx versus female control
rats (males: 3.76 + 0.54 vs. 1.05 £ 0.10, ****p<0.0001, n= 10; females: 2.39 + 0.25 vs. 1.02
0.06, *p<0.05, n=10) (Figure 4.15 B). No changes were seen in SOD2, MAO-A and HSP90AA1
gene expression across the male and female control and SuHx groups (Figure 4.15 C, D and

E).
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Figure 4.15. The effect of SuHx on lung gene expression linked to mitochondrial dynamics

Quantitative polymerase chain reaction (QPCR) was performed on lung tissue harvested from
the male and female control and SuHx rats. A) Nuclear factor erythroid 2-related factor 2,
NFE2L2 gene expression B) NAD(P)H dehydrogenase (quinone 1), NQO1 gene expression C)
Superoxide dismutase 2, SOD2 gene expression D) Monoamine oxidase A, MAO-A gene
expression. E) Heat shock protein 90 alpha family class A member 1, HSP90AA1 gene
expression. All values represent the mean AACT value * standard error of the mean (S.E.M).
All data was normalized to the -actin gene expression, with n=8-10 per group. Samples were
performed in triplicates and data was analysed using the two-way ANOVA with *p<0.05 and
****p<0.0001. A ROUT outlier test was performed on NFE2L2 and MAO-A genes which

identified 1-2 outliers which were excluded.
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4.12 The effect of SuHx on the expression of estrogen receptor genes in lung tissue

The estrogen receptors, ESR1 and ESR2 were examined in the RV tissue from the male and
female rats. To follow up on this, we examined ESR1 and ESR2 gene expression in the lung
tissue. Here, we found no significant differences across any of the male and female groups

for ESR1 (Figure 4.16 A) and ESR2 (Figure 4.16 B) gene expression.
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Figure 4.16. The effect of SuHx on estrogen receptor gene expression in the lung tissue

Quantitative polymerase chain reaction (QPCR) was performed on lung tissue harvested from
the male and female control and SuHx rats. A) estrogen receptor 1 (ESR1) gene expression B)
estrogen receptor 2 (ESR2) gene expression. All values represent the mean AACT value +
standard error of the mean (S.E.M). All data was normalized to the housekeeper, B-actin gene
expression, with n=10 per group. Samples were performed in triplicates and data was

analysed using the two-way ANOVA.
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4.13 Discussion

The aim of chapter 4 was to examine the effect of SuHx on the remodeling of the RCA across
a range of RCA diameter sizes. In addition, we aimed to examine the mitochondrial properties
(mitochondrial superoxide production, membrane potential and mitochondrial morphology)
in the RV tissue, and mitochondrial-linked gene expression in both the RV and lung tissues.
Throughout chapter 4, we consistently aimed to examine the sex differences which are taking
place within the SuHx rat model. Several studies have shown impaired mitochondrial function
within the SuHx rat model, but it is not clear whether there are any sex differences in these
mitochondrial targets. As well as this, to date there has been no data reported on the
structural remodeling/fibrosis within the RCAs in the SuHx model and whether there are any

sex differences.

The RCA supplies blood to the RV, however given the increased intracavity pressures in PAH,
this causes remodeling of the RCA that eventually leads to a reduction in the RCA flow, leading
to an impairment in coronary perfusion (RV ischemia) and microvascular rarefaction (van
Wolferen et al., 2008, Bogaard et al., 2009, Archer et al., 2013). Abnormal RCA flow reserve
has been shown through MRI imaging in human PAH patients and is generally well
documented in PAH patients (Vogel-Claussen et al., 2011). Increasing RCA perfusion pressure
and flow has shown to support the RV and provide the capability for the RV to increase its
contractility in an attempt to adapt to the increased PAP (van Wolferen et al., 2008). As well
as this, increasing RCA perfusion pressure through the supra-coronary aortic banding model
in MCT rats led to an improvement in RV function by reducing RV hypertrophy, RV fibrosis
and enhancing contractile function (Tian et al., 2020b). It also produced an overall
improvement in cardiac output by improving perfusion of both the heart and lung, thereby
highlighting the importance of the RCA status in contributing to improved RV function (Tian
et al., 2020b). There have been limited reports on RCA function in the SuHx model, with only
one study recorded, which found that using an endothelin-1 receptor antagonist, macitentan
improved RCA endothelin cell function (Inagaki et al., 2021). Hence, we will be the first to

report RCA remodeling in the SuHx rats.
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When we examined the collagen deposition around the RCA vessels, we found that the male
SuHx rats had significantly more perivascular fibrosis, particularly in their smaller vessels (15-
50um) than the females. When we measured the intima-media thickness in the RCA vessels,
we did not detect any differences in the males, but did see a significant reduction in the
females (50-100um) RCA vessels. This suggests that the males RCA vessels are undergoing a
higher degree of structural remodelling, particularly in their smaller vessels which is not seen
in the females. It can be confirmed that this remodelling is due to perivascular collagen
formation and not due to an increase in intima-media thickness. This does align with the
concept that males have worse RV status, which may also be explained/linked to worse RCA
remodelling. In a larger context, we predict that this remodelling could contribute to RCA
vessel stiffness, potentially leading to a reduction in RCA flow and hence, contributing to
ischemia within the RV. Ischemia induced by microvascular rarefaction has been linked to
mitochondrial dysfunction, including a shift to the Warburg metabolism in the RV in multiple
animal models of PAH (Sutendra and Michelakis, 2014, Lahm et al., 2018, Tian et al., 2020a).
Therefore, we predict that the RCA remodelling in the male SuHx rats could be contributing

to the impairment of mitochondrial function and promoting RV dysfunction.

Pressure overload exerted on the RV can lead to an increase in reactive oxygen species (ROS)
that eventually produces a ROS imbalance (Wong et al., 2013). This imbalance induces cell
proliferation and plays a significant role in RV hypertrophy and fibrosis that ultimately leads
to RV remodeling and disrupts the pulmonary vasculature by promoting vasoconstriction
(Nozik-Grayck and Stenmark, 2007, Tabima et al., 2012, Aggarwal et al., 2013, Wong et al.,
2013, Voelkel et al., 2013). Isolated mitochondria from MCT induced failing RV was also found
to have elevated ROS production (Redout et al., 2007). As well as this, microvascular
endothelial cells (MVEC) harvested from SuHx rats demonstrate upregulated mitochondrial
reactive oxygen species (mtROS) production which promoted increases in migration,
proliferation and mitochondrial fragmentation (Suresh et al., 2019). The antioxidant defence
systems has been shown to fail at the early stages in pressure overloaded RVs in comparison
to pressure overload LV which is able to offer a stronger antioxidant defence system (Reddy
and Bernstein, 2015). Major antioxidant SOD2 was reported to not be activated at all in a

pulmonary hypertensive stressed RV leaving the RV at greater risk of ROS induced damage
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(Ecarnot-Laubriet et al., 2003). We determined mitochondrial superoxide production by
staining the RV tissue with MitoSOX and also by examining RV and lung tissue gene expression
linked to oxidative stress. A previous study by Germande and colleagues, found an increase
in mitochondrial superoxide production in human pulmonary artery endothelin cells (HPAECs)
extracted from a female’s main pulmonary artery branch which was exposed to hypoxia
(Germande et al., 2022). However, we found RV mitochondrial superoxide production to be
unaltered in both male and female control and SuHx rats. This is interesting given we would
have expected to see an increase in the SuHx groups as oxidative stress is majorly involved in
the pathophysiology of PAH. We then examined the genes linked to mitochondrial oxidative
stress — NFE2L2, NQO1, SOD2, MAO-A and HSP90AA1 in both RV and lung tissue. Here, we
found no changes in NFE2L2, NQO1, SOD2 and MAO-A gene expression in the male SuHx RV.
However, we found a significant increase in MAO-A gene expression in the female SuHx RV,
but not in the lung tissue. MAO-A which belongs to a class of enzymes situated on the outer
mitochondrial membrane is a major source of ROS and has a well-established role of
contributing to vascular dysfunction (Kaludercic et al., 2014). MAO-A protein expression was
found to be increased within the intimal and medial layers of the pulmonary vasculature in
human PAH patients (Sun et al., 2021a). It has also been detected to be increased in the RV
and pulmonary vasculature of male SuHx rat (Sun et al., 2021a). Thus, it is surprising that we
did not detect this increase in MAO-A gene expression in the male SuHx rats in neither RV or
lung tissue. We did find a significant reduction in NFE2L2 RV protein expression in the male
SuHx rats, whilst no differences were found in the female SuHx rats. In contrast, antioxidant
gene, heat shock protein 90 alpha family class A member 1 (HSP90AA1) was found to be
upregulated in the male SuHx RV. We detected a key sex difference here, in which the male
SuHx RV tissue illustrated a higher expression of HSP9OAA1 when compared with the female
SuHx RV. Within the lungs tissue, there was an increase in NQO1 gene expression in both male
and female SuHx rats. NQO1 acts downstream of transcriptional regulator NFE2L2 which plays
an important role in cellular defence against oxidative stress (Xiong et al., 2015). Together,
NFE2L2 and NQO1 establish a redox balance and lower stress-induced injury and tend to be
activated by the presence of ROS. As we did not detect an increase in mitochondrial
superoxide levels in the RV tissue for both male and female SuHx rats, this could explain why

we did not find any differences in NFE2L2 and NQO1 RV gene expression. However, current
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research in PH has revealed decreased NFE2L2 expression and suggest that NFE2L2 and NQO1
upregulation could remarkably improve RV and pulmonary vasculature remodeling (Qin et al.,
2022). Therefore, the decrease in NFE2L2 RV protein expression in the male SuHx rats is in
line with the current literature and perhaps could indicate that the antioxidant system within
the RV is failing. This is also suggestive that the male SuHx are illustrating a more progressive

PH status which is also described in Chapter 3.

The mitochondria play a crucial role in the production of ATP which is generated via the
mitochondrial membrane potential (MMP) (Zorova et al., 2018). A study by Germande and
colleagues using HPAECs stained with a MMP probe (TMRM) found a significant reduction in
MMP in the HPAECs which were exposed to hypoxia (Germande et al., 2022). Similarly, in the
male SuHx rats we also found a loss of MMP, which strongly suggests that there will be a
depletion in the amount of ATP produced. At the same time, reduced TMRM also serves as
an indicator of poorer mitochondrial health and injury. Germande research group then
measured mitochondrial fission and fusion using the MitoTracker green probe and this was
found to also be reduced in the HPAECs exposed to hypoxia (Germande et al., 2022). Similarly,
we found a reduction in MitoTracker green in the male SuHx rats. We are also the first to

report SuHx induced decrease in TMRM and MitoTracker green in male rats.

We then decided to examine the gene expression of the mediators responsible for
mitochondrial fusion and fission within both RV and lung tissue. Hence, we would suspect to
see an increase in the fission mediator, DNM2 and downregulation of the fusion mediators:
MFN1, MFN2 and OPA1. Within the RV, we detected no differences across any of the genes.
Meanwhile, in the lung we found a downregulation of MFN1 in only the male rats and MFN2
in both male and female SuHx rats. Previous studies have confirmed that in human PASMC
and lung tissue of PAH patients, that there is indeed a deficiency in MFN2 protein expression
(Lu et al., 2016b). This produces a pro-proliferative and pro-apoptotic environment whilst
driving excessive mitochondrial fission and reduced fusion. These effects were then
attenuated upon restoration of MFN2 (Lu et al., 2016b, Zhu et al., 2017). No differences were
found in OPA1 in the lung which relies on MFN1, but not MFN2 to mediate mitochondrial

fusion (Cipolat et al., 2004, Dasgupta et al., 2020) Surprisingly, we detected a reduction in
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DNM?2 in the lungs in both male and female SuHx groups which suggest there is a reduction
in mitochondrial fission. Perhaps, this could be a compensatory effect of the mitochondria

attempting to regain its fusion-fission balance.

We then examined the genes linked to mitochondrial biogenesis. Firstly, we examined PGCla,
which is located in the cell nucleus and cytoplasm and is a versatile transcription coactivator
(Liang and Ward, 2006). PGCla has been shown to be expressed in tissues in which the
mitochondria are most abundant such as the RV (Lin et al., 2005). Here, it acts with a variety
of transcription factors that play a role in many responses including those involved in
mitochondrial biogenesis. The mechanism by which PGCla achieves this is still being studied
however it has been shown to iinduce MFN2 transcription via binding the ERRa to regulate
mitochondrial biogenesis (Koves et al., 2005). Loss of MFN2 has also been shown to reduce
PGCla activity (Soriano et al., 2006, Ryan et al., 2013). PGCla also works predominately with
the NRF system, where it directly modulates NRF1/2 and its downstream gene, TFAM in a
collaborative manner to stimulate mitochondrial biogenesis (Picca and Lezza, 2015). Due to
this, we would have predicted a decrease in all mitochondrial biogenesis genes in the SuHx
groups. However, in the RV, we found an increase in TFAM and NRF2 in the male SuHx rats,
meanwhile in the lungs we detected a decrease in TFAM and NRF1 in the male SuHx group.
The decrease we see in the lungs, would correlate with a reduction in mitochondrial

biogenesis, and hence mitochondrial mass.

We decided to measure the gene expression of hexokinase 2 (HK2) which is a stable marker
of hypoxia that is regulated in a HIF-1a dependent manner. HIF-1a becomes stabilised only
under hypoxic conditions and then will increase the expression of HK2 (Docherty et al., 2019).
To date, there has been limited research done investigating the presence of the hypoxic genes
within the RV in a PAH model. Here, we found that HK2 was significantly upregulated in the
RV in both male and female SuHx rats, which will likely be as a result of the activation of HIF-
1o during the 3 weeks of hypoxia. Thus, HK2 expression remained increased/stable despite
the animal’s re-exposure to normoxia for 5 weeks, and we propose that this likely because
the rats are in a PAH status. This suggest that the RV is in a hypoxic state, potentially as a

result of the restricted perfusion due to RCA remodelling and fibrosis, especially in the male
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SuHx rats. However, when we measured this within the lung tissue, we found that this had
decreased even when compared to the controls. This could perhaps be due to an increased
expression of rescue genes that over-compensate to reduce HK2 expression. Similar to the
RV, we did not detect any sex differences. This is interesting as previous studies have found
the females hPASMCs to have significantly higher HIF-1a levels (Docherty et al., 2019). As far
as we are aware, HK2 expression has not been assessed in RV tissue from SuHx rats, therefore,
we show for the first time, that HK2 expression is increased in both male and female SuHx

rats.

Finally, we examined the estrogen receptor 1 (ESR1) and 2 (ESR2) gene expression in both the
RV and lung tissue. Within the RV, we highlighted a key sex difference in which there was
increased ESR1 expression in the male SuHx rats when compared to the female SuHx rats.
This goes against a previous studies which detects ESR1 to be more highly expressed in the
female cardiomyocytes compared with the males (Grohé et al., 1998, Sun et al., 2021b). As
well as this, loss of ESR1 function in female rats was correlated with uncoupling of the RV-
pulmonary system, diastolic dysfunction and fibrosis (Cheng et al., 2020). Whilst we detected
the lower ESR1 gene expression with better RV status and less fibrosis in our female SuHx rats
as discussed in Chapter 3. Meanwhile, we detected no differences in both ESR1 and ESR2

expression in the lung tissue for both male and female rats.

Overall, our results highlight several key sex differences which point towards the male SuHx
having a worse PH status. Firstly, the male SuHx demonstrate worse mitochondrial status than
the females. This can be seen in the form of reduced MMP and a reduction in their
mitochondrial mass as detected by TMRM and MitoTracker green, respectively. The SuHx
males also illustrate reduced gene expression in the mitochondrial fusion markers, MFN1 and
MFN2 in their lung tissue, suggesting that they are more exposed to a fusion-to-fission
imbalance. Additionally, the male SuHx also have a reduction in their lung mitochondrial
biogenesis markers, TFAM and NRF1 gene expression. Although we did not detect this in the
RV of the males, we did see contrasting effects that TFAM and NRF2 were upregulated, which
we propose to be compensatory. In addition, the males illustrate worse perivascular fibrosis

in their smaller RCA vessels, which we did not see in the females. An increase in RCA fibrosis
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could contribute to RV stiffening and ischemia within the RV, leading to impaired RV

mitochondrial properties as observed in the male SuHx rats.

4.14 Summary

This is the first study to directly compare the perivascular fibrosis and intima-media thickness
vessel wall remodelling that takes place within the RCA vessels in both male and female SuHx
rats. We discovered that the male SuHx illustrated worse RCA remodelling as a result of
increased perivascular collagen deposition. We show that the male SuHx rats also have a
worse mitochondrial status, and we propose that this could be connected to the RCA
remodelling that we detected in the males. Therefore, it would be useful to target the RCA
remodelling and fibrosis within PAH, and then directly assess the mitochondrial properties to
determine RCA link with mitochondrial status. The knowledge of such link may provide insight

into therapies for RV in PAH.
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5. Examining the sex dependent effects of estradiol and MitoQ and their influence on

mitochondrial and fibrotic parameters in vitro and in vivo

5.1 Introduction

Oxidative stress occurs when there is an abundance of reactive oxygen species (ROS). Excess
ROS can then initiate mutations in the mitochondrial DNA (mtDNA), mitochondrial respiratory
chain, membrane permeability and induce overall mitochondrial dysfunction and hence, poor
outcomes in affected patients (Guo et al., 2013). Once mtDNA is damaged, it can start to
amplify with decreased/increased expression of its critical proteins, thereby worsening the
oxidative stress state (Guo et al., 2013). When the right ventricle (RV) is exposed to pressure
overload, it has been correlated with increased levels of ROS that have been linked to

increases in collagen formation and hence, fibrosis (Mikhael et al., 2019).

As the mitochondria are considered as the major source of ROS they are especially vulnerable
to ROS-induced injury. Due to this, Michael Murphy developed what is now known as
Mitoquinone (MitoQ) (Murphy, 1997). MitoQ originated as a coenzyme Q (CoQ) analogue
which is attached to a triphenylphosphonium cation (TPP) and can be characterised as a
selective mitochondrial antioxidant drug that works to lower mitochondrial ROS (mtROS)
(Liberman et al.,, 1969, Murphy, 1997). It has been shown to lower ROS production and
thereby inhibit oxidative damage (Gottwald et al., 2018). It does this by being able to rapidly
migrate into the mitochondrial membrane, where it delivers ubiquinone, and then
accumulates within the mitochondria up to 100-1000 fold (Gan et al., 2018, Gottwald et al.,
2018). Therefore, it is able to neutralise the ROS at the site in which it is formed. Given its
promising results, MitoQ has been utilised in a number of clinical trials (see chapter 1, section
1.6.2 for more details). To date, MitoQ has been tested in PH animal models including the
pulmonary arterial banding and chronic hypoxia (Pak et al., 2018, Yan et al., 2023, Li et al.,
2024b). These studies produced promising results which showed that treatment with MitoQ
was able to inhibit acute hypoxia-induced increase in superoxide production in the pulmonary
artery smooth muscle cells (PASMCs) and decrease the progression of RV hypertrophy and
dilatation following chronic hypoxia exposure (Pak et al., 2018). As well as this, MitoQ was

able to prevent RV dysfunction after pulmonary artery banding (PAB) by attenuating RV
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hypertrophy and RV dilatation as well as reduce RV superoxide accumulation (Pak et al.,
2018). Another study which treated microvascular endothelial cells (MVECs) harvested from
male SuHx rats with MitoQ found that MitoQ attenuated basal [Ca%*]i via inhibiting the
transient receptor potential vanilloid-4 (TRPV4) channels, and reduced SuHx-MVEC migration
and proliferation (Suresh et al., 2018, Suresh et al., 2019). MitoQ quenching of mtROS and
reduction of TRPV4 was also found to reduce mitochondrial fragmentation (Suresh et al.,
2019). Interestingly, these effects were found to occur only in the SuHx-MVECs but not in
normoxic-MVECS, suggesting that MitoQ is specific and able to directly modify the PAH
induced dysfunctional pathways (Suresh et al., 2019). Given the promising results of MitoQ
from Suresh’s et al., and Pak et al., studies, we decided to examine MitoQ effect on RV

function and fibrosis in the SuHx animal model, as this has never been reported.

Additionally, estradiol (E2) has been known to inhibit RV fibrosis within the SuHx rat model
via reducing interstitial collagen deposition within the myocardium (Liu et al., 2014, Lahm et
al., 2016). Thereby, suggesting that E2 may also play a protective role within the RV by
reducing RV stiffness and increasing compliance. There are limited studies regarding the link
between oxidative stress / ROS following E2 treatment in the RV. Nonetheless the link with
oxidative stress leading to detrimental factors within the RV has been discussed. Particularly,
in a SuHx model, oxidative stress was shown to promote cardiomyocyte deterioration and
perivascular remodelling leading to RV remodelling (Woo et al., 2017). It has also been
mentioned that the females had less RV fibrosis and it was proposed to be due to a better
oxidative response (Woo et al.,, 2017). The response was detected by greater levels of
caveolin-1, and decreased endothelial nitric oxide synthase-derived superoxide when
compared with the males (Rafikova et al., 2015). Given that E2 can both directly and indirectly

affect the mitochondria, E2 is speculated to affect ROS and thus cellular function.

Therefore, the aims of this investigation were to examine the benefits of reducing ROS on RV

fibrosis and RV function in PAH using both in vitro cell culture and the SuHx rat model.

The objectives of this chapter were to:
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e To examine the effects of MitoQ and E2 on cell proliferation and collagen production

in male and female human cardiac fibroblasts (HCF) in culture with and without

hypoxia.

e To examine the effects of MitoQ and E2 on cell proliferation and collagen production

in RV fibroblasts isolated from male monocrotaline (MCT) rats in culture.

e To examine the effects of MitoQ on RV fibrosis and function in the SuHx rat model of

PH.
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5.2 E2 and MitoQ reduced MitoSOX production in both male and female human cardiac

fibroblasts under both normoxia and hypoxia conditions

MitoSOX production was measured by assessing the fluorescence intensity as described in
methods section chapter 2, section 2.7.9. In the male HCFs, there was a significant increase
in MitoSOX production in the hypoxia vs. normoxia groups (68.89 + 3.14 AU vs. 40.05 + 1.45
AU, ****p<0.001, n=14) (Figure 5.1 A and C). MitoSOX was lowered by E2 + normoxia when
compared with the normoxia group (23.61 + 1.99 AU vs. 40.05 + 1.45 AU, ****p<0.0001,
n=14-17) (Figure 5.1 A and C). The same reduction was detected for the normoxia + MitoQ
versus the normoxia group (15.46 + 1.71 AU vs. 40.05 + 1.45 AU, ****p<0.0001, n=13-14)
(Figure 5.1 A and C). In the male HCF, hypoxia + E2 similarly reduced MitoSOX levels in
comparison to the hypoxia group (23.51 £ 2.20 AU vs. 68.89 + 3.14 AU, ****p<0.001, n=14-
20) (Figure 5.1 A and C). Again, the same outcome was seen for hypoxia + MitoQ versus

hypoxia (16.38 + 1.12 AU vs. 68.89 £ 3.14 AU, ****p<0.0001, n=14-18) (Figure 5.1 A and C).

In the female HCFs we did not find an increase in MitoSOX production in the hypoxia vs.
normoxia. Although, we did see that MitoSOX production was lowered in the normoxia + E2
versus normoxia group (28.95 + 5.01 AU vs. 81.28 + 8.09 AU, ****p<0.001, n=11-15) (Figure
5.1 B and D). The same result was detected in the hypoxia + E2 versus hypoxia group (15.57
+1.59 AU vs. 81.32+6.76 AU, ****p<0.0001, n=15-17) (Figure 5.1 B and D). A similar outcome
was seen in the MitoQ treated groups in which MitoSOX intensity was lowered by MitoQ in
the normoxia + MitoQ versus normoxia group (26.37 + 2.38 AU vs. 81.28 + 8.09 AU,
***%*p<0.0001, n=11-18) (Figure 5.1 B and D). Similarly, hypoxia + MitoQ vs. hypoxia group
also reduced MitoSOX intensity (44.28 + 1.96 AU vs. 81.32 + 6.76 AU, ****p<0.0001, n=15-
20) (Figure 5.1 B and D).

184



DAPI MitoSOX Merge

Male Normoxia + E2

Male Normoxia + MitoQ

Male Hypoxia + Ethanol

185



Female Normoxia + Ethanol

Female Normoxia + E2

Female Normoxia + MitoQ

Female Hypoxia + Ethanol

Female Hypoxia + E2

Female Hypoxia + MitoQ

DAPI MitoSOX Merge

186



MALE

*kkk
c | |
*kkk %k kok
] ]
S * kKK *kkkok
< 100- -
_,,§= ™ e Ethanol
é 80 e E2
: .
< 60- MitoQ
(8)
o
O 40
g &
S 20- H ;
F |
= UL TITY)
= S N3
&O.p QO.P
éo* ‘2‘*
FEMALE
D
%k kK
—

Akkk Akkk
—
Akkk Akkk

=150 -
g e Ethanol
2 .. S o E2
[72] () ‘ )
& 100 MitoQ
c
— o
3 o
c 50 [e] o
2 I° of 11
o ﬁ 0
° i
=]
e 0 T T
-3 -3
6‘6‘} Qo“'\
éo* *?S

187



Figure 5.1. The effect of E2 and MitoQ on MitoSOX intensity in the male and female HCF

with and without hypoxia

Male and female human cardiac fibroblasts (HCF) cells were exposed to either normoxia or
hypoxia and then treated with either ethanol, estradiol (E2) (10nM) or MitoQ (300nM). Male
representative images (Figure A) and male quantification (Figure C) female representative
images (Figure B) and female quantification (Figure D). All cells were stained with DAPI (blue)
for nuclei and then MitoSOX (red) for mitochondrial superoxide production. Images were
taken at 63x magnification. Scale bar represent 50um. Cells were quantified by measuring
their fluorescence intensity. n= represents the number of cells, with n=11-20. All statistical

analysis was performed using a two-way ANOVA. *p<0.05, **p<0.01, ****p<0.0001.
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5.3 The effect of E2 and MitoQ on proliferation of male and female HCF in vitro with and

without hypoxia

Ki-67 plays a crucial role in cell proliferation (Soliman and Yussif, 2016), therefore we
employed this marker as an indicator of how the male and female HCF isolated from the
human ventricles were dividing under normoxic and hypoxic conditions in either the
presence of ethanol (100%), E2 (10nM) or MitoQ (300nM). The cells positive for Ki-67
fluoresced as red in color and then were assessed by counting the number of positive

cells over the total cell count, which was then represented as a percentage.

In the male HCF cells treated with hypoxia did not seem to increase the percentage of Ki-
67 positive cells. However, treatment with MitoQ reduced the percentage of Ki-67
positive cells in the normoxia + MitoQ vs. normoxia group (43.46 * 4.29% vs. 78.39
3.83%, ****p<0.0001, n=6-8) (Figure 5.2 A and C). The same was seen in the hypoxia +
MitoQ vs. hypoxia group (41.51 + 3.84% vs. 73.88 + 2.51%, ****p<0.0001, n=6) (Figure 5.2
A and C). Meanwhile, no differences were detected in the E2 groups under both normoxia
and hypoxia conditions when compared with their respective control group. However,
there was a significant reduction in the percentage of Ki-67 positive cells in the normoxia
+ E2 vs. normoxia + MitoQ groups (43.46 = 4.29% vs. 76.23 = 3.19%, ****p<0.0001, n=6-
9) (Figure 5.2 A and C). The same was also seen in the hypoxia + E2 vs. hypoxia + MitoQ
group (41.51 + 3.84% vs. 73.85 = 3.27%, p<0.0001, n=6) (Figure 5.2 Aand C).

In the female HCF cells, no differences were detected by E2 and MitoQ across the
normoxia groups. However, under hypoxic conditions MitoQ significantly reduced
percentage of Ki-67 positive cells in the hypoxia + MitoQ vs. hypoxia treated group (15.51
*+2.38% vs. 39.33 + 4.33%, ***p<0.001, n=7-10) (Figure 5.2 B and D). E2 was also able to
significantly reduce the percentage of Ki-67 positive cells in the hypoxia + E2 vs. hypoxia

treated group (23.33 = 3.84% vs. 39.33 + 4.33%, *p<0.05, n=7-10) (Figure 5.2 B and D).
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Figure 5.2. The effect of E2 and MitoQ on Ki-67 positive cell count in the male and female

HCF with and without hypoxia

Male and female human cardiac fibroblasts (HCF) cells were exposed to either normoxia or
hypoxia and then treated with either ethanol, estradiol (E2) (10nM), or MitoQ (300nM).
Representative images are shown in figures A for male and figure B for female. All cells were
stained with DAPI for nuclei (blue) and Ki-67 (red) for cell proliferation. Images were captured
at 20x magnification. Scale bar represent 200um. Cells were quantified by calculating the
positive cell count over the total cell count and represented as a percentage (figures C and
D). 7-10 images per group were analysed, with n representing the number of cells, with n=6-
10. All statistical analysis was performed using a two-way ANOVA with *p<0.05, ***p<0.001,
**%*%¥p<0.0001.
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5.4 E2 and MitoQ altered the protein expression of TFAM, NFE2L2 and Collal in male and

female HCF cells

The effects of Collal, NFE2L2 and TFAM were examined as Collal is responsible for
regulating the collagen type 1 protein which contributes to vessel / RV wall stiffness in a PAH
setting (Kakaletsis et al., 2023). Meanwhile NFE2L2 is one of the main pathways activated by
MitoQ and TFAM serves as a crucial marker for mitochondrial activity (Hu et al., 2018, Ma et
al., 2023). These proteins were tested on both male and female HCF cells which were treated

with E2 and MitoQ in the presence of either normoxia or hypoxia.

In the male HCF no differences were detected in Collal expression between normoxia and
normoxia + E2 group. However, hypoxia + E2 vs. hypoxia was found to reduce Collal
expression (27.65 + 1.08 AU vs. 60.90 + 2.93 AU, ****p<0.0001, n=24) (Figure 5.3 A and B).
Meanwhile, MitoQ reduced Collal expression as seen in the normoxia + MitoQ vs. normoxia
group (11.36 £ 0.65 AU vs. 53.10 + 2.69 AU, ****p<0.0001, n=24-36). The same was seen in
the hypoxia + MitoQ vs. hypoxia group (14.74 + 0.88 vs. 60.90 + 2.93, ****p<0.0001, n=24)
(Figure 5.3 A and B). MitoQ reduced Collal expression even when compared with E2 as seen
in the normoxia + MitoQ vs. normoxia + E2 group (11.36 + 0.65 AU vs. 54.65 + 3.67 AU,
****p<0.00001, n=24-36). The same was also seen in the hypoxia groups, hypoxia + MitoQ
vs. hypoxia group (14.74 £ 0.88 AU vs. 27.65 + 1.08 AU, *p<0.05, n=24) (Figure 5.3 A and B).

In the female HCF, E2 was not able to reduce Col1lal expression under normoxia
conditions but was able to do so in the presence of hypoxia as seen in the hypoxia + E2
vs. hypoxia groups (38.39 £ 2.16 AU vs. 66.59 = 4.32 AU, ****p<0.0001, n=32-38) (Figure
5.3 C and D). Meanwhile, MitoQ was able to reduce Col1a1 in the presence of normoxia
as seenin the normoxia + MitoQ vs. normoxia group (17.77+1.11 AU vs. 72.48 £+ 4,18 AU,
****n<0.0001, n=33-35). The same was seen in the hypoxia + MitoQ vs. hypoxia group
(12.16 £ 0.63 AU vs. 66.59 £ 4.32 AU, ****p<0.0001, n=33-35) (Figure 5.3 C and D). MitoQ
was also able to reduce Collal greater than E2 in both normoxia + MitoQ versus

normoxia + E2 group (17.77 £ 1.11 AU vs. 60.84 = 2.41 AU, ****p<0.0001, n=32-36) and in
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the hypoxia + MitoQ vs. hypoxia + E2 groups (12.16 = 0.63 AU vs. 38.39 + 2.16 AU,
****n<0.0001, n=38) (Figure 5.3 C and D).

In the male HCF, nuclear NFE2L2 intensity was increased in the normoxia + E2 vs.
normoxia group (31.52 = 1.06 AU vs. 22.24 = 0.50 AU, ****p<0.0001, n=42). The same
increase was also seen in the hypoxia + E2 vs. hypoxia groups (34.43 = 0.90 AU vs. 27.43
*+ 0.56 AU, ****p<0.0001, n=28-42) (Figure 5.3 E and F). MitoQ also increased NFE2L2
intensity in the normoxia + MitoQ vs. normoxia group (31.98 = 0.93 AU vs. 22.24 + 0.50
AU, ****p<0.0001, n=40-42). The same increase was detected in the hypoxia + MitoQ vs.
hypoxia group (35.42 £+ 0.73 AU vs. 27.43 + 0.56 AU, ****p<0.0001, n=42-43) (Figure 5.3 E
and F).

Similarly, in the female HCF NFE2L2 was increased in the normoxia + E2 vs. hormoxia
group (31.25+ 0.63 AU vs. 21.72 = 0.79 AU, ****p<0.0001, n=28-39) and in the hypoxia +
E2 vs. hypoxia groups (31.71 £ 0.67 AU vs. 23.52 = 0.94 AU, ****p<0.0001, n=28-42)
(Figure 5.3 G and H). The same outcome was also produced by MitoQ as seen in the
normoxia + MitoQ vs. normoxia groups (34.82 + 1.18 AU vs. 21.72 = 0.79 AU,
****n<0.0001, n=28-39) and in the hypoxia + MitoQ vs. hypoxia groups (31.14 = 0.72 AU
vs. 23.52 +0.94 AU, ****p<0.0001, n=42) (Figure 5.3 G and H).

In the male HCF, cytosolic TFAM intensity was significantly increased in the normoxia +
E2 vs. normoxia groups (22.32 + 0.50 AU vs. 14.36 = 0.43 AU, ****p<0.0001, n=28) and in
the hypoxia + E2 vs. hypoxia groups (23.32 + 0.89 AU vs. 14.89 + 0.44 AU, ****p<0.0001,
n=28) (Figure 5.3 | and J). MitoQ also produced an increase in TFAM in the normoxia +
MitoQ vs. normoxia groups (20.57 +0.73 AU vs. 14.36 + 0.43 AU, ****p<0.0001, n=28) and
in the hypoxia + MitoQ vs. hypoxia (21.04 = 0.85 AU vs. 14.89 % 0.44 AU, ****p<0.0001,
n=28) (Figure 5.3 | and J).

The same outcome was seen for the females in which E2 increased TFAM intensity in the
normoxia + E2 vs. normoxia groups (28.07 £ 0.59 AU vs. 15.43 £ 0.65 AU, ****p<0.0001,
n=28) and in the hypoxia + E2 vs. hypoxia groups (21.50 + 0.79 AU vs. 17.50 = 0.57 AU,
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**p<0.01, n=28). MitoQ also increased TFAM intensity as seen in the normoxia + MitoQ
vs. normoxia group (23.79 = 0.94 AU vs. 15.43 £ 0.65 AU, ****p<0.0001, n=28) and in the
hypoxia + MitoQ vs. hypoxia groups (21.14 £ 0.62 AU vs. 17.50 £ 0.57 AU, **p<0.01, n=28)
(Figure 5.3 Kand L).
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Figure 5.3. E2 and MitoQ altered Collal, nuclear NFE2L2 and cytosolic TFAM intensity under

normoxia and hypoxia conditions in male and female HCF cells

Male and female human cardiac fibroblasts (HCF) cells were treated with either ethanol,
estradiol (E2) (10nM) or MitoQ (300nM) and then exposed to either normoxia or hypoxia for
48 hours. All cells were stained with DAPI for nuclei (blue). Representative images showing
collagen type 1 alpha 1 chain (Collal) (green), nuclear factor erythroid 2-related factor 2
(NFE2L2) (green) and mitochondrial transcription factor A (TFAM) (green) are shown in figures
A, C,E, G, land K, and cell quantification is shown in figures B, D, F, H, J and L. All quantification
analysis was performed using the Imagel) software (National Institutes of Health, Bethesda,
MD, USA). Images were captured at 20x magnification. Scale bar represents 200um. Each n
number represents an individual cell, with n=24-43. Statistical analysis was performed using

a two-way ANOVA with *p<0.05, **p<0.01, ****p<0.0001.
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5.5 Both E2 and MitoQ reduced MitoSOX production in male MCT RV fibroblasts

To follow up from the human HCF analysis, male MCT RV fibroblasts were treated with
ethanol, E2 (10nM) and MitoQ (300nM) and stained with MitoSOX. Given that these cells
were isolated from MCT-PAH RV, they did not need to be further exposed to hypoxic
conditions. Indeed, we found that E2 reduced MitoSOX levels in MCT RV fibroblasts when
compared with ethanol treatment (36.11 + 7.35 AU vs. 85.74 + 13.62 AU, *p<0.05, n=5)
(Figure 5.4 A and B) and the same reduction was seen in the MCT RV fibroblasts treated with

MitoQ (43.79 £ 8.47 AU vs. 85.74 £ 13.62 AU, *p<0.05, n=5) (Figure 5.4 A and B).
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Figure 5.4. MitoSOX signal is reduced by E2 and MitoQ

Male monocrotaline (MCT) right ventricle (RV) fibroblasts were treated with either ethanol,
estradiol (E2) (10nM) or MitoQ (300nM) and then stained with DAPI for nuclei localization
(blue) and MitoSOX for mitochondrial superoxide production (red). A) MitoSOX
representative images B) quantification of MitoSOX. Each data point represents cells from an
individual rat, with n=5 per group. Images were captured at 63x magnification. Scale bar

represents 20um. Statistical analysis was performed using a one-way ANOVA. *p<0.05.

206



5.6 E2 and MitoQ reduced PCNA positive cell count in the MCT RV fibroblasts

Having confirmed that MitoSOX was reduced by E2 and MitoQ in the male MCT RV fibroblasts,
the next aim was to investigate whether E2 and MitoQ play a role in modifying cell
proliferation through measuring the PCNA count. PCNA count was found to be reduced by E2
versus ethanol (10.44 £ 1.02% vs. 20.00 + 1.34%, **p<0.01, n=5). The same was also detected
by MitoQ versus ethanol (10.40 + 1.01% vs. 20.00 + 1.34%, **p<0.01, n=5) (Figure 5.5 A and
B).
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Figure 5.5. E2 and MitoQ reduced proliferating cell nuclear antigen (PCNA) positive cell

count in the male MCT RV fibroblasts

Male monocrotaline (MCT) right ventricle (RV) fibroblasts were treated with either ethanol,
estradiol (E2) (10nM) or MitoQ (300nM) and then stained with DAPI for nuclei (blue) and
proliferating cell nuclear antigen (PCNA) (1:500) for cell proliferation (green). Figure A)
representative PCNA images and Figure B) represents PCNA quantitative analysis. Cells were
imaged using Image J software and quantified by counting the number of positive cells which
was ratioed to the total cell count and represented as a percentage. Statistical analysis was
performed using a one-way ANOVA, with **p<0.01. Images were taken at 20x magnification.
Scale bar represents 200um. Each data point represents cells from an individual rat, with n=5

per group.
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5.7 E2 and MitoQ played a role in altering the protein expression of Collal, NFE2L2 and
TFAM in male MCT RV fibroblasts

Following the same conditions, we then examined whether nuclear NFE2L2, cytosolic TFAM
and Collal expression was altered following treatment with E2 (10nM) or MitoQ (300nM).
Collal intensity was found to be reduced by E2 versus ethanol (33.75 + 2.86 AU vs. 39.75 +
3.35 AU, *p<0.05, n=4) and MitoQ versus ethanol (31.75 + 2.65 AU vs. 39.75 + 3.35 AU,
*p<0.05, n=4) (Figure 5.6 A and B). E2 increased nuclear NFE2L2 intensity versus ethanol
(49.00 £ 1.78 AU vs. 38.75 + 2.01 AU, *p<0.05, n=4) and the same increase in NFE2L2 intensity
was also detected by MitoQ versus ethanol (58.50 + 1.55 AU vs. 38.75 + 2.01 AU, **p<0.01,
n=4) (Figure 5.6 C and D). TFAM intensity was also increased by E2 versus ethanol (46.50
1.04 AU vs. 35.75 + 1.65 AU, *p<0.05, n=4) and MitoQ versus ethanol (49.25 + 1.25 AU vs.
35.75 + 1.65 AU, *p<0.05, n=4) (Figure 5.6 E and F).
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Figure 5.6. E2 and MitoQ alter the protein expression of Collal, NFE2L2 and TFAM in MCT
RV fibroblasts

Male monocrotaline (MCT) right ventricle (RV) fibroblasts were treated with either ethanol,
estradiol (E2) (10nM) or MitoQ (300nM) and stained with DAPI for nuclei (blue) and then
either nuclear factor erythroid 2-related factor 2 NFE2L2 (NFE2L2) (1:100), collagen type 1
alpha 1 chain (Collal) (1:100) and mitochondrial transcription factor A (TFAM) (1:100) which
appear as green in colour. Figure A and B represent Collal images and Collal quantification.
Figure Cand D represent NFE2L2 images and NFE2L2 quantification. Figure E and F represent
TFAM images and TFAM quantification. Cells were imaged and quantified by measuring their
intensity using ImagelJ software (National Institutes of Health, Bethesda, MD, USA). Statistical
analysis was performed using a one-way ANOVA. *p<0.05, **p<0.01. Images were captured
at 20x magnification. Scale bar represents 200um. Each data point represents cells from an

individual rat, with n=4 per group.
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5.8 The effect of MitoQ on the body weights of SuHx rats

Male and female Sprague-dawley rats followed a similar protocol as described in chapter 3,
in which they received a subcutaneous injection of Sugen (25mg/kg) and were exposed to
hypoxia for 3 weeks (10%) and then placed into normoxia for 4 weeks. During the normoxia
period, rats then either received an IP injection of vehicle (5% DMSO) or MitoQ (5mg/kg)
twice weekly. Once the rats had reached the end of their period in normoxia, they were then
PV looped via the open chest method and humanely sacrificed with their RV tissue harvested

for future downstream experiments.

The bodyweight of the rats was recorded over the duration of the study to monitor the
animals’ health and also ensure that MitoQ was not adversely affecting the animals’ welfare.
At the start of the study, no significant differences were detected between the male SuHx and
male SuHx + MitoQ group, and the female SuHx and female SuHx + MitoQ group. However,
there was a significant increase between the male SuHx and female SuHx group at the start
of the experiment, i.e., at the time of the injection of SU5416 (214.8 + 8.68g vs. 172.7 + 6.30g,
****p<0.0001, n=6) (Figure 5.7 A). The same significant increase was detected between both
the male SuHx + MitoQ and female SuHx + MitoQ group at the start of the experiment (219.0
+ 10.07g vs. 163.8 + 5.59g, ****p<0.0001, n=6) (Figure 5.7 A). The rats body weights were
then recorded at the end of the study, in which there was a significant increase in the male
SuHx vs. female SuHx groups (326.8 + 5.85g vs. 205.2 + 3.46g, ****p<0.0001, n=5) (Figure 5.7
B). A significant increase was then detected between the male SuHx + MitoQ and female SuHx
+ MitoQ group (313.2 + 12.62g vs. 205.2 + 3.46g, ****p<0.0001, n=6) (Figure 5.7 B). As well
as this, there was a significant reduction in body weight found in the female SuHx + MitoQ
rats versus the female SuHx rats (205.2 + 3.46g vs. 230.2 + 5.39g, *p<0.05, n=5-6) (Figure 5.7
B). Whilst, no differences were detected between the male SuHx vs. male SuHx + MitoQ
group. The body weights of the rats were monitored weekly during the normoxia period, in

which no significant changes were detected across the groups (Figure 5.7 C).
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Figure 5.7. Bodyweight of the male and female SuHx and SuHx + MitoQ rats

Figure A and B represents the individual rat bodyweight at the start and end of the study.
Figure C shows the average growth curve from day 0 and then once the rats came out of
hypoxia (day 21) and until the end of the study. Statistical analysis was performed using a
two-way ANOVA with significance represented as *p<0.05, *** p<0.001, **** p<0.0001. n=5-
6 rats per group. SuHx = Sugen-hypoxia.
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5.9 The effect of MitoQ on RV, LV + Septum and Fulton index in SuHx rats

The rats RV and LV+S weights were recorded to determine whether SuHx and MitoQ had any
effect on these parameters. This was then followed up by measuring the RV hypertrophy
using the Fulton index. It was found that there were no significant differences in RV, LV+S and
Fulton index for MitoQ vs. Vehicle treatment in both male and female rats (Figure A-C),
although there is a trend toward decrease in the Fulton index in male SuHx-MitoQ vs. male

SuHx-Vehicle group (P=0.10).
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Figure 5.8. The effect of SuHx and MitoQ on male and female RV weight, LV+S weight and

the Fulton index

Male and female rats were treated twice weekly with either MitoQ (5mg/kg) via
intraperitoneal (IP) injection or vehicle (5% DMSO in PBS). Figure A and B) Male and female
right ventricle (RV) and left ventricle + septum (LV + S) weights were recorded at the end of
the study. C) The Fulton index was then calculated using RV/LV+S ratio as an indicator of RV
hypertrophy. Data represent the mean * standard error of the mean (S.E.M). Statistical

analysis was performed using two-way ANOVA with n=5-6 per group. SuHx = Sugen-hypoxia.
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5.10 The effect of MitoQ on RVSP, RVEDP and heart rate in SuHx rats

Hemodynamic parameters were recorded to determine whether MitoQ treatment twice
weekly (5mg/kg) via IP injection affected the rats RVSP, RVEDP and heart rate. No differences
across any of the parameters (RVSP, RVEDP and heart rate) (Figure A-C) were detected in both

male and female groups.
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Figure 5.9. MitoQ treatment does not affect RVSP, RVEDP and HR in male and female SuHx

rats

Male and female rats were treated twice weekly with either MitoQ (5mg/kg) via
intraperitoneal (IP) injection or vehicle (5% DMSO in PBS). Hemodynamic parameters were
recorded via pressure-volume (PV) loop using the open chest method. A) right ventricular
systolic pressure (RVSP) (mmHg) B) right ventricular end diastolic pressure (RVEDP) (mmHg)
C) heart rate (HR) (bpm), n=3-6 per group. Statistical analysis was performed by using a two-
way ANOVA. Data represent the mean + standard error of the mean (S.E.M). SuHx = Sugen-

hypoxia.
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5.11 The relationship between RVSP and the Fulton index in SuHx rats

An increase in RVSP tends to be associated with an increase in RV hypertrophy index. Due to
this, we decided to measure the relationship between both factors. Firstly, we examined the
relationship between the male SuHx rats versus the male SuHx + MitoQ rats. This showed that
as the RVSP increased there was an increase in the Fulton index detected in the male SuHx
group (R% = 0.35, p<0.59) (Figure 5.10 A). A similar result was detected in the male SuHx +
MitoQ group but with a slightly smaller increase in the Fulton index as RVSP increased (R2=
0.09, p<0.55) (Figure 5.10 A). Since, all these rats are from SuHx with elevated RVSP and there
are limited data points, we further examined the relationship between RVSP and the Fulton
index within a larger range of RVSP by including a data point from the healthy control rats
from chapter 3. The healthy control point represents the average control value from the 10
ratsin chapter 3. This showed that in the male SuHx group as RVSP increases, there is a greater
increase in the Fulton index (R? = 5.622, p<0.14) (Figure 5.10 B). The same was detected in
the male SuHx + MitoQ treated rats (R?=5.24, p<0.07) (Figure 5.10 B). Although, the slope of
the correlation line is smaller though not significant in SuHx-MitoQ vs. SuHx-Vehicle groups

regardless of including the healthy control point or not.

The same was performed for the female rats, and it was found that as RVSP increased, a
similar outcome was detected in which there was also an increase in the Fulton index (Female
SuHx: R? = 0.80, p<0.01, female SuHx + MitoQ: R? = 0.66, p<0.18) (Figure 5.10 C). When the
healthy control data point was added, this demonstrated that as RVSP increased there was a
positive increase in the Fulton index for both female SuHx and female SuHx + MitoQ group
(female SuHx: R? = 0.88, p<0.0017, female SuHx + MitoQ: R? = 0.72, p<0.06) (Figure 5.10 D).
Similar to the males, the slope of the correlation line is smaller or greater though not
significant in SuHx-MitoQ vs. SuHx-Vehicle groups when the healthy control point is included

or not respectively.
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Figure 5.10. SuHx induced increases in RVSP is associated with an increase in RV

hypertrophy, which is slightly alleviated by MitoQ treatment

A) Correlations between the right ventricle systolic pressure (RVSP) and the Fulton index in
the male Sugen-hypoxia (SuHx) versus male SuHx MitoQ rats. B) An average male healthy
control point from the rats in chapter 3 (averaged across the 10 rats) was included into the
correlation. C) Correlation between RVSP and Fulton index for female SuHx versus female
SuHx + MitoQ D) An average female healthy control point from the rats in chapter 3 (averaged
across the 10 rats) was included into the correlation. Fulton index was obtained by weighing
the RV and left ventricle (LV+S) and performing a RV/LV+S ratio. RVSP was obtained during
pressure volume (PV) loop recordings. Simple-linear regression was performed across all the
groups. Each data point shown for male and female SuHx and SuHx + MitoQ represents an
individual rat, meanwhile the healthy data point is an average across the 10 rats. Male n= 3-

7, female n=4-7.
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5.12 The effect of MitoQ treatment on pulmonary effective arterial elastance, RV end

systolic elastance and RV-pulmonary artery coupling in SuHx rats

The pulmonary effective arterial elastance (Ea) serves as a measurement of right ventricle
(RV) afterload and was found to be unaltered by MitoQ treatment in both male and female
SuHx rats (Figure 5.11 A). RV end systolic elastance (Ees) was also found to be unaltered by
MitoQ in both male and female SuHx rats (Figure 5.11 B). The efficiency between RV
contractility and the pulmonary arterial system can be measured by using the Ees/Ea ratio to
give an overall indication of RV-pulmonary artery coupling. Here, we found that this was
increased in the male SuHx + MitoQ rats versus male SuHx + vehicle rats (0.88 + 0.05 vs. 0.63
+0.08, *p<0.05, n=3-5) (Figure 5.11 C) and a mild but not significant increase in female SuHx

+ MitoQ vs. female SuHx + vehicle rats (P=0.30).
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Figure 5.11. MitoQ treatment did not affect Ea and Ees in male and female SuHx but did

increase RV-pulmonary artery coupling in only male SuHx rats

The right ventricle (RV) parameters were obtained via pressure volume (PV) loop using the
open chest method. A) Pulmonary effective arterial elastance (Ea) B) RV end systolic elastance
(Ees) C) The ratio of the RV end systolic elastance to effective arterial elastance (Ees/Ea)
known as RV-pulmonary artery coupling, n=3-6 per group. All data represent the mean *
standard error of the mean (S.E.M). Statistical analysis was performed using two-way ANOVA,

*p<0.05. SuHx = Sugen-hypoxia.
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5.13 The effect of MitoQ treatment on collagen deposition in RV in SuHx rats

SuHx showed a significant increase in collagen deposition in the male SuHx rats (Chapter 3,
section 3.1.6). Following the same protocol as chapter 3, we examined the interstitial collagen
deposition in the RV of the male and female SuHx + vehicle and SuHx + MitoQ treated rats. It
was detected that collagen deposition was reduced in the male SuHx + MitoQ rats versus male
SuHx + vehicle rats (8.40 + 0.49% vs. 13.08 + 1.21%, **p<0.01, n=5-6) (Figure 5.12 A and B).

Whilst, no differences were detected in the female rats with MitoQ treatment.
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Figure 5.12. MitoQ reduces collagen deposition in the male SuHx rats

Right ventricle (RV) tissue was stained with picrosirius red to highlight the areas positive for
collagen production. A) Representative images for male and female Sugen-hypoxia (SuHx) +
vehicle and SuHx MitoQ rats. B) Summary of the percentage positive for collagen production,
n=5-6 per group. All data represent the mean + standard error of the mean (S.E.M). Statistical

analysis was performed using the two-way ANOVA, **p<0.01. Scale bar represents 100um.
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5.14 The effect of MitoQ treatment on myocyte area in male and female rats

In chapter 3 (section 3.1.9) we detected that there was a significant increase in myocyte size
in the male and female SuHx rats. Therefore, we decided to repeat this for the rats which had
been exposed to SuHx + MitoQ treatment to determine whether MitoQ was able to reduce
this. The same protocol was followed by drawing around the area of a single myocyte and
repeating this for several myocytes (10-20 myocytes) from the one rat. This was then
averaged to achieve an overall mean myocyte area for an individual rat. Here, we found that
there were no significant differences across any of the groups, although there was trend
towards a decrease in myocyte size in male SuHx-MitoQ vs. male SuHx-vehicle rats (p=0.59)

(Figure 5.13 A and B).
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Figure 5.13. The effect of SuHx + MitoQ on myocyte area in male and female rats

A) Representative images (40x magnification) of hematoxylin and eosin (H&E) stained right
ventricle (RV) tissue from male and female rats. B) Quantification of the myocyte area which
was calculated by drawing around the area of a single myocyte. The area was obtained for
several myocytes (10-20 myocytes) from one rat which was then averaged to obtain the
overall mean area of the myocyte (um?). One data point represents one rat. All data represent
the mean + standard error of the mean (S.E.M), with n=5-6 per group. Scale bar represents

100pm. Statistical analysis was performed using the two-way ANOVA. SuHx = Sugen-hypoxia.
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5.15 Discussion

The first aim of chapter 5 was to examine the effect of MitoQ and E2 on HCF and MCT RV
fibroblast cells. HCF were exposed to hypoxia to deprive the cells of oxygen and recapitulate
the PH proliferative environment. Whereas, as MCT RV fibroblasts were already treated,
therefore these cells did not undergo further exposure to hypoxia. We measured the
proliferation of the male and female HCF cells via measuring Ki-67 intensity. Interestingly, we
found that there were no differences in the cell count in both male and female normoxia
versus hypoxia groups which goes against our prediction. We believe that this may be as a
result of the cells failing to proliferate as an increased number of cells would only lead to an
increase in O, demand which would further aggravate the hypoxia stress. Another potential
reason is that these HCF were isolated from patients with some heart diseases. These cells
already grow in a fast proliferation rate even under normoxia condition and the hypoxic
stimulus may not further increase the proliferation rate. However, we did find that MitoQ
induced a significant decrease in the positive cell count under both normoxia and hypoxia
conditions in the male HCF. This decrease was confirmed to be even further than E2. In the
female HCF, the same reduction was detected in E2 and MitoQ treated cells, but only under
hypoxic conditions. Using the male MCT RV fibroblast cells, we measured the cell proliferation
by staining the cells with proliferating cell nuclear antigen (PCNA). It was found that both E2
and MitoQ reduced the cell count. We propose that MitoQ and E2 may be achieving this by
targeting the mitochondria as both drugs are directly involved with the mitochondria, but
whether it is through the same mechanism remains unknown. It could be that MitoQ and E2
may be able to sense a defect in the mitochondrial metabolism which is triggered by either
the hypoxia or MCT. MitoQ and E2 are then able to inhibit one of the four protein complexes
in the mitochondrial electron transport chain (ETC). A previous study suggest that MitoQ was
able to potently inhibit complex | proliferation in breast cancer cells and that it is this
inhibition of oxidative phosphorylation that is primarily responsible for the anti-proliferative
effect of MitoQ (Cheng et al., 2023). E2 treatment has also been found to interact with the
ETC complexes, by either restoring or decreasing their activity depending on the location and

condition (Torres et al., 2018a, Torres et al., 2018b). Another study demonstrated that E2 is
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able to slow the phosphorylation rate in isolated hepatic mitochondrial by inhibiting and

destabilizing ATP synthase (Torres et al., 2018a).

We then discovered that there was an increase in mitochondrial superoxide production in the
male HCF following hypoxia exposure. MitoQ and E2 were able to reduce mitochondrial
superoxide levels under both normoxic and hypoxic conditions in the male HCF. However, in
the female HCF, we did not detect a rise in mitochondrial superoxide accumulation under the
hypoxia conditions. The male and females oxidative stress response will differ, and it is
believed that the males tend to have a higher production of ROS with less antioxidant
mechanisms available (Martinez de Toda et al., 2023). However, we find that under normoxic
conditions, the female group mitochondrial superoxide levels are higher compared to the
male HCF normoxia mitochondrial superoxide levels. The reason as to why we did not find
this increase in mitochondrial superoxide under hypoxia conditions in the females could be a
result of them already maxing out their mitochondrial superoxide response. Additionally, the
female HCF could have a higher basal level of mitochondrial superoxide as these cells may
have been isolated from a patient with more severe heart disease than the males and the
mitochondrial superoxide levels are not further enhanced by hypoxia. In addition, similar to
better preservation of RV function in females versus males in PAH, female cardiac cells may
also have its protective role in response to hypoxia in vitro, which prevents them from further
increasing their mitochondrial superoxide response under hypoxia. We did find that both E2
and MitoQ were able to reduce mitochondrial superoxide levels under both normoxia and
hypoxia conditions for both male and female HCF, confirming that both drugs are not sensitive
to hypoxic conditions and work effectively in both the normoxia and hypoxia environment.
The same outcome was found by E2 and MitoQ in the male MCT RV fibroblasts. This is also in
line with previous studies which show that MitoQ reduced superoxide levels detected by
MitoSOX in non-PAH models (Escribano-Lopez et al., 2016, Fortner et al., 2020, Huang et al.,
2022, Zhang et al., 2022b). This is not surprising as it is widely suggested that MitoQ
predominately exerts its effects by altering the mitochondrial superoxide pathway

(Jurkuvenaite et al., 2015).
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MitoQ has been proposed to work through a NFE2L2 dependent mechanism, in which studies
have found that NFE2L2 inhibition reverses the protective effects of MitoQ (Hu et al., 2018).
Treatment with MitoQ has also been reported on numerous occasions to inhibit NFE2L2
degradation and increase NFE2L2 nuclear translocation and its downstream targets, NQO1 in
the presence of ROS (Dinkova-Kostova et al., 2002, Cen et al., 2021). Due to this, we examined
whether treatment with MitoQ and E2 alter the protein expression of NFE2L2 in the male and
female HCF cells and male MCT RV fibroblasts. We found that NFE2L2 nuclear intensity was
increased by E2 and MitoQ. These results are consistent with those of previous reports where
MitoQ works through the NFE2L2 pathway. We did not detect any differences between the
normoxic and hypoxic environment for both the male and female HCFs. As mitochondrial
superoxide production remained unchanged in the female HCF, this could be the reason for
this but unlikely as in the male HCF mitochondrial superoxide was increased by hypoxia. Here,
we seen the NFE2L2 expression did increase by hypoxia but this did not reach significance.
We would have predicted an increase in NFE2L2 as it has been reported to be increased and
stabilized by the release of mtROS (Ngo and Duennwald, 2022). Instead, we show that this
increase of NFE2L2 by MitoQ and E2 is occurring in @ mtROS independent manner. The
mechanism by which E2 increases NFE2L2 expression has been studied previously and was
found to occur through the PI3K-AKT pathway (Gorrini et al., 2014, Ishii and Warabi, 2019). In
this study, we propose that E2 may be acting through this pathway to increase NFE2L2 nuclear

intensity, but we are not able to confirm this.

We then determined whether MitoQ and E2 were able to alter cytosolic TFAM intensity.
TFAM plays a crucial role in maintaining mtDNA copy number by regulating mtDNA
transcription and replication (Kang et al., 2018). TFAM has also been reported to play a role
in protecting mtDNA from oxidative injury, suggesting that there may be some cross talk
between them both (Hu et al., 2018). We found that MitoQ and E2 increased TFAM levels in
both normoxic and hypoxic conditions and this result was seen in both the males and female
HCFs and in the male MCT RV fibroblasts. Our data also suggest that there is a crosstalk
between mtROS and TFAM. Previous studies have also detected that MitoQ was able to
increase TFAM gene and protein expression (Yin et al., 2016, Hu et al., 2018). As well as this,

it has been found that E2 treatment is also able to increase TFAM protein levels (Chen et al.,
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2015). Overall, suggesting that MitoQ and E2 are able to drive transcription and replication of

mtDNA which would enhance and support mitochondrial biogenesis activity.

Hypoxia has been implicated as a pro-fibrogenic stimulus that triggers the increase of collagen
production. Therefore, we decided to examine whether we could detect any changes in the
male and female HCFs and in primary male MCT RV fibroblasts treated with MitoQ and E2.
Unexpectedly, we found that there were no increases in the male normoxia versus male
hypoxia group, and the same was seen for the females. We propose that the hypoxic exposure
may not be long enough (48 hours) to induce an increase in Collal levels. Similarly, there was
also no increase in male and female HCF proliferation by hypoxia either, which could also be
the reason as to why the hypoxia stimulus did not induce an increase in Collal expression.
We did find that, under both normoxia and hypoxia conditions, MitoQ was able to reduce
Collal levels in the male and female HCF and male MCT RV fibroblasts. This reduction in
Collal was confirmed to be far greater a response than E2. Meanwhile, E2 was only able to
reduce Collal levels under hypoxic exposure in both the male and female HCF. MitoQ and E2
reducing Collal is in agreement with previous studies which also find the same result
(Alencar et al., 2018, Turkseven et al., 2020, Zhang et al., 2022b, Nataraj et al., 2024). Overall,
we did not detect any sex differences on the influence of MitoQ and E2 on NFE2L2, TFAM and

Collal expression.

Although previous studies find that MitoQ and E2 treatment are able to increase NFE2L2,
TFAM and reduce Collal, it must be noted that these are in various models, cell types,
conditions and with varying doses of MitoQ and E2. Hence, we are the first to report that
300nM MitoQ treatment and 10nM of E2 is able to induce these changes in NFE2L2, Collal
and TFAM protein intensity in male and female HCF cells which have been exposed to
normoxia and hypoxia and in male primary MCT RV fibroblasts. We are also the first to directly

compare the sex differences.

The final aim of this chapter was a preliminary study investigating the effects of MitoQ on the
SuHx rat model. MitoQ has been tested within PAH models including: pulmonary arterial

banding (PAB) and chronic hypoxia (Pak et al., 2018, Yan et al., 2023, Li et al., 2024a) and
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finally, one study tested on SuHx primary endothelin cells extracted from male SuHx rats
(Suresh et al., 2019). However, to date no study has directly tested the effect of MitoQ in the

SuHx rat model.

We examined the effect of MitoQ (5mg/kg twice weekly via IP injection) on the rat’s
bodyweight, hemodynamic parameters, collagen deposition and myocyte size. It must be
noted that we did not test MitoQ in normoxic control male and female rats due to time
constraints and ongoing construction work taking place in the BPU. This presents as one of
the major limitations in this project as there was no control group to compare the data with.
MitoQ has been previously tested on control rats in which it had no effect on the rats
bodyweight and RV function (Yan et al., 2023), however the dose, route of administration and
frequency of MitoQ was different compared to our study. Therefore, we strongly recommend
going forward that it would be essential to examine the role of MitoQ in control rats.

To begin, the weight of the rats was kept in line with the animal study in chapter 3. This can
be seen as the rats’ average starting weight in chapter 3 was around ~159g for females and
~209.7g for males, whilst in this study female rats started around ~168g and males around
~243g. Overtime, male and female rats gained weight, however there were no significant
differences between the normoxia and hypoxia groups when comparing the same sexes at
the start of the study. No differences were detected in the male SuHx-MitoQ versus male
SuHx -Vehicle rats at the end of the study, however there was a small reduction in the female
SuHx + MitoQ bodyweight. Yan et al., who examined chronic hypoxia induced PH rats,
reported similar findings that MitoQ does not affect bodyweight (Yan et al., 2023). In the same
study, Yan et al., reported that MitoQ was able to reduce RVSP and Fulton index following
chronic hypoxia but not in the Vehicle-MitoQ rats, suggesting that it does not affect the
healthy RV (Yan etal., 2023). We demonstrated that treatment with MitoQ had no significant
effect on the RV weight, LV weight, Fulton index, RVSP, RVEDP and the heart rate when
compared with the SuHx alone rats. Instead, we find there is a very mild decrease in RV weight
and hypertrophy (Fulton index) in the male rats, which did not reach significance. Hence, this
suggests that MitoQ was not able to alter pulmonary vascular remodeling especially in female
SuHXx rats, resulting in no change in RV afterload and thus RVSP and RV remodeling. We then

examined the RV afterload (Ea) and RV contractility (Ees) which we found no differences.
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Instead, there was a mild decrease in Ea in male SuHx rats with MitoQ treatment which
indicates that MitoQ may have slightly improved pulmonary vascular remodeling, which is
consistent with the mild decrease in RV weight and hypertrophy (Fulton index) in the male
SuHx-MitoQ rats. Typically, in a case of RV failure, Ees is reduced and Ea is increased. The
relationship between the cardiac contractility and arterial system can be analyzed using the
Ees/Ea ratio. Progressive RV failure will result in the RV-pulmonary arterial system becoming
uncoupled which will then lead to a decline in the Ees/Ea ratio, which was also seen in the
male SuHx in chapter 3 (Hsu, 2019). We found that there was a significant increase in the RV-
pulmonary artery coupling (Ees/Ea) in the male SuHx + MitoQ rats, which was not seen in the
females highlighting a key sex difference. As seen in Chapter 3, SuHx did not change Ees/Ea
in the female versus the female control, indicating a preservation of RV function. Therefore,
it is not surprising that MitoQ did not further increase Ees/Ea or RV function in female SuHx
rats. Therefore, this suggests that MitoQ could potentially preserve mitochondria function in

a manner that helps promote better RV function in the male SuHx rats.

We then followed this up by measuring the RV myocyte size and interstitial collagen
deposition, as increases in cell size serves as a widely known key characterize of hypertrophy
(Frey et al., 2004) and collagen deposition also contributes to hypertrophy. However, there
were no significant differences in myocyte size in both male and female SuHx rats with MitoQ
treatment. We found no significant differences in interstitial collagen deposition in the female
SuHx rats with MitoQ treatment, which is consistent with the no significant changes seen in
RV weight and Fulton index. However, we detected that there was a significant reduction in
RV interstitial collagen deposition in the male SuHx + MitoQ rats, which is consistent with the
mild reduction in RV weight and hypertrophy and increased RV-PA coupling in the male SuHx
+ MitoQ rats. As well as this, the reduction in collagen deposition in the male SuHx + MitoQ
rats agrees with the literature in that MitoQ works in a protective manner and reduces

collagen production (Méndez et al., 2020).

Finally, to summarize our findings, we show that both E2 and MitoQ are able to reduce HCF
cell proliferation under normoxic and hypoxic conditions in the male HCF cells. Meanwhile,

E2 and MitoQ are only able to reduce cell proliferation in the hypoxia environment in the
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female HCF cells. We show that MitoQ and E2 were able to reduce cell proliferation in the
male MCT RV fibroblast cells. We observed that MitoQ and E2 were able to reduce
mitochondrial superoxide levels in both normoxia and hypoxia for the male and female HCF
cells. Similarly, mitochondrial superoxide was reduced by E2 and MitoQ in the male MCT RV
fibroblasts. When we examined nuclear NFE2L2, cytosolic TFAM, and Collal expression in
the male MCT RV fibroblasts, E2 and MitoQ upregulated NFE2L2 and TFAM levels and reduced
Collal. In the male and female HCF cells, we found that Collal intensity was reduced by
MitoQ in both normoxia and hypoxia, while, E2 only reduced Collal levels in the hypoxic
environment. Nuclear NFE2L2 intensity was increased by MitoQ and E2 in both normoxia and
hypoxia for both male and female HCF cells. Lastly, cytosolic TFAM intensity was increased by

MitoQ and E2 under normoxic and hypoxic conditions for both male and female HCF cells.

The results from the preliminary in vivo study examining the effect of MitoQ in SuHx rats
revealed that MitoQ did not affect the bodyweight of the male and female rats. MitoQ was
not able to reduce RV and LV+S weight, and hence did not affect the RV hypertrophy (Fulton
index) for both male and female SuHx rats. It also did not lower RVSP or RVEDP or affect RV
myocyte cell size in either male or female rats. However, it did enhance the RV-pulmonary
artery coupling (Ees/Ea) in the male SuHx + MitoQ rats. The improvement in Ees/Ea was also

associated with reduced interstitial collagen deposition in the male SuHx + MitoQ rats.

5.16 Summary

Overall, Chapter 5 demonstrates that both E2 and MitoQ are able to mediate protective
effects in vitro. This was illustrated by a reduction in MitoSOX, cell proliferation, and Collal
expression in both male MCT RV fibroblasts and male and female HCF cells. Both E2 and
MitoQ were also able to increase TFAM and NFE2L2 protein expression in both the male MCT
RV fibroblasts and male and female HCF cells. Using our SuHx rat model, we did not find any
major significant changes in RV hypertrophy, remodeling, RVSP, RVEDP and RV function upon
MitoQ treatment in the female SuHx rats. However, in the male SuHx rats, whilst MitoQ had
no effect on RV myocyte size, it was able to significantly reduce RV interstitial collagen

deposition, slightly reduce RV hypertrophy and significantly improve RV-pulmonary artery
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coupling. This suggests that the effect of MitoQ treatment in vivo may be sex specific. These
results add to the complexity of MitoQ as a potential PAH antioxidant drug, and we suggest
that further work is needed, particularly with a range of PAH models, before any conclusions

are made regarding MitoQ’s therapeutic value.

244



CHAPTER 6
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6. Discussion

6.1 General discussion

Pulmonary arterial hypertension (PAH) is a progressive condition and its mortality relies on
the status of the right ventricle (RV). RV dysfunction in PAH has been associated with
mitochondrial dysfunction, including a change in the mitochondrial metabolism from
oxidative phosphorylation to aerobic glycolysis, known as the Warburg effect (Piao et al.,
2010, Ryan and Archer, 2014, Peng et al., 2016). As well as this, there are also disruptions in
the mitochondrial fusion and fission proteins which are normally tightly regulated. Whilst in
PAH, there is a shift towards excessive mitochondrial fission (Culley and Chan, 2018).
Additionally, there is a strong sexual dimorphism in PAH, in which it predominately affects
the females, with a ~4:1 female: male ratio (Walker et al., 2006, Badesch et al., 2010, Shapiro
et al., 2012, Mair et al., 2014b). However, the female PAH patients demonstrate better RV
function and less mortality rate than the males (Keen et al., 2020, Dignam et al., 2023,
Ventetuolo et al., 2023). This has prompted investigations into the role of sex hormones,
particularly estradiol (E2), on mitochondrial activity, which is still not well understood. E2 has
been shown to influence mitochondrial functions both directly by targeting the mitochondria
themselves and indirectly through the nucleus (Velarde, 2014). Whereby, it can regulate
mitochondrial biogenesis activity, influence mtDNA replication and repair as well as influence
the balance of the mitochondrial fusion and fission proteins (Velarde, 2014). The
mitochondria also serve as the major source of reactive oxygen species (ROS), and in PAH
there has been evidence of upregulated ROS which contributes to mitochondrial damage
(Ryanto et al., 2023). E2 has been found to reduce ROS levels and hence, protect the
mitochondria from oxidative damage (Velarde, 2014). There has also been the development
of mitochondrial targeted antioxidant drugs, such as Mitoquinone (MitoQ) which have shown
promising results in protecting the mitochondria in a left ventricle pressure overload by
ascending aortic constriction (non-PAH) model (Goh et al., 2019, Kim et al., 2020). In addition,
MitoQ has also illustrated protective activity in several animal models of PH including chronic
hypoxia and pulmonary artery banding models (Pak et al., 2018, Yan et al., 2023, Li et al.,
2024a) through improving mitochondria associated redox signalling (Pak et al., 2018, Yan et

al.,, 2023, Li et al.,, 2024b). Indeed, MitoQ can lead to attenuation of some of the key
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pathological PAH features, including mitochondrial fragmentation (Suresh et al., 2019).
Therefore, we proposed that MitoQ may be able to offer the possibility to protect RV function

via the targeting mtROS and improving mitochondrial function.

The key aims of this project were to characterise the sex differences in mitochondria and RV
function using the gold-standard animal model of PAH, Sugen-hypoxia (SuHx) in male and
female rats. We established that there was a need to identify whether there were any clear
sex differences in these genes and protein linked to mitochondrial function and fibrosis, as
there is limited research within this area. Following this, we examined whether there were
any sex differences in right coronary artery (RCA) remodelling in the SuHx rat model. We
propose that the remodelling could contribute to RCA stiffness and worsen ischemia. We then
examined the effects of MitoQ and E2 treatment on cell proliferation, mtROS production via
mitochondrial superoxide (MitoSOX), and mitochondria- and fibrosis-linked proteins in vitro.
Lastly, this project examined the effect of MitoQ in vivo in male and female SuHx rats to
determine whether it influences RV hypertrophy, collagen deposition and RV function. To my
knowledge, this is the first study to examine the effects of MitoQ in the SuHx rat model in vivo

in both sexes.

6.2 Summary of findings and conclusion

In chapter 3, we were able to successfully characterise the SuHx rat model. We propose that
the SuHx rat model was the most appropriate model for our study as it targets both the
pulmonary vasculature and the RV, whilst best representing the key PAH characteristics. This
then allowed us to measure all the PAH phenotype parameters including the RV hypertrophy
and gene changes that have taken place within the RV and lungs. SuHx rat model is now also
one of the most extensively used PH models, therefore allowing for a comparison of our
findings with those published. We illustrated a rise in right ventricular systolic pressure (RVSP)
from the SuHx rats (>70mmHg vs. ~30mmHg in the control rats) which was also combined
with an increase in RV hypertrophy. Although we must note that when we measured the RV
hypertrophy, we ratioed RV to the LV+S weight. LV+S weight was increased by SuHx in the

female rats which would have affected the RV/LV+S ratio. Therefore, it would have been
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better to ratio the RV weight to the tibia length instead which would remain unchanged by
SuHx and provide a more accurate measurement. Both male and female SuHx rats
demonstrated an increase in cell proliferation within their RV and also an increase in RV
myocyte cell size. Both the enlargement in cell size and increase in cell proliferation are in
alignment with hypertrophic growth. Although we did not find sex differences in RVSP, RV
hypertrophy, cell proliferation and myocyte size in response to SuHx, we detected a sexual
dimorphism in that the male SuHx rats had a higher increase in RV interstitial collagen
deposition, which was associated with worse RV-pulmonary artery coupling (Ees/Ea)
compared to the females. Interestingly, this was also correlated with increased pro-fibrotic
TGFB1 signalling and TGFB1 positive regulator, TSC22D1 gene expression in the male SuHx

rats, which was not seen in the females.

In chapter 4, we examined the differences in the RCA remodelling in the SuHx model. One of
the primary findings was that there was worse structural remodelling due to increased
collagen deposition in the male SuHx rats, particularly in the small vessels (diameter at 15-
50um) compared with the females. This correlates with what we see in chapter 3, that there
were also worse interstitial collagen deposition and RV-pulmonary artery coupling in the male

SuHx males.

We also predicted that the poorer RV function that is typically found in the male PAH patients
could be due to worse mitochondrial function. Therefore, we decided to examine
mitochondrial function in the fresh RV tissues by firstly examining the membrane potential.
Prior to confocal imaging, we optimised the fluorescence intensity to allow for speedy
scanning of the dishes in order to prevent any photo-bleaching to the tissue. We found that,
the male SuHx rats had reduced TMRM levels which was not detected in the female SuHx rats.
The loss of the TMRM fluorescence indicates there is a collapse in the mitochondrial
membrane potential. Although, it must be noted that the reduced membrane potential does
not indicate cell death, but a decrease in the cells activity and hence, ATP production (Wang
et al., 2019). However, this reduced activity points towards poor mitochondrial health which
is important given the RV has a high energy requirement and is therefore highly reliant on a

positive mitochondrial membrane potential for ATP generation.
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We then examined the mitochondrial morphology via staining mitochondria with MitoTracker
green. We found that MitoTracker green localises to the mitochondria regardless of reduced
membrane potential. In healthy control RVs, mitochondria displayed filamentous, or well
connected. In response to SuHx, RV from the males but not females displayed less filamentous
or less connected, indicting more mitochondrial fission. When we examined the
mitochondrial fusion and fission genes within the RV, we did not detect any differences.
However, within the lungs, we found there was reduced Mitofusin 1 (MFN1) in the male SuHx
and MFN2 in both male and female SuHx gene expression. Although, interestingly, there was
also reduced dynamin 2 (DNM2) gene expression in both the male and female SuHx rats which
plays a key role in mitochondrial fission, which goes against the hypothesis and the findings
of PAH studies. We detected an increase in TFAM and NRF2 in the male RV SuHx rats which
could be a compensatory response given that we only see an increase in mitochondrial fission
in the male SuHx rats. Although, in the male SuHx lung tissue, we found the opposite effects
in that TFAM and NRF1 were reduced. It is not unusual to see differentially expressed genes
in the opposite direction between both the RV and the lung. Within PAH, the pulmonary
vasculature system becomes affected first, perhaps the mitochondrial key transcriptive genes

also become depleted at earlier stages than they do for the RV.

Finally, we found no significant changes in the MitoSOX in the RV in both the male and female
SuHx rats compared to the controls. However, SuHx demonstrated reduced RV protein
expression of master redox-regulated transcription factor, NFE2L2 in only the male SuHx rats.
This was not surprising as reduced NFE2L2 has been frequently associated with PH, therefore
we predicted SuHx would reduce NFE2L2 expression (Qin et al., 2022). Knockout NFE2L2
studies in mice have also shown an association with RV diastolic dysfunction which appeared
earlier than the RV dysfunction seen in SuHx mice (Zhang et al., 2022a). Treatment with an
NFE2L2 activator, was able to partially reverse RV diastolic and systolic dysfunction in SuHx

rats, highlighting the importance of increasing NFE2L2 activity (Zhang et al., 2022a).

Within PAH, cells will be more reliant on NFE2L2 protection against damaging ROS injury. Due

to this, in chapter 5 we aimed to minimize ROS by utilising a mitochondrial targeted
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antioxidant, Mitoquinone (MitoQ) as well as E2, as this has also been speculated to affect
ROS. We examined the effect of E2 and MitoQ in vitro and in vivo using the SuHx rat model.
We found for the first time that E2 and MitoQ were able to reduce MitoSOX production in
male and female human cardiac fibroblasts (HCF) under both normoxic and hypoxic
conditions. A previous study showed that MitoQ had no significant effect in reducing
intracellular peroxide content under normoxic conditions but was effective under hypoxic
conditions in MRC-5 fibroblasts (Saretzki et al., 2003). Interestingly, MitoQ appears to be
efficient under both normoxic and hypoxic conditions in our study, probably due to that the
HCF are not considered as fully healthy control cells since they were isolated from patients
with some certain diseases in the heart. Similarly, we found E2 and MitoQ were able to reduce

MitoSOX in the male MCT RV fibroblasts.

Both E2 and MitoQ demonstrated anti-proliferative effects by reducing Ki-67 positive cell
count in the male and female HCF. This was seen to occur in both normoxia and hypoxia for
the male HCF but only hypoxia for the female HCF. The same outcome was detected in the
male MCT RV fibroblasts which had a reduced PCNA positive cell count mediated by E2 and
MitoQ. Previous studies have found that MitoQ is able to reduce cell proliferation by
inhibiting mitochondrial oxidative phosphorylation (Cheng et al., 2023). However, the
mechanism by which E2 and MitoQ are responsible for inhibiting the cell proliferation was

not studied in this project.

Excessive mitochondrial ROS (mtROS) may be able to promote fibrosis via increasing collagen
production. It was found that E2 and MitoQ reduced Collal protein expression and also
increased NFE2L2 and TFAM expression in the male and female HCF and in the male MCT RV
fibroblasts. These data illustrates that both E2 and MitoQ activity may stimulate
mitochondrial biogenesis via the increase in TFAM expression and antioxidant activity via the

increase in NFE2L2 expression.

For the first time, we reported the effects of MitoQ in the male and female SuHx animal
model. MitoQ was found to have a minimal effect on the animals’ body weight. Meanwhile,

MitoQ had no effect on RV weight, LV+S weight and on RV hypertrophy as measured by the
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Fulton index across the male and female groups. Similarly, MitoQ showed no effect on several
of the hemodynamic parameters that were measured including RVSP, RVEDP, heart rate,
pulmonary effective arterial elastance (Ea) and RV end systolic elastance (Ees). It did however
show an increase in the RV-pulmonary artery coupling in the male SuHx + MitoQ rats, which
suggests it is enhancing the coupling efficiency in the RV-pulmonary artery unit. Better RV-
pulmonary artery coupling in the male SuHx + MitoQ rats is suggestive of better RV function.
This was also associated with less RV collagen deposition or fibrosis in the male SuHx + MitoQ
rats. However, we did not find a significant effect of MitoQ on females, probably due to that
the female rats were in the compensated stage with preserved RV function in response to
SuHx. This was evidenced by the female SuHx demonstrating less increase in RV fibrosis,
preserved RV-pulmonary artery coupling, RCA structure and RV mitochondrial function in
chapters 3 and 4. This thesis focuses largely on the short-term effects of MitoQ, without
exploring the long term effects and whether this could lead to dysfunctional mitochondria
and RV function. However, one study which administered MitoQ to male mice for up to 28
weeks detected no deleterious effects, confirming that it is not transformed into a pro-
oxidant overtime and is safely tolerated long-termly (Rodriguez-Cuenca et al., 2010).
Specifically, MitoQ did not influence the mice bodyweight, food and liquid consumption and
physical activity and had a minor effect on mitochondrial gene expression within the heart
(Rodriguez-Cuenca et al., 2010). Additionally, it had no effect on the mitochondrial oxidative
damage markers such as mtDNA damage, carbonyl formation and oxidation of the
mitochondrial phospholipid cardiolipin, suggesting that it does not contribute to oxidative
damage over time (Rodriguez-Cuenca et al., 2010). Taken together, this provides a firm basis
that MitoQ may also be able to exhibit protective activity within the SuHx rat model in the
long term.

The overall conclusion of this project is that male SuHx rats demonstrate worse RV function
as illustrated by reduced RV-pulmonary artery coupling and higher RVEDP which was
associated with worse interstitial fibrosis. The poorer interstitial fibrosis was also
accompanied with increased fibrotic gene expression as seen by increases in TGFf1 and
TSC22D1 genes. We found that the males also had more severe fibrosis and remodelling in
their RCA vessels and a worse mitochondrial status. We show that E2 and MitoQ exhibit

protective activity by reducing MitoSOX levels, inhibiting cell proliferating, enhancing mtDNA
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gene TFAM, antioxidant gene NFE2L2 and lowering Collal expression. Finally, we show that
MitoQ is protective in vivo by enhancing RV-pulmonary artery coupling and lowering collagen

deposition only in the male SuHx rats.

Finally, given that PAH is a female predominant disease and the males have worse mortality
rates, it is clear that sex plays a significant role. Although we have briefly discussed the
potential cause being due to estrogen mediating protective effects in the females, it could
also be a result of women responding better to the treatment options. Within PAH, the
treatment options are largely the same for both male and female. It is important to note that
age differences, co-morbidities and gender will likely influence how a patient will respond to
the treatment (Mair et al., 2014a). Female PAH patients have been reported to respond better
to endothelial-1 receptor antagonists and prostacyclin analogs meanwhile, male patients
respond better to phosphodiesterase-5-inhibitors (Hye et al., 2021). Additionally, this project
also largely highlights the sex differences in PAH progression in the SuHx model, further
emphasising the importance of sex-specific treatments. However, as it stands, there are no
sex-specific therapeutic strategies available within PAH. Going forward in PAH, personalised
sex-specific treatment plans would be highly valuable in slowing PAH progression, reducing

side effects and improving patient outcomes.

6.3 Limitations and future perspectives

Although our study produced interesting and novel data, there were several areas of
limitations and areas where future work would be deemed essential. Firstly, our work is
largely focused on the SuHx rat model. Animal models serve as an invaluable tool particularly
in scientific research and help us greatly understand the mechanisms underlying several
diseases. Nonetheless, utilising animal models into our study meant that we faced with many
limitations as they are time-consuming and expensive. It also remains difficult to determine
whether the results are translatable to humans given the differences in the cardiovascular
systems. This is evidenced by many animal studies which have produced promising results,

have failed to be replicated in human clinical trials (Bracken, 2009). To make the animal study
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more clinically relevant, one or more animal models may be studied along with the

comparison between the data from animal studies and clinical data.

Meanwhile, the cell models, which are generally less time consuming and more cost effective
than animal models, can also face many weaknesses in that they lack relevance. For instance,
in our study the HCF were isolated from human ventricles in which it remains undisclosed
which ventricle they came from. As well as this, every time the HCF cells and MCT RV
fibroblasts were passaged small changes in their phenotype and genotype can take place
which may have influenced their protein expression data. It would be more physiologically
relevant to culture RV cells harvested from primary male and female PAH patients. Hence,
most of the cell and animal models do face limitations that are difficult to mitigate and the

conclusions drawn from these studies must be carefully considered in context.

In our study, we briefly analyse the pulmonary vasculature remodelling. However, it would
have been worthwhile to perform a more in-depth assessment of the pulmonary vasculature
remodelling by staining the lung tissue with von Willebrand factor (VWF). VWF is produced
exclusively by the vascular endothelial cells and is therefore a more reliable test to determine
the formation of the occluded lesions, endothelial damage and dysfunction (Steffes et al.,
2022). Additionally, given that chapter 3 largely examines RV fibrosis it would be more
beneficial to examine the collagen breakdown enzymes, known as matrix metalloproteinases
and the tissue inhibitors of matrix metalloproteinase which prevent the collagen breakdown.

This would allow for a better idea of the collagen turnover rate in the RV tissue.

In terms of image analysis, when we analysed the remodelling which had taken place
interstitially in the RV and perivascularly in the RCA vessels, we chose to use the thresholding
method to determine the areas affected. However, thresholding despite being a simple and
effective route of analysis does present with a deal of subjectivity. As well as this, the HCF
stained Ki-67 confocal images which were analysed using an ImageJ cell counter also present
with several limitations due to bias with it being highly dependent on the observer. Therefore,
a more automated system which is independent of the observer could be used instead to

generate quantification. Particularly for quantifying cell proliferation, a complementary
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approach could be used such as using the automated cell countess assay prior to moving to
the fluorescent microscope. Additionally, modern cell counters are now equipped to detect

fluorescent signals, including the CellDrop™ FL.

Within chapter 4, we examined numerous mitochondrial related genes, but did not assess
their protein expression. Therefore, it would be important to examine the same genes protein
expression using western blot. Prior to this, isolating the mitochondria using a cell fractioning
kit would be beneficial to directly measure the mitochondrial protein expression. It would
also be worthwhile to measure the proteins involved in glucose metabolism such as PDK, PDH,
PKM1 and PDKM1. Additionally, measuring ATP production using ATP assay kits or oxygen
consumption rates using mitochondrial stress kits in isolated RV tissue would also allow us to
determine how mitochondrial respiration is altered in our SuHx model, the sex differences

and whether MitoQ is able to directly improve mitochondrial respiration.

Another weakness in our in vitro studies is that we did not charcoal strip our cell culture
media. It is understood that many of the medias, particularly FBS, contain estrogenic
properties that may confound the results and produce a bias. The effect of these estrogenic
properties in the media on cell growth and properties is unknown. In order to ensure
translatability, it would be important to ensure all medias have been charcoal stripped in
future studies to remove the hormonal factors. We also did not validate the cell chamber
which represent another weakness. A reliable way to do this would be to measure the
expression of the hypoxia markers such as HIF1la. HIF1a under normal conditions is targeted
for degradation however under hypoxic conditions it becomes stabilised in which it
translocate to the nuclear where it forms a dimer with HIF1p so it would be useful to perform

immunocytochemistry to detect nuclear HIF1a expression.

One of the limitations of our preliminary MitoQ study in vivo was that we did not test MitoQ
on normoxic control rats. Therefore, this would be deemed essential as future work to allow
us to understand whether MitoQ is influencing healthy RV function. Additionally, the MitoQ
animal study sample numbers were small and this could be improved by increasing the

sample numbers. They were several aspects of this study which are worthy of investigation
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but were not performed. These include investigating into the gene expression profile to
examine the genes linked to fibrosis and mitochondrial and performing a direct comparison
with those listed in chapters 3 and 4. It would also be insightful to examine this at the protein
level and compare with those assessed in chapter 5. As well as this, performing a similar
analysis as chapter 4 in which fresh pieces of live RV tissue were taken and stained for
mitochondrial properties such as MitoSOX would be useful to examine whether MitoQ is able
to influence or restore mitochondrial function. There are other methods to measure ROS
accumulation, that may be more reliable than MitoSOX. This includes using the Bruker
electron resonance spectrometer, which would provide a more specific and direct
measurement of general ROS. We also only tested MitoQ at the recommended dose based
on the literature due to time constraints. Therefore, we recommend that it would be
important in future to test MitoQ at several concentrations in a series of dose-response
experiments to determine whether 5mg/kg is the optimal dose. Following this, it would be
interesting to measure the MitoQ concentration in the different tissues such as the heart,

lung and liver using HPLC.

Additionally, to examine if MitoQ plays its role by targetingNFE2L2, we could examine the
cells’ biology by treatment with both MitoQ and a NFE2L2 antagonist. As NFE2L2 is a nuclear
transcription factor, the most appropriate method to examine its expression would be to use
a nuclear cell extraction kit and then run a western blot. Following this, it would be useful to
also check the expression of the antioxidant enzymes such as HO-1, GPX, catalase and NQO1.
Hormonal modulation experiments using estrogen receptor, ERa, ERB and GPER antagonists,
as well as testosterone and progesterone antagonists could also be employed. This would
allow us to determine whether the hormonal pathways drive the sex differences in the

mitochondrial function and RV remodelling.

Finally, we did not look at the effect of MitoQ on the pulmonary artery remodelling which

would be important to determine whether it exerts protective activity at the site at which

PAH begins.
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