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Abstract

Abstract

Background: Oxidative stress and activation of cellular antioxidant defence pathways play
critical roles in coronary ischaemia-reperfusion (IR) injury. Nuclear factor-E2-related factor 2
(Nrf2), a well-known antioxidant transcription factor, participates in maintaining cellular redox
homeostasis. Notably, dysregulation of Zn homeostasis is associated with IR injury and linked
with Nrf2 signalling pathway. Furthermore, the concept of cell culture under defined ambient
oxygen levels that recapitulate pO> experienced in vivo has recently acquired renewed research
focus. The present study aims to characterise the redox state and metal profiles in coronary
artery smooth muscle cells (HCASMCs) adapted long-term to hyperoxia (18kPa O>),
physiological normoxia (5kPa Oz) and hypoxia (1kPa O2). Compared to standard cell culture
under 18kPa O, which has mistakenly been defined as normoxia in the past, our study
provides novel insights into the role of Nrf2 and Zn underlying hypoxia-reoxygenation (HR) in
HCASMCs adapted to physiological normoxia (5kPa O) and the crosstalk between Nrf2

signalling and Zn level.

Methods: Redox signalling was examined in HCASMCs adapted long-term (5 days) to
defined O> levels (18, 5 and 1kPa). Intracellular redox status under different O> levels was
determined by assaying intracellular glutathione (GSH) levels and protein expression of
antioxidant enzymes. Immunoblotting and gPCR were employed to determine protein and
MRNA expression of select Nrf2 targets (e.g.HO-1 and GCLM) under basal different O levels
and following treatment with the Nrf2 inducer sulforaphane (SFN, 2.5uM). Generation of
reactive oxygen species (ROS) under basal conditions, following treatments and HR
(18kPa/5kPa to 1kPa to 18kPa/5kPa), was measured using the chemiluminescence probe
L-012. Metal profiles in HCASMCs under basal or HR were obtained using inductively
coupled plasma mass spectrometry (ICP-MS). Crosstalk between Nrf2 and Zn was determined

by measuring total Zn levels and protein expression of ZnT1 (main exporter of Zn on the
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membrane) and MT (main intracellular storage protein of Zn) under hyperoxia, normoxia and
hypoxia and following pre-treatment (16h) with SFN, N,N,N’,N'-tetrakis (2-pyridylmethyl)
ethylenediamine (TPEN, a scavenger of free Zn%*, 1.25uM) or 2-mercaptopyridine N-oxide

sodium salt (a Zn?* ionophore, 0.5uM) with ZnCl, (10puM).

Results: HCASMCs were adapted for 5 days to 18, 5 or 1kPa O.. Hypoxia inducible factor-1a
(HIF-1a) stabilisation was only observed in cells under 1kPa O. Lower basal intracellular
antioxidant levels (e.g., GSH, CAT and SOD) and Nrf2-regulated target proteins (e.g.NQO1
and GCLM) were detected in cells adapted to 1kPa compared to 18 and 5kPa O». Total
intracellular Zn% levels were 0.345+0.037ng/pg protein in HCASMCs under 18kPa and
similar under 5 and 1kPa O2. Zn supplementation significantly increased total Zn content in
HCASMC under 18 but not 5kPa O.. Zn supplementation increased Nrf2 nuclear
accumulation in cells under 18 or 5kPa O, whilst Nrf2 targeted HO-1 mRNA and protein
expression in response to Zn supplementation was upregulated significantly in cells under
18kPa Oz, which were attenuated in cells under 5kPa Oz. Nrf2 siRNA silencing,
overexpression or activation of Nrf2 with SFN did not significantly alter total Zn® content.
When HCASMCs were loaded with probe L-012 and exposed to hypoxia (1h) and
reoxygenation, superoxide generation (PEG-SOD inhibitable) was only detected on
reoxygenation. Pre-treatment of cells with SFN or Zn attenuated reoxygenation-induced
superoxide generation. Furthermore, total intracellular Zn®® levels were not significantly

changed in cells under HR injury under 18 and 5kPa Ox.

Conclusions: The present findings indicate that compared to physiological normoxia (5kPa
0.),hyperoxia (18kPa O,) had negligible effects on the redox phenotype (e.g. GSH,
antioxidant enzymes and Nrf2-regulated proteins) of HCASMCs, unlike umbilical vein and
coronary artery endothelial cells. Notably, Zn supplementation activated the Nrf2 signalling

pathway in HCASMCs, however activation of Nrf2 had negligible effects on total Zn levels.
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ROS generation, primarily superoxide, was detected in first 20min after reoxygenation in
HCASMCs under 18kPa O and was significantly attenuated by pre-treatment with SFN or Zn,

highlighting protective actions of Nrf2 activation and Zn supplementation in HR injury.
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Chapter 1 — Introduction

1.1 Heart and coronary circulation

1.1.1 General overview of the heart

The heart is a muscular organ located in the thoracic cavity medial to the lungs and posterior
to the sternum and acts as a pump to provide the force for the blood circulation through the
tissues of body. As shown in Figure 1.1, in humans, the heart is divided into four chambers:
right atrium and ventricle and left atrium and ventricle (Akhter, 2011). Blood in the right
ventricle is delivered to the pulmonary trunk and is then divided into the right and left lung
by pulmonary arteries. Blood oxygenated in the lungs is returned to the left atrium by four
pulmonary veins. Blood in left ventricle is pumped into the aorta, distributed to tissues of the
entire body, and ultimately, deoxygenated blood is brought back to right atrium via the
superior and inferior vena cava (Huber et al., 2018; Santini et al., 2016). Although blood is
not directly contact with the tissues, oxygen, nutrients and waste products are exchanged

through the walls of capillaries.
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Figure 1.1 Structure of the heart and blood flow through the heart

The adult mammalian heart is made up of four chambers: right atrium and ventricle and left atrium and
ventricle. Oxygen-poor blood (blue arrows) from tissues is collected into the right atrium via the superior and
inferior vena cava and flows to the right ventricle via the tricuspid valve. Oxygen-rich blood (red arrows) from
the lungs flows into the left atrium and is pumped into the left ventricle. Taken from (Santini et al., 2016).
Abbreviation: RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; IS, interventricular
septum.

1.1.2 General overview of coronary circulation

The term “coronary” is derived from the Latin coronarius (of a crown), which was first used
in the 1670’s to describe the blood vessels that lie within the subepicardial connective tissue
and course over the surface of the heart (Goodwill et al., 2017). Coronary arteries are
branches of the ascending aorta, which are responsible for suppling blood to the myocardium

and other structures of the heart (Goodwill et al., 2017).

As illustrated in Figure 1.2, the main stem of left coronary artery originates in the left
posterior sinus and then divides into two arteries of nearly equal diameter (3.7+0.4mm)
(Dodge et al., 1992), namely left anterior descending (LAD) and the circumflex coronary
arteries (Kato et al., 2018). The main stem of left coronary has variable length and can be
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absent in ~1% of humans, with separate orifices for two primary branches. The LAD runs
down the anterior interventricular groove to the apex of the heart and gives rise to the
diagonals, the septal perforators, and the right ventricular branches. The circumflex coronary
artery courses at roughly a right angle to the LAD and runs down the left atrioventricular
groove and give rises to obtuse marginal branches. The circumflex coronary ends where the
plane of the interventricular septum crosses the plane of the atrioventricular groove in nearly
90% of humans, whilst in around 10% of humans, it continues to the crux of the heart to give
rise to the posterior descending artery (left dominance). The dominance of the coronary
circulation depends on the artery from which the posterior descending artery originates
(Allwork, 1987). The right coronary artery originates from anterior aortic sinus and runs
anteriorly between the right atrium and the pulmonary trunk before reaching descending in
the right atrioventricular groove and giving rise to acute marginal branches. In approximately
90% of humans, the right coronary artery runs down the posterior interventricular groove and
bifurcates into the posterior descending coronary artery after reaching the plane of the

posterior interventricular septum (right dominance) (Waller et al., 1992)
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Figure 1.2 Anterior and posterior view of the coronary arterial and venous anatomy
The main stem of left coronary artery originates in the left posterior sinus and then divides into left anterior descending and the circumflex coronary arteries. The right

coronary artery originates from anterior aortic sinus and reaches descending in the right atrioventricular groove, giving rise to acute marginal branches. Taken from (Akhter,
2011).
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In the normal adult human heart in the awake state, resting left coronary blood flow ranges
between ~0.5-1.0 ml/min/g (Duncker and Bache, 2008; Feigl, 1983), whilst right ventricular
blood flow typically ranges between 0.3-0.6 ml/min/g (Hart et al., 2001; Murakami et al.,
1989). This results from underlying differences in the rate of myocardial volume oxygen
(MVO_) between the left ventricle (~50-100ul O2/min/g) and right ventricle (~30-50ul

O2/min/g) (Duncker and Bache, 2008; Goodwill et al., 2017).

Coronary veinscan be divided into the coronary sinus, the anterior right ventricular veins and
thebesian veins. The veins of the heart predominantly drain into the coronary sinus, which
lies in the posterior atrioventricular groove. It receives almost 55% of coronary venous blood
flow primarily from left ventricle. The anterior right ventricular veins drain the right ventricle
and receives approximately 35% of the coronary venous blood, which passes along the right
atrioventricular groove and directly enter right atrium. The thebesian veins are small venous
tributaries that drain around 10% of left ventricular venous blood into left ventricular cavity.
Anterior and posterior view of the coronary arterial and venous anatomy in Figure 1.2

(Akhter, 2011).

The heart has a high capillary density of 3000-4000/mm? (Laughlin and Tomanek, 1987),
compared with 500-2000 capillaries/mm? in skeletal muscle (Gute et al., 1996). This
facilitates a high level of oxygen extraction, noting that the heart extracts 70%-80% of
arterially delivered oxygen under resting conditions (Goodwill et al., 2017), which is higher

than the 30-40% in skeletal muscle (Duncker and Bache, 2008; Feigl, 1983).
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1.1.3 Oz distribution in coronary arteries in vivo

The heart is second only to the lungs in terms of exposure to O.. Compared to the lungs, the
heart requires more oxygen for pumping blood throughout the body. Previous studies have
reported that O> levels in the ascending aorta of rats are ~12.5kPa (Keeley and Mann, 2019).
Gundry and colleagues measured blood pO. from different coronary artery branches in
patients undergoing coronary artery bypass grafting or aortic valve replacement surgery and
reported levels of around 5kPa. Moreover, O> content is lower in the right and anterior/septal
regions of the heart, resulting from more O> uptake (Gundry et al., 1996; Keeley and Mann,
2019). In addition, previous studies investigated blood pO2 within the coronary sinus in
humans, reporting values ranging from 2.7-4.5kPa (Keeley and Mann, 2019; McNulty et al.,
2005; Vretzakis et al., 2004; White et al., 1991) (Figure 1.3). In surveying the literature,
there appear to be no reports for Oz content in the coronary artery of healthy humans or
experimental animal models (Keeley and Mann, 2019).

Ascending Aorta
12.5 kPa (Rat)

Coronary Sinus

2.7-4.5 kPa (White et al., 1991;
Vretzakis et al., 2004; McNulty
et al., 2005) (Human)

Coronary Artery
5 kPa (Gundry et al., 1996)
(Human)

Figure 1.3 Oxygen distribution in adult heart.

A summary figure of published studies of artery O, content in the heart. Blood O, levels in different coronary
artery branches in patients undergoing coronary artery bypass grafting or aortic valve replacement surgery has
been reported to be ~5 kPa. Taken from (Gundry et al., 1996; Keeley and Mann, 2019).
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1.2 Human coronary smooth muscle cells

1.2.1 Histologic features of the normal coronary arteries

The basic structure of the coronary arterial wall consists of tunica intima, tunica media and
tunica adventitia from within to outward (see Figure 1.4). The confluent monolayer of
endothelium is comprised endothelial cells (ECs), which provides a selective diffusion barrier
between the blood and the other blood vessel wall layers. Previous studies have shown that
ECs have unique metabolic and endocrine functions that play an important role in diseases
(Adams et al., 1989; Pober et al., 2009). ECs can detect mechanical shear signals from blood
flow and convert a sequence of biological responses such as changing endothelial transport
junctions, altering ion channels and modulating gene expressions (Davies, 1995; Davies et al.,
1984; Kaushal et al., 2001; Nagel et al., 1999; Tarbell, 2010). Moreover, ECs can produce an
antithrombotic agent (prostacyclin, PGl.), a prothrombotic agent (von Willebrand factor,
VWF), a fibrinolytic agent (tissue-type plasminogen activator, t-PA), an inflammatory
mediator (interleukin-1, IL-1) and growth factors (fibroblast growth factor, platelet-derived
growth factor) (Niu et al., 2014; Waller et al., 1992). The media consists of up to 40 layers of
helically or circumferentially oriented smooth muscle cells (SMCs), elastic fibers and
collagen fibers (Waller et al., 1992). The thickness of normal tunica media is on average
200pum (125-350 pum) (Waller, 1989). The media layer is separated from the intimal layer and
adventitial layer by a fenestrated sheet of elastic tissue called the internal elastic membrane
and the external elastic membrane. The outermost layer is the tunica adventitia, which

contains fibrous tissue.
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Figure 1.4 The basic structure of the coronary arterial wall.
The coronary arterial wall consists of tunica intima, tunica media and tunica adventitia. The media layer is
separated from the intimal layer by an internal elastic membrane. Taken from (Davis et al., 2003).

1.2.2 Characteristics and function of coronary artery smooth muscle cell

Vascular SMCs, located in the tunica media layer of vessel walls, exhibit contractile function
and regulate vascular tone and vessel diameter to maintain blood pressure and tissue
perfusion (Owens et al., 2004). In humans, SMCs retain the characteristics of phenotypic
modulation in vivo: a quiescent one with differentiated SMCs (contractile state) and a
proliferating one with dedifferentiated SMCs (synthetic state). Morphologically, contractile
SMCs are elongated and spindle-shaped, whilst synthetic SMCs have a rhomboid and
cobblestone-like morphology (see Figure 1.5) (Rensen et al.,, 2007). Under normal
homeostatic conditions, vascular SMCs display a contractile phenotype, whose main function
is the maintenance of vascular tone. They exhibit a characteristic “muscle-like” appearance,
with up to 75% of their cytoplasm containing contractile filaments (Thyberg et al., 1990;
Wang et al., 2015). During vessel remodelling in physiological conditions, such as pregnancy
and exercise, de-differentiated SMCs decrease the expression of contractile proteins and
dramatically increase their rate of cell proliferation, migration and synthetic capacity (Owens
et al., 2004; Yoshida et al., 2008). Due to these properties, SMCs are suited not only for

short-term regulation of the vessel diameter but also for longer-term adaptation, via structural
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remodelling by changing cell number and connective tissue composition (Rensen et al., 2007).
Pathological conditions, such as hyperlipidaemia and hyperglycaemia and various disease
states such as atherosclerosis and restenosis have been shown to modulate SMCs function
from a contractile to a synthetic phenotype, implicating a critical role for SMCs in the
development of vascular diseases (Jain, 2003; Madi et al., 2009; Rensen et al., 2007; Shen et

al., 2013).

Meanwhile, in vitro cell culture is a process that involves loss of contractile markers and
restoration of contractile markers after confluence. The degree of VSMCs differentiation can
be detected by the expression level of VSMCs specific markers. Contractile phenotype
markers of VSMCs are widely used in the literature, and are divided into early (smooth
muscle a-actin (SMaA), myocardin and smooth muscle protein 22-alpha (SM22a)), mid-term
(H-caldesmon and calponin 1) and late (smooth muscle myosin heavy chain (SMMHC)-1 and
-2 and smoothelin) via their appearance during embryonic development or during
differentiation of stem cells into VSMCs (Babij et al., 1992b; Han et al., 2008; Rashidi et al.,
2018; Rodriguez et al., 2006). Previous studies have reported that late markers are the first to
disappear during phenotype modulation (Babij et al., 1992a; van Eys et al., 2007; vanderLoop
et al., 1996). For example, the cytoskeletal protein Smoothelin, is lost in primary or long-term
SMCs cultures and is only found in fully differentiated contractile SMCs (van Eys et al.,
2007; vanderLoop et al., 1996). SMaA is greatly decreased during the proliferative phase of
cell growth in culture but post-confluence quiescent cells exhibit enhanced expression of
SMMHC-1 and SMMHC-2 and SMoA (Fatigati and Murphy, 1984; Reusch et al., 1996;
Rovner et al., 1986). There are several synthetic phenotype markers such as cellular
retinol-binding protein-1 (CRBP-1) (Neuville et al., 1997; Rensen et al.,, 2007) and
nonmuscle myosin heavy chain B (SMemb) (Aikawa et al., 1993; Kuroo et al., 1989). These
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markers are utilized less widely due to their lower SMC specificity (Beamish et al., 2010). In
addition, various factors affect the phenotype of VSMCs in culture such as the confluence of

the culture, passage number and growth factors in medium.

Contractile Synthetic
Physiological: Repair:
SMMHC; SMaA; SM22a Proliferate; Collagen synthesis

& Damage
— G >

Figure 1.5 The two phenotypes of vascular SMCs in vivo.
A quiescent phenotype with differentiated SMCs (contractile states) and a proliferating one with
de-differentiated SMCs (synthetic states). Taken from (Durham et al., 2018).

1.2.3 Interactions between vascular endothelial and smooth muscle cells

Interactions between vascular ECs and SMCs play an important role in maintaining vascular
integrity, structure and function. Communication between endothelial cells (ECs) and SMCs
occurs through direct cell-to-cell contact and through the secretion of paracrine signals. ECs
regulate vascular tone through vasorelaxing molecules such as nitric oxide (NO), prostacyclin
(PGI), and endothelium-derived hyperpolarising factor (EDHF) and vasoconstricting
mediators such as endothelin-1 and thromboxane (Dora, 2001; Eelen et al.,, 2018;
Erusalimsky and Moncada, 2007; Moncada and Higgs, 1993; Moncada et al., 1991; Pacher et
al., 2007; Tousoulis et al., 2005; Triggle et al., 2012). NO is a key endothelium-derived
relaxing factor that activates of soluble guanylate cyclase (sGC) and increases cGMP
production, following metabolism of r-arginine to NO via endothelial NO synthase (eNOS)
(Durante et al., 2007; Palmer et al., 1988; Seki et al., 1997). Stimuli (such as acetylcholine)

normally lead to vasorelaxation in the presence of an intact vascular endothelium via receptor
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mediated stimulation of endothelial NO production, however acetylcholine (ACh) causes
vasoconstriction when acting directly on underlying SMCs in vascular areas with an injured
endothelium (Tousoulis and Davies, 1998; Widlansky et al., 2003). Except for
vasoconstricting factors released by ECs, SMCs regulate vascular tone via stretch-sensitive
ion channels (Davis et al., 1992), phospholipase C (Segal, 1994; Triggle et al., 2012). These
responses increase intracellular calcium in SMCs, thereby triggering contraction (Segal, 1994)
(see Figure 1.6).
Shoar stress

Classic/newer Cytokines
risk factors

Acetylcholine

CPT, MS
Agonists:

Serotonin Hypoxia

Substance P Homocysteine

Catecholamines
etc

Antagonists:

Oxidative stress

etc

Figure 1.6 Crosstalk between vascular ECs and SMCs.

Factors leading to vasodilatation, include NO, PGl,, EDHF and other agents, whilst factors leading to
vasoconstriction include endothelin 1, thromboxane A2, Angiotensin Il and other factors. Taken from
(Tousoulis et al., 2005).

Abbreviations: ECs, endothelial cells; SMCs, smooth muscle cells; NO, nitric oxide; PGI, prostacyclin; EDHF,
endothelium derived hyperpolarizing factor; CPT, cold pressure stress test; eNOS, endothelial nitric oxide
synthase; GC, guanylyl cyclase; L-NMMA, N®-monomethyl-L-arginine; MS, mental stress.
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1.3 Coronary ischaemia-reperfusion injury (IR)

1.3.1 General overview of coronary ischaemia-reperfusion injury

Ischaemia-reperfusion (IR) is a pathological condition characterised by an interruption of
blood supply to an organ followed by the restoration of perfusion. Coronary IR injury has
high morbidity and mortality rate, leading to a variety of types of heart diseases such as
myocardial infarction, heart failure and arrhythmias (Braunwald and Kloner, 1982; Granger
and Kvietys, 2015). Occlusion of coronary artery blood supply is mainly caused by an
atherosclerotic plaque rupture/erosion with superimposed thrombosis and results in a severe
imbalance of oxygen and nutritious supply and demand (Altamirano et al., 2015; Heusch,
2016). IR injury also occurs in various clinical settings such as anti-platelet and
anti-thrombotic therapy, coronary angioplasty, coronary artery bypass graft surgery and organ
transplantation (Eltzschig and Collard, 2004; Turer and Hill, 2010). Whilst reperfusion and
reoxygenation is essential for survival, it also initiates an exacerbation of tissue injury
(Eltzschig and Collard, 2004; Hearse et al., 1993). For example, previous studies have
reported that the reactive oxygen species (ROS) are produced on reperfusion of the ischaemic
heart (Downey, 1990; Granger and Kvietys, 2015), noting that surgical revascularisation may
actually induce periprocedural myocardial infarction (Heusch, 2016). Parker et al. reported
that the coronary vascular resistance increases progressively during the first 3h of reperfusion
after 2h of ischaemia in dog hearts (Parker et al., 1975). Coronary IR injury affects not only
cardiomyocytes but also the coronary vasculature. Hence, it is important to understand the
molecular mechanisms underlying coronary IR progression and to investigate the changes in

cells lining the coronary arteries in vivo.
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1.3.2 Underlying mechanisms and consequences of coronary ischaemia - reperfusion

injury

In the previous decades, the understanding of the pathophysiology of IR injury has
significantly advanced. The pathogenesis of IR is complex and involves oxidant production
(Eltzschig and Collard, 2004), formation of inflammatory mediators (Collard et al., 1999),
altered membrane ATP-dependent ionic pump function (Eltzschig and Collard, 2004),
leukocyte adhesion (Toyokuni, 1999), transendothelial leukocyte migration (Carden and
Granger, 2000), increased microvascular permeability and oedema formation (Hausenloy et
al., 2019; Heusch, 2016), platelet-leukocyte aggregation and  decreased
endothelium-dependent relaxation (Maxwell and Lip, 1997; Reffelmann et al., 2003). Whilst
a variety of mechanisms have been proposed, oxidative stress continues to receive much

attention as a critical factor in the pathological process.

There are various sources of reactive oxygen species (ROS) generated in tissues following IR
injury. The most likely processes involved in oxidative stress are xanthine oxidase (XO),
NADPH oxidase (NOX), the mitochondrial electron transport chain (ETC), and uncoupled
nitric oxide synthase (NOS) (Granger and Kvietys, 2015; Tejero et al., 2019). These sources
are present in many tissues, whilst some sources of ROS production are especially enriched
in certain tissues, like XO in intestinal tract and liver (Auscher et al., 1979; Della Corte et al.,
1969) and mitochondria in the metabolically active brain and heart (Harrison, 2002; Parks
and Granger, 1986). As recently reviewed, the enzymatic sources of ROS have been reported
in IR injury in different tissues (see Table 1.1) (Granger and Kvietys, 2015; Risbano and

Gladwin, 2013).
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Table 1.1 Enzymatic sources of reactive oxygen species in tissues in IR injury

ROS source

Tissue

References

Xanthine oxidase

NADPH oxidase

Mitochondrial electron
transport chain

Nitric oxide synthase

Intestine, heart, lung, liver, skin, brain,
skeletal muscle, eye, pancreas, stomach,
Kidney, testes, joints, spinal cord

Intestine, heart, eye, lung, brain, stomach,
liver, kidney, testes

Heart, brain, intestine, lung, skeletal muscle,
liver, kidney, stomach, testes, spinal cord

Liver, heart

(Adkison et al., 1986; Akgur et al., 1994; Allison et al., 1990; Chambers et al., 1985;
Granger et al., 1981; Hotter et al., 1995; Im et al., 1984; Korthuis et al., 1985; Paller et al.,
1984; Patt et al., 1988; Perry et al., 1986; Qayumi et al., 1994; Rieger et al., 2002;
Woodruff et al., 1986)

(Fisher et al., 1999; Ikeda et al., 2001; Jang et al., 2012; Korthuis et al., 1999; Lehnert et
al., 2003; Nakagiri et al., 2007; Sener et al., 2015; Walder et al., 1997; Yokota et al., 2011)

(Gonzalez-Flecha and Boveris, 1995; Gonzalez-Flecha et al., 1993; Ichikawa et al., 2004;
Lysiak et al., 2007; Muthuraman et al., 2011; Paradies et al., 2004; Piantadosi and Zhang,
1996; Powell and Jackson, 2003; Roseborough et al., 2006; Tran et al., 2012)

(De Pascali et al., 2014; Elrod et al., 2006; Moens et al., 2008; Perkins et al., 2012)

Abbreviations: NADPH, reduced nicotinamide adenine dinucleotide phosphate. Taken from (Granger and Kvietys, 2015).
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NOX family enzymes and the mitochondrial respiratory chain appear to be main sources of
ROS in vascular system (Cadenas, 2018; Tejero et al., 2019). NOXs, multiprotein enzyme
complexes, catalyse the electron transport from NADPH to O, forming mainly superoxide
(O2) and hydrogen peroxide (H202). The mammalian NOX family comprises seven isoforms,
namely NOX1-NOX5 and dual oxidases (DUOX) 1 and 2 (Bedard and Krause, 2007;
Drummond et al., 2011). The most relevant isoforms expressed in human vasculature are
NOX1, 2, 4 and 5 (Drummond and Sobey, 2014; Lassegue et al., 2012) and the isoforms
NOX1 and 4 are abundant in VSMCs (Ellmark et al., 2005; Lassegue et al., 2001). Many
studies have reported that high NOX1 levels are involved in IR injury (Kahles et al., 2010),
coronary artery disease (Guzik et al., 2006) and hypertension (Wind et al., 2010). The ETC
has been considered as the physiological significant generator of ROS in vascular cells (see
Figure 1.7) (Tejero et al., 2019). Under normal conditions, the transfer of electrons from
ETC complex | and complex Il release energy to pump H* from the matrix to the inner
membrane space, which generates a proton-motive force used to move H* through adenosine
triphosphate (ATP) synthase and phosphorylation of adenosine diphosphate (ADP) to ATP at
complex V (Chen and Zweier, 2014; Krauss et al., 2005). The majority of electrons reduce
oxygen to water at complex 1V, whilst around 2-11% electrons escape from the chain mainly
at complex | and complex 111 to form O™ (Boveris and Chance, 1973; Granger and Kvietys,
2015). The ETC and NADH pool become reduced and succinate increases in IR injury, which
promotes reverse electron (e°) transfer upon reperfusion, resulting in increased Oz production
(Chouchani et al., 2014; Zorov et al., 2014). In addition, early studies reported XO is a main
source of ROS after IR injury (Berry and Hare, 2004). Xanthine dehydrogenase (XDH) is
converted to XO during ischaemia using O as the electron acceptor, leading to the formation
of ROS such as Oz7, H20> and hydroxyl radicals (OH") (Li and Jackson, 2002; McCord, 1985;

Nishino, 1994). Several studies showed a beneficial effect of XO during reperfusion of the
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dog heart (Chambers et al., 1985), whilst human and rabbit hearts did not show protection
after XO inhibition (Downey et al., 1987; Eddy et al., 1987). Animal studies have shown that
XO leaks from enzyme-rich tissues into plasma and binds to vascular endothelial cells in
tissues (e.g. lung vasculature) distant from the liver or intestinal tract and is involved in ROS
production in IR injury (Adachi et al., 1993; Terada et al., 1992; Vickers et al., 1998;
Yokoyama et al., 1990). Although most studies of the role of oxidative stress in IR damage
have focused on a single source of ROS, it is the most likely that there are interactions
between ROS producing enzymes. ROS are produced by one source such as NOX and then
activate a second source such as mitochondria to increase further ROS production, which is
supported by H20», a relatively stable primary or secondary product of all sources with a
cellular half-life of around 107 s, that mediates ROS induced ROS production (Cai, 2005;

D'Autreaux and Toledano, 2007; Granger and Kvietys, 2015; Sies and Jones, 2020) .
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NADH: Ubiquinone Succinate Quinol: Cytochrome ¢ Cytochrome ¢ ATP synthase
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Figure 1.7 ROS generation by the mitochondrial electron transfer chain (ETC)

The ETC consists of complexes I-1V coupled by mobile carriers (coenzyme Q and cytochrome c). Mitochondria
generate ATP at complex V through proton-motive force generated by the transferation of electrons from ETC
complex | and complex Il. Most electrons reduce oxygen to water at complex IV, whilst the leakage of electrons
mainly at complex | or complex 111 form Oy via reduction of O,. Taken from (Tejero et al., 2019).
Abbreviations: ETC, mitochondrial electron transfer chain; ADP, adenosine diphosphate; ATP, adenosine
triphosphate; Oy, superoxide; Q, Coenzyme Q; Cyt ¢, cytochrome ¢; NADH, nicotinamide adenine dinucleotide;
e, electrons.
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1.4 Keapl-Nrf2 cellular antioxidant signalling pathway

Notably, many studies have reported an imbalance between ROS generation and the ability of
tissues to detoxify ROS during IR damage (Granger and Kvietys, 2015; Granger et al., 1981;
Guarnieri et al., 1980). The oxidative stress induced by overproduction of ROS in cells is
counteracted by the upregulation of cellular antioxidant defences. As summarized in Table
1.2, numerous studies have reported antioxidant responses in IR injury such as GSH,
antioxidant enzymes and antioxidant transcription factors, all of which have the potential for

therapeutic interventions to ameliorate IR injury in vivo.
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Table 1.2 Cellular antioxidant responses in ischaemia-reperfusion injury

Species  Tissue or cell Ischaemia Reperfusion Antioxidant responses

duration duration

Reference

Human  Cardiomyocytes; - -
blood
Human Human renal 4-6h 4-6h
proximal tubule
cell line HK-2
Human Human intestinal 2h 4h
epithelial cell line
Caco-2
Mice Cardiac tissue 1h +
Rat Cardiomyocyte - -
Rat Cardiac tissue;  30min 1h
Plasma
Rat Cardiomyocyte 2h 4h
Rat Cardiac tissue 30min 2h
Rat Lung tissue 1h 2h

Allopurinol- ROS| in cardiomyocytes, SOD? in blood of patients during
tetralogy of Fallot surgical correction

Necrostatin-1- HIF-1a ], MDA| and NADP*/NADPH ratio|
Glutamine- intracellular GSHt and DNA synthesis
a-TOH (the strongest antioxidant form of vitamin E) - MPO expression and

activity |, ROS | within the infarcted tissue

HO-1 gene expression 5-fold? 1 week after myocardial infarction; return to
basal levels after a further 4 weeks

SFN mediated cardioprotection by transient Nrf2 activationt (observed after
15min reperfusion), followed by phase | enzymes? at end of reperfusion (via
AhR/XRE binding), long-term protective mechanism

Activation of Sirtl signalling - SOD activity}, myocardium superoxide
generation|, NOX2 expression|, MDA level|

PEA and Baicalein (9:1 in mass) at a dose of 10 mg/kg - MDA|, SOD
activityt, GSH levels? and CAT activities 1 in myocardial tissue

Ozone oxidative preconditioning - Nrf2 pathwayt

(Rachmat et al., 2013)

(Shen et al., 2019a)

(Wasa et al., 2005)

(Wallert et al., 2019)

(Lakkisto et al., 2002)

(Silva-Palacios et al.,
2019)

(Yuetal., 2016)

(D'Amico et al., 2019)

(Wang et al., 2018)

Abbreviations: ROS, reactive oxygen species; SOD, superoxide dismutase; HIF-1a, hypoxia-inducible factor 1-alpha; NADP*, nicotinamide adenine dinucleotide phosphate;
NADPH, reduced nicotinamide adenine dinucleotide phosphate; a-TOH, alpha-tocopherol; PC, phosphatidylcholine; HODE, hydroxyoctadecadienoic acid; Sirtl, silent
information regulator 1; I/R, ischaemia/reperfusion; MDA, malondialdehyde; SOD, superoxide dismutase; NOX2, NADPH oxidase 2; PEA, palmitoylethanolamide; AhR,

ary hydrocarbon recepter; XRE, xenobiotic response elements; SFN, sulforaphane; CAT, catalase; MPO, myeloperoxidase; GSH, glutathione.
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1.4.1 Nrf2-Keapl interactions

Nuclear factor erythroid 2- related factor 2 (Nrf2), a well-known antioxidant transcription
factor, that belongs to the cap-n-collar subfamily of basic region leucine zipper-type
transcription factors (Motohashi & Yamamoto, 2004), and which plays a critical role in the
maintenance of cellular redox homeostasis involving in a variety of diseases, such as
neurodegeneration (Johnson et al., 2008), inflammation (Rangasamy et al., 2005), cancer
(Kansanen et al., 2013) and cardiovascular disease (Jiang et al., 2016). Importantly, Nrf2
serves as a critical regulator to counteract oxidative stress (Cheng et al., 2013; Itoh et al.,
1999; Maltese et al., 2017). The activation of Nrf2 can induce more than 200 different
protective genes (Chorley et al., 2012), including antioxidant enzymes and detoxifying
enzymes (Bellezza et al., 2018; Holmstrom et al., 2016; Shen et al., 2019b; Yamamoto et al.,

2018).

As summarized in Figure 1.8, Nrf2 protein levels are maintained relatively low under
physiological conditions due to rapid ubiquitination and proteasomal degradation mediated
by Kelch-like ECH-associated protein 1 (Keapl) (Suzuki and Yamamoto, 2015). Keapl, an
adaptor of Cullin 3 (CUL3)-E3 ubiquitin ligase (RBX1) complex, is not only an important
negative regulator of Nrf2 but also a sensor of chemical Nrf2 inducers in vivo (Suzuki and
Yamamoto, 2015). Upon exposure to Nrf2 inducers, Keapl select cysteine residues (e.g.,
C151) are modified, resulting in repression of Nrf2 ubiquitination and stabilisation of Nrf2
(Bryan et al., 2013; Holland and Fishbein, 2010; Zhang and Hannink, 2003). Previous studies
have reported that distinct chemicals that induce the Keapl-Nrf2 pathway are related to
different patterns of Keapl cysteine modification (Suzuki et al., 2019; Yamamoto et al., 2008;

Zhang and Hannink, 2003). This process is referred to as the cysteine code. Subsequently,
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newly synthesised Nrf2 translocates into the nucleus. Nrf2 heterodimerizes with small Maf
proteins (sMaf) and binds to the antioxidant response element (ARE) or electrophilic
response element (EpRE) in the promoter region of target genes (Ahn et al., 2010; Satoh et
al., 2013), serving as a cytoprotective regulator to upregulate antioxidant gene expression
such as NAD(P)H Quinone Dehydrogenase 1 (NQO1), heme oxygenase-1 (HO-1), and
glutamate-cysteine ligase catalytic subunit (GCLC) (Chapple et al., 2012; Ishii et al., 2000;

Maltese et al., 2017; Suzuki et al., 2019).
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Figure 1.8 Interaction of Keapl and Nrf2 under basal conditions and during oxidative stress

In the basal state, Keapl is a key negative regulator of Nrf2, which results in proteasomal degradation and
ubiquitination of Nrf2. Following oxidative or electrophilic stress, Nrf2 translocates into the nucleus and binds
to the ARE in target genes, serving as a cytoprotective regulator. Taken from (Tebay et al., 2015).
Abbreviations: Nrf2, nuclear factor erythroid 2- related factor 2; Keapl, Kelch-like ECH-associated protein 1;
ARE, antioxidant response element; sMaf, small Maf proteins; CUL3, Cullin 3; RBX1, E3 ubiquitin ligase; Ub,
ubiquitination.

In addition to ubiquitination by Keapl, Nrf2 is targeted for proteasomal degradation by
beta-transducin repeats-containing proteins (B-TrCP) as well binding to DSGIS or DSAPGS
peptide sequences in the Neh6 domain of Nrf2 (Chowdhry et al., 2013; Tebay et al., 2015).
Meanwhile, the phosphorylation of residues in DSGIS motif by glycogen synthase kinase-3

(GSK-3) contributes to B-TrCP-mediated degradation of Nrf2 (Chowdhry et al., 2013; Tebay
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et al., 2015; Wu and He, 2006) (see Figure 1.9). The B-TrCP and GSK-3 axis plays a key
role in the stability of Nrf2 in the nucleus (McMahon et al., 2018). GSK-3 was discovered
over 40 years ago as an important regulator of glycogen metabolism that represses the last
step in glycogen synthesis. Whilst GSK-3 is now well-known in the regulation of many cell
functions, such as insulin signalling, cell fates specification during embryonic development,
cell division, apoptosis and microtubule function (Cohen and Frame, 2001; Frame and Cohen,
2001). Chowdhry and his colleagues have reported that activation of GSK-3 in human lung
A549 cells containing mutant Keapl markedly decreased endogenous Nrf2 protein and
reduced by 10-50% normal levels of mMRNA of Nrf2-regulated enzymes, such as the GCLC,

HO-1 and NQO1 (Chowdhry et al., 2013).

1.4.2 Alternative mechanisms of Nrf2 regulation

Despite the Nrf2-Keapl defence pathway system, several studies have implicated alternative
Keapl-independent regulation of Nrf2 (Figure 1.9). Post translationally, Nrf2 is regulated by
5 AMP-activated protein kinase (AMPK) and targets of rapamycin (mTOR) via feedback
loops in response to cellular energy and nutrition (Fraenkel et al., 2008; Tebay et al., 2015).
As illustrated in Figure 1.9, the binding of insulin and growth factors to receptors activates
phosphoinositide 3-kinases (P13K), which increases the activity of protein kinase B (Akt) and
MTOR complex 2 (MTORC2) (O'Reilly et al., 2006; Sarbassov et al., 2005). The activation
of PI3BK-Akt-mTORC2 signalling pathway inhibits GSK-3 activity, resulting in inhibition of
B-TrCP-mediated Nrf2 degradation. Meanwhile, GSK-3 phosphorylates Nrf2, leading to
Fyn-mediated Nrf2 nuclear exclusion (Culbreth and Aschner, 2018). Under low nutrient
conditions, the activity of mTOR complex 1 (mMTORCL1) is decreased by activation of AMPK,

leading to the decrease phosphorylation by mTORC1 of the STGE motif in sequestosome-1
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(p62/SQSTM1) and decreased elimination of Keapl by autophagy (Frame and Cohen, 2001,
Ichimura et al., 2013). Except for the autophagy signalling pathway, mitochondria and
inflammatory signalling pathways decrease Keapl-mediated degradation of Nrf2 through
competitively binding of phosphoglycerate mutase family member 5 (PGAM5) and inhibitor
of kB kinase B (IKKp) to keapl (Tebay et al., 2015). Redox stressors cause a modification of
Keapl, attenuating Keapl mediated ubiquitination of Nrf2. Newly synthesized Nrf2

translocates to nucleus and binds to the ARE, inducing cytoprotective gene expression.
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Figure 1.9 Post-translational mechanisms of Nrf2 regulation

Nrf2 is also targeted for proteasomal degradation and ubiquitination in a basal state via the dual actions of
B-TrCP and Keapl. Phosphorylation of GSK-3 increases B-TrCP-mediated degradation of Nrf2. Post
translationally, Nrf2 is regulated by AMPK and mTOR via feedback loops in response to cellular energy and
nutrition. Taken from (Tebay et al., 2015).

Abbreviations: IGF-1, insulin-like growth factor 1; PI3K, phosphoinositide 3-kinases; PIP3,
phosphatidylinositol (3,4,5)-trisphosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; PTEN, phosphatase and
tensin homolog; DJ-1, Parkinson disease protein 7; Akt, protein kinase B; AMPK, 5" AMP-activated protein
kinase; mTOR, mechanistic target of rapamycin; mMTORC1, mTOR complex 1; mTORC2, mTOR complex 2;
GSK-3, glycogen synthase kinase-3; TSC1/2, tuberous sclerosis complex 1/2; PGAMDS5, phosphoglycerate
mutase family member 5; IKKp, inhibitor of kB Kinase ; B-TrCP, beta-transducin repeats-containing proteins;
Keapl, kelch-like ECH-associated protein 1; Nrf2, nuclear factor erythroid 2-related factor 2; ARE, antioxidant
response element; sMaf, small Maf proteins; Zn?", free zinc ions; APE1/REF-1, apurinic/apyrimidinic
endonuclease/redox factor-1; SIAH2, seven in absentia homolog 2; CRIF1, CR6-interacting factor 1; RXRa,
retinoid X receptor alpha; RNF4, ring finger protein 4; GCLC, glutamate-cysteine ligase catalytic subunit;
NQO1, NAD(P)H Quinone Dehydrogenase 1; AKR, aldo-keto reductase; MRP3, multidrug-resistant protein-3;
GCLM, glutamate-cysteine ligase modifier subunit; TXNZ1, thioredoxin 1.
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1.4.3 Activation Nrf2 by sulforaphane

Sulforaphane (SFN) is an isothiocyanate (ITC) broadly contained in cruciferous vegetables
like broccoli, cauliflower and cabbage that is useful for promoting cardiovascular health and
reducing related mortality due to its antioxidant property (Ahn et al., 2010; Robledinos-Anton
et al., 2019; Zhang et al., 2011). Glucosinolates (GLS) are hydrolyzed by myrosinase enzyme
into isothiocyanate sulforaphane (SFN) during chopping and chewing of these vegetables as
GLS and myrosinase are localized to vacuoles and myrosin granules respectively (Kissen et
al., 2009; Wu et al., 2021). The metabolic pathway of hydrolyzing GLS to ITC by gut
microbiota has been published as well (Liou et al., 2020) (Lai et al., 2010). Myrosinase is
unstable under heat and refrigerated storage, limiting its bioavailability (Li et al., 2013).
Okunade et al. have reported that cooking broccoli for 2 and 6min led to 40% and 90% loss
in myrosinase activity respectively (Okunade et al., 2018). In the mammalian cells, SFN is
rapidly metabolized to mercapturic acid via a conjugation reaction with glutathione (GSH), of

which 70%-90% is excreted in urine within 2h (Fahey et al., 2017; Ruhee and Suzuki, 2020).

SFN as a classic Nrf2 activator used in present study and as an electrophile can react with
thiol groups of proteins to form thionoacyl adducts. Numerous studies have reported that SFN
decreases endothelial activation in athero-susceptible sites of mouse aorta, reduces
hypertension in rat models, improves coronary flow in IR injury in rat hearts and suppresses
diabetic mediated fibrosis in mouse hearts (Piao et al., 2010a; Wu and Juurlink, 2001; Xue et
al., 2008; Zakkar et al., 2009a; Zhang et al., 2014). SFN can affect cysteine 151 residues of
Keapl to modify its conformation, blocking Keapl-mediated ubiquitination and degradation
of Nrf2 and activating the Nrf2 signalling pathway (Dinkova-Kostova et al., 2005; Satoh et

al., 2013). Moreover, SFN can trigger the activity of Nrf2 upstream kinases including
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mitogen-activated protein kinases (MAPK), phosphoinositide 3-kinases (PI13K) and protein
kinase C (PKC) to phosphorylate Nrf2 (e.g. serine 40 residues) and thereby modulate its
binding and stability (Figure 1.10) (Ahn et al., 2010; Bai et al., 2015; Huang et al., 2000;
Kensler et al., 2013; Sun et al.,, 2009; Yu and Kensler, 2005). Leoncini et al. have
demonstrated that SFN elicits cardioprotection through an indirect mechanism in cultured rat
cardiomyocytes by activating PI3K/Akt and extracellular signal-regulated kinase 1 and 2

(ERK1/2) pathways (Leoncini et al., 2011).

Although SFN is excreted from body within few hours, in vitro cell culture models showed
that SFN leads to a long-term protection against oxidative stress (Bai et al., 2015). For
instance, Warpsinski et al. have demonstrated that 0.5-2.5uM SFN significantly upregulated
Nrf2 regulated HO-1 protein levels for 24h, consistent with Bergstrom’s findings in rat
astrocytes (Bergstrom et al., 2011; Warpsinski et al., 2020). Bai et al. also reported that
diabetic mice treated with SFN for 3 months showed a reduced incidence of cardiomyopathy
at the end of the treatment, with protection even more significant after 6 months (Bai et al.,

2013).
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Figure 1.10 Sulforaphane activation of Nrf2 signalling

SFN can augment activity of MAPK (ERK, p38MAPK and JNK), PI3K/Akt and PKC to phosphorylate Nrf2,
leading to Nrf2 nuclear translocation and antioxidant gene expression. Taken from (Bai et al., 2015).
Abbreviations: SFN, sulforaphane; MAPK, mitogen-activated protein Kkinases; ERK, extracellular
signal-regulated protein kinase; JNK, c-Jun N-terminal kinase; PI3K, phosphatidylinositol 3-kinase; Akt, protein
kinase B; PKC, protein kinase C; Nrf2, nuclear factor erythroid 2- related factor 2; Keapl, Kelch-like
ECH-associated protein 1; Maf, small Maf proteins; P, phosphorylation; HO-1, heme oxygenase-1; NQO1,
NAD(P)H Quinone Dehydrogenase 1; GST, glutathione S-transferase.

1.4.4 Nrf2-regulted antioxidant enzymes

Since it was first cloned in 1994 as a nuclear factor erythroid 2-like basic leucine zipper
transcriptional activator for the transcriptional stimulation of B-globin genes, Nrf2 continues
to emerge a critical mediator for antioxidant stress response and drug detoxification (Dodson
et al., 2019; Moi et al., 1994). Many studies have detailed Nrf2-regulated antioxidant genes
such as GSH, GCLC, GCLM, HO-1 and NQO1 involved in redox regulation, heme
metabolism, iron homeostasis and phase 1l detoxification enzymes (Ma, 2013; Tonelli et al.,

2018).
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y-glutamylcysteinylglycine, known as glutathione (GSH), is the most abundant non-protein
thiol in all mammalian tissues that defends against oxidative stress and regulates redox
signalling (Meister, 1993). It is a tripeptide that synthesized by sequentially adding cysteine
to glutamic acid followed by glycine (see Figure 1.11) (Lu, 2013). The synthesis of GSH
contains two ATP- requiring enzymatic steps. The first reaction is rate limiting and catalysed
by GCLC, a catalytic subunit, and GCLM, a modifier subunit to form y-glutamylcysteine,
and GCLC can be feedback inhibited by GSH (Forman et al., 2009). The second step of GSH
biosynthesis is catalysed by GSH synthase (GS) (Forman et al., 2009; Meister, 1974). GSH
exists in the thiol-reduced form (GSH) and disulfide-oxidized (GSSG) form (Zitka et al.,
2012). Reduced GSH form is predominant under physiological conditions, accounting for
more than 98% of total GSH (Mari et al., 2013), whilst the GSH: GSSG ratio dropped to 10:1
or even 1:1 under oxidative stress (Chai et al., 1994). GSH undergoes a redox reaction to
scavenger ROS like H20. into H20, which is mediated by glutathione peroxidase (GPx).
GSH is oxidized to GSSG and is reduced back to GSH by the enzymatic reaction of

glutathione reductase (GR), which requires NADPH to form a redox cycle (Lu, 2009).

v-glutamylcysteinylglycine

y-glutamylcysteine G‘\chine (GSH)

Cysteine Glutamate

ATP ADP ATP

Figure 1.11 GSH synthesis

GSH biosynthesis occurs in two steps: i) Cysteine conjugates with glutamate to form y-glutamylcysteine. The
first step is catalysed by glutamate-cysteine ligase (GCL) (GCLC, catalytic subunits and GCLM, modifier
subunits) and couple with ATP hydrolysis; ii) Glycine are added to vy-glutamylcysteine to form
v-glutamylcysteinylglycine (GSH), which can exert a negative feedback inhibition on GCL. The second step is
catalysed by GSH synthase and also coupled with ATP hydrolysis. Taken from (Lu, 2013).

Abbreviations: ATP, adenosine triphosphate; ADP, adenosine diphosphate; GCLC, glutamate-cysteine ligase
catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; GSH, glutathione; GS, GSH synthase.
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Heme oxygenase (HO) is originally identified catalysing the initial reaction of heme
catabolism by Tenhunen et al. in 1968 (Tenhunen et al., 1968). Until 1989, Tyrrell et al.
firstly showed that it is highly induced by many agents causing oxidative stress (Keyse and
Tyrrell, 1989). HO catalyzes the first and rate-limiting step of heme degradation into
biliverdin, CO, and free iron (Choi and Alam, 1996). Subsequently, biliverdin is converted to
bilirubin via NADPH- dependent biliverdin reductase (Otterbein and Choi, 2000). There are
three isoforms of HO, with HO-1 induced by numerous stimuli such as hypoxia, hyperoxia,
shear stress and heavy metals, HO-2 is constitutively expressed, mainly in the brain and
testes, and HO-3 had two heme regulatory motifs but no catalytic activity (Maines, 1988;
McCoubrey et al., 1997). Moreover, Hayashi et al. has reported that there are no functional
HO-3 genes in rat and two HO-3 related genes are processed pseudogenes derived from HO-2

genes (Hayashi et al., 2004).

NQO1 was firstly discovered by Ernster et al. in 1958 as detoxification enzyme, and as a
flavoprotein catalyses two-electron reduction and reduces quinones and its derivatives to less
toxic and less reactive hydroquinones (Ernster, 1958; Ernster and Navazio, 1958; Ross et al.,
2000). Moreover, the two-electron reduction bypasses semiquinone generation and NQO1
can prevent semiquinone-induced ROS production (Siegel et al., 2004). Furthermore, after
free radical attack NQO1 mediates the formation of ubiquinone and vitamin E to their
antioxidant forms ubiquinol and vitamin E hydroquinone, respectively (Ross and Siegel,
2004). As Vitamin E forms Vitamin E quinone during free radical attack, but lacks of
antioxidant activity, NQO1 may extend the antioxidant potential of vitamin E by production

of vitamin E hydroquinone (Kohar et al., 1995; Landi et al., 1997).
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1.4.5 Nrf2 affords protection in vascular and coronary ischaemia-reperfusion injury

Notably, GSH, GCLC, GCLM, HO-1 and NQO1 are highly inducible enzymes that is
regulated by the Keap1-Nrf2 pathway (Suzuki and Yamamoto, 2015; Yamamoto et al., 2018).
In the past two decades, accumulating evidence implicates the Keapl-Nrf2 antioxidant
defence pathway as an important endogenous homeostatic mechanism associated with vessel
and heart protection in atherosclerosis, diabetic vascular disease, cardiac hypertrophy, heart
failure and IR injury (Itoh et al., 1999; Kerins and Ooi, 2018; Tebay et al., 2015) (see Table
1.3). As an antioxidant transcription factor, Nrf2 is considered important in suppressing
atherosclerotic lesion formation by reducing foam cell formation and atherosclerosis
progression (Chen et al., 2015; Ishii et al., 2004; Ishikawa et al., 2001; Zhu et al., 2008). It
has been reported that HO-1, a downstream target gene of Nrf2, can suppress atherosclerotic
lesion formation and promoting atherosclerotic plague stability (Bouche et al., 2002; Gough
et al., 2006; Juan et al., 2001). Moreover, a few Nrf2 inducers have been shown to reduce
infarct size, attenuate adverse ventricular remodelling and decrease adverse events such as
arrhythmia in response to MI in mouse or rat models (Bubb et al., 2017; Chen and Maltagliati,

2018; Piao et al., 2010b; Wang et al., 2014; Xu et al., 2014a).

In addition, recent studies have focused on the association between trace metal micronutrients
such as zinc and coronary artery/heart disease (Little et al., 2010; Viswanath et al., 2011; Xu
and Zhou, 2013). Although dysregulation of Zn?* homeostasis has been reported that is
associated with IR injury (Bodiga et al., 2017; Bodiga et al., 2020), the role of Zn in IR injury

and crosstalk between Zn and antioxidant signalling is still elusive and poorly understood.
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Table 1.3 Studies of Nrf2 pathway in vessel and heart ischaemia-reperfusion injury

Species  Cells or tissue Main Findings Reference
Human Coronary arterial Adaptive activation of the Nrf2/ARE pathway confers endothelial protection under diabetic conditions (Ungvari et al., 2011)
EC
Mice Aorta HO-1, induced under hyperlipidaemia, functions as an intrinsic protective factor against atherosclerotic ~ (Ishikawa et al., 2001)
lesion formation by inhibiting lipid peroxidation and influencing the NO pathway
Mice Aortic EC Nrf2 prevents ECs at atheroprotective site from exhibiting a proinflammatory state via suppression of  (Zakkar et al., 2009b)
p38-vascular cell adhesion molecule 1 (VCAM-1) signalling
Mice Cardiomyocyte HO-1 activity stimulates genomic mitochondrial biogenesis mediated by Nrf2 highlighting HO-1 protection  (Piantadosi et al., 2008)
mechanisms
Mice Heart Nrf2 knockout mice have increased infarct size following coronary ischemia-reperfusion injury and a  (Xu et al., 2014a)
reduced degree of cardiac protection by ischaemic preconditioning
Mice Heart Nrf2 -p274P1 pathway protects against angiotensin Il-induced cardiac hypertrophy in mouse model (Lietal., 2011)
Cardiomyocyte
Rat Cardiomyocyte Nrf2 activator DH404 attenuates adverse ventricular remodeling post-myocardial infarction by modifying  (Bubb et al., 2017)
redox signalling
Mice Cardiomyocyte Cardiac specific activation of Nrf2 suppresses cardiac maladaptive remodeling and dysfunction most likely ~ (Wang et al., 2014)
Rat by enhancing autophagic clearance of toxic protein aggregates
Rat Heart Diet-relevant phytochemical intake affects the cardiac aryl hydrocarbon receptor (AhR) and Nrf2  (Seymour etal., 2013)

transcriptome and reduces heart failure in hypertensive rats

Abbreviations: NO, nitric oxide; VCAM-1, vascular cell adhesion molecule 1; ECs, endothelial cells; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme
oxygenase-1; IR, ischaemia reperfusion injury; p27'¥*, cyclin-dependent kinase inhibitor 1B; AhR, aryl hydrocarbon receptor.

47



Chapter 1- Introduction

1.5 Metal profiling in coronary ischaemia-reperfusion injury

1.5.1 General overview of cellular metal homeostasis

Metals, as new biomarkers in diagnosis and as therapy, have merged as a new research focus
in recent years due to the close links with oxidative stress (Maret, 2018; Yin et al., 2017).
Previous studies have shown that the plasma magnesium (Mg), calcium (Ca), potassium (K),
zinc (Zn) and nickel (Ni) are significantly lower in acute coronary syndrome (ACS) patients
(Ising et al., 1987; Solini et al., 2006; Yin et al., 2017). It is noteworthy that some metals
(e.g., iron (Fe), cooper (Cu) and manganese (Mn)) are redox-active, which undergo redox
cycling reactions and can react with oxygen to produce reactive free radicals such as O™ and
hydroxyl radicals (OH") (Jomova and Valko, 2011; Mates et al., 2008; Rahman, 2007).
Whilst some metals such as cadmium (Cd) and Mg are redox-inert. Notably, Zn, a
redox-inactive metal, plays an important role against oxidative stress in an indirect way via

stabilizing thiol groups against the free radical attack (Maret, 2003; Marreiro et al., 2017).

Notably, some studies have described a protective and promotor role of Zn in IR injury in
cardiomyocytes in vivo and in vitro. Accumulating evidence suggests that exogenous Zn
reduces O™ generation, lowers apoptotic indices and restores ATP levels and left ventricular
pressure by attenuating nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
mediated intracellular oxidative stress, thereby preserving protein kinase C isoforms and the
mitochondrial permeability transition pore (Karagulova et al., 2007; Kasi et al., 2011,
Viswanath et al., 2011; Zhang et al., 2018). In contrast, another study has shown that addition
of zinc pyrithione at onset of reperfusion increases the severity of MI (Lien et al., 2018).

Other studies report that addition of Zn?* to cardiomyocytes induces generation of ROS, and
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increased cytosolic Zn induces accumulation of Zn in mitochondria and results in
mitochondrial ROS generation in rat aortic SMCs (Lin et al., 2011a; Salazar et al., 2017;
Tuncay and Turan, 2016). Thus, based on these conflicting reports, further investigation of
the relationship between oxidative stress and metals under IR injury is warranted. Notably,
the link between the regulation of metals and other antioxidant enzymes or signalling
pathways is still poorly understood. In my project, the complex interactions between metals,
especially Zn, and coronary IR injury, are addressed in the context of Keapl-Nrf2 regulated

redox signalling.

1.5.2 Antioxidant properties of zinc

Zinc is a critical element for life, which is associated with differentiation and regeneration of
cardiac muscle, cardiac conduction and acute stress responses (Kown et al., 2000; Lin et al.,
2011b). The human body contains 2-3g zinc, which nearly 90% is in muscle and bone (Plum
et al., 2010a; Wastney et al., 1986). At a cellular level, around 50% of zinc exists in the
cytosol, 30-40% in the nucleus and the remainder is associated with membranes (Vallee and
Falchuk, 1993). Human blood plasma contains around 9.6-31.6uM zinc, which is less than
0.2% of total body zinc (Coverdale et al., 2019), whilst only a small fraction existing as free
Zn?* concentration is around 0.1-2uM (Mammadova-Bach and Braun, 2019). The
intracellular concentration of free Zn?* is extremely low in most cells (<1nM), and most of
the intracellular zinc bounds to proteins or nucleic acids (Foster and Samman, 2010; Krezel
and Maret, 2006). In resting cardiomyocytes, intracellular Zn?* levels below 100 and 520pM

have been reported (Auld, 2001) (Bodiga et al., 2017).
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Zinc is involved in numerous biological processes. There are three key roles played by zinc,
including as a structural, catalytic and signalling functions (Kambe et al., 2015). In addition,
numerous studies have highlighted the relationship between Zn and oxidative stress. For
example, zinc prevents mitochondrial oxidative stress in IR injury in rat heart and ZnCl;
increases cardiac oxidative phosphorylation and suppresses mitochondrial ROS production

during reperfusion (Bian et al., 2018).

Even though Zn is a redox-inactive metal, it is involved in protection against oxidative stress
as summarized in Figure 1.12 (Eide, 2011a). Firstly, zinc is a structural component of the
enzyme superoxide dismutase [Cu-Zn] (SODL1), catalysing the conversion of two O™ to
hydrogen peroxide (H202) and molecular oxygen (O.) to reduce the toxicity of ROS
(Eleutherio et al., 2021). Nedd et al. reported that removal of Zn from SOD1 results in
immediate enzyme inactivation and SOD1 misfolding is thought to involve mutations that
cause Zn loss (Nedd et al., 2014). Secondly, zinc competes with redox-active metals like Fe
and Cu for negative charges in the lipid bilayer or binding sites on proteins, thereby
protecting the cell membrane from lipid oxidation or inhibiting the Fenton reaction (Zago and
Oteiza, 2001). Moreover, previous studies have described that zinc plays an indirect
antioxidant role via binding to and protecting free thiol groups in proteins, inhibiting NADPH
oxidase, decreasing expression of misfolded protein in endoplasmic reticulum (ER) and as a
component of many proteins in the mitochondrial transport chain (Choi et al., 2018; Eide,

2011a; Yeetal., 2001).

Meanwhile, Zn?* participates in a redox cycle with metallothionein (MT), which a

cysteine-rich low-molecular weight protein. Under oxidation, Zn?* is released from MT and
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MT forms a bisulfide bound (Andrews, 2000; Ruttkay-Nedecky et al., 2013). MT also have
the ability to protect against excessive heavy metals such as Zn, Cu and Cd (Marreiro et al.,
2017). It is worth noting that the Zn?* can be sensed by histidine 225, cysteine 226 and 613
residues of Keapl, leading to alteration in the conformation of Keapl (Jenkitkasemwong et
al., 2012). This means that Zn?" actives Nrf2 signalling indirectly through the loss of
Keapl-mediated Nrf2 ubiquitination and degradation (McMahon et al., 2010; McMahon et al.,
2018). Besides, free Zn?* can also activate metal regulatory transcription factor 1 (MTF-1),
which has an important role in regulating antioxidant responses and maintaining metal
homeostasis (Grzywacz et al., 2015). The activation of MTF-1 upregulates expression of the
MTs and selenoproteinl (Sepwl) gene, which encodes an antioxidant glutathione-binding
protein scavenging free radicals (Bonaventura et al., 2015). MTF-1 and Nrf2 transcription
factors are linked through a pool of free Zn?* provided by both MT and Keapl (Grzywacz et
al., 2015; Maret, 2006). Another mechanism is that zinc regulates the expression of
glutamate-cysteine ligase (GCL), which is the rate-limiting enzyme of glutathione synthesis
and a downstream target gene of Nrf2 (Eide, 2011b; Ha et al., 2006). The mechanisms by
which Zn protects against oxidative stress are complex and overlapping, and have not been
well discussed, and thus merit further investigation. In addition, there is a narrow range
between safe and unsafe intake as both low (deficiency) and high (overload) zinc levels can

induce oxidative stress (Maret, 2006).

51



Chapter 1 - Introduction

/ Activates Nrf2 \ /

f f Serves as a \
' Ll el '\ cofactorofSOD1 |

—
// \\\fslgnallng pathway / \ / Competes Wlth

[ Accelerates the \ — Fe/Cu in the cell

synthesis of MTs / B ‘\ membranes and |

\ / \ / decreases Fenton /
. _ / \\ reaction /

.

/ Modulates MTF-1 \ o | o \

antioxidant +——— Antioxidant Effects of Zinc - — ( Inhibits NADPH
oxidase activity

\ signaling pathway / . \
~ - ’ ~

/ Affects the \ / e N
( B €015 ) ’ ) ( mitgct?;rt:irial |
\ Ll / transport chain
\ cysteine ligase / e \ /

-~ > / Binds to and \ / Decreases \ -~ -

o ( protects free expression of \ o
\ sulfhydryl groups misfolded protein /

of proteins / \ in ER

Figure 1.12 Antioxidant effects of zinc

Summary figures of zinc antioxidant effects. Zn stabilizes sulfhydryl groups of protein, serves as a cofactor of
SOD1 and links with Nrf2 antioxidant signalling pathway against oxidative stress.

Abbreviations: Nrf2, nuclear factor erythroid 2-related factor 2; MTs, metallothionines; MTF-1, metal
regulatory transcription factor 1; ER, Endoplasmic reticulum; NADPH, nicotinamide adenine dinucleotide
phosphate; Fe, iron; Cu, copper; SOD1, superoxide dismutase [Cu-Zn]. Adapted from (Marreiro et al., 2017).

1.5.4 Iron and Copper function in ischaemia-reperfusion injury

Fe and Cu are redox-active metals, and act as both antioxidant and a pro-oxidant in biology
due to their different charges and being cofactors of antioxidant enzymes (Jomova and Valko,
2011; Valko et al., 2016). Fe is the most abundant metal in the human body, with a content of
4-5g (Valko et al., 2005), and the human body contains around 100mg Cu, which is the 3"
rich metal (Bost et al., 2016). However, only a very small number of free ions are present in
the form of a redox-active pool. As pro-oxidant, they catalyse the formation of ROS via the
Fenton reaction (Fe(I1)/Cu(l) + H202 — Fe(l11)/Cu(ll) + OH + 'OH) (Jomova and Valko,
2011). Hydroxyl radicals are very reactive, inducing DNA damage. Chang et al. has
described that mitochondrial Fe contributes to cardiac IR damage and the development of

cardiomyopathy by reducing ROS generation (Chang et al., 2016). On the other hand, Fe and
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Cu are cofactors of many antioxidant enzymes. For example, SOD1 contains Cu and Zn,
which detoxifies O2" to H.O>. Moreover, catalase contains Fe, which converts H.O2to H2O.
A study reported that Cu deficiency may be a leading cause of ischaemic heart disease
(DiNicolantonio et al., 2018). Taken together, Fe and Cu are closely related to oxidative and

antioxidant processes.

1.5.5 Crosstalk between metals and Nrf2 redox signalling pathway

As shown in Figure 1.9, Nrf2 activity is also increased by some metal(loid)s by interaction
with Keapl (Dinkova-Kostova et al., 2005). For example, a study has reported that Cd?*, As®*,
Se** and Zn?* are sensed by histidine 225, cysteine 226 and cysteine 613 residues of Keapl
(McMahon et al., 2010). Subsequently, the altered conformation of Keap1l triggered by these
free metal ions binding inhibits ubiquitination of Nrf2 via Keapl (McMahon et al., 2018).
Meanwhile, the increases of intracellular Zn?* inactivates GSK3p as well, which is a Nrf2
inhibitor (Kambe et al., 2015; Maret, 2006). Zinc is considered as a component of antioxidant

defence network except for the Nrf2-Keap1 signalling pathway.

Due to the fact that Zn cannot cross cell membranes by passive diffusion, cellular zinc
homeostasis is mainly mediated by three mechanisms: zinc transporters, zinc-binding
proteins such as metallothionein (MT) and metal regulatory transcription factor 1 (MTF-1), a
zinc-sensing transcription factor (Maret, 2017a; Plum et al., 2010b). In humans, Zn
transporters have at least 24 membrane transporters and play fundamental roles, including
zinc transporters (ZnT1-10), also known as solute carrier family 30A (SLC30A) proteins and
Zrt- and Irt-like proteins (ZIP1-14), also known as SLC39A (Takagishi et al., 2017). ZIPs
take zinc into cells or out of subcellular compartments, whilst ZnTs efflux zinc out of cells or

53



Chapter 1 - Introduction

into subcellular compartments (Karagulova et al., 2007). MTs play a role in detoxification
against toxic heavy metals (e.g., Zn, Cu, Cd and Cr) and participate in protection against
stress responses because of its cysteinyl thiolate groups (Ruttkay-Nedecky et al., 2013).
There are four isoforms of MTs and 13 MT-like proteins discovered in human (Ghoshal and
Jacob, 2001). MT-1 and MT-2 are widely expressed in various tissues, whilst MT-3 is brain
specific and MT-4 is expressed mainly in skin and tongue (Palmiter, 1987; Palmiter et al.,
1992; Quaife et al., 1994). MTs are reported to be induced by oxidative stress and Zn?*
increase, which is also transcriptionally regulated by Nrf2 (Dalton et al., 1996; Gu et al.,
2017). In addition, previous studies have highlighted that ZnT1, 2,4,8and ZIP 1, 2, 3,6, 7, 9,
10, 11, 12, 13, 14 are regulated under IR (Aguilar-Alonso et al., 2008; Bodiga et al., 2017,
Gerber et al., 2014; Malairaman et al., 2014; Zhao et al., 2015). Ishida and colleagues have
described that mMRNA levels of ZnT-1, 3 and 6 significantly increase and ZnT10 and ZIP3
MRNA levels significantly decreases after activation of Nrf2 signalling pathway (Ishida and
Takechi, 2016a). Meanwhile, ZnT1 and ZnT2 are upregulated and ZIP10 is downregulated

by redox-sensitive MTF-1 (Gunther et al., 2012).

In addition, several studies have reported that Zn?" accumulates in cardiomyocytes after
hypoxia, whilst reoxygenation downregulates intracellular Zn?* concentration, resulting from
cytosolic and mitochondrial Zn?* release (Bodiga et al., 2017; Karagulova et al., 2007; Lin et
al., 2011b). In addition, Zn supplementation promotes functional recovery after spinal cord
injury, inhibits the high glucose-induced epithelial-mesenchymal transition of peritoneal
mesothelial cells and induces HO-1 expression in cancer cells by activating Nrf2 antioxidant
pathway (Gao et al., 2019; Li et al., 2020a; Xue et al., 2013). Thus, elevated intracellular Zn?*

activates Nrf2 signalling and in turn, Nrf2 signalling regulates intracellular Zn?*
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concentration. However, the effect of IR on Nrf2 signalling and Zn in human coronary artery

SMCs (HCASMCs) is still unclear.

Numerous studies have reported that Cu?* activates Nrf2 signalling pathway in mouse
hepatocytes, human AREc32 reporter cell line and human breast cancer cells (Sirbu et al.,
2017; Song et al., 2014; Wang et al., 2010). Moreover, overload of Fe?" stimulates Nrf2
expression to prevent neurotoxicity in mouse brain astrocytes and hepatocytes (Cui et al.,
2016; Silva-Gomes et al., 2014), noting that these metals also regulate each other as well. For
example, Zn substitutes for Fe/Cu as a cofactor and decreases the Fenton reaction (Prasad and
Bao, 2019). Santon et al. have shown that Zn treatment decreases Fe accumulation in rat
hepatoma cells, whilst MTs induced by Zn increases intracellular Cu content. Notably, our
understanding of the field of relationship between Nrf2 signalling and Zn?*, Fe?* and Cu?* in
coronary IR and how they tightly regulate each other requires investigation. Nevertheless,
these findings demonstrate the critical role of these metals and Nrf2 signalling in IR, and thus

may serve as therapeutic targets for improving prognosis and increasing survival rates.

1.6 Physiological oxygen levels

1.6.1 Importance of physiological oxygen levels

O is the central for human physiology but can also act as a harmful molecule influencing
biological aging, oxidative damage, mutagenesis and cancer (Bunn and Poyton, 1996; Droge,
2002). An O content of 20.9 kPa refers to standard dry atmospheric air at sea level. Cellular
02 consumption coupled with the limitation of diffusion through the tissues means that the O>
levels in vivo range from ~10-13 kPa in the pulmonary circulation to ~3-5 kPa in most

microvascular capillary beds (Keeley and Mann, 2019; Keeley et al., 2017) (Figure 1.13). In
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many fields, most cell culture is conducted within an incubator gassed with 5 kPa CO; and
~18.5 kPa Oz (Newby et al., 2005), which has been assumed to reflect normoxia. However,
cells in vivo experience significantly lower O levels, as recently reviewed by Keeley &
Mann (Chen et al., 2018; Keeley and Mann, 2019; Sies et al., 2022). The concept of
physiological normoxic cell culture has received increasing attention in recent years. In fact,
cells are exposed to hyperoxia in a standard incubator, which reduces the lifespan of cells
(Parrinello et al., 2003), alters adaptive antioxidant defenses (Atkuri et al., 2007; Chapple et
al., 2016; EI Alami et al., 2014; Kumar et al., 2016) thereby limiting translation from bench
to bedside. Previous work in our laboratory has shown that long-term culture of human
coronary artery endothelial cells (HCAECSs) in an Oz-regulated Sci-tive workstation under 5
kPa O results in a cytosolic O level of 3.7 kPa (Chapple et al., 2016). Warpsinski et al. has
reported that physiological normoxia alters the redox phenotype of mouse microvascular
brain ECs (Warpsinski et al., 2020). The relationship between oxygen level with the

proliferation, migration and phenotype of cultured cells is summarized in Table 1.4.
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Figure 1.13 Representation of the regional distribution of PO: from the airways to the cytosol
The Oz levels in the body in vivo change from the air we breathe (20.9 kPa O,), through the lung, small arteries,
arterioles, capillaries (~3-5 kPa), tissues and the cytosol of different cells. Taken from (Ward, 2008).
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1.6.2 Hypoxia-inducible factor-1

Hypoxia-inducible factor-1 (HIF-1) has been reported as a primary transcriptional factor
response to hypoxia, which consists of two subunits, o (the active oxygen-regulated subunit)
and B (oxygen-independent subunit) (Bhattarai et al., 2018; Jatho et al., 2021; Kaelin, 2002;
Salceda and Caro, 1997; Semenza, 2014). Hypoxia decreases the hydroxylation of HIF-1a,
resulting in limitation of proteolytic degradation (Zimna and Kurpisz, 2015). Stable HIF-1a
translocates to the nucleus and dimerizes with HIF-1p and binds to hypoxia response element
(HRE), activating target gene transcription (Koyasu et al., 2018; Ratcliffe et al., 1998). Under
physiological normoxia in vivo, HIF-1a is hydroxylated to suppress transcriptional activation
(Chen et al., 2018; Srinivas et al., 1999). Liu and colleagues have found that HIF-1o. mRNA
appears within the first 4h and peaks at 8h and then significantly decreases by 24h in human
aortic SMCs under hypoxia (1kPa O2) (Liu et al., 2017). The average half-life of HIF-1a
protein is around 46h (Keeley and Mann, 2019). We have described that HIF-1a protein
stabilisation requires 5d in HUVECs when they are exposed to 5kPa from 18kPa (Keeley et
al., 2017). Meanwhile, HIF-1 affects many factors and previous studies have reported that
HIF-1 plays a role in proliferation, migration and phenotypes of VSMCs (Fu et al., 2010; Jain

etal., 2018; Liu et al., 2017; Ratcliffe et al., 1998).

To more accurately replicate antioxidant defense mechanisms in vivo, in the present study
HCASMCs were adapted long-term (5 days) to 5kPa O> levels, as encountered in vivo, and
then subjected to hypoxia-reoxygenation. Metal profiling of HCASMCs was conducted in
cells adapted to physiological normoxia, hypoxia and hyperoxia, with the latter reflecting a

standard cell culture Oz environment used in the majority of studies in vitro. The
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understanding of Nrf2- regulated redox signalling and the role of metals in cardiac
physiology and cellular redox signalling pathways may inform further development of novel

treatments for IR injury.
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Table 1.4 Effects of oxygen on the proliferation, migration and phenotype of cultured cells

Species SMC cell type Oxygen level  Signalling Main findings Reference
Human  aortic SMCs 1 kPa HIF-1a1, AEG-1], Under hypoxia, SMaA and SM22a (contractile states markers) |, (Liu etal., 2017)
PI3K/Akt? OPN expression (synthetic states markers) 1
HIF-1o plasmids - | proliferation and 1 migration of aortic SMCs
Human  umbilical artery 3 kPa HIF-1at, MIF? Under hypoxia for 24h - proliferationt (113.6%) and migration 1  (Fu et al., 2010)
SMCs
Human umbilical vein 18, 5 kPa - Human umbilical vein ECs proliferated more rapidly during (Chapple et al., 2016)
ECs culture under air (18 kPa O,) compared to 5 kPa O level
5 days adaptation to 5 kPa O, had negligible effects on cell
morphology
Human umbilical vein 20, 5 kPa - 5 kPa O, promoted human umbilical vein ECs proliferation, ECM  (Zhao et al., 2009)
ECs secretion, and intercellular adhesion
Human primary 18, 1 kPa HIF-1a1 under 1 kPa Exposure to hypoxia (1 kPa O,) for 48h, proliferative activity of (Lechler et al., 2011)
osteoblastic cells primary osteoblastic cells | compared to in air
Human primary 20, 5 kPa intracellular NOT, peak CD3/CD28-induced T cell proliferation higher under air (20 kPa)  (Atkuri et al., 2007)
lymphocytes expression of CD69 is than under physiological (5 kPa) O, level.
delayed and more
sustained under 5 kPa
Human  peripheral blood 20, 10, 5 kPa - Antigen CD3/CD28 cross-linking or Con A — proliferation 1 at (Atkuri et al., 2005)
mononuclear 5%, whilst no phytohemagglutinin — proliferation x
cells
Human chondrocytes 20, 5 kPa - Proliferation increased under more physiological levels of oxygen  (Murphy and Polak, 2004)
(5 kPa)
Bovine granulosa cells 21,5 kPa HIF-11 under 5 kPa GCs proliferated more rapidly during culture under 5 kPa (low) (Shiratsuki et al., 2016)
O, level for 24h compared to under 21 kPa O, level
Bovine  chondrocytes 20, 5, 2 kPa - Exposure under 5 and 2 kPa O; levels reduced the proliferation (Heywood and Lee, 2010)

compared to 20 kPa
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(Table 1.4 continued)

Species  SMC cell type  Oxygen level

Signalling

Main findings

Reference

Mouse neural stem cells 20, 10, 4, 3, 2,

1 kPa
Rat satellite cells 21, 3 kPa
Rat primary 20, 5, 2 kPa

osteoblasts cells

cell cycle progression
factors (cyclin D1, E, A) 1,
phosphorylation of Akt,
the cell cycle inhibitor
p27KiPL | under 3 kPa

The highest proliferation was observed under 2 kPa O level

Under 3 kPa O: conditions, the proliferation ability of
satellite cells (considered the ‘stem cells’ of mature
myofibers) 1 compared to under 21 kPa

Reduction of pO., from 20 kPa to 5 kPa and 2 kPa —
formation of mineralized bone nodules| 1.7-fold and 11-fold
respectively

(Horie et al., 2008)

(Chakravarthy et al., 2001)

(Utting et al., 2006)

Abbreviations: SMCs, smooth muscle cells; ECs, endothelial cells; HIF-1a, hypoxia inducible factor la; AEG-1, astrocyte elevated gene-1; PI3K/Akt, phosphatidylinositol
3-kinase/protein kinase B; SMaA, smooth muscle a-actin; SM220, smooth muscle 22a; OPN, osteopontin; MIF, macrophage migration inhibitory factor; ECM, extracellular

matrix; GCs, granulosa cells;
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1.7 Aims of the project

The underlying hypothesis in the present study is that the redox state and metal profile in
HCASMCs may be altered after long-term (5 days) adaptation to hyperoxia (18kPa O>),
physiological normoxia (5kPa Oz) or hypoxia (1kPa O2). Compared to 18kPa O, normally
defined as normoxia in the majority of previous cell culture studies, this study provides the
first novel insights into the mechanisms underlying hypoxia-reoxygenation induced changes
in vascular SMCs pre-adapted to physiological normoxia with implications for improved

bench-to-bedside translation in cardiovascular medicine.

The aims of this thesis were to:

1. Characterize redox phenotype of HCASMCs under hypoxia, normoxia and hyperoxia

2. Obtain metal profiles of HCASMCs long-term adapted to hypoxia, normoxia and hyperoxia

3. Address crosstalk between Zn and Nrf2 signaling in HCASMCs under 18, 5 and 1kPa O

4. Determine ROS generation during hypoxia-reoxygenation in HCASMCs adapted to physiological
normoxia (5kPa) and hyperoxia (18kPa)

5. Explore protective roles of Zn and SFN, Nrf2 inducer, against oxidative stress in HCASMCs under

18, 5 and 1kPa O,
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Chapter 2 - Methods

2.1 Culture of human coronary artery smooth muscle cells

All procedures were performed under sterile, aseptic techniques in either a Class 2 laminar
flow hood safety cabinet or in a dual Sci-tive, oxygen-regulated workstation (Baker-Ruskinn
Technologies, UK, see Figure 2.1). Primary human coronary artery smooth muscle cells
(HCASMCs, C-12511) were obtained from PromoCell, Germany. Cell in passage 5" to 8"
were cultured in smooth muscle cell basal medium 2 (SMC BM2) (PromoCell, C-22262),
supplemented with growth medium 2 supplement pack (PromoCell, C-39262) and 1%
penicillin (100 U/ml)/ streptomycin (100 pg/ml). Appendix 1 provides a detailed listing of
the composition of supplement pack smooth muscle cell growth medium 2. HCASMCs were
initially cultured in a standard incubator gassed with 5% CO in air and then in a dual Sci-tive,
oxygen-regulated workstation (Baker-Ruskinn Technologies, UK) gassed with 5% CO, and
either 18, 5, or 1kPa O (75% humidity) with subculture and all treatments conducted within
the Sci-tive workstation. All culture media were pre-adapted in 18, 5 or 1kPa O in the
Sci-tive workstation prior to experiments. Figure 2.1 illustrates the experimental setup and

the use of a small Etaluma microscope (Etaluma, USA) to view cells within the workstation.
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Figure 2.1 HCASMCs were cultured under controlled environment in a dual Sci-tive workstation.

(A) The sealed workstation allows for complete control of gaseous ambient conditions, which can be maintained
at 18 kPa or 5 kPa, or 1 kPa O, under 5% CO,, 75% humidity and 37°C. Thus, long-term cell culture can be
conducted under a controlled environment without the need for re-exposure of cells to ambient, room air oxygen
levels. Cells can be transferred from one workstation unit to the adjacent workstation unit using an interlock
between both sides of the Sci-tive (Baker-Ruskinn, UK), noting that each side can be maintained under different
O levels. (B) HCASMCs adapted for 5 days to either 18 kPa, 5 kPa or 1 kPa can then be transferred rapidly to
an O.-controlled CLARIOstar 96-well plate reader to monitor the effects of ischaemia-reoxygenation on the
generation of reactive oxygen species and free intracellular zinc levels measured using fluorescent indicators.

2.1.1 Thawing and culturing of HCASMCs

Cells were thawed rapidly at 37°C and initially transferred to a T25 culture flask containing
complete smooth muscle cell basal medium 2 and supplement pack smooth muscle cell
growth medium 2. Cells were maintained in a humidified incubator gassed with 5% CO. at

37°C. Medium was replaced 8 h after seeding and changed regularly every 48 h.

2.1.2 Subculture of HCASMCs

When cells reached around 80% confluence, cultured HCASMCs were washed twice with
warm sterile Ca?*/Mg?*-free phosphate buffered saline (PBS) to remove serum components

that could interfere with the trypsinisation of cells. Cells in T25 or T75 flasks were

63



Chapter 2 - Methods

respectively incubated with 0.5 ml and 1.5 ml of trypsin/EDTA solution (0.1% trypsin and
0.02% EDTA, Sigma-Aldrich) for 5 min in an incubator to detach cells. Trypsin/ EDTA was
deactivated by adding 1.0 ml and 3.0 ml complete medium and then centrifuged at 1000 rpm
for 5 min. The supernatant was aspirated, and remaining cell pellets were re-suspended in
complete medium. Cells were then seeded into T25 or T75 flasks for long-term culture (at
least 5 days) in an O-controlled incubator (Sci-tive, Baker Ruskinn, Figure 2.1) adapted to
1kPa O, 5 kPa O or air (18 kPa Oz). Confluent monolayers of HCASMCs were then again

trypsinised and seeded into plates or onto coverslips for imaging experiments.

2.1.3 Cryopreservation of HCASMCs

Confluent monolayers of HCASMCs were detached with trypsin/EDTA (0.1% trypsin and
0.02% EDTA, Sigma-Aldrich) using the same method described in Section 2.1.2. Trypsin/
EDTA was deactivated by adding complete medium and then centrifuged at 1000 rpm for 5
min. The supernatant was aspirated, and remaining cell pellets were re-suspended in 5%
dimethyl sulfoxide (DMSQO) (Sigma-Aldrich, D8418) and 50% fetal bovine serum (FBS)
(Sigma-Aldrich, F7524) in complete medium. Cells were transferred into cryo-vials (1ml/vial)
and slowly frozen at -80°C for 24 h before transfer to liquid nitrogen for long-term storage.
The cryopreservation of HCASMCs culture is illustrated in Figure 2.2. By the time cells

were defrosted they were at passage 4 (Pa4).
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Figure 2.2 Cryopreservation HCASMCs culture.

To cryopreserve cells, a confluent monolayer of HCASMCs was detached using trypsin and re-suspended in
medium containing serum and centrifuged at 1000 rpm for 5 min at room temperature. The supernatant was
aspirated, and pellets were re-suspended in 5% DMSO and 50% FBS in complete medium. Aliquots were
placed in a freezing container, which was then stored at -80°C overnight before being transferred to liquid
nitrogen for long-term storage.

2.2 Cell counting using a haemocytometer

To calculate the number of cells in a cell suspension, a haemocytometer was used, which
consists of two chambers: chamber A and chamber B (Figure 2.3). Two coverslips were
placed onto each chamber. The suspension was mixed thoroughly, and 10ul of cell content
were transferred into each chamber. The total number of cells in four gridded squares was
counted in both chambers under a microscope (4 x objective magnification). The gridded area
is 1 x 1 mm (1 mm?) squares. The raised edges of the hemocytometer hold the coverslip 0.1
mm off the marked grid, giving each square a defined volume. The density of cells was
calculated as the following formula:

Cell concentration = (Na+ Ng) + 2 + 4 + 1 (mm?) + 0.1 (mm)

= (Na+ Ng) + 8 x 10* (cells/ml)
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Figure 2.3 Cell number determination using haemocytometer.

The haemocytometer contains two chambers: chamber A and chamber B. For counting cells, the total number of
cells in four gridded squares (marked by dashed lines) in chamber A was counted as the value Na. The same
counting was performed in chamber B, obtaining a value of Ng. The number of cells was calculated by the
formula: (Na + Ng) = 8 x 10* (cells/ml).

2.3 Bicinchoninic acid protein assay for immunoblotting

The bicinchoninic acid (BCA) protein assay is a colourmetric assay which is used to
determine the protein concentration of samples, by comparing their absorbance to a standard
curve of known protein concentrations (Smith et al., 1985). BCA reagents contain cupric
sulphate. In the presence of peptide bonds in proteins samples, cupric sulphate is converted to
Cu*. Two molecules of BCA then chelate each Cu* molecule forming a purple coloured
product, with an absorbance that can be detected at 562nm. The proportion of Cu?* reduced
(Abs 562nm) relates to the protein concentration, which is a linear relationship. The BCA
reaction is carried out at 37°C to minimise variation due to presence of cysteine, tyrosine and

tryptophan side chains (Figure 2.4A).

For each assay, a standard curve was generated by running a set of bovine serum albumin
(BSA) standards in parallel. A representative standard curve is shown in Figure 2.4B.

Samples were boiled for 7min at 95°C. 5ul of sodium dodecyl sulfate (SDS) lysis buffer (see
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Appendix 2) were added in duplicate to a clear 96-well plate followed by 5ul of each
standard (or 5ul ddH20 for zero), stored at 4°C from when cells were treated. Sul of ddH.O
per well was added in duplicate and 5ul of each sample. To all wells containing samples or
standards were added 200ul of BCA solution (Thermo Fisher Scientific, 23225), consisting
of a 1 in 50 dilution of reagent B (4% cupric sulphate, C2715) to reagent A (sodium
carbonate, sodium bicarbonate, BCA detection reagent, and sodium tartrate in 0.1N sodium
hydroxide, UF287195). The plate was covered by a piece of clingfilm wrap and incubated for
20 min at 37°C before reading absorbance at 562nm, which was measured by a plate reader

(TECAN, Sunrise, UK).
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Figure 2.4 Reaction of BCA protein assay and representative standard curve.

(A) Reaction of BCA protein assay. Under an alkaline environment, protein reduces Cu? to Cu*. Two
molecules of BCA then chelate each Cu* molecule forming a purple coloured product, which can be quantified
by reading the absorbance at 562nm. (B) Standards using BSA and representative standard curve for a BCA
assay.

2.4 Measurement of cell proliferation

In order to measure HCASMCs proliferation, changes in cells number were determined by
cell counting and protein content as well as using a RTCA iCELLigence™ instrument

(ACEA Biosciences, USA).

67



Chapter 2 - Methods

2.4.1 Measurement of cell proliferation using cell counting

HCASMCs were cultured in 18 or 5kPa O for 5 days and then seeded at 3500 cells/well into
a 96-well plate in SMC basal medium 2 with supplement pack. Medium was changed every
two days. Cells were counted each day, and the average of three wells was quantified using a

haemocytometer.

2.4.2 Measurement of cell proliferation by comparing protein content

Cells were seeded in a 96-well plate in triplicate at a seeding density of 3500 cells/well.
Complete medium was used and changed every two days. Cells were lysed using SDS lysis
buffer (40ul/well) and stored at -20°C. Then protein content was measured by BCA protein

assay as described in Section 2.3, with changes in protein content monitored for 5 days.

2.4.3 Measurement of cell proliferation using an iCELLigence™ platform

In addition, cell proliferation was assessed using an iCELLigence™ platform, which uses
noninvasive electrical impedance to quantify cell proliferation in a label-free, real-time
manner (Toedebusch et al., 2018). As illustrated in Figure 2.5, the cellular impedance
platform has a set of gold microelectrodes fused to the bottom surface of well in a microtiter
plate (E-Plates®). In an electrically conductive solution such as culture medium the
application of an electric potential across these electrodes causes electrons to exit from the
negative terminal, pass through medium, and deposit onto the positive terminal. The presence

of adherent cells at the electrode-solution interface impedes electron flow, and the magnitude
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of impedance is dependent on the number of cells. The impedance of electron flow caused by
adherent cells is referred to as Cell Index (CI), which can be used to monitor cell number

during cell proliferation (Turker Sener et al., 2017).

HCASMCs were seeded in E-Plates® in a triplicate at a concentration of 7000 cells/well. Cell
adhesion occurs in the first 2h to reach a baseline CI. Cell proliferation was recorded as Cl

measured in over a period of 6 days with media changed every 2 days.

Single Well
A B (side view)
electron flow |mpeded electron flow
culture medium addition
m of cells
negative ;_ l 4_ - I - positive I I .]

terminal terminal
well bottom

(glass or PET)

Figure 2.5 Overview of cellular impedance apparatus.

(A) iCELLigence™ instrument. (B) A side view of a single well is shown before and after cells have been
added. In the absence of cells, electric current flows freely through culture medium to complete the circuit
between the electrodes. As cells adhere to and proliferate on the electrodes, current flow is impeded, which
provides a readout of cell number, cell size/morphology, and cell-substrate attachment quality (Turker Sener et
al., 2017).

2.5 MTT assay

The thiazolyl blue tetrazolium bromide (MTT) assay is a colorimetric assay for cell metabolic
activity and can be used as an index of cell viability and proliferation (Freimoser et al., 1999;
Mosmann, 1983). NAD(P)H-dependent dehydrogenase enzymes in living cells are capable of
changing MTT (a yellow, water-soluble tetrazolium salt) to formazan (an insoluble purple
crystal). The absorbance of this coloured solution can be detected at a certain wavelength

(usually 500-600 nm) using a spectrophotometer.
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HCASMCs pre-adapted to 18, 5 or 1kPa O for 5d were seeded into 24-well plates in
triplicate and cultured to ~80%. Cells were then treated with different concentrations of
N,N,N’,N'-tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) (0-1.5uM, Sigma-Aldrich,
P4413) or 2-mercaptopyridine N-oxide sodium salt (a Zn?* ionophore, O0-1uM,
Sigma-Aldrich, 329061) with ZnCl, (10-14uM, Sigma-Aldrich, Z0152) for 16h, respectively.
HCASMCs incubated with media were used as controls. 1h before the end of treatment
period untreated cells were treated with hydrogen peroxide (H202, 500 mM) (Sigma-Aldrich,
31642) as a positive marker of cell death. Subsequently, media was aspirated and 100pl/well
of 10% MTT stock solution (5mg/ml in PBS) (Sigma, M5655) were added and incubated for
4h at 37°C respectively at 18, 5 or 1kPa O in the Sci-tive workstation. 50ul/well of
dimethylsulfoxide (DMSO) (Sigma-Aldrich, D8418) were directly added after aspirating the
10% MTT, and plates were placed on a shaker at room temperature for 10min to solubilise
the purple formazan crystals. The optical density (OD) value was measured at 562 nm (see

Figure 2.6).
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Figure 2.6 Schematic of MTT assay

HCASMCs were seeded and cultured at 18, 5 or 1kPa O in the Sci-tive workstation. Cells were treated with
different concentrations of drugs. Media was then aspirated and 100ul/well of 10% MTT were added and
incubated for 4h. 50ul/well DMSO were directly added after aspirating MTT, and plates were placed on a
shaker at room temperature for 10min. MTT, a yellow, water-soluble tetrazolium salt is reduced to formazan, an
insoluble purple crystal. The OD value was measured at 562 nm.

Abbreviations: MTT, chloride 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; HCASMCs,
human coronary artery smooth muscle cells; DMSO, dimethyl sulfoxide; OD, optical density.

2.6 Firefly lantern extract chemiluminescence-based ATP assay

Adenosine triphosphate (ATP) plays a fundamental role in cellular energetics, serving as an
indicator of metabolically active cells (Bonora et al., 2012). Cell viability can be assessed
based on quantifying intracellular ATP levels in culture (Garewal et al., 1986). The firefly
lantern extract chemiluminescence-based ATP assay employs the luciferin-luciferase system
to quantitatively determine ATP levels (Chida et al., 2012). Firefly luciferase catalyses the
two-step oxidation of luciferin to oxyluciferin along with a burst of light (see Figure 2.7).
The amount of light generated is linearly proportional to the amount of ATP, and thus ATP
levels in cell lysates can be quantified following calibration of the luminescence signal with

standards of known ATP concentration (Jenner et al., 2002; Srivastava et al., 2016).
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Figure 2.7 Bioluminescent reactions catalysed by firefly luciferase

The extract from firefly lanterns contains the enzymes luciferase and its substrate luciferin. In the presence of
ATP, the firefly luciferase catalyses luciferin to oxyluciferin along with generating a bioluminescent signal.
Abbreviations: ATP, adenosine triphosphate; AMP, adenosine monophosphate; CO,, carbon dioxide; PP;,
pyrophosphate.

Basal ATP levels in HCASMCs were determined in cells were adapted for 5d to 18, 5 or
1kPa O.. Cells were seeded into 24-well plates in duplicate and cultured to ~70%. When
collecting samples for an ATP assay, 100ul 6.5% trichloroacetic acid (TCA) (Sigma-Aldrich,
T9159) were added into each well after washing twice ice-cold PBS washing and banging the
plate dry rapidly and placing it on ice for 10min. TCA extracts were transferred into ice cold
Eppendorf tubes and stored at -80°C for subsequent ATP assay. 50l SDS lysis buffer was
added into each well for collecting protein and left on ice for 5min. The proteins were stored
at -20°C, with protein concentrations determined using the BCA assay, as described in

Section 2.3.

Fresh ATP (Sigma-Aldrich, A2383) standards (OuM, 2.5 uM, 5uM, 10uM, 15uM, 20uM,
30uM, 40uM) were prepared in 6.5% TCA on ice and run in parallel with each assay in a
96-well white microtiter plate. 5ul 6.5%TCA were added into a 96-well plate in duplicate as
a blank. 5ul ATP standards or sample acid extracts was added into the same plate in duplicate.
15ul ddH,O was added to each blank, ATP standards and samples to dilute the acid
concentration because this strongly inhibits the firefly extract. The plate reader (CLARIOstar,
BMG Labtech., UK) was set to 27°C and the entire vial firefly extracts (Sigma-Aldrich,
FLE250) was placed in plate reader and allowed to equilibrate to the new temperature. The

96-well plate was placed in plate reader and the luciferase ATP protocol was edited with our
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desired layout and concentrations of standards. Each well takes 10s to read when the plate
reader starts to measure. Measurements were corrected for the concentration of protein to

obtain ATP in nmol/mg protein.

2.7 Measurement of intracellular reduced glutathione by fluorometric assay

Glutathione (GSH) plays a critical role in the cellular defense against oxidative stress
(Forman et al., 2009; Meister, 1995; Meister and Anderson, 1983). Glutathione exists in two
free forms, reduced form (GSH) and oxidized form (glutathione disulfide, GSSG), and there
are various established methods to measure cellular levels (Rousar et al., 2012). Under
physiological conditions, the ratio of GSH to GSSG generally remains above 99%, whilst the
ratio can change under oxidative stress (Lu, 1999). In the present work, intracellular reduced
GSH levels were measured using a fluorometric assay, which provides an index of the basal
redox status of cells (Siow et al., 1998; Warpsinski et al., 2020). The fluorescent probe,
o-phthalaldehyde (phthalic dicarboxaldehyde, OPA) (Sigma-Aldrich, 79760) reacts directly
with GSH and is non-fluorescent until it reacts as a heterobifunctional reagent with a primary
amine and thiol provided by GSH to a fluorescent isoindole (OPA-GSH) (see Figure 2.8)
(Hissin and Hilf, 1976; Michaelsen et al., 2009), which can be detected by the plate reader

(CLARIOstar, BMG Labtech., UK).

73



Chapter 2 - Methods

GSH

g
AN N o
Hooc ~ > Hooo ﬂ)j/
H
| — |
c\
\ H\ — -H,0 Z "N “cooH
C? // -HO - =c

OPA-GSH

OPA

Figure 2.8 The reaction of OPA with GSH

Reaction of GSH with OPA to form a highly fluorescent and stable isoindole derivative OPA-GSH. Taken from
(Michaelsen et al., 2009).

Abbreviations: OPA, o-phthalaldehyde; GSH, glutathione; GSSG, glutathione disulfide.

To assess basal GSH levels in HCASMCs under 18, 5 or 1kPa O, cells were pre-adapted to
18, 5 or 1kPa O, for 5d. HCASMCs were then seeded into 24-well plates in duplicate and
cultured to ~70% confluence in air (18kPa O2), 5 kPa Oz or 1 kPa Oz in a Sci-tive workstation
(Baker-Ruskinn, UK). Samples and protein were collected using protocols for an ATP assay,
as highlighted in Section 2.6. The acid extracts collected for an ATP assay were used to

measure intracellular GSH levels.

Fresh GSH (Sigma-Aldrich, G4251) standards (OpM, 2.5uM, 5uM, 7.5uM, 10uM, 15uM,
20pM, 30puM) were prepared in 6.5% TCA on ice and run in parallel with each assay in a
96-well black microtiter plate. TCA (7.5ul 6.5%) was added into a 96-well plate in duplicate
as a blank. 7.5ul GSH standards or sample (acid extracts) were added into the same plate in
duplicate. Then 277.5ul phosphate/Ethylenediaminetetraacetic acid (EDTA) + NaOH buffer
(pH>8) (see Appendix 3) were added to each well before 15ul fresh OPA solution
(Sigma-Aldrich, 79760) was added. The 96-well plate was left in the dark at room
temperature for 25min and fluorescence read at 350nm excitation and 420nm emission.
Values were corrected for the absorbance of standard GSH concentrations to give GSH

concentrations in nmol/mg protein for sample (Siow et al., 1998).
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2.8 Immunostaining

To investigate the phenotype of cultured HCASMCs under different O, levels, vascular
smooth muscle cell contractile type markers were probed by immunostaining. HCASMCs
were pre-adapted to 18, 5 or 1kPa O, for 5d and then seeded into 8-chambered coverslips
(Ibidi, Germany) for 48h. Cells were then washed twice with PBS and fixed with 4%
formaldehyde solution (Fisher Chemical™, UK, 1340771) for 15min at room temperature. If
necessary, cells were permeabilized using 0.2% Triton X-100 (Sigma-Aldrich, T9284) in
PBS for 5min at room temperature. Cells were then blocked with 3% BSA for 30min at room
temperature with constant rocking. Cells were incubated with primary antibodies (Table 2.1)
against target protein overnight at 4°C. All primary antibodies were made up in 3% BSA
PBS-T (see Appendix 4). Primary antibodies were diluted in blocking solution according to
manufacturer’s information. After washing cells thrice with PBS for 5min each, cells were
stained with Alexa Fluor 488 or DyLight® 488 conjugated secondary antibody (Table 2.2)
(recognizing the host species of the primary antibody) diluted with 3% BSA and PBS-T
according to manufacturer’s instructions for 1h with constant rocking, followed by thrice
washes with PBS. Staining for endothelial nitric oxide synthase (eNOS) with Alexa Fluor 488
was only performed to confirm no contamination of endothelial cells. Fluorescence was
visualized at x40 magnification using a fluorescence microscope (Etaluma LS720
Microscopes, USA) and appropriate filters. All immunofluorescence images were merged

with the nuclear stain 4,6-diamidino-2-phenylinde (DAPI, Sigma, D9542).
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Table 2.1 List of primary antibodies for immunostaining

Antigen Molecular Weight (kDa)  Dilution  Manufacturer  Host Species ~ Catalog number

SM22-a. 23 1:100 Abcam goat Ab10135
Calponinl 34 1:5000 Abcam rabbit ab46794
eNOS 140 1:500 Santa Cruz mouse SC-376751

Abbreviations: SM22-a, Smooth muscle protein 22-alpha; eNOS, endothelial nitric oxide synthase.

Table 2.2 List of secondary antibodies for immunostaining

Antigen Manufacturer  Catalog concentration Dilution  Conjugated Emission
number Fluorophore  colour

Donkey Bethyl A120-216D2 0.5mg/ml 1:900 DyLight® 488  green

Anti-Rabbit Laboratories

Goat Anti-Mouse Invitrogen™ A-10680 2mg/ml 1:900 Alexa 488 green

Donkey Anti-Goat ~ Abcam Ab150129 2mg/ml 1:900 Alexa 488 green

Figure 2.9 Representative images of HCASMCs immunostained for SM22-a.

(A) Representative image of HCASMCs nucleus stained with DAPI. (B) Representative image of HCASMCs
stained with SM22-a using an Alexa Fluor 488 conjugated secondary antibody. (C) SM22-a positive
immunofluorescence image was merged with nuclear stain DAPI. Images were taken at x40 magnification using
an Etaluma microscope (LS720 Microscopes, USA). Scale bar is 20pum.

2.9 Nuclear translocation of Nrf2

To assess translocation of Nrf2 to the nucleus after activation by different drugs, HCASMCs
were pre-adapted to 18, 5 or 1kPa O, for 5d and then seeded into 8-chambered coverslips
(Ibidi, Germany) for 48h. Cells were then treated with vehicle (veh, 0.005% dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, D8418), sulforaphane (SFN, 2.5uM, Sigma-Aldrich,
S4441), N,N,N',N'-tetrakis  (2-pyridylmethyl) ethylenediamine (TPEN, 1.25uM,
Sigma-Aldrich, P4413) or 2-mercaptopyridine N-oxide sodium salt (a Zn?* ionophore, 0.5uM,

Sigma-Aldrich, 329061) with ZnCl, (10uM, Sigma-Aldrich, Z0152) for 16h, respectively.

76



Chapter 2 - Methods

Immunostaining protocols are the same as described in Section 2.8. The primary antibodies
and DyLight® 488 conjugated secondary antibodies are summarised in Table 2.2 and 2.3.
Nrf2 immunofluorescence was quantified as the ratio of nuclear to cytoplasmic Nrf2

immunofluorescence.

Table 2.3 Nrf2 antibody for immunostaining

Antigen  Molecular Weight (kDa)  Dilution = Manufacturer Host Species  Catalog number

Nrf2 95-110 1:500 Santa Cruz rabbit sc-722

Abbreviations: Nrf2, nuclear factor erythroid 2-related factor 2.

2.10 Quantification of mMRNA expression using quantitative reverse transcription

polymerase chain reaction (QRT-PCR)

2.10.1 Extraction of ribonucleic acid (RNA) using RNeasy® Mini Kit

In order to measure mRNA expression, total RNA from HCASMCs was extracted using a
RNeasy® Mini Kit (Qiagen, Germany, 74106), which combines the stringency of
guanidine-isothiocyanate lysis with the speed of microspin technology and the purity of
silica-gel-based membrane purification. The kit consists of four steps: lysing, binding,

washing and eluting.

HCASMCs were pre-adapted to 18, 5 or 1kPa O for 5d and then seeded into 6-well plates
and cultured to ~80%. Cells were then treated with vehicle (Veh, 0.005% DMSO), SFN
(2.5uM), TPEN (1.25uM) or 2-mercaptopyridine N-oxide sodium salt (a Zn?* ionophore,
0.5uM) with ZnCl, (10uM) for 6h, respectively. Cells were then washed twice with cold PBS

and lysed with B-mercaptoethanol (1%) and RLT lysis buffer (350ul/well), which is a
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guanidine isothiocyanate (GITC)-containing buffer leading to efficient RNA lysis, protein
denaturation and ribonuclease (RNase) inactivation. Lysates were transferred into RNase-free

Eppendorfs and stored at -80°C before extraction (Chapple et al., 2016).

As shown in Figure 2.10, frozen lysates were defrosted at room temperature for 5min and
then 70% ethanol (350ul/per sample) added to provide appropriate binding conditions. The
mixed well solution was transferred into a RNeasy spin column placed in a 2ml collection
tube and centrifuged for 15s at 13,000rpm at room temperature. The total RNA binds to the
membrane, and the flow-through in the collection tube was discarded. The columns were
washed with RW1 buffer (a washing buffer that efficiently removes biomolecules such as
carbohydrates, proteins, fatty acids) (700ul/per column) and centrifuged for 15s at 13,000rpm
at room temperature. The columns were then washed by RPE buffer (a mild washing buffer
to remove salts used before) (700ul/per column) twice, followed by centrifugation at
13,000rpm at room temperature for 15s and 2min, with flow-through discarded. The columns
were subsequently centrifuged for 1min at 13,000rpm at room temperature and then
transferred to a new 1.5 ml collection tube. To elute RNA, 40ul RNase-free H.O was directly
added to center of the spin column membrane and centrifuged for 1min at 13,000rpm. 30ul
eluate was then added to center of membrane and centrifuged again and the eluted RNA was

collected.

membrane
Cells in lysis Add 70% RNeasy
reagent ethanol spin column

= = = RNA bind E §
j - j - on silica BV A v Eluted
5 I \J— RNA

Wash Elute

Figure 2.10 Example of RNeasy® Mini Kit procedure

Cultured and treated HCASMCs were lysed with RLT lysis buffer including 1% B-mercaptoethanol. Ethanol
provides optimal conditions leading to total RNA binding to the silica membrane. The silica membrane was
washed 3 times with RW1 buffer or RPE buffer to remove contaminants and cellular material. 40ul RNase-free
H>0 was added and eluted RNA.
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The concentration and purity of RNA were measured using a NanoDrop DN-100
spectrophotometer (NanoDrop Technologies, USA), with 1ul per sample used for
measurement. The contamination was assessed by the ratio of absorbance 260/280 (A260/280)
and 260/230 (Aze0/230). Azeor2so OF around 2.0, and Azsor2zo 0f 2.0-2.2 are generally accepted as
‘pure’ for RNA. The concentration of RNA was expressed in ng/ul. RNA samples were

stored at -80°C before reverse transcription polymerase chain reaction (RT-PCR).

2.10.2 Complementary DNA (cDNA) synthesis

The original RNA was reverse transcribed to complementary DNA (cDNA). cDNA was
synthesized using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
4368814, USA). 13ul of each RNA sample was mixed with 7ul cDNA Master Mix
containing the following components: 10x reverse transcription (RT) buffer (2ul), 1200mM
25x deoxy-ribonucleoside triphosphate (ANTP) mix (0.8ul), 10x RT random primers (1.6pl),
500ng/pl oligo dT primers (0.4ul), MultiScribe™ reverse transcriptase (1pl) and Nuclease
(DNase)-free H2O (1.2ul). Reaction was performed using the GeneAmp® PCR System 9700
thermal cycler (Applied Biosystems, USA), as follows: The reaction was incubated at 25°C
for 10min, then stored at 37°C for 120min, stopped at 85°C for 5min before the system
cooled down and held at 4°C. cDNA products were diluted as 20ng/pl before they were used

in further gPCR procedures.

2.10.3 Primer design and qRT-PCR

The design of primers was based on gene sequences in the National Centre for Biotechnology

Information (NCBI). The specificity and complementarity of primers were assessed by
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Oligonucleotide Properties Calculator and In-Silico PCR, and a list of the primers used is

tabulated in Table 2.4. All primers were obtained from Sigma-Aldrich.

The master mix (10ul) was prepared before gPCR and contained enzyme (5ul, SensiFAST™
SYBR® No-ROX Kit, Bio-98005), cDNA (20ng/ul, 0.5ul), primers (6uM, 1ul) and Nuclease
free H2O (3.5ul). The master mix was added into a 384-well plate and the fluorescence signal
were detected and quantitated nucleic acid sequences by the 7900HT Fast Real-Time PCR
System (Applied Biosystems™, Instrument Serial number 279003048). The DNA templates
were amplified by 3 repeating steps with 40 cycles: denaturation (95°C, 5s), annealing (60°C,
15s) and extension (72°C, 15s) after polymerase activation (95°C, 2min). In dye-based gPCR,
fluorescent labelling quantified the amplified DNA molecules by non-specific fluorescent
dyes intercalating with double-stranded DNA (dsDNA) (Bustin, 2000). The fluorescence
signal increased proportionally to the amount of replicated DNA. Relative mRNA levels were
calculated using the threshold cycles (Ct) and normalized to three house-keeping gene
(ribosomal protein lateral stalk subunit PO (RPLPQ), TATA-binding protein (TBP), succinate
dehydrogenase complex, subunit A (SDHA)). The calculation formula is as follows: amount

of target = 2°ACt,

Table 2.4 List of qPCR primers

No Gene Forward (5°—3’) Reverse (3°—5) Amplicon(bp)
name

1  RPLPO CAGATTGGCTACCCAACTGTT GGGAAGGTGTAATCCGTCTCC 98

2 TBP CACGAACCACGGCACTGATT  TTTTCTTGCTGCCAGTCTGGAC 89

3 SDHA CTACAAGGTGCGGATTGATG  ATAGGACAGGGTGTGCTTCC 100

4  HO1 GGCTTCAAGCTGGTGATGG AGTAGACAGGGGCGAAGACTG 100

5 GCLC CACAAGGACGTTCTCAAGTGG AGGATGGTTTGGGTTTGTCC 150

6 GCLM CCAGATGTCTTGGAATGCAC GACTGAACAGGCCATGTCAAC 150

7  NQO1 GCACTGATCGTACTGGCTCA GGTCCTTCAGTTTACCTGTGATG 172

8 MT1 ATGGACCCCAACTGCTCCTG AGCAGCTCTTCTTGCAGGAG 100

Abbreviations: RPLPO, ribosomal protein lateral stalk subunit PO; TBP, TATA-binding protein; SDHA,
succinate dehydrogenase complex, subunit A; HO-1, heme oxygenase-1, GCLC, glutamate-cysteine ligase
catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; NQO1, NAD(P)H quinone dehydrogenase
1; MT1, metallothionein-1.
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2.11 Immunoblotting

Immunoblotting is used for the detection of protein expression by exploiting the specificity
inherent in antigen-antibody recognition. Firstly, whole cell lysates were prepared. After
aspirating medium, cell monolayers were washed twice with cold PBS. Cell lysates were
collected using SDS lysis buffer supplemented with protease inhibitor cocktail

(Sigma-Aldrich, 42484600). All steps were performed on ice and lysates stored at -80°C.

The SDS-PAGE gel contains a resolving gel (see Appendix 5) that separates proteins by
molecular weight and a stacking gel (see Appendix 6) that "stacks" all of proteins in sample
into a narrow band, so that they all enter the resolving gel at essentially the same time, with
10pg of each sample were loaded in sodium dodecyl sulfate-polyacrylamide (SDS-PAGE)
gel. The loading volume for each sample was calculated from protein concentration
determined using the BCA assay as described in Section 2.2. Loading buffer (0.02%
bromophenol blue + 1% 2-mercaptoethanol) was added into each sample at a ratio of 1:9 to
the original sample volume. Electrophoresis was conducted at 120V for 1.0-1.5h in gel tank
with running buffer (see Appendix 7). Afterwards, separated proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane (Millipore, IPVH00010) by electrophoresis
using semi-dry transfer with transfer buffer (see Appendix 8) for 2.5h at 20V. The protein
binding sites on PVDF membrane were blocked by PBS-T containing 5% skimmed milk
(Marvel, UK) with constant rocking for 1h at room temperature. The membrane was then
incubated with primary antibody (Table 2.5) targeted against tested protein overnight at 4°C.
All primary antibodies were made up in 3% BSA PBS-T and a few granules of sodium azide
were added to prevent contamination and allow multiple use of the antibody. The primary
antibodies were diluted in blocking solution according to manufacturer’s information for
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different antibodies. After washing membrane thrice with PBS-T for 10min each, the
membrane was incubated with a suitable horseradish peroxidases (HRP)-conjugated
secondary antibody (Table 2.6) (recognizing the host species of the primary antibody) diluted
with 3% skimmed milk and PBS-T according to the instructions for 1h with constant rocking,
followed by three times washes with PBS-T. The membrane was subjected to development
with enhanced chemiluminescence (ECL) (Immobilon® classico western HRP substrate
(Millipore, Lot.192265) or Immobilon® crescendo western HRP substrate (Millipore, Lot.
190465)). Immunoblot data were analysed by ImageJ 1.49c (National Institute of health,

USA). The immunoblotting protocols are illustrated in Figure 2.11.

Antigen samples Blotting tank
Proteins transferred to
- PVDF membrane
! sep;ra(cd S~
= proteir? .
NL= N < %
\,\ e J
Separation gel Ll
e antibody
|‘ . v
e g Immunostaining ~
o -~ of blot

,* Enzyme substrate
Enzyme linked to
secondary antibody

Antigen bandé
visualized

Secondary antibody
Primary antibody

~ / g ;;. Detection signal
~ + (chemiluminescence)

Antigen in blotted
membrane

Figure 2.11 Immunoblotting

Cell lysates were run through electrophoresis on SDS-PAGE to separate proteins based on their molecular
weight. Proteins were transferred onto a PVDF membrane, which was then blocked with skimmed milk. The
membrane was incubated with primary antibody and the corresponding secondary antibody conjugated with
HRP. Substrates were added to react with the HRP to generate light that can be detected using a G: Box system
(Syngene, UK). Densitometry was performed using Image J software (National Institute of Health, USA).
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Table 2.5 List of primary antibodies for immunoblotting

Antigen Molecular Dilution Manufacturer Host Species Catalog number
Weight (kDa)
B-actin 45 1:8000 Sigma-Aldrich mouse A1978
HIF-1a 110 1:1000 Abcam rabbit Ab179483
HO-1 32 1:500 BD Biosciences mouse 610713
NQO1 29 1:500 Santa Cruz mouse sc-32973
GCLC 73 1:10,000 N/A rabbit N/A
GCLM 31 1:10,000 N/A rabbit N/A
Bachl 110 1:500 Santa Cruz mouse sc-271211
MT 10 1:500 Abcam mouse Ab12228
MT 10 1:1000 GeneTex mouse GTX12228
ZnT1 55 1:500 Abcam rabbit Ab123139
CAT ~60-65 1:8000 Sigma-Aldrich rabbit 219010
CuzZnSOD 17 1:2000 Abcam rabbit Ab16831
MnSOD 22 1:1000 R&D systems mouse MAB3419
SM22-a. 23 1:100 Abcam goat Ab10135
Calponinl 34 1:5000 Abcam rabbit Ab46794
eNOS 140 1:500 Santa Cruz mouse SC-376751

Abbreviations: Nrf2, nuclear factor erythroid-2-related factor 2; HIF-1la, hypoxia-inducible factor 1-alpha;
HO-1, heme oxygenase 1; NQO1, NAD(P)H quinone oxidoreductase; GCLC, glutamate-cysteine ligase
catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; Bachl, BTB and CNC homology 1; ZnT1,
zinc transporter 1; MT, metallothionein; CAT, catalase; CuZnSOD (SOD1), superoxide dismutase [Cu-Zn];
MnSOD (SOD2), superoxide dismutase [Mn]; *GCLC and GCLM were gifts from Prof. T. Kavanagh
(University of Washington, WA, USA).

Table 2.6 List of secondary antibodies for immunoblotting

Antigen Manufacturer Catalog number  Dilution
Goat Anti-Rabbit MilliporeSigma 401315 1:2000
Goat Anti-Mouse MilliporeSigma 401215 1:2000
Goat Anti-Goat MilliporeSigma AB324P 1:2000

2.12 siRNA Nrf2 silencing of Nrf2

HCASMCs were pre-adapted to 18, 5 or 1kPa O for 5d and then seeded into 24-well plates
and cultured to ~80%. HCASMCs were transfected with 2.5nM of either scrambled siRNA
(Santa Cruz, USA, sc-37007) or Nrf2 siRNA (Santa Cruz, USA, sc-37030) for 24h using
DharmaFECT 4 transfection reagent (Thermo Scientific, UK, T2004-02) before treatment
with before treatment with SFN (2.5 mmol/L) or vehicle for 16h, followed by measurements

of HO-1, NQO1 MT and ZnT1 protein or metal concentrations.
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2.13 Nrf2 overexpression

HCASMC were pre-adapted to 18, 5 and 1kPa for 5d in 24-well plates and then transfected
with control vector pcDNA3.1 (3.1C) or pcDNA3.1-hNrf2 (hNrf2) vector at 400ng per well
for 24 hours using FUGENE transfection reagent (Promega, UK) according to the
manufacturer’s instructions, followed by measurements of HO-1, NQO1 MT and ZnT1l

protein or metal concentrations. Appendix 9 provides further vector information.

2.14 Phosphorescence lifetime measurements of Oz levels in HCASMCs cytosol and

medium

Intracellular O levels in living cells were monitored using MitoXpress®-INTRA (Agilent
Technologies, MX-300-4), which is a cell-penetrating phosphorescent platinum-porphyrin
based nanoparticle probe (Chapple et al., 2016; Fercher et al., 2011; Warpsinski et al., 2020;
Zhdanov et al., 2014). The probe can emit a phosphorescence signal at 65555 nm when
excited at 35555 nm. The probe traverses the plasma membrane and binds to O, quenching
phosphorescence emission, which can be detected in an oxygen-controlled plate reader
(CLARIOstar, BMG Labtech, UK). The signal decay is inversely proportional to the
concentration of O>. The assay, equipped with an atmospheric control unit attachment,
enables measurements of cytosolic and medium Oz levels under defined ambient O> levels

(Chapple et al., 2016; Fercher et al., 2011; Warpsinski et al., 2020).

HCASMCs were seeded into black clear bottomed 96-well plates in quadruplicate and

cultured to ~80% confluence in air (18kPa) and loaded with the nanoparticle probe (10ug/ml)
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for 16h in complete medium. Phosphorescence intensity after excitation was measured after
30us (D1) and 70us (D2) with a 30us window and converted to probe lifetime (T)
[T=(D2-D1)/In(lwi/lw2)], where T represents emission lifetime and lw1 and lw2 represent
signals measured at window 1 and window 2 . Averaged lifetime measured at 7 ambient O>
tensions (18, 15, 10, 7.5, 5, 2.5, 1kPa) were plotted against the known O tension and
subjected to an exponential fit analysis. Lifetime values were then converted to %0- by a
curve based on the parameters of the fit. Lifetime values were then interpolated from this
curve to give the dissolved intracellular Oz level in HCASMCs cytosol. Dissolved O> level in
culture medium was also measured in parallel by diluting MitoXpress®-INTRA (2.5ug/ml)

in complete medium.

2.15 Measurement of intracellular free radical generation by L-012 chemiluminescence

L-012 (8-amino-5-chloro-7-phenylpyridol[3,4-d]pyridazine-1,4-(2H,3H)dione), a
luminol-based chemiluminescent probe, is widely used to measure oxidants in biological
systems, specifically O™ (Warpsinski et al., 2020; Zielonka et al., 2013). O>™ alone does not
react with L-012 to emit luminescence. The first step of the reaction is oxidation of the probe
to its radical. Reaction of the luminol radical with self-generated O™ during oxidation of
L-012 leads to the emission of blue light, which can be inhibited by superoxide dismutase

(SOD) (Zielonka and Kalyanaraman, 2018; Zielonka et al., 2013).

HCASMCs were seeded into white clear bottomed 96-well plates in quadruplicate and
adapted for 5d under 18 or 5kPa O,. Cell monolayers (~80% confluence) were incubated in
the absence or presence of polyethylene glycol SOD (pSOD, 20U/ml, Sigma-Aldrich, S9549),

polyethylene glycol catalase (pCAT, 200U/ml, Sigma-Aldrich, C4963) and then the L-012
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sodium salt (L-012, 10uM, TOCRIS, 5085). Cells adapted to 18 or 5kPa O were rapidly
transferred to an O»-regulated plate reader (CLARIOstar, BMG Labtech, UK) at 37°C and
exposed to hypoxia (1kPa O2) for 1h and reoxygenation under 18 or 5 kPa O, respectively.
O changes between 18kPa or 5kPa and 1kPa took ~30 minutes. Chemiluminescence was

measured at 60s intervals over 3h and data expressed as mean light unitsx10*/mg protein.

Meanwhile, to measure the effects of the Nrf2 inducer sulforaphane (SFN), Zn?* and TPEN
treatment on intracellular free radical generation, HCASMCs were seeded into 96-well plates
in quadruplicate and adapted for 5d under 18 or 5kPa O,. HCASMCs were treated with
vehicle (veh, 0.005% DMSO), SFN (2.5uM), TPEN (1.25uM) or 2-mercaptopyridine
N-oxide sodium salt (a Zn?" ionophore, 0.5uM) with ZnCl, (10uM) respectively for 16h.
Cells were then incubated with L-012 sodium salt (L-012, 10uM, TOCRIS). Cells adapted to
18 or 5kPa O were rapidly transferred to an Oz-regulated plate reader (CLARIOstar, BMG
Labtech) at 37°C and exposed to hypoxia (1kPa O2) for 1h and reoxygenation under 18 or
5kPa 0., respectively. Chemiluminescence was measured at 60s intervals over 3h and data

expressed as mean light unitsx10*/mg protein.

2.16 Metallomic profiling in HCASMCs using inductively coupled plasma mass

spectrometry (ICP-MS)

The London Metallomics Facility, funded by a Wellcome Trust Multi-user Equipment Grant
and King’s College London, enables the imaging and speciation of trace metal elements in
biological samples. In collaboration with Dr Theodora Stewart , Dr Alex Griffiths and Prof
Wolfgang Maret, we conducted metal profiling in HCASMCs adapted to physiological

normoxia (5kPa), hypoxia (1kPa) and reoxygenation using ICP-MS (Mittal et al., 2017,
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Stewart, 2019). ICP-MS uses an inductively coupled plasma to ionize the sample, and ions
are detected in a NexION 350D mass spectrometer with concentrations of metals proportional

to the ion signals according to their mass-charge ratio (Wilschefski and Baxter, 2019).

HCASMCs were cultured long-term (5d) in air (18kPa O) or in an O-regulated Sci-tive
workstation under physiological normoxia (5kPa O2) or hypoxia (1kPa O.) or 1h hypoxia
following re-exposure to 18 or 5kPa O for 1 and 9h. O changes between 18kPa or 5kPa and
1kPa took 30 minutes. HCASMCs in 6-well plates were treated with vehicle (veh, 0.005%
DMSO), SFN (2.5uM), TPEN (1.25uM) or 2-mercaptopyridine N-oxide sodium salt (0.5uM)
with ZnCl, (10uM) for 16h, respectively. Cells were washed with PBS twice and metal-free
ddH20 (500pl/well) were added to each well. 6-well plates were kept in a humidified
environment at 4°C for 4 h, and subsequently lysis solution was collected into an Eppendorf
tube and stored at -80°C. Samples were then thawed and subjected to 95°C for 20 min.
Protein concentrations were obtained using the BCA assay. Cells lysed in water were
subjected to three freeze-thawing cycles and sonication for 20min before heating with 10%
Suprapur® nitric acid (Merck Millipore, UK) to 95°C for 2h. Subsequently, the lysis solution
was cooled and diluted with metal-free ddH20O to a final concentration of 0.5% nitric acid.
The lysis solution was centrifuged to collect samples at the bottom of the tube and sent for
ICP-MS analysis to obtain subcellular measurements of total zinc (Zn), iron (Fe), copper (Cu),
manganese (Mn) and magnesium (Mg) in HCASMCs adapted to 18, 5 or 1kPa O, and

reoxygenation.
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2.17 Statistical analysis

All experimental data were analyzed using GraphPad Prism software version 8 (GraphPad
Software, USA) and presented as mean £ S.E.M. All experiments were repeated in 3-6
independent HCASMCs cultures. Statistical analyses of multiple groups were evaluated using
one-way ANOVA analyses. Statistical comparisons of multiple groups involving treatments,
two-way ANOVA analyses of variances with Tukey or Bonferroni post-test were performed,

with significant values of *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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Chapter 3 — Results

Redox phenotype of HCASMCs under 18, 5 and 1kPa O:

Coronary arteries are responsible for suppling blood and O to the myocardium (Goodwill et
al., 2017) and involved in myocardial IR injury. Coronary artery SMCs, located in tunica
media layer of vessel walls, exhibit contractile functions and maintain blood pressure and
tissue perfusion (Owens et al., 2004) and play an important role in IR injury, which is
associated with atherosclerotic plaque instability and rupture (Durham et al., 2018). Thus, in
the present study primary HCASMCs were used to investigate Nrf2-regulated redox
signalling pathways under normoxia and IR injury. This chapter describes the
characterizations of HCASMCs adapted to 18, 5 and 1kPa O, including morphology,
phenotype, proliferation and cytosolic O, levels. Moreover, basal ATP, GSH, catalase,
CuzZnSOD and MnSOD levels and Nrf2-targeted protein and mRNA expression were
measured in HCASMCs adapted for 5d to 18, 5 and 1kPa O,. Knock-down of Nrf2

transcriptional activity using siRNA was used to confirm the involvement of Nrf2.

3.1 Characterisation of HCASMCs under 18, 5 and 1kPa O3

3.1.1 Morphology of HCASMCs under 18, 5 and 1kPa O2

HCASMCs maintained under 18, 5 and 1kPa O exhibited the typical morphology of smooth
muscle cells, characterized by a ‘hill and valley’ appearance (see Figure 3.1). Experiments
were carried out using HCASMCs cultures in passage 5-8. Vascular SMCs (VSMCs) can
exhibit contractile and synthetic functions with two different phenotypes (contractile and

synthetic phenotype) (Durham et al., 2018; Owens, 1995; Rensen et al., 2007). VSMCs in
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blood vessel walls in vivo are normally in a quiescent contractile phenotype to maintain
vascular tone via contraction under physiological conditions (Rensen et al., 2007). In various
pathologies, VSMCs undergo a rapid and reversible change to a proliferative and synthetic
phenotype characterised by increased proliferation and extracellular matrix (ECM) synthesis
(Owens et al., 2004). Figure 3.1 shows the morphology of around 80% confluent HCASMCs
cultured for 5 days under 18, 5 and 1kPa Oz. Cells spread randomly on culture plates in a

rhomboid-like proliferative and synthetic state.

18 kPa

5 kPa

1 kPa

Figure 3.1 Phase images of HCASMCs cultures

(A)-(D) Representative images of passage HCASMCs cultured in smooth muscle cell basal medium 2 (SMC
BM2) (PromoCell, C-22262), supplemented with supplement pack smooth muscle cell growth medium 2
(PromoCell, C-39262) under 18kPa. (E)-(H) Representative images of passage HCASMCs cultured in complete
medium under 5kPa. (1)-(L) Representative images of passage HCASMCs cultured in complete medium under
1kPa. Images were taken at x10 magnification using an Etaluma microscope (LS720 Microscopes, USA). Scale
bar is 50um.
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3.1.2 Characterization of HCASMCs by immunostaining and immunoblotting

SMCs exist in a contractile or synthetic phenotype, and the degree of differentiation can be
detected by the expression VSMCs specific markers. Markers of contractile phenotype are
widely reported in the literature and are divided into early (SMaA, myocardin and SM22-a),
mid-term (H-caldesmon and calponin-1) and late (SMMHC-1 and -2 and smoothelin) via
their appearance during embryonic development or during differentiation of stem cells
toward VSMCs (Babij et al., 1992b; Han et al., 2008; Rashidi et al., 2018; Rodriguez et al.,

2006).

In the present study, SM22-a and calponin-1 expression was detected in HCASMCs cultured
for 5d under 18, 5 or 1kPa Oz by immunostaining and immunoblotting. Endothelial nitric
oxide synthase (eNOS) expression was used as a negative control to confirm the absence of
endothelial cells. Information for the antibodies used for immunostaining and

immunoblotting are summarised in Tables 2.1, 2.2 and 2.5.

Figure 3.2A-C and Figure 3.2E-G show representative fluorescence images of SM22-o and
Calponin-1 staining of HCASMCs under 18, 5 and 1kPa O, respectively. Protein expression
of SM22-o and Calponin-1 was confirmed in HCASMCs cultured under 18, 5 and 1kPa by
immunoblotting (Figure 3.2D and H). Expression of eNOS was not detected, indicating
negligible endothelial contamination. Furthermore, expression of calponin-1 was significantly
increased in HCASMCs under 5 kPa and 1 kPa O, compared to 18kPa O, whilst SM22-a.

protein expression was not altered significantly under different O levels.
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Figure 3.2 Characterization of HCASMCs by immunostaining and immunoblotting

(A)-(C) Representative fluorescence images of HCASMCs stained with SM22-o, following culture for 5d under 18, 5 and 1kPa O,, respectively. (D) SM22-0 protein
expression determined by immunoblotting, with densitometric analysis of SM22-q, relative to -actin. (E)-(G) Representative fluorescence images of HCASMCs stained with
Calponinl following culture under 18, 5 and 1kPa O, respectively. (H) Calponin-1 protein expression determined by immunoblotting with densitometric analysis of
Calponin-1 relative to p-actin. Data denote mean + SEM, n=6 independent HCASMCs cultures, *P<0.05, ***P < 0.001, One-way ANOVA with Tukey’s multiple
comparisons test. Images were taken at x40 magnification using an Etaluma microscope (LS720 Microscopes, USA). Scale bar is 10uM. The 6 different HCASMCs cultures
are colour-coded to highlight changes in SM22-a. and Calponinl expression in a given culture.

Abbreviation: SM22-a, smooth muscle protein 22-alpha.
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3.1.3 Proliferation of HCASMCs

To compare the proliferation of HCASMCs cultured under 18, 5 and 1kPa O, cell number,
protein content and doubling time were determined as described in Section 2.4. As shown in
Figure 3.3 and 3.4, HCASMCs proliferated continuously over 5 days. Compared to cells
cultured under 18 kPa Oy, the rate of proliferation was increased in cells cultured under 5 and
1kPa O- level. There are significant differences between cell number and cell protein in cells
cultured for 4 and 5 days under 5 and 1kPa compared to cells adapted to 18kPa O. The
doubling time is markedly lower in cells adapted to 5 and 1kPa O, compared to 18kPa O,

consistent with results for cell number and protein content.
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Figure 3.3 Proliferation of HCASMCs under 18, 5 and 1 kPa O:

Cells were seeded at 3500 cells/well into 96-well plates and proliferation monitored continuously over 5 days.
(A) Cell counting using a haemocytometer. (B) Protein content measured using a BCA assay. Data denote mean
+ S.E.M., n=3-4 independent cultures, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 5kPa vs 18kPa
group. P < 0.05, #P < 0.01, #P < 0.001, P < 0.0001, 1kPa vs 18kPa group. Two-way ANOVA with
Tukey’s multiple comparisons test.
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Figure 3.4 Doubling time of HCASMCs under 18, 5 and 1kPa O: level

Cells were pre-adapted for 5 days to either 18, 5 or 1kPa O, and then seeded at 7000 cells/well in a E-Plates®
and proliferation monitored continously over 5 days in the iCelligence platform. One-way ANOVA with
Tukey’s multiple comparisons test. Data denote mean + S.E.M., n=3 independent cultures, ****P < 0.0001. The
3 cultures are colour-coded to highlight changes in a given culture.

3.2 Real-time measurement of Oz levels in HCASMCs cytosol and medium

Previous studies have reported the O gradients between the intracellular and medium
environment in HUVECs and mouse brain microvascular endothelial cells (bEnd.3), enabling
the selection of O levels in vitro to recapitulate values measured in in vivo (Chapple et al.,
2016; Warpsinski et al., 2020). In the present study, real-time cytosolic Oz levels were
monitored in HCASMCs preloaded with the cell-penetrating phosphorescent nanoparticle
probe MitoXpress®-INTRA (Chapple et al., 2016). When cells were adapted from 18kPa to
1kPa, phosphorescence lifetime in cells and medium was increased, as measured in real-time
in an Oz-controlled CLARIOstar plate reader (Figure 3.5A). The relationship between
ambient O levels and phosphorescence lifetime is illustrated in Figure 3.5B. Cells adapted
to 5kPa achieved an intracellular O level of 3.98+0.11kPa (Figure 3.5B). Notably, the
cytosolic O2 level was slightly lower than dissolved O: in the medium above the cell

monolayer.
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Figure 3.5 Cytosolic and medium O: level in HCASMCs under 5kPa O:

Intracellular O; levels in HCASMCs were monitored using MitoXpress®-INTRA. (A) Representative traces
show phosphorescence lifetime measurements in cells and medium. (B) Relationship between phosphorescence
lifetime and O; level and intracellular O level in HCASMCs. Interpolated O, content in HCASMCs cytosol and
medium under 5 kPa O (dashed line). Data denote mean + S.E.M., n=3 independent cultures, Student’s t-test,
**P<0.01.

3.3 Stabilization of HIF-1a in HCASMCs adapted to 1kPa O2

Hypoxia-inducible factor-1 (HIF-1) is a transcription factor sensitive to hypoxia, and consists
of two subunits, a (active oxygen-regulated subunit) and B (oxygen-independent subunit)
(Bhattarai et al., 2018; Ratcliffe, 2007; Salceda and Caro, 1997; Semenza, 2001). Hypoxia
decreases the hydroxylation of HIF-1a, resulting in limitation of proteolytic degradation
(Jaakkola et al., 2001; Zimna and Kurpisz, 2015). Under physiological normoxia, HIF-1a is
hydroxylated to suppress transcriptional activation (Semenza, 2014; Srinivas et al., 1999). In
the present study, stabilization of HIF-1a was only observed in HCASMCs adapted to 1 kPa

02 and cells adapted to 5kPa O> did not exhibit a hypoxic phenotype (Figure 3.6).
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Figure 3.6 Effect of different ambient Oz levels on HIF-1a expression in HCASMCs

HIF-1a protein expression was determined by immunoblotting with densitometric analysis of HIF-1a relative to
B-actin. Data denote mean + S.E.M., n=3 independent cultures, *P<0.05, One-way ANOVA with Tukey’s
multiple comparisons test. The 3 cultures are colour-coded to highlight changes in a given culture.

Abbreviation: HIF-1a, hypoxia-inducible factor-1.

3.4 Basal ATP levels in HCASMCs cultured under 18, 5 and 1kPa O3

To determine how hyperoxia, normoxia and hypoxia regulate cellular ATP utilization, basal
ATP levels were examined in HCASMCs adapted for 5d to 18, 5 and 1kPa O>. Intracellular
ATP levels had negligible effect by pericellular O level in HCASMCs, Several studies have
described these cardiomyocytes exposed to prolonged hypoxia (1lmin to 16h) exhibit a
reversible inhibition of ATP demand, ATP consumption and O uptake, reflecting a
self-protection response associated with a reversible suppression of cytochrome-c oxidase

(Budinger et al., 1996; Budinger et al., 1998).
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Figure 3.7 Intracellular ATP levels in HCASMCs cultured under 18, 5 and 1kPa O:

Basal intracellular ATP levels in HCASMCs adapted to 18, 5 and 1kPa O, for 5d and expressed as nmol/mg
protein. Data denote mean + S.E.M., n=6 independent cultures, One-way ANOVA with Tukey’s multiple
comparisons test. The 6 cultures are colour-coded to highlight changes in a given culture.

Abbreviation: ATP, adenosine 5'-triphosphate.

3.5 Effects of different ambient Oz levels on intracellular GSH and antioxidant enzyme

levels in HCASMCs

The basal redox status of HCASMCs cultured under 18, 5 and 1kPa O, for at least 5 days was
assessed prior to further experimentation. Basal intracellular glutathione (GSH) levels in
HCASMCs were not altered when cells were cultured under 18 and 5 kPa O (13.76 +0.58
versus 13.77 £0.47 nmol/mg protein respectively), consistent with our previous findings in
HUVECs (Chapple et al., 2016). However, intracellular GSH levels were significantly lower

in HCASMCs adapted to 1kPa Oz, namely 11.41 +0.58 nmol/mg protein (Figure 3.8).
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Figure 3.8 Intracellular GSH levels in HCASMCs cultured under 18, 5 and 1kPa O2

Basal intracellular total GSH levels in HCASMCs adapted to 18, 5 and 1kPa O, for 5d and expressed as
nmol/mg protein. Data derived from same cultures for ATP determinations in Fig.3.7 and denote mean +
S.E.M., n=6 independent cultures, *P < 0.05, One-way ANOVA with Tukey’s multiple comparisons test. The 6
cultures are colour-coded to highlight changes in a given culture.

Abbreviation: GSH, glutathione.

Although long-term adaptation of HCASMCs to 18kPa O, had no effect on protein
expression of catalase (CAT) compared to cells under 5kPa Oz, CAT expression trended to be
lower under 1kPa O,. Protein expression of CuZnSOD and MnSOD decreased as ambient O2
levels decreased from 18 to 1kPa O», with a significant difference measured between cells
cultured under 18kPa and 1kPa O (Figure 3.9), consistent with other studies in human

fibroblasts adapted to 1kPa for 72h (Sgarbi et al., 2017).
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Figure 3.9 Effects of different ambient Oz levels on CAT, CuZnSOD and MnSOD expression in HCASMCs

| T T
18kPa 5kPa 1kPa

Basal protein expression of catalase, CuZnSOD and MnSOD in HCASMCs adapted to 18, 5 and 1kPa O, were determined by immunoblotting, with densitometric analysis of
catalase, CuZnSOD and MnSOD expressed relative to B-actin. Data denote mean + S.E.M., n=6 independent cultures, *P < 0.05, **P < 0.01, ***P < 0.001, One-way

ANOVA with Tukey’s multiple comparisons test. The 6 cultures are colour-coded to highlight changes in a given culture.

Abbreviations: CAT, catalase; CuZnSOD, SOD1, superoxide dismutase [Cu-Zn]; MnSOD, SOD2, superoxide dismutase [Mn].
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3.6 Sulforaphane induces Nrf2 nuclear translocation

Activation of Nrf2 by sulforaphane (SFN), a classic activator known to modify Cys151 on
Keapl (Baird and Yamamoto, 2020; Robledinos-Anton et al., 2019), was assessed by
immunostaining and quantifying Nrf2 nuclear: cytoplasmic ratios. As shown in Figure 3.10,

SEN (2.5uM) significantly induced Nrf2 nuclear accumulation in HCASMCs under 18, 5 and

1kPa O.
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Figure 3.10 Sulforaphane induced Nrf2 nuclear translocation in HCASMCs under 18, 5 and 1kPa O2

(A, C, E) Representative Nrf2 positive immunofluorescence images of HCASMCs and nucleus stained with
DAPI following pre-treatment of cells with Vehicle (Veh, 0.005% DMSO, 16h) or SFN (2.5uM, 16h). (B, D, F)
Quantification of Nrf2 nuclear: cytoplasmic ratio in HCASMCs treated with Veh or SFN under 18, 5 and 1kPa
0o, respectively. Data denote mean + S.E.M., n = 3 independent cultures, *P<0.05, **P<0.01, Two-way
ANOVA with Tukey’s multiple comparisons test. Images were taken at x40 magnification using an Etaluma
microscope (LS720 Microscopes, USA). Scale bar: 20uM.

Abbreviations: SFN, sulforaphane; Nrf2, nuclear factor erythroid 2- related factor 2.
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3.7 Nrf2-regulated target protein and mRNA expression under 18, 5 and 1kPa O2

To determine whether long-term adaptation to different Oz levels affects Nrf2 signalling, the
effects of hyperoxia (18kPa), normoxia (5kPa) and hypoxia (1kPa) on Nrf2-regulated target

protein and mMRNA expression were examined.

Previous studies in our group have shown that SFN (2.5 uM) upregulates Nrf2 target proteins
over 8-24h (Warpsinski et al., 2020). The present study examined the effects of SFN (2.5uM)
on protein (16h) and mRNA (6h) expression of key Nrf2 downstream targets GCLM, HO-1
and NQO1 (Figure 3.11 and 3.12). Basal GCLC and GCLM protein expression had
negligible change in HCASMCs cultured for 5d under 18 or 5kPa O, with a trend for lower
expression under 1kPa O (Figure 3.11A and B). These findings are consistent with GSH
results, as GCL catalyzes the first and rate-limiting step in GSH production (Forman et al.,
2009). Meanwhile, Basal mMRNA expression of GCLC and GCLM had no significant change

in cells treated with vehicle (0.005% DMSO, 6h) (Figure 3.12A and B).

In contrast to our previous studies in human venous umbilical and brain microvascular
endothelial cells (Chapple et al., 2016; Warpsinski et al., 2020), SFN induced activation of
Nrf2-HO-1 signalling was not significantly attenuated in cells under 5kPa O with the
consistent results of HO-1 mRNA expression (Figure 3.11C and 3.12C). There was
negligible difference of HO-1 protein and mRNA expression in cells after pre-treated with
SFN across the different O level. Meanwhile, the NQOL1 protein decreased as ambient O2

levels from 18 to 1kPa O, (Figure 3.11D and 3.12D).
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Figure 3.11 Nrf2-regulated target protein expression in HCASMCs under 18, 5 and 1kPa O:
Representative GCLM (A), GCLC (B), HO-1 (C) and NQO1 (D) immunoblots of HCASMCs treated with Veh
(0.005% DMSO, 16h) or SFN (2.5uM, 16h) after adaptation to 18kPa, 5kPa and 1kPa O, for 5d. Densitometric
analyses of GCLM, GCLC, HO-1 or NQOL1 protein expression relative to B-actin. Data denote mean + S.E.M.,
n=4-6 independent cultures, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, Two-way ANOVA with Tukey’s
multiple comparisons test. The 4-6 cultures are colour-coded to highlight changes within a given culture.
Abbreviations: SFN, sulforaphane; GCLM, glutamate-cysteine ligase modifier subunit; GCLC,
glutamate-cysteine ligase catalytic subunit; HO-1, heme oxygenase-1; NQO1, NAD(P)H quinone
dehydrogenase 1.
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Figure 3.12 Nrf2-regulated target mRNA expression in HCASMCs under 18, 5 and 1kPa O

mRNA expression of GCLM (A), GCLC (B), HO-1 (C) or NQO1 (D) in HCASMCs treated with Veh (0.005%
DMSO, 6h) or SFN (2.5uM, 6h) after adapted to 18kPa, 5kPa and 1kPa O; level for 5d. Data were normalized
to three housekeeping genes (TBP, RPLPO and SDHA). Data denote mean = S.E.M., n=4 independent cultures,
*P<0.05, **P<0.01, Two-way ANOVA with Tukey’s multiple comparisons test. The 4 cultures are
colour-coded to highlight changes within a given culture.

Abbreviations: SFN, sulforaphane; GCLM, glutamate-cysteine ligase modifier subunit; GCLC,
glutamate-cysteine ligase catalytic subunit; HO-1, heme oxygenase-1; NQO1, NAD(P)H Quinone
Dehydrogenase 1; TBP, TATA box binding protein; RPLPO, ribosomal protein lateral stalk subunit PO; SDHA,
succinate dehydrogenase complex, subunit A.
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Notably, BTB and CNC homology 1 (Bachl), a negative regulator of NQO1 and HO-1
expression was shown to be downregulated in HUVECs adapted to 18kPa for 5d compared to
5kPa O (Chapple et al., 2016; Kimura et al., 2007). Prolonged hypoxia upregulates Bachl
expression in HUVECSs and other cell types compared to 18kPa O (Kitamuro et al., 2003). In
the present study, protein and mRNA expression of Bachl were reduced in cells under 18kPa
O compared to 5 and 1kPa O, (Figure 3.13). Notably, knockdown of Bachl did not increase
GCLM expression in HUVECs adapted to 5 kPa O, indicating that the expression of
GSH-related genes under physiological O2 may be independent of Bachl (Chapple et al.,
2016). Moreover, SFN treatment significantly upregulated Bachl protein expression in cells

under 18 and 1kPa Oz(Figure 3.13A).
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Figure 3.13 Protein and mRNA expression of Bachl in HCASMCs under 18, 5 and 1kPa O2

(A) Representative Bachl immunoblots of HCASMCs treated with Vehicle (Veh, 0.005% DMSO, 16h) or SFN
(2.5puM, 16h) after adapted to 18kPa, 5kPa and 1kPa O, level for 5d. Densitometric analyses of Bachl protein
expression relative to p-actin. Data denote mean + S.E.M., n=6 independent cultures. Whole-cell lysates are the
same as those analysed in Fig. 3.12. (B) mRNA expression of Bachl in HCASMCs treated with Vehicle (Veh,
0.005% DMSO, 6h) or SFN (2.5uM, 6h) after adaptation to 18kPa, 5kPa and 1kPa O, level for 5d. Data were
normalized to three housekeeping genes (TBP, RPLPO and SDHA). Data denote mean * S.E.M., n=4
independent cultures, *P<0.05, **P<0.01, ***P<0.0001, Two-way ANOVA with Tukey’s multiple comparisons
test. The 4-6 cultures are colour-coded to highlight changes within a given culture.

Abbreviation: SFN, sulforaphane,; Bachl, BTB and CNC homology 1; TBP, TATA box binding protein;
RPLPO, ribosomal protein lateral stalk subunit PO; SDHA, succinate dehydrogenase complex, subunit A.
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3.8 Effects of silencing Nrf2 on antioxidant protein expression

To confirm that HO-1 and NQOL protein expression are regulated by Nrf2, HCASMCs were
cultured with scrambled (control) or Nrf2 siRNA to knockdown transcriptional activity
before treatment with SFN or vehicle. As shown in Figure 3.14, compared to scrambled
SIRNA transfection, 2.5nM Nrf2 siRNA obviously knock-down Nrf2-targeted HO-1 protein
expression, which is the transfection concentration used in subsequent experiments.
Notably,Nrf2 gene silencing had negligible effects on basal HO-1 or NQOL1 protein levels but
significantly abrogated SFN-induced upregulation of HO-1 and NQOL1 (Figure 3.15) protein
expression, confirming that activation of Nrf2 is involved in SFN-induced upregulation of
HO-1 and NOQ1 expression in HCASMCs. These additional experiments further support the

upregulation of HO-1 and NQO1 showed in Figure. 3.12.
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Figure 3.14 Preliminary experiment with scrambled (control) or Nrf2 siRNA to knockdown Nrf2
transcriptional activity

HO-1 immunoblots of HCASMC:s transfected with different concentrations of scrambled or Nrf2 siRNA for 24h
before treatment with SFN (2.5uM) or vehicle (0.005% DMSO) for 16h after 5d adaptation to 18kPa O». The
preliminary experiment shows one cell culture result.

Abbreviations: Veh, vehicle; SFN, sulforaphane; HO-1, heme oxygenase-1.
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Figure 3.15 Nrf2 silencing downregulates SFN-induced HO-1 and NQO1 protein expression
Representative HO-1 (A) and NQO1 (B) immunoblots of HCASMCs transfected with scrambled or Nrf2 siRNA for 24h before treatment with SFN (2.5uM) or vehicle

(0.005% DMSO) for 16h after 5d adaptation to 18kPa, 5kPa and 1kPa O level. Densitometric analyses of protein expression relative to B-actin. Data denote mean *+ S.E.M.,
=4 independent cultures, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, Two-way ANOVA with Tukey’s multiple comparisons test. The 4 cultures are colour-coded to

highlight changes within a given culture.

Abbreviations: Veh, vehicle; SFN, sulforaphane; HO-1, heme oxygenase-1; NQO1, NAD(P)H quinone dehydrogenase 1
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Chapter 3 — Discussion

In this chapter the phenotype of HCASMCs in culture was characterised, including cell
morphology, contractile markers, proliferation rates and cytosolic Oz levels under hyperoxia,
physiological normoxia and hypoxia. Importantly, lack of eNOS expression (used as a
negative control) confirmed the absence of endothelial cell contamination (Figure 3.2D and
H). Cells exhibited a similar morphology under the light microscope after 5d culture under 18,
5 and 1kPa Oz. Although expression of contractile markers SM22-a was affected negligibly
during long-term culture under 18, 5 and 1kPa O, Calponinl levels were elevated
significantly under 5 and 1 kPa O2. As shown in Figure 3.1, HCASMCs exhibited a classic
‘hills and valleys’ shape under 18, 5 and 1kPa O, which is a typical of a synthetic phenotype
(Proudfoot and Shanahan, 2012). The majority of cells had a spindle elongated shape at
confluence but as previously reported, cells develop into spherical multicellular nodules if
allowed to become over-confluent, as encountered in studies of vascular apoptosis and

calcification (Bennett et al., 1997).

In mature and healthy vessels, vascular smooth muscle cells (VSMCs) exhibit a differentiated
and contractile phenotype, a low rate of proliferation and expression of unique contractile
proteins to maintain the integrity of the vessel wall and regulation of contraction and
relaxation (Owens, 1995). Meanwhile, VSMCs within injured vessels or in culture in vitro
exhibit a dedifferentiated and synthetic phenotype, retaining remarkable plasticity, capable of
proliferation and synthesis of the extracellular matrix components (Owens et al., 2004). The
degree of VSMCs differentiation can be determined by the expression level of contractile (e.g.
calponin-1 and SM22-a) or synthetic (e.g. CRBP-1 and Smemb) markers (Rensen et al.,

2007). According to their appearance during embryonic development or during

107



Chapter 3 - Results

differentiation of stem cells towards VSMCs, contractile markers include early (SMaA,
myocardin and SM22-a), mid-term (H-caldesmon and calponin-1) and late (SMMHC-1 and

-2 and smoothelin) markers (Babij et al., 1992b; Dong et al., 2012).

In this present study, expression of an early marker, SM22-a (an actin-binding protein of the
calponin family), and a mid-term marker, calponin-1 (an actin filament- associated regulatory
protein) was monitored as an index of changes in HCASMCs phenotype. As shown in Figure
3.2, expression of calponin-1 was significantly increased in HCASMCs under 5 kPa
compared to 18kPa O with SM22-a protein expression affected negligibly by changes in O>
within the workstation. These results suggest that 5kPa O, more accurately replicate
physiological normoxia in vitro, as discussed by Badran and Eid. in their review (Badran et
al., 2020). Notably, reactive oxygen species (ROS) are main contributors to modulation of
VSMCs phenotype (see Figure 3.16) (Badran et al., 2020; Clempus and Griendling, 2006).
Basal and physiological ROS levels influence the transition of quiescent VSMCs into a
contractile phenotype (Su et al., 2001). In contrast, excessive ROS generation induce a
synthetic phenotype associated with disease and pathologies model such as atherosclerosis
and diabetes (Byon et al., 2008; Carrillo-Sepulveda and Matsumoto, 2014). Thus, the
recapitulating physiological normoxia in vitro cell culture models is of particular importance

for generation of ROS and modulation of VSMCs phenotype.
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Figure 3.16 The effect of reactive oxygen species on modulation of vascular smooth muscle cell
phenotypes

Basal ROS levels induce the switch of quiescent VSMCs or embryonic stem cells to a contractile phenotype,
with an upregulation of contractile markers (e.g. calponinl and SMMHC) expression. However, dysregulated
ROS generation in atherosclerotic, diabetic or cyclic stretch VSMCs induces the switch to a dedifferentiated
synthetic phenotype, with loss of contractile markers (e.g. calponinl, SM22-o. and smoothelin). Taken from
Badran and Eid review (Badran et al., 2020).

Abbreviations: ROS, reactive oxygen specices; SM22-a, smooth muscle protein 22-alpha; MHC, SMMHC,
smooth muscle myosin heavy chain; H,O,, hydrogen peroxide; Akt, protein kinase B; ERK1/2, extracellular
signal-regulated protein kinase 1/2; NOX4, NADPH oxidase 4; CTGF, connective tissue growth factor; SFR,
serum response factor; NF-xB, nuclear factor kappa B; Runx2, runt-related transcription factor 2.

Notably, in present study, expression of calponin-1, a key marker of smooth muscle
contractile phenotype, was increased in HCASMCs under 1kPa O (Figure 3.2) and
associated with increased HIF-1a protein levels (Figure 3.6). Previous studies have reported
that hypoxia promotes differentiation of epicardial cells into VSMCs and silencing HIF-1a
decreases the expression of contractile markers (e.g. SMaA and SM22-a) (Tao et al., 2018;
Wiafe et al., 2017). As forementioned, HIF-1a is hydroxylated and degraded under normoxic
conditions, whilst it is stablised under hypoxia (Salceda and Caro, 1997; Semenza, 2014).

Previous studies with human umbilical vein endothelial cells (HUVECSs) established that at
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least 5d culture under 5 kPa O is required to achieve a physiological oxygen phenotype in
the absence of HIF-1a protein stabilisation (Keeley et al., 2017). In my study, stabilisation of
HIF-1a was only observed in HCASMCs under 1 kPa Oz, whilst cells under 5kPa O did not
exhibit a hypoxic phenotype (Figure 3.6), consistent with increased calponin-1 protein
expression in cells under 1kPa O, (Figure 3.2). Moreover, Veber et al. have been reported
that factors driving the expression of the myogenic transcription factor myocardin, such as
type IV collagen culture, low serum culture, hypoxia, or TGF-B1 treatment, contribute the

modulation of VSMCs contractile phenotype (Veber et al., 2018).

To further characterize HCASMCs during long-term (5d) culture under hyperoxia, normoxia
and hypoxia, proliferation rates were measured using three different methods, including
continuously counting cells using a haemocytometer, measuring protein content using a BCA
assay and calculating doubling time using an iCELLigence™ platform (Figure 3.3 and 3.4).
HCASMCs exposed to hyperoxia (18kPa) exhibited significantly slower growth compared to
those under normoxia (5kPa) and hypoxia (1kPa), contrary to findings reported in mouse
brain microvascular endothelial (bEnd.3) cells (Warpsinski et al., 2020). Moreover, rates of
proliferation were higher in HCASMCs cultured under 5 and 1kPa O> compared to 18 kPa
O2. The evidence for a correlation between hypoxia and VSMCs proliferation was first
demonstrated in pulmonary hypertension, which is often triggered by chronic hypoxia
(Meyrick and Reid, 1978; Wohrley et al.,, 1995). Acute hypoxia-promoted VSMCs
proliferation and death are associated with mitochondria ROS generation and activation of
HIF-1a, leading to a decrease of GO/G1 phase and an increase of G2/M and S phase of the
cell cycle, which may contribute to vascular remodeling (Bhansali et al., 2021; Griendling
and Ushio-Fukai, 1998; Meng and Yu, 2011; Ray et al., 2008). Moreover, Cooper and

Beasley have reported that proliferation of human pulmonary artery, aortic, and saphenous
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vein smooth muscle cells is increased during culture under 5kPa O, compared to room air,
and increased proliferation of human VSMCs under 1kPa O is associated with IL-1la

production (Cooper and Beasley, 1999).

In addition, the present study provided the first measurements of O content in the cytosol
and medium during culture of HCASMCs in vitro. Cells exposed to 5kPa achieved an
intracellular O level of 3.98 £ 0.11kPa (Figure 3.5). Notably, the cytosolic O> level was
lower than dissolved O in the medium above the cell monolayer, consistent with our

previous studies in HUVECs and bEnd.3 cells (Chapple et al., 2016; Warpsinski et al., 2020).

There is a pressing need to re-define concept of physiological normoxia in cell culture in
vitro to recapitulate the O> level of organs, tissues and cells in vivo. Notably, O> levels vary
throughout the body as a consequence of differences in cell metabolism and O2 consumption
and diffusion limitation (Keeley and Mann, 2019). As pericellular Oz levels will influence the
cellular redox status, it is important to investigate the redox status of cells in vitro under
physiological normoxia (O2 levels of tissues/cells in vivo). In this context, the majority of
studies have investigated redox signalling in cells in standard cell culture incubators gassed
with 5% CO- and room air (18 kPa O2) known to induce oxidative stress (Keeley and Mann,

2019; Sies et al., 2022).

In this study, the redox phenotype of HCASMCs during long-term culture under hyperoxia
(18kPa), normoxia (5kPa) and hypoxia (1kPa) was characterised by measuring GSH levels,
antioxidant enzymes and Nrf2-regulated redox signalling pathway. Firstly, the effects of
different O> on HCASMCs viability was measured by assaying intracellular ATP levels. ATP

levels had negligible change in HCASMCs adapted to 18, 5 or 1kPa O for 5d. Previous

111



Chapter 3 - Results

findings have reported in HCASMCs and cardiomyocytes that ATP:ADP ratio was
significantly reduced by exposure to hypoxia due to opening ATP-sensitive potassium
channels (Yang et al., 2020). Moreover, hypoxia diminishes ATP production due to lower
activity of the electron transport chain and slows oxygen consumption to prevent anoxia
(Wheaton and Chandel, 2011). Adaptation of cells to 18 kPa O> did not affect cell viability
compared to 5kPa O, as evidenced by negligible changes in intracellular ATP levels (5kPa
0,: 41.18 £ 1.59 vs 18 kPa O3: 43.82 * 2.25 nmol/mg protein) (Figure 3.7). Previous studies
have reported intracellular GSH increase in cells acutely exposed to hypoxia or hyperoxia,
which is associated with oxidative stress (Bogdanova et al., 2010; Lin and Miller, 1992),
whilst HCASMCs cultured long-term under hypoxia, normoxia and hyperoxia in present
study exhibited a different pattern. Adaptation of cells to 18 kPa O, did not alter basal
intracellular GSH levels compared to these under 5kPa O, (5kPa O2: 13.77 £+ 0.47 vs 18 kPa
O2: 13.76 = 0.58 nmol/mg protein), consistent with similar range of values in other VSMCs
types (see Table 3.1). However, intracellular GSH levels (11.41 + 0.58 nmol/mg protein)
were significantly lower in HCASMCs adapted to 1kPa O (Figure 3.8), consistent with
previous findings that GSH levels are lower in hepatocarcinoma cell lines cultured at lower
pO. for 6-30d (Trepiana et al., 2017). Limited O, may impair de novo glutamine synthesis

and activity of y-glutamyl cycle, leading to a reduction of GSH (Rajpurohit et al., 1996).
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Table 3.1 Studies of intracellular GSH levels in vascular smooth muscle cells

Species SMC cell Intracellular GSH+GSSG levels Measurement method Reference
type (nmol/mg protein)
Human coronary ~13.76 Fluorometric assay (OPA as a florescent reagent) Present study
artery
Human umbilical ~11 High-performance liquid chromatography (HPLC) and total GSH (Siow et al., 1998)
artery levels by spectrophotometry
Human umbilical ~7.5 Fluorometric assay (OPA as a florescent reagent) (Ruiz et al., 2003)
artery
Human aorta ~33 Fluorometric assay (OPA as a florescent reagent) (Anwar et al., 2005)
Human aorta ~57 Fluorometric assay (OPA as a florescent reagent) (Zhu et al., 2007)
Human aorta 22.7 Enzymatic method, which is based on the catalytic action of (Maltese et al., 2017)
glutathione in the reduction of 5,5/-dithiobis- (2-nitrobenzoic acid)
by a mixture of NADPH and glutathione reductase
Human aorta ~ 130-155uM Commercial kit (BIOXYTECH GSH/GSSG-412 assay Kkit; (Sinha-Hikim et al., 2010)
OXISResearch, a division of Oxis Health Product, Portland, OR)
Mouse aorta ~25 (WT) (GSH:21 nmol/mg The 5-sulfosalicylic acid treatment, BCA protein assay kit (Pennington et al., 2018)
protein; GSSG:4 nmol/mg
protein)
~44 (MsrA-/-) (GSH:40 nmol/mg
protein; GSSG:4 nmol/mg
protein)
Embryonic rat  aorta ~11uM NDA assay (Belcastro et al., 2017)
Rat aorta ~17.5 Commercial Kits (Jian Cheng Biological Engineering Institute, (Guo et al., 2014)
Nanjing, China)
Rat aorta ~58 Tietze recycling assay (Hill et al., 2010)
Rat aorta ~25 Fluorometric assay (OPA as a florescent reagent) (Cao and Li, 2004)

Abbreviation: GSH, reduced glutathione; GSSH, oxidized glutathione; HPLC, high-performance liquid chromatography; OPA, o-phthaladehyde; MsrA, methionine sulfoxide
reductase A; NDA, naphthalene dicarboxaldehyde.
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Moreover, antioxidant enzymes participate in maintaining the redox phenotypes. In my study,
catalase (CAT), converting H20. to H.O and Oz, and superoxide dismutase (SOD),
converting Oz to H202 and O, were measured by immunoblotting. Long-term adaptation of
HCASMCs to 18kPa O had no effect on CAT compared to cells under 5kPa O, whilst
protein levels of CAT trended to be lower under 1kPa, consistent with results in human
fibroblasts exposed to hypoxia for 72h (Sgarbi et al., 2017). SOD1 (CuzZnSOD) located in
cytosol, and SOD2 (MnSOD) located in mitochondria, decreased as ambient O levels
decreased from 18 to 1kPa O with significant differences observed between 18kPa and 1kPa
O2 groups. Overall, antioxiant enzymes and GSH levels were significant lower in HCASMCs

under 1kPa O..

Accumulating evidence suggests that ROS are hypoxia signalling molecules, as ROS
production is increased in ischaemia (Becker et al., 1999; Mansfield et al., 2004).
Nevertheless, there is controversy due to a decrease in the required substrate O in ischaemia
(Sgarbi et al., 2017). Understanding how different O, levels affect the redox phenotype of
HCASMCs is important for measurements of ROS during long-term in vitro culture. To
further address redox sensitive responses in HCASMCs, the Nrf2 antioxidant signalling
pathway was investigated. The transcription factor Nrf2 is a master regulator of antioxidant
defences and translocates into nucleus under oxidative stress or upon activation by
electrophiles such as sulforaphane (SFN), known to modify Cys151 on its cytosolic binding
partner Keapl (Chapple et al., 2015; Robledinos-Anton et al., 2019; Suzuki and Yamamoto,
2015). Nrf2 signalling upregulates antioxidant gene expression, including GCLC, GCLM,
NOQ1 and HO-1 (Chapple et al., 2016). As assessed by Nrf2 nuclear: cytoplasmic
immunostaining (see Figure 3.10), sulforaphane (SFN, 2.5uM) significantly induced Nrf2

nuclear accumulation in HCASMCs under 18, 5 and 1kPa O,. Moreover, SFN increased
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protein and mMRNA expression of key Nrf2 downstream targets GCLM, GCLC, HO-1 and
NQOL1 (Figure 3.11 and 3.12). In the present study, GCLC and GCLM protein expression
were lower in cells adapted to 1kPa, with a significant decrease in GCLM protein expression
in cells treated with SFN, a finding consistent with lower GSH levels (see Figure 3.8), since
GCL catalyzes the first and rate-limiting step in GSH production (Forman et al., 2009).
MRNA expression of GCLC and GCLM were similar in vehicle groups, with negligible
differences in detected. GCLC and GCLM expression in cells challenged with SFN under 18

or 5kPa.

In addition, NQO1 protein in vehicle groups significantly decreased as ambient O levels
decreased from 18 to 1kPa O, although there were negligible differences in cells with
following SFN treatment under 18 or 5kPa. Basal HO-1 protein and mRNA expression were
affected negligibly in HCASMCs across the different O2 levels. Unlike our findings in
HUVECs (Chapple et al., 2016), SFN induced upregulation of HO-1 expression was
maintained in HCASMCs cultured under 18, 5 and 1 kPa O (see Figure 3.11). In this
context, our previous findings in HUVECs implicated Bach 1, a competitor of Nrf2 to
heterodimerisation with small Maf proteins, in the attenuation of HO-1 expression in cells
under 5kPa Oz (Chapple et al., 2016; Kimura et al., 2007). In HUVECs, Bachl negatively
regulates the select Nrf2 targeted genes (e.g. NQO1 and HO-1), whilst GSH-related genes
(e.g. GCLM and GCLC) are independent of Bachl (Chapple et al., 2016; Fischhuber et al.,
2020). In my study, protein and mRNA expression of Bachl were significantly enhanced in
HCASMCs under 5 and 1kPa O> compared to cells under 18kPa (Figure 3.13), explaining
potentially the decrease in NQO1 protein expression in vehicle groups across the O2 change.
Unlike HUVECs, upregulated protein expression of HO-1 with SFN treatment was not

inhibited by Bachl in HCASMCs under 5kPa O». Previous studies found that hypoxia
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induces HO-1 protein expression in rat pulmonary VSMCs and rat aortic VSMCs (Hartsfield
et al., 1999), but reduces HO-1 protein expression in HUVECs and HCAECs (Nakayama et
al., 2000). This may be due to feedback regulation involving HO-1, Bachl and heme (Ogawa
et al., 2001; Shibahara et al., 2007). Ogawa et al. has reported that heme inhibits repressor
Bachl in human embryonic kidney HEK293 cells, abrogating its repression of HO-1
expression (Ogawa et al., 2001). Moreover, HO-1 may be regulated by other signalling
pathways and factors, such as the metal zinc (Kaufman et al., 2020; Li et al., 2014), which

will be detailed in later chapters.

SFN significantly increased Bachl protein expression in HCASMCs under 18, 5 and 1kPa O»
(Figure 3.13), which has been explained by Jyrkkénen and colleagues (Jyrkkanen et al.,
2011). Bachl is a Nrf2 targeted gene and has a functional Maf recognition element site near
the transcription start site of Bachl transcript variant 2, which can be upregulated by Nrf2
overexpression and Nrf2 activators in HUVECs and human hepatoblastoma HepG2 cells
(Jyrkkanen et al., 2011; Kaspar and Jaiswal, 2010). Nrf2-induced Bachl upregulation is
considered as a feedback-inhibitory mechanism for ARE-mediated gene regulation
(Jyrkkanen et al., 2011; Zhang et al., 2018). In addition, to confirm that HO-1 and NQO1
protein expression are regulated by Nrf2, HCASMCs were transfected with scrambled
(control) or Nrf2 siRNA to knockdown transcriptional activity before treatment with SFN or
vehicle. Nrf2 gene silencing significantly abrogated SFN-induced upregulation of HO-1 and
NQOL1 under 18, 5 and 1kPa O2 (Figure 3.15) protein expression, suggesting these enzymes
in this cell typey are highly regulated by Nrf2. Overall, the Nrf2 targeted antioxidant protein

expression was significantly lower in HCASMCs under 1kPa Oa.
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As summaried in Figure 3.17, physiological normoxia promoted contractile phenotype
modulation and proliferation in HCASMCs, whilst hyperoxia induced synthetic phenotype
and slow proliferation. Compared to 5kPa O, redox phenotype of HCASMCs adapted
long-term to 18 kPa O did not alter intracellular GSH levels, antioxidant enzymes nor
induction of Nrf2 target proteins except for NQOL. The present findings in HCASMCs
appear to be cell-type specific, as umbilical vein (Chapple et al., 2016) and coronary artery

endothelial cells exhibit enhanced Nrf2 activation under 18 kPa O, (Smith et al., 2023).

Hyperoxia (18 kPa O,) Normoxia (5 kPa O,)
Low proliferation High ROS level | | High proliferation Physiological ROS level
More ‘synthetic’ phenotype More ‘contractile’ phenotype
0, 0
SFN o SFN

@ GSH
& ot
&

NRF2 o, -1 NRF2 -1

Figure 3.17 Graphical abstract of Chapter 3

Redox phenotype of HCASMCs adapted long-term to 18kPa O, did not alter intracellular GSH levels,
antioxidant enzymes nor induction of Nrf2 target proteins except for NQO1 compared to physiological
normoxia.
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Chapter 4 — Results
Metal profiles of HCASMCs under 18, 5 and 1kPa O: and

crosstalk between Nrf2 signaling and Zn

Over the past two decades, the field of metallomics has provided new insights into
mechanisms underlying pro-oxidant and antioxidant pathological processes (Maret, 2018).
Both redox-active (e.g. Fe and Cu) and redox-inert (e.g. Zn and Mg) metals play key roles in
modulating cellular redox balance during ischaemia-reperfusion (IR) injury (Jomova and
Valko, 2011; Maret, 2019). This chapter investigates the total content of metals in
HCASMCs adapted long-term (5d) to hyperoxia (18kPa O2), physiological normoxia (5kPa
0.) or hypoxia (1kPa O2). Metallomic profiling of HCASMCs lysates was conducted using
inductively coupled plasma mass spectrometry (ICP-MS) (Mittal et al., 2017; Wilschefski
and Baxter, 2019). In addition, crosstalk between Zn and Nrf2 signalling was investigated, as
well as the role of ZnT1 (main exporter of Zn) and metallothionein (MT, main storage of Zn

in cells) in Zn handling by HCASMC:s.

4.1 Metal profiling under 18, 5 and 1kPa Oz levels in HCASMCs using ICP-MS

ICP-MS is widely used to measure multiple elements in a single analysis of samples (Stewart,
2019; Sussulini et al., 2017). The liquid samples are atomized and ionized by
high-temperature plasma into ions and then separated by in a mass analyzer according to their
mass-charge ratio. In collaboration with the London Metallomics Facility at King’s College
London, | have characterised metal profiles in HCASMCs adapted for 5d to hyperoxia,

physiological normoxia and hypoxia. In cells adapted to 18 kPa O, total Zn levels were
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0.345 £ 0.037ng/ug protein and had no significant changes under 5 kPa and 1 kPa O (0.298
+ 0.020 ng/ug protein and 0.441 £ 0.06 ng/ug protein, respectively) (Figure 4.1A). Notably,
the concentration of Cu was dramatically higher in cells under 1kPa (0.026 = 0.004 ng/pg
protein) compared to cells under 18 and 5kPa O (18kPa: 0.008 + 0.002 ng/upg protein vs
5kPa: 0.010 £ 0.002 ng/ug protein) (Figure 4.1B). Meanwhile, ambient O> levels did not
influence total concentrations of Fe and Mg in HCASMCs (Figure 4.1C and E). Mn content
trended to be lower in cells under 1kPa O (Figure 4.1D). The concentration of these metals
measured in the complete culture medium (SMC basal medium 2 + supplement pack SMC

growth medium 2) is shown in Figure 4.1F.
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Figure 4.1 Total content of different metals in HCASMCs or culture medium following long-term
adaptation of cells to 18, 5 and 1kPa O2

Total Zn (A), Cu (B), Fe (C), Mn (D) and Mg (E) content in HCASMCs adapted for 5 days under hypoxia,
physiological normoxia and hyperoxia was measured by ICP-MS. The different metal concentrations in
complete culture medium are summarised in panel F. Data denote mean = S.E.M., n=4 independent cultures,
**p<0.01, One-way ANOVA with Tukey’s multiple comparisons test. The 4 cultures are colour-coded to
highlight changes within a given culture.

Abbreviations: Zn, zinc; Cu, cooper; Fe, iron; Mn, manganese; Mg, magnesium; ICP-MS, inductively coupled
plasma mass spectrometry.
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4.2 Zn supplementation increases total Zn content in HCASMCs

Zn, a redox-inactive metal, plays an important role in the defence against oxidative stress in
an indirect way by stabilising thiol groups against free radical attack (Maret, 2003; Marreiro
et al., 2017). In a previous study, treatment of rats heart with zinc pyrithione (pyrithione, Zn
ionophore) (Ischia et al., 2019) at onset of reperfusion was shown to exacerbate myocardial
infarction (MI) (Lien et al., 2018). In order to establish appropriate concentrations for
supplementation of culture media with ZnCl, with pyrithione or TPEN (a chelator of Zn), cell
viability was measured using an MTT assay (see Section 2.5). These experiments established
that maximum concentrations of ZnCl, and pyrithione (10uM and 0.5uM) had negligible
effects on the viability of HCASMCs, confirming concentrations used in other studies
(Bodiga et al., 2015; Karagulova et al., 2007; Kasi et al., 2011). Moreover, TPEN (0-1.5uM)
had a negligible effect on cell viability and further experiments were conducted using

1.25uM TPEN.
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Figure 4.2 Viability of HCASMCs following supplemented with ZnClz and pyrithione or treated with TPEN
HCASMCs pre-adapted to 18kPa O, for 5d were seeded in a triplicate at a concentration of 10 cells/well in 96-well plate and cultured for 48h. Cells were then treated with
different concentrations of pyrithione, ZnCl, or TPEN respectively for 16h. (A) The concentration of pyrithione was 0.5uM in ZnCl; treatment groups. The concentration of
ZnCl, was 10, 12 or 14 uM respectively. (B) The concentration of ZnCl, was 10uM in pyrithione treatment groups. The concentration of pyrithione was 0.25, 0.5, 0.75 or
1uM respectively. (C) The concentration of TPEN was 0.5, 0.75, 1.0, 1.25 or 1.5uM. HCASMC:s incubated with medium were used as controls. Data denote mean + S.E.M.,
n=3-4 independent cultures, *P<0.05, **P<0.01, One-way or Two-way ANOVA with Tukey’s multiple comparisons test. The 3-4 cultures are colour-coded to highlight
changes within a given culture.
Abbreviations: ZnCly, zinc chloride; TPEN, N,N,N',N'-tetrakis (2-pyridylmethyl) ethylenediamine.
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In the present studies, cellular Zn concentration was upregulated by exogenous Zn addition
(ZnCl2 (10uM) + pyrithione (0.5uM), 16h), with significant differences noted between Veh
and Zn supplementation groups in HCASMCs under 18kPa and TPEN (1.25uM, 16h) and Zn
supplementation groups in cells under 18 and 1kPa O (Figure 4.3). Compared with the
significant increase of total Zn content in cells induced by Zn supplementation under 18 Oy,

increases of total Zn content in cells under 5 or 1 kPa O, were less.
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Figure 4.3 Total Zn content in HCASMCs supplemented with Zn or treated with TPEN under 18, 5 and

1kPa O2

Total Zn content in HCASMCs following treatments with (Vehicle (Veh, 0.005% DMSO,16h), TPEN (a Zn**
chelotor, 1.25uM, 16h) or 2-mercaptopyridine N-oxide sodium salt (pyrithione, a Zn?* ionophore, 0.5uM) with
ZnCly (10puM) (Py+ZnCly, 16h)) under 18, 5 and 1kPa O, measured by ICP-MS. Data denote mean + S.E.M.,
n=4 independent cultures, *P<0.05, **P<0.01, ***P<0.001, Two-way ANOVA with Bonferroni’s multiple
comparisons test. The 4 cultures are colour-coded to highlight changes within a given culture.

Abbreviations: Zn, zinc; ICP-MS, inductively coupled plasma mass spectrometry; Veh, vehicle; TPEN,
N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine; Py, pyrithione; ZnCly, zinc chloride.
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4.3 Effects of Zn on Nrf2 signalling in HCASMCs under 18, 5 and 1kPa O2

Several studies have reported that Zn supplementation promotes functional recovery after
spinal cord injury by activating the Nrf2-HO-1 defense pathway and inducing HO-1
expression in cancer cells (Li et al., 2020a; Xue et al., 2013). The present study in HCASMCs
showed that HO-1 protein and mRNA expression were upregulated by Zn addition (ZnCl;
(10uM) + pyrithione (0.5uM), 16h/6h) in cells adapted for 5d to 18, 5 and 1kPa O (Figure
4.4A and C). Similar trends were detected for NQO1 protein (Figure 4.4B). No differences
HO-1 or NQO1 protein and mRNA expression was detected in cells treated with Veh
(Vehicle, 0.005% DMSO,16h) or TPEN (a Zn?* chelator, 1.25uM, 16h). In addition, Zn
supplementation significantly induced Nrf2 nuclear translocation in HCASMCs under 18, 5
and 1kPa O> (Figure 4.5), noting basal Nrf2 nuclear: cytoplasmic ratio had negligible change

in HCASMCs.
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Figure 4.4 HO-1 and NQO1 protein and mRNA expression in HCASMCs supplemented with Zn or treated with TPEN under 18, 5 and 1kPa O:

HO-1 (A) and NQO1 (B) protein expression in HCASMCs following treatment with Zn (2-mercaptopyridine N-oxide sodium salt (pyrithione, a Zn?* ionophore, 0.5uM) and
ZnCl (10uM) (Py+ZnCl,, 16h)) under 18, 5 and 1kPa O,. Densitometric analysis of protein expression relative to p-actin. Data denote mean + S.E.M., n=4-6 independent
cultures. mRNA expression of HO-1 (C) or NQO1 (D) in HCASMCs treated with Veh (0.005% DMSO, 6h), TPEN (1.25uM, 6h) or Py+ZnCl, (0.5uM+10uM, 6h) under
18kPa, 5kPa and 1kPa O,. Values were normalized to three housekeeping genes (TBP, RPLPO and SDHA). Data denote mean + S.E.M., n=4 independent cultures, *P<0.05,
**P<0.01, ****P<0.0001, Two-way ANOVA with Bonferroni’s multiple comparisons test. The 4-6 cultures are colour-coded to highlight changes within a given culture.
Abbreviations: HO-1, heme oxygenase-1; NQO1, NAD(P)H Quinone Dehydrogenase 1; Veh, vehicle; TPEN, N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2- ethanediamine; Py,
pyrithione; ZnCly, zinc chloride; TBP, TATA box binding protein; RPLPO, ribosomal protein lateral stalk subunit PO; SDHA, succinate dehydrogenase complex, subunit A.
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Figure 4.5 Zn supplementation induces Nrf2 nuclear translocation in HCASMCs under 18, 5 and 1kPa O2

(A) Representative Nrf2 positive immunofluorescence images in HCASMCs under 18, 5 and 1kPa O, after 16h treatment with Vehicle (Veh, 0.005% DMSO), Py+ZnCl,
(0.5puM+10uM) or TPEN (1.25uM), respectively. (B) Quantification of the Nrf2 nuclear: cytoplasmic ratio in HCASMCs treated with VVeh, Py+ZnCl, or TPEN under 18, 5
and 1kPa O, respectively. Data denote mean = S.E.M., n=3-4 independent cultures, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, Two-way ANOVA with Bonferroni’s
multiple comparisons test. Images were taken at x40 magnification using an Etaluma microscope (LS720 Microscopes, USA). Scale bar: 20uM. The 3-4 cultures are
colour-coded to highlight changes within a given culture.

Abbreviations: Veh, vehicle; TPEN, N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2- ethanediamine; Py, pyrithione; ZnCl,, zinc chloride; Nrf2, nuclear factor erythroid 2- related
factor 2.
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4.4 Effects of Zn on MT1 and ZnT1 expression in HCASMCs

Metallothionein (MT) is a cysteine-rich low-molecular weight protein with a low affinity for
Zn, and can store 5-15% of the total cellular Zn pool (Coyle et al., 2002). When intracellular
Zn?* increases, the activation of the metal responsive transcription factor 1 (MTF-1), a
regulator of metal homeostasis, results in upregulation of MTs gene expression, which can
bind excessive Zn?* (Maret, 2006). Meanwhile, an antioxidant response element (ARE) exists
in the promoter region of MT genes. Moreover, few studies have shown that Nrf2
translocates into nucleus and binds to AREs, inducing for example expression of MTs in
bovine aortic endothelial cells and mouse liver (Fujie et al., 2016; Ohtsuji et al., 2008). There
are four isoforms of MTs in humans, and MT-1 and MT-2 widely expressed in various tissues
(Ghoshal and Jacob, 2001). In the present study, negligible differences in MT (1 and 2)
protein expression were observed in HCASMCs under 18 and 5kPa O, but expression
decreased significantly in cells under 1kPa compared to 5kPa O (Figure 4.6A). MT1 mRNA
expression was significantly enhanced by Zn supplementation (ZnCl, (10uM) + pyrithione
(0.5uM), 6h) in HCASMCs adapted to 18, 5 and 1kPa O> (Figure 4.6B) compared to cells

treated with those in cells with VVeh or TPEN.
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Figure 4.6 MT protein and mRNA expression in HCASMCs supplemented with Zn or treated with TPEN under 18, 5 and 1kPa O

(A) Representative immunoblot of combined MT1/2 protein expression with densitometric analysis of protein expression relative to p-actin. (B) MT1 mRNA was after 6h
supplementation with Zn (2-mercaptopyridine N-oxide sodium salt (pyrithione, a Zn?* ionophore, 0.5uM) and ZnCl, (10uM) (Py+ZnCl)) in HCASMCs under 18, 5 and
1kPa O,. Data were normalized to three housekeeping genes (TBP, RPLPO and SDHA). Data denote mean + S.E.M., n=3-4 independent cultures, *P<0.05, **P<0.01,
***P<(.001, ****P<0.0001, One-way or Two-way ANOVA with Tukey’s or Bonferroni’s multiple comparisons test. The 3-4 cultures are colour-coded to highlight changes
within a given culture.

Abbreviations: MT, metallothionein; Veh, vehicle; TPEN, N,N,N’,N'-tetrakis (2-pyridinylmethyl)-1,2- ethanediamine; Py, pyrithione; ZnCly, zinc chloride; TBP, TATA box
binding protein; RPLPO, ribosomal protein lateral stalk subunit PO; SDHA, succinate dehydrogenase complex, subunit A.
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ZnT1 is the main exporter of Zn and mainly located in cells membranes (Nishito and Kambe,
2019). It exports cytosolic Zn to the extracellular space or from the cytosol to the organelles,
thereby contributing to the regulation intracellular Zn levels (Fukada et al., 2011). Basal
ZnT1 protein expression in HCASMCs was not affected by changes in ambient O levels.

Moreover, ZnT1 protein expression was not influenced by Zn supplementation in HCASMCs

under 18, 5 and 1kPa O (Figure 4.7).
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Figure 4.7 ZnT1 protein expression in HCASMCs supplemented with Zn or treated with TPEN under 18,

5 and 1kPa O

ZnT1 protein expression was not affected by supplementation of the medium with Zn (2-mercaptopyridine
N-oxide sodium salt (pyrithione, a Zn?* ionophore, 0.5uM) and ZnCl, (10uM) (Py+ZnCl;, 16h)) in HCASMCs
under 18, 5 and 1kPa O,. Densitometric analyses of protein expression relative to f-actin. Data denote mean +
S.E.M., n=5 independent cultures, Two-way ANOVA with Bonferroni’s multiple comparisons test. The 5
cultures are colour-coded to highlight changes within a given culture.

Abbreviations: ZnT1, zinc transporter 1; Veh, vehicle; TPEN, N,N,N',N'-tetrakis(2-pyridinylmethyl)-1,2-
ethanediamine; Py, pyrithione; ZnCly, zinc chloride.
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4.5 Effects of silencing Nrf2 on total Zn levels in HCASMCs under 18, 5 and 1kPa O2

As shown in Figure 3.14, compared to scrambled siRNA transfection, 2.5nM Nrf2 siRNA
obviously know-down Nrf2-targeted HO-1 protein expression, which is the transfection
concentration used in subsequent experiments. When HCASMCs were transfected with
scrambled or Nrf2 siRNA for 24h after adaptation for 5d to 18, 5 or 1kPa O (Figure 4.8),
siNrf2 had negligible effects on intracellular total zinc levels. As shown in Figure 4.9A, Nrf2
protein expression trended to be decreased in cells with silencing Nrf2 activity. As the
efficiency of Nrf2 antibody is not good, Nrf2-targeted HO-1 and NQO1 protein expression
were significantly downregulated in Nrf2 silenced cells, confirming knock-down of Nrf2
(Figure 4.9B and C). NQO1 protein expression in cells transfected with scrambled RNA
decreased as ambient O levels were lowered from 18 to 1kPa Oz, consistent with the basal
NQOL1 protein expression pattern (see Figure 3.11D). Negligible differences in HO-1 protein
expression were detected in cells transfected with scrambled RNA, consistent with initial
findings for basal HO-1 protein expression (see Figure 3.11C). Silencing Nrf2 decreased
basal HO-1 protein levels under 18 and 1kPa O, underpinning earlier findings that Nrf2
silencing led to downregulation of SFN induced HO-1 expression (Figure 3.15A).
Meanwhile, protein expression of MT was not altered under any oxygen condition tested
(Figure 4.10A). ZnT1 protein expression was unaffected by Nrf2 knockdown under 18 and 5

kPa O but was significantly reduced under 1 kPa O (Figure 4.10B).
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Figure 4.8 Silencing Nrf2 transcriptional activity has a negligible effect on total Zn levels in HCASMCs
ICP-MS analysis of total Zn content in HCASMCs transfected with scrambled or Nrf2 siRNA for 24h after 5
days adaptation to 18, 5 and 1kPa O,. Data denote mean + S.E.M., n=5-6 independent cultures, Two-way

ANOVA with Tukey’s multiple comparisons test. The 5-6 cultures are colour-coded to highlight changes within
a given culture.

Abbreviations: Zn, zinc; ICP-MS, inductively coupled plasma mass spectrometry.
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Figure 4.9 Nrf2, HO-1 and NQOL1 protein expression in HCASMCs with Nrf2 silencing
HCASMCs were transfected with scrambled or Nrf2 siRNA for 24h after 5d adaptation to 18, 5 and 1kPa O.. Representative immunoblots of Nrf2 (A), HO-1 (B) and NQO1
+ S.E.M., n=4-6 independent cultures, *P<0.05, **P<0.01,
****p<(0.0001, Two-way ANOVA with Tukey’s multiple comparisons test. The 4-6 cultures are colour-coded to highlight changes within a given culture.
Abbreviations: Nrf2, nuclear factor-erythroid factor 2-related factor 2; HO-1, heme oxygenase-1; NQO1, NAD(P)H quinone dehydrogenase 1; MT, metallothionine; ZnT1,

(C) in HCASMCs with densitometric analyses of protein expression relative to p-actin. Data denote mean

zinc transporter 1.
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Figure 4.10 Silencing Nrf2 transcriptional activity does not affect MT and ZnT1 protein expression in
HCASMCs

HCASMCs were transfected with scrambled or Nrf2 siRNA for 24h after 5d adaptation to 18, 5 and 1kPa O..
Representative immunoblots of MT1/2 (A) and ZnT1 (B) in HCASMCs with densitometric analyses of protein
expression relative to pB-actin. Data denote mean = S.E.M., n=5-6 independent cultures, *P<0.05, Two-way
ANOVA with Tukey’s multiple comparisons test. The 5-6 cultures are colour-coded to highlight changes within
a given culture.

Abbreviations: MT, metallothionine; ZnT1, zinc transporter 1.

4.6 Effects of Nrf2 overexpression on Zn levels in HCASMCs under 18, 5 and 1kPa O2

As shown in Figure 4.11, compared to control vector 3.1C transfection, 400ng per well (in
24-well-plate) hNrf2 vector enhanced Nrf2-targeted NQO-1 protein expression, which is the
transfection concentration used in subsequent experiments. HCASMCs were transfected with
control vector 3.1C and hNrf2 vector respectively for 24h to investigate the effects of Nrf2
overexpression on total Zn content measured by ICP-MS. Nrf2 overexpression had negligible
effects on total Zn levels in HCASMCs under different O, levels (Figure 4.12). As the
efficiency of Nrf2 antibody is bad (see Figure 4.9A), Nrf2 protein expression with hNrf2
vector transfection in HCASMCs were not detected. However, Nrf2-targeted NQO1 protein
expression was significantly upregulated by hNrf2 vector, validating Nrf2 overexpression
(Figure 4.13A), and underpinning a similar trend for NQO1 protein expression in cells

treated with SFN under 18, 5 or 1kPa O (Figure 3.13D). In contrast, MT and ZnT1 protein
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expression were not altered in HCASMCs transfected with hNrf2 vector under 18, 5 or 1kPa

O2 (Figure 4.13B and C).
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Figure 4.11 Preliminary experiment with control vector 3.1C and hNrf2 vector induce Nrf2 overexpression
NQO1 immunoblot of HCASMCs transfected with different concentrations of control vector 3.1C and hNrf2
vector for 24h after 5d adaptation to 18kPa O.. The preliminary experiment shows one cell culture result.
Abbreviations: NQO1, NAD(P)H quinone dehydrogenase 1.
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Figure 4.12 Nrf2 overexpression does not alter total Zn content in HCASMCs

ICP-MS analysis of total Zn content in HCASMCs transfected with control vector 3.1C or hNrf2 vector
respectively for 24h under 18, 5 or 1kPa O,. Data denote mean + S.E.M., n=6 independent cultures. Two-way
ANOVA with Tukey’s multiple comparisons test. The 4-6 cultures are colour-coded to highlight changes within
a given culture.

Abbreviations: Zn, zinc; ICP-MS, inductively coupled plasma mass spectrometry.
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Figure 4.13 Nrf2 overexpression does not affect MT and ZnT1 protein expression in HCASMCs

HCASMCs were transfected with control vector 3.1C and hNrf2 vector respectively for 24 after adaptation for 5d to 18, 5 or 1kPa O,. Representative immunoblots for NQO1
(A), MT (B) and ZnT1 (C) expression in immunoblots of HCASMCs transfected with control vector 3.1C and hNrf2 vector. Densitometric analyses of protein expression
relative to B-actin. Data denote mean + S.E.M., n=4-5 independent cultures, ***P<0.001, ****P<0.0001, Two-way ANOVA with Tukey’s multiple comparisons test. The 4-5
cultures are colour-coded to highlight changes within a given culture.

Abbreviations: NQO1, NAD(P)H quinone dehydrogenase 1; MT, metallothionine; ZnT1, zinc transporter 1.

134



Chapter 4 - Results

4.7 Effects of Nrf2 inducer sulforaphane on total Zn content in HCASMCs under 18, 5

and 1kPa O2

Previous results in this thesis have shown that Nrf2 inducer sulforaphane (SFN) significantly
upregulates Nrf2 regulated expression of NQO1 and HO-1 (Figure 3.11 and 3.14). However,
when HCASMCs were treated with SFN the total cellular Zn content was not altered (Figure
4.14A), consistent with the finding that overexpression of Nrf2 did not change Zn levels
(Figure 4.12). Although MT protein expression was unaffected in vehicle groups under 18
and 5kPa Og, it trended to decrease under 1kPa O (Figure 4.14B). Notably, MT and ZnT1
protein expression were not altered by SFN treatment in HCASMCs under 18, 5 or 1kPa O>
(Figure 4.14B and C), consistent with the finding in cells with Nrf2 overexpression (Figure

4.13).
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Figure 4.14 The Nrf2 inducer sulforaphane does not alter total Zn content or MT and ZnT1 protein expression in HCASMCs
ICP-MS analysis of total Zn (A) in HCASMCs adapted for 5d to 18, 5, or 1kPa O, and treated with SFN (2.5uM, 16h). Data denote mean + S.E.M., n=4 independent cultures.
Two-way ANOVA with Tukey’s or Bonferroni’s multiple comparisons test. Representative immunoblots of MT [1/2] (B) and ZnT1 (C) expression in HCASMCs treated
with SFN (2.5uM, 16h), densitometric analyses of protein expression relative to p-actin. Data denote mean + S.E.M., n=4-5 independent cultures. Two-way ANOVA with
Tukey’s multiple comparisons test. The 4-5 cultures are colour-coded to highlight changes within a given culture.
Abbreviations: SFN, sulforaphane, MT, metallothionine; ZnT1, zinc transporter 1.
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Chapter 4 — Discussion

Over the past two decades, our increased understanding of metallomics has been paralleled
by the growing number of primary research publications, providing insights into the role of
metals in pro-oxidant and antioxidant pathological processes (Maret, 2018). Findings
presented in this chapter provide the first metal profiles in HCASMCs adapted long-term to
hyperoxia, physiological normoxia and hypoxia and the crosstalk between Zn and Nrf2

signalling.

In this study, metallomic profiling of HCASMCs adapted for 5d to 18, 5 or 1kPa O, was
conducted by ICP-MS using a NexION 350D mass spectrometer (Figure 4.1). Total Zn
levels were 0.345+0.037ng/pg protein in HCASMCs adapted to 18 kPa O with similar
values measured in cells under 5kPa and 1kPa O, highlighting cell specific differences in
human coronary artery endothelia cells (HCAECs) (Smith et al., 2023) and mouse brain
endothelial cell (bEnd.3) (unpublished data done by Dr Gabriela Warpsinki, King’s College
London). There was a significant increase in Cu under 1kPa O, compared to 18 or 5kPa O
groups. Meanwhile, changes in Oz levels did not affect the concentrations of total Fe and Mg
in HCASMCs. Total intracellular Mn content trented to decrease under 1kPa O.. Parat et al.
reported similar intracellular Zn content (0.394ng/ug protein) in HaCaT keratinocytes (Parat
et al.,, 1997). In the context of this thesis, Table 4.1 summarises metal distributions in
different regions of the human heart. Establishing unique metal profiles in HCASMCs under
relevant O levels provides a basis for further studies of different metals in disease models
and creates opportunities for new clinical tools relating perturbations in Zn with disease

progression.
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Table 4.1 The metal content in human heart tissue

Tissue/cell type Measurement method Disease status Metal Concentration Reference
Heart Inductively coupled plasma Normal + dilated or Fe 46.9 ug/g. wet weight (Rahil-Khazen et al.,
atomic emission spectroscopy  hypertrophied Cu 2.99 ug/g. wet weight 2002)
Mn 0.172 pg/g. wet weight
Zn 30 pg/g. wet weight
Heart Inductively coupled plasma - Fe 52 ug/g. wet weight S.D.12 (Yoo et al., 2002)
atomic emission spectroscopy Cu 2.7 ug/g. wet weight S.D.0.64
Mn 0.29 pg/g. wet weight S.D.0.09
Zn 23 pg/g. wet weight S.D.4.9
Heart Atomic absorption Normal controls Mg 186 pg/g. wet weight S.D.25 (Chipperfield and
Left ventricle spectrophotometry Fe 46.8 pg/g. wet weight S.D.9.6 Chipperfield, 1978)
Cu 3.32 ug/g. wet weight S.D.0.66
Mn 1.07 pg/g. wet weight S.D.0.31
Sudden heart death Mg 154 pg/g. wet weight S.D.27
Fe 38.5 pg/g. wet weight S.D.11
Cu 3.11 pg/g. wet weight S.D.0.44
Mn 0.96 pg/g. wet weight S.D.0.18
Late heart death Mg 173 pg/g. wet weight S.D.17
Fe 48.6 ug/g. wet weight S.D.8.1
Cu 2.84 ug/g. wet weight S.D.0.36
Mn 0.76 pg/g. wet weight S.D.0.23
Heart Atomic absorption Normal controls Mg 177.06 ug/g. wet weight S.D.32.71 (Shakibi et al., 1982)
Lateral wall of spectrophotometry Ca 36.06 ug/g. wet weight S.D.10.72
the left ventricle Cu 3.22 ug/g. wet weight S.D.0.37
Zn 26.53 pg/g. wet weight S.D.3.99
Cyanotic congenital Mg 155.66 pg/g. wet weight S.D.14.79
heart  disease Ca 43.22 pg/g. wet weight S.D.7.01
Cu 2.94 ug/g. wet weight S.D.0.22
Zn 26.00 pg/g. wet weight S.D.4.15
Acute rheumatic Mg 149.00 pg/g. wet weight S.D.13.29
heart disease, active Ca 46.30 pg/g. wet weight S.D.4.85
carditis and severe Cu 2.56 pg/g. wet weight S.D.0.32
congestive heart Zn 26.40 pg/g. wet weight S.D.3.53
failure
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(Table 4.1 continued)
Tissue/cell type Measurement method Disease status Metal Concentration Reference
Heart Atomic absorption Normal controls Mg 114 pg/g. wet weight S.D.28 (Oster et al., 1993)
Right atrium spectrophotometry Fe 100 pg/g. wet weight S.D.25

Cu 3.2 yg/g. wet weight S.D.1.5

Zn 15 ug/g. wet weight S.D.4

Coronary heart disease Mg 133 ug/g. wet weight S.D.38

Fe 129 ug/g. wet weight S.D.62

Cu 4.1 ug/g. wet weight S.D.2.0

Zn 18 ug/g. wet weight S.D.4

Abbreviations: Fe, iron; Cu, copper; Zn, zinc; Mg, magnesium; Mn, manganese; S.D., standard deviation. Collaborated with Dr. Matthew Smith, King’s College London.

139



Chapter 4 - Results

Although zinc is a redox-inert metal, physiological concentrations of zinc have antioxidant,
anti-inflammatory and anti-proliferative properties (Berger et al., 2004; Korichneva, 2006;
Powell, 2000), whilst zinc deficiency or overload generates oxidative stress (Maret, 2006).
Meanwhile, Nrf2 as an antioxidant transcription factor participates in maintaining redox
homeostasis, which is influenced by intracellular zinc in human renal tubule cells (Li et al.,
2014), human neuroblastoma cells (Kaufman et al., 2020) and murine spinal cord neurons
(Ge et al., 2021; Li et al., 2020a). To investigate the effect of Zn on the Nrf2 signaling
pathway in HCASMCs, pyrithione, a well-known ionophore for Zn, and TPEN, a chelator of
Zn, were used (Karagulova et al., 2007; Parat et al., 1997). Compared to Zn alone, pyrithione
can increase Zn uptake nearly 10-fold in rat oligodendrocyte progenitor cells (Ischia et al.,
2019; Law et al., 2003). Based on cell viability experiments, 10uM ZnCl> and 0.5uM
pyrithione were used to supply exogenous Zn in present study, and ICP-MS analysis
confirmed a significant increase in intracellular Zn content in treated cells (Figure 4.2).
Previous studies have reported that increased Zn levels in zebrafish cells and dendritic cells
seconds or minutes after exogenous supplementation, whilst a change in labile Zn signal
change is also observed hours after addition, both of which are associated with transcriptional
regulation of transporters expression (Murakami and Hirano, 2008). Although increases of
total Zn content in HCASMCs induced by Zn supplementation for 16h under 5 or 1kPa O;
were less compared to 18kPa O, an early Zn wave may significantly increase intracellular Zn
in cells under 18, 5 or 1kPa O. based on Zn supplementation induced Nrf2 nuclear
accumulation. Meanwhile, labile Zn levels can enhance in cells within seconds or minutes
and have been linked with transcriptional regulation of Zn transporters in hours after Zn
supplementation (Maret, 2011, 2017b). Zn ‘muffling’ reaction modulate transient changes of
cytosolic Zn after Zn supplementation via Zn transporters and zinc-binding proteins into a

new balance by shuttling zinc ions into subcellular stores or by removing zinc ions from the
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cell (Colvin et al., 2010). In cells treated with TPEN to chelate intracellular Zn, no statistical
difference was detected between Veh and TPEN groups. Zn content was significantly lower
in cells with TPEN treatment compared to cells supplemented with Zn under 18 and 1kPa
(Figure 4.3). The inability of cells to tolerate higher concentrations of TPEN may in part

account for the negligible difference in Zn content between Veh and TPEN groups.

Notably, Zn supplementation (ZnCl, (10uM) + pyrithione (0.5uM)) for 16h significantly
induced Nrf2 nuclear accumulation in HCASMCs under 18, 5 and 1kPa Oy (Figure 4.4). Xu
et al. showed that punicalagin enhances Nrf2 nuclear translocation over 3-12h in a
dose-dependent manner in rat small intestine epithelial IEC-6 cells (Xu et al., 2016), whilst
Liang et al. found that pulmonary arterial SMCs treated with 5mM methamphetamine
induces Nrf2 nuclear translocation at 24h and 36h but decreases at 48 h (Liang et al., 2020). It
indicates that Nrf2 nucleus translocation is in a time and dose-dependent manner. Meanwhile,
Zn addition significantly upregulated Nrf2 mediated HO-1 protein and mRNA expression
with a similar trend observed for NQO1 expression under 18kPa O, whilst were markedly
attenuated in cells under 5kPa Oz (Figure 4.5). These findings are consistent with findings in
rat testicular tissues, prostate cancer cells and spinal neuronal cells in air (Kwok, 2013; Li et
al., 2020b; Qin et al., 2019). Overall, these data suggest that the Nrf2 signaling pathway is
activated by Zn supplementation in HCASMCs adapted to 18kPa O but to a lesser extent

under 5 kPa O, which can be abrogated by TPEN addition.

Zinc is one of the most remarkable metals found in tissues because more than 3000 proteins
in humans contain functional zinc-binding sites, with an estimate that ~10% of proteins are
zinc proteins (Andreini et al., 2006; Maret, 2019). Zn plays structural, catalytic or signalling
functions in numerous biological processes (Kambe et al., 2015). Previous studies reported

that increased intracellular Zn?* can modify both Keapl and GSK3p, result in repression of
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ubiquitination and stabilisation of Nrf2, which may in part explain our data (Kambe et al.,
2015; Maret, 2006). Nrf2 protein levels are maintained relatively low under physiological
condition due to rapid ubiquitination and proteasomal degradation mediated by Keapl
(Suzuki and Yamamoto, 2015). Meanwhile, GSK3p phosphorylates Nrf2, leading to
transducin repeats-containing proteins (BTrCP)-mediated degradation and Fyn-mediated
nuclear exclusion (Culbreth and Aschner, 2018). Zn?" can be sensed by histidine 225,
cysteine 226 and 613 residues of Keapl, causing a change in Keapl conformation
(Jenkitkasemwong et al., 2012). It indicates that Zn?" actives Nrf2 signaling indirectly
through the loss of Keapl-mediated Nrf2 ubiquitination and degradation (McMahon et al.,
2010; McMahon et al., 2018). Moreover, ZIP6-induced Zn influx inactivates GSK-3p,
resulting in Snail dephosphorylation and leading to loss of cell adherence (Hogstrand et al.,
2013). Protein kinases are involved in regulation of transcription factors and protein activity
(Sun et al., 2009). Li et al. have described that Zn supplementation increases Akt and
GSK-3pB phosphorylation with a decrease in Nrf2 nuclear exporter, Fyn, in human renal
tubular (HK11) cells, suggesting a role for Zn in Nrf2 expression and transcription function
(Li et al., 2014). Moreover, Kaufman and Hou implicated Bachl, the mammalian repressor of
HO-1, in Zn-induced protein upregulation of HO-1 due to Zn-mediated degradation of Bachl

(Hou et al., 2008; Kaufman et al., 2020).

Due to the importance of Zn in oxidative stress and cardiovascular disease, we further
interrogated the effects of O, on zinc homeostasis by investigating levels of some of the key
factors involved in zinc storage and transport. As forementioned in Section 1.5.5, tight
control of cellular Zn levels via zinc transporters (ZIP1-14, importers and ZnT1-10,
exporters), zinc-binding proteins (MT) and metal regulatory transcription factor 1 (MTF-1),

zinc-sensing transcription factors (Maret, 2017a; Plum et al., 2010b). Oxidative stress and

142



Chapter 4 - Results

hypoxia induce release of Zn from MT, a key transition metal ion-binding protein in cells
(Maret, 2006), leading to the activation of MTF-1 and increased MT and ZnT1, the main Zn
exporter in plasma membrane, gene expression, causing sequestration and extrusion of
transiently increased labile zinc (Dalton et al., 1996; Gunther et al., 2012). MT-1 is widely
expressed in human various tissues and participates in protection against stress responses due
to its cysteinyl thiolate groups (Palmiter, 1987; Ruttkay-Nedecky et al., 2013). In the present
study, there appears to be a no difference between 18 and 5kPa O, but a statistically
significant reduction in MT protein expression between 1kPa and 5kPa (Figure 4.6A). MT1
MRNA expression was significantly upregulated by Zn supplementation in HCASMCs under
18, 5 and 1kPa O, (Figure 4.6B) compared to Veh or TPEN treatment, consistent with
previous studies (Abdo et al., 2021; Dalton et al., 1996; Gu et al., 2017). There were no
changes in total intracellular Zn, nor was basal ZnT1 protein expression affected by changes
in pericellular Oz levels as well. Moreover, ZnT1 protein expression was not altered by Zn

supplementation in HCASMCs under 18, 5 and 1kPa Oz (Figure 4.7).

Previous studies have shown that culturing cells under different Oz levels has significant
effects on the Keap1-Nrf2 signalling pathway (Chapple et al., 2016; Warpsinski et al., 2020),
and it is known that Nrf2 can modulate zinc homeostasis (Ishida and Takechi, 2016b;
Schwarz et al., 2019). For instance, mMRNA levels of ZnT-1, 3 and 6 are significantly
increased and ZnT10 and ZIP3 mRNA levels were significantly decreased by activation of
Nrf2 in HepG2 Cells (Ishida and Takechi, 2016a). We therefore decided to determine
whether intracellular total Zn levels were affected by Nrf2 signaling pathway in HCASMCS
following long-term (5d) culture under hyperoxia, physiological normoxia or hypoxia. As
shown in Figure 4.8, 4.12 and 4.14, HCASMCs showed negligible changes in total

intracellular Zn levels following Nrf2 knockdown with siRNA or Nrf2 overexpression or
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Nrf2 activation by SFN under 18, 5 or 1kPa O,. Moreover, MT1 and ZnT1 protein expression
were not significantly altered by Nrf2 knockdown or overexpression or SFN induced
activation, with the exception that ZnT1 expression was decreased by Nrf2 knockdown in
HCASMCs under 1kPa O (Figure 4.10, 13 and 14). Although the efficiency of Nrf2
antibody is not good, induction of Nrf2-targeted HO-1 and NQO1 protein expression

confirmed the success of knockdown and overexpression protocols.

As summaried in Figure 4.15, the Nrf2 signalling pathway was activated by Zn
supplementation in HCASMCs adapted to 18, 5 and 1kPa O, whilst knockdown or
overexpression or activation of Nrf2 signalling caused negligible changes in total intracellular
Zn levels. In HCASMCs no significant differences in Zn levels were measured across

different O, conditions tested.
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Figure 4.15 Graphical abstract of Chapter 4

Zn supplementation activated Nrf2 signalling pathway in HCASMCs under 18 and 5kPa O». Silencing or
overexpressing Nrf2 did not alter total intracellular zinc content in HCASMCs and paralleled with MT and
ZnT1 protein expression.
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Chapter 5 — Results

Hypoxia-reoxygenation effect on HCASMCs under 18 or 5kPa O>

Coronary IR injury is the key cause of morbidity and mortality, accounting for > 9 million
deaths annually worldwide (Nowbar et al., 2019). The initial ischaemic and hypoxic damage
is exacerbated by more severe injury caused by reperfusion and reoxygenation, mainly
involving oxidative stress (Carden and Granger, 2000; Granger and Kvietys, 2015; Maxwell
and Lip, 1997). This chapter studies reoxygenation induced free radical generation in
HCASMCs under 18 and 5kPa O, and following pre-treatment with Zn or SFN to protect
cells against the free radical burst during hypoxia-reoxygenation (HR). In addition,

intracellular reduced GSH levels and total Zn levels were measured in HCASMCs under HR.

5.1 Reoxygenation induced free radical generation in HCASMCs under 18 and 5kPa O2

To determine ROS generation during HR, HCASMCs pre-adapted to 18 or 5kPa were loaded
with the luminescence probe L-012 and exposed to hypoxia (1h) and reoxygenation. As
shown in Figure 5.1, ROS production was only detected on reoxygenation. In a similar
experimental protocol, PEG- superoxide dismutase (pSOD) and PEG- catalase (pCAT) have
been shown to inhibit superoxide dismutase and catalase, respectively, in brain microvascular
endothelial cell line (bEnd.3) (Warpsinski et al., 2020). pSOD significantly inhibited
reoxygenation-induced free radical generation in HCASMCs adapted to 18kPa, whilst pCAT
had a negligible effect, indicating that reoxygenation most likely increases superoxide
generation. As negligible changes in L-012 luminescence were detected after reoxygenation

of cells pre-adapted to 5kPa for 5d, it is possible that the radical generation was too low to be
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detected by L-012 probe or the probe lacked sensitivity to monitor low levels of radical

generation at lower O levels (Figure 5.1C and D).
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Figure 5.1 Reoxygenation induced ROS generation in HCASMCs under 18 and 5kPa O2

(A and C) Representative L-012 traces in HCASMCs adapted to 18 or 5kPa O, for 5d. Cells were incubated
with luminescence probe L-012 and treated with vehicle (0.005% DMSO), PEG-superoxide dismutase (pSOD,
20U/ml) or PEG-catalase (pCAT, 200U/ml). Cells were then rapidly transferred to an O,-regulated plate reader
and exposed to hypoxia (1h) and reoxygenation. The luminescence signal was detected in a plate reader gassed
initially with 18 or 5kPa O,. (CLARIOstar, BMG Labtech). (B and D) Area under curve summary of
reoxygenation-induced luminescence changes. Data denote mean + S.E.M., n=6 independent cultures, *P<0.05,
**P<0.01, One-way ANOVA with Tukey’s multiple comparisons test.

Abbreviations: Veh, vehicle; pSOD, PEG-superoxide dismutase; pCAT, PEG-catalase.
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5.2 Effects of SFN, Zn or TPEN on superoxide production under hypoxia-reoxygenation

To investigate whether activation of the Nrf2 signaling pathway or Zn supplementation
attenuates reoxygenation-induced free radical generation, cells were adapted long-term (5d)
to 18 or 5kPa O, and incubated with the luminescence probe L-012 and exposed to HR after
pre-treatment with SFN, Zn supplementation or a Zn?* chelator, TPEN. Figure 5.2 A and B
show that SFN or Zn significantly attenuate reoxygenation-induced superoxide generation
under 18kPa O, with the effect of Zn supplementation abolished by TPEN. Negligible
changes in L-012 luminescence were detected after reoxygenation in HCASMCs pre-adapted

for 5d to 5kPa O (Figure 5.2C and D).
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Figure 5.2 SFN or Zn supplementation attenuate reoxygenation-induced ROS production in HCASMCs

(A and C) Representative L-012 traces in HCASMCs adapted for 5d to 18 or 5kPa O, following with
pre-treatment for 16h with (Vehicle (Veh, 0.005% DMSO), sulforaphane (SFN, a Nrf2 inducer, 2.5uM), TPEN
(a Zn?* chelator, 1.25uM) or 2-mercaptopyridine N-oxide sodium salt (pyrithione, a Zn?* ionophore, 0.5uM)
with ZnCl, (10uM) (Py+ZnCly)). Cells were then incubated with L-012 sodium salt. L-012 luminescence was
detected by in a plate reader (CLARIOstar, BMG Labtech) gassed initially with 18 or 5kPa O,. (B and D) Area
under curve summary of reoxygenation-induced luminescence changes. Data denote mean + S.E.M., n=4
independent cultures, *P<0.05, One-way ANOVA with Tukey’s multiple comparisons test.

Abbreviations: Veh, vehicle; SFN, sulforaphane; TPEN, N,N,N’,N'-tetrakis(2-pyridinylmethyl)-1,2-
ethanediamine; Py, pyrithione; ZnCly, zinc chloride.
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5.3 Effects of hypoxia-reoxygenation on total Zn concentration in HCASMCs

Previous studies in this thesis established have indicated that HCASMCs have a similar total
Zn content under 18, 5 and 1kPa Oy level (see Figure 4.1). To determine whether total Zn
levels in HCASMCs adapted (5d) to physiological normoxia (5kPa) or hyperoxia (18kPa) are
altered by hypoxia-reoxygenation (HR) and cells lysates were analysed by ICP-MS. As
shown in Figure 5.3, total Zn levels were not altered significantly by hypoxia (1h) and

reoxygenation for 1h and 9h in cells pre-adapted to either 18kPa or 5kPa Oo.
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Figure 5.3 Total Zn content in HCASMCs pre-adapted to 18 or 5kPa O: and exposed to
hypoxia-reoxygenation

(A) Total Zn content under basal conditions, hypoxia (1h), hypoxia-reoxygenation (1h and 9h) in HCASMCs
pre-adapted to 18 or 5kPa O, was measured by ICP-MS. O, changes between 18kPa or 5kPa and 1kPa take 30
minutes. (B) Summary table of values for each time point. Data denote mean + S.E.M., n=4-10 independent
cultures. Two-way ANOVA with Tukey’s multiple comparisons test.

Abbreviations: Zn, zinc; ICP-MS, inductively coupled plasma mass spectrometry.

5.4 Intracellular reduced GSH levels in HCASMCs under hypoxia-reoxygenation

GSH, as an antioxidant, is capable of protecting cells preventing against IR injury (Meister
and Anderson, 1983). GSH is rich in thiol groups, which can bind Zn?* through
non-enzymatic conjugation to maintain Zn?* homeostasis. GSH inhibits Zn?* release from
cells in the absence of GSSG, with GSH/GSSG working as a redox cycle (Gonzalez-Iglesias

et al., 2014; Higashi et al., 2021; Oteiza, 2012). To investigate whether intracellular reduced
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GSH levels were affected by HR, HCASMCs pre-adapted to 18 or 5kPa O» were exposed to
hypoxia (1h) and short-term (1h) or longer-term (24h) reoxygenation and GSH levels were
measured. Basal intracellular glutathione (GSH) levels in HCASMCs were not altered by O>
(18kPa O2: 25.82 +2.67 nmol/mg protein versus 5kPa Oz: 21.34 +1.32 nmol/mg protein),
consistent with measurements in Figure 3.8. Compared to negligible changes under 5kPa O,
GSH levels in HCASMCs adapted to 18kPa showed a significant increase under hypoxia
(44.24 £7.53 nmol/mg protein) and gradually decreased during reoxygenation for 1h (38.09
+5.33 nmol/mg protein) and 24h (31.86 £4.60 nmol/mg protein) (see Figure 5.4). Notably,
GSH levels were significantly lower in cells under hypoxia after pre-adaptation to 5kPa

compared to 18kPa Oo.
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Figure 5.4 Intracellular reduced GSH levels in HCASMCs under hypoxia-reoxygenation

GSH levels under hypoxia (1h) and reoxygenation (1h and 24h) in HCASMCs pre-adapted to 18 or 5kPa O;
measured using a fluorometric assay. Data denote mean + S.E.M. n=4 independent cultures. *P<0.05, Two-way
ANOVA with Tukey’s multiple comparisons test. Independent cultures are coded by coloured data points.
Abbreviations: GSH, glutathione; HR, hypoxia-reoxygenation.

5.5 Effects of hypoxia-reoxygenation on Nrf2-regulated target protein expression

Previous experiments suggested that activation of Nrf2 by SFN pre-treatment abrogated the
reoxygenation-induced superoxide generation in HCASMCs under 18kPa O, whilst
negligible changes in L-012 luminescence were detected in cells under 5kPa O> (see Figure

5.2). We thus further investigated whether Nrf2-regulated target protein expression is altered
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by HR. As shown in Figure 5.5, basal NQOL1 protein decreased in HCASMCs as ambient O>
levels from 18 to 5kPa O, whilst basal GCLM protein expression had negligible change in
cells under 18 or 5kPa O, consistent with results in Figure 3.11. Moreover, NQO1 protein
expression trended to increase after reoxygenation in cells under 18kPa Oz, and GCLM
trended to increase after hypoxia in cells under 18kPa O.. Notably, both NQO1 and GCLM

expression were affected negligibly in cells pre-adapted to 5kPa O, and then exposed to

hypoxia-reoxygenation.

A B
18kPa 5kPa i18kPa 5kPa: 18kPa 5kPa 18kPa 5kPai 18kPa 5kPa | 18kPa 5kPa
NQO1 ‘— — | — o — ‘EQkDa GCLM ‘ — — |31kDa
B-actin \wwwﬁw\ 45kDa  p-actin “ Wi | G | e “45kDa
o] c i H H | HR HR c c H H HR  HR
[ 18kPa [] 18kPa
[ 5kPa I 5kPa
25 2.0
£ =
5% 2.0 g £ 15
2815 i%
2210 = 2
g o®
0.0
Control 12h) HR( 12h/12h) Control 12h) HR(12hf’12h

Figure 5.5 NQO1 and GCLM protein expression in HCASMCs under hypoxia-reoxygenation

NQO1 and GCLM expression in HCASMCs pre-adapted for 5d to 18 or 5kPa O, and then subjected to hypoxia
(12h) and reoxygenation (12h) under 18 or 5kPa O,. Densitometric analyses of protein expression relative to
B-actin. Data denote mean + S.E.M. n=3 independent cultures, Two-way ANOVA with Tukey’s multiple
comparisons test. Independent cultures are coded by coloured data points.

Abbreviations: NQO1, NAD(P)H quinone dehydrogenase; GCLM, glutamate-cysteine ligase modifier subunit;

H, hypoxia; HR, hypoxia-reoxygenation.

5.6 Effects of hypoxia-reoxygenation injury on ZnT1 protein expression in HCASMCs

As shown in Figure 5.3, exposure of HCASMCs to hypoxia (1h) and reoxygenation (1h and
9h) had no effect on total intracellular Zn level. It is known that free Zn®* accumulates in

cardiomyocytes after hypoxia, whilst reoxygenation reduces free Zn?" concentration,
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resulting from cytosolic and mitochondrial Zn?* release (Bodiga et al., 2017; Karagulova et
al., 2007; Lin et al., 2011b). We therefore determined whether ZnT1 protein expression in
HCASMCs was altered by HR. Although there were negligible changes in cells under 5kPa
02, ZnT1 protein expression trended to increase after reoxygenation for 12h in HCASMCs
adapted to 18kPa O (Figure 5.6), potentially reflecting increased efflux of Zn after

reoxygenation.
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Figure 5.6 ZnT1 protein expression in HCASMCs under hypoxia-reoxygenation

ZnT1 expression under hypoxia (12h) and reoxygenation (12h) in HCASMCs pre-adapted for 5d to 18 or 5kPa
O. Densitometric analyses of protein expression relative to B-actin. Data denote mean + S.E.M., n=3
independent cultures, Two-way ANOVA with Tukey’s multiple comparisons test. Independent cultures are
coded by coloured data points.

Abbreviations: ZnT1, zinc transporter 1; H, hypoxia; HR, hypoxia-reoxygenation.

Chapter 5 — Discussion

IR injury occurs in a variety of pathophysiological processes such as myocardial infarction
and stroke. As the basal redox phenotypes and metal profiles of HCASMCs under hyperoxia,
physiological normoxia and hypoxia were described in Chapters 3 and 4, a model of HR
injury was established to further investigate changes in ambient O levels on redox signalling.

HR injury is complex, involving not only changes in ROS generation but also disruption of
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Zn?* homeostasis (Feng et al., 2012; Higashi et al., 2021). Findings in this chapter are the
first to examine how the Nrf2 signalling pathway and GSH levels are altered by HR in
HCASMCs. Furthermore, the present study highlights (i) a protective function of Zn
supplementation in HCASMCs exposed to HR, (ii) total intracellular Zn levels under HR and

(iii) links Zn with redox responses under HR.

To characterize the effects of HR on HCASMCs, ROS generation was measured using the
luminescence probe L-012 probe (Zielonka et al., 2013). It is well known that free radicals
are generated after reoxygenation and play a key role in the pathogenesis of reoxygenation
injury (Granger and Kvietys, 2015; Kalogeris et al., 2012). The present study demonstrated
for the first time that changes in L-012 luminescence provide a useful measure of
reoxygenation-induced ROS in HCASMCs under 18kPa Oz. As shown in Figure 5.1, the
ROS burst was significantly diminished by pSOD but not pCAT, indicating that ROS are
predominantly superoxide anions. These data are consistent with previous findings in
HCASMCs, brain microvascular endothelial (bEnd.3) cells and human aortic endothelial cells
(ECs) (Feng et al., 2012; Warpsinski et al., 2020; Zweier et al., 1994). In contrast to previous
findings reporting increased ROS generation in rat pulmonary microvascular ECs under
hypoxia for 1h and 4h (Kayyali et al., 2001), no significant ROS generation was observed in
HCASMCs exposed to hypoxia for 1h in present study. It is possible that this is due to the
low level of O substrates available for ROS production. In this context, Kelmanson et al.
reported only a slight decrease in H20- levels in the cytosol and mitochondria of neurons
exposed to hypoxia for 30min using genetically encoded fluorescent biosensors (Kelmanson
et al., 2021), finding consistent with our results. In HCASMCs, reoxygenation-induced

superoxide generation was not detectable in cells adapted to 5kPa O, suggesting that radical
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generation is too low to be detected by L-012 probe or the probe itself lacks sensitivity to

monitor low levels of radical generation (Warpsinski et al., 2020).

As described in Chapter 3, SFN, a classic activator of Nrf2, significantly enhanced
Nrf2-targeted protein expression (e.g. NQO1, HO-1 and GCLM) under hypoxic, normoxic
and hyperoxic conditions. In Figure 5.2, activation of Nrf2 by SFN significantly attenuated
reoxygenation-induced superoxide generation in cells pre-adapted to 18kPa O, suggesting a
protective role of Nrf2 signalling pathway in HR injury. Meanwhile, Zn supplementation
activates Nrf2 in HCASMCs under hypoxia, normoxia and hyperoxia (see Figure 4.4 and
4.5), and pre-treatment with Zn for 16h diminished reoxygenation-induced superoxide
generation in cells, which was abrogated by TPEN, the classic chelator of Zn (see Figure 5.2).
Although the mechanisms of Zn mediated protection against oxidative stress are complex and
overlapping as described in Figure 1.12, the present study suggests Zn mediates protection
against HR injury in HCASMC:s via activation of the Nrf2-HO-1 pathway. Interestingly, only
a few studies have reported that combined SFN and Zn treatment potentiates Nrf2 targeted
protein expression compared to a single treatment in human renal tubule cells in vitro and

mouse kidney in vivo under the diabetic conditions (Li et al., 2014; Wang et al., 2019).

We further investigated whether the intracellular Zn content changes under HR, as previous
studies have demonstrated that the plasma magnesium (Mg), calcium (Ca), potassium (K),
zinc (Zn) and nickel (Ni) were significantly lower in acute coronary syndrome (ACS) patients
(Ising et al., 1987; Solini et al., 2006; Yin et al., 2017). As shown in Figure 5.3, Zn levels
were affected negligibly by hypoxia (1h) and reoxygenation (1h and 9h) in HCASMCs
pre-adapted to 5kPa and 18kPa O». Although ZnT1 protein expression were affected

negligibly in cells under 5kPa Oz, ZnT1 protein expression trended to increase after
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reoxygenation for 12h in HCASMCs adapted to 18kPa O», suggesting that reoxygenation
may be associated with enhanced Zn efflux (Figure 5.6). Notably, it is known that labile Zn?*
actually participates in redox cycles and binds thiols of the amino acid cysteine (Krezel et al.,
2007; Maret, 2006). The effect of HR or IR on labile Zn?* were summarized in Table 5.1. At
present, in vitro labile Zn** content in cells under HR injury adapted to physiological

normoxia is poorly understood and thus merits future experiments.
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Table 5.1 Effect of hypoxia-reoxygenation or ischaemia-reperfusion on Zn content

Species  Cell type/ Tissue HR/IR duration Measurement method of labile Zn?* level Main findings Reference
Human  Pulmonary artery ~ 48h H eCALWY-4 fluorescence probe Labile Zn?* 1 under hypoxia- mediated by ~ (Zhao et al., 2015)
smooth muscle ZIP12
cells

Rat Cardiomyocytes 6h H/18h R FluoZin-3 fluorescence probe Labile Zn?* 1 under hypoxia- enhanced (Bodiga et al.,
expression of ZIPs; labile Zn?* | during 2017)
reoxygenation- lowered expression of all
ZIPs, elevated levels of ZnT2 and 5

Rat Cardiomyocytes 15-30min I/30min R TSQ fluorescence probe labile Zn?* | under ischaemia (Karagulova et al.,

2007)
Rat Cardiomyocytes Intermittent 30min FluoZin-3 and RhodZin3 fluorescence probe  Labile Zn?* 1 under intermittent HR (Lien et al., 2018)
H/30min R

Rat Heart 30min I12h R FluoZin-3 and RhodZin3 fluorescence probe  Labile Zn?* 1 under ischaemia; Labile (Lin etal., 2011b)
Zn?* 11 under reperfusion

Rat Heart 30min 1/2h R Inductively coupled plasma optical emission ~ Total Zn?* | under IR (Xu et al., 2014b)

spectroscopy

Mouse Neuron 0-15min OGD FluoZin-3 fluorescence probe Labile Zn?* 1 after ~6-8min of (Medvedeva et al.,
oxygen-glucose deprivation, which is 2009)
taken up by mitochondria

Mouse Heart 45min 1/10min R Zinpyr-1 fluorescence probe Labile Zn?* 1 under IR- mediated by ZIP7  (Zhang et al., 2021)

Mouse Heart 30min 1/2h R Inductively coupled plasma optical emission  Total Zn?* | under IR- induce ZIP2 (Du et al., 2019)

spectroscopy

upregulation

Abbreviations: HR, hypoxia-reoxygenation; IR, ischaemia-reperfusion; OGD, oxygen-glucose deprivation; ZIP, Zrt- and Irt-like proteins; ZnTs, zinc transporter proteins.
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In addition, as summarized in Figure 5.7, GSH plays a protective role against oxidative stress
as a free radical scavenger, and the thiol group of GSH have a high affinity for Zn?* affording
protection against Zn?* dysregulation (Higashi et al., 2021). In Figure 5.4, although there was
negligible change under 5kPa, GSH levels in HCASMCs adapted to 18kPa showed a
significant increase under hypoxia and a gradual decrease after reoxygenation over 1h to 24h,
indicating elevated levels of GSH in response to hypoxia and restoration of basal GSH levels
under reoxygenation. Similarly, Makarov et.al. reported that in astroglial-rich cultures total
GSH levels are not altered significantly after hypoxia (1h) but decrease gradually after
reoxygenation (Makarov et al., 2002). Geihs et al. found that GSH content in locomotor
muscle of the crab decreases during 3h hypoxia (65%) and 30 min (62%) and 2h (65%) of
reoxygenation (Geihs et al., 2016). Moreover, GSH/GSSH content decreases in calf
pulmonary artery tissue under hypoxia for 14d (Hartney et al., 2011). Although there were no
significant changes in total Zn levels under HR, changes in GSH levels may reflect changes
in labile Zn?* accumulation under hypoxia and reoxygenation, as Zn®* binds to thiol cysteines
residues of GSH and consumes GSH, consistent with previous findings that labile Zn?*
increases under hypoxia and decreases after reoxygenation (Bodiga et al., 2017; Karagulova
etal., 2007; Lin et al., 2011b). Moreover, oxidized GSH (GSSH) mediates release of Zn from

MT and other Zn-thiol clusters (Oteiza, 2012).
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Figure 5.7 Effects of GSH on cellular antioxidant status and Zn buffering in neurons following brain
ischaemia

GSH is oxidized and converted into GSSG by glutathione peroxidase (GPx), which is subsequently reduced to
GSH by glutathione reductase (GR). GSH acts as an intrinsic factor that buffers intracellular Zn?* concentrations
and protects against dysregulation of Zn levels under brain ischaemia. Taken from (Higashi et al., 2021).
Abbreviations: GSH, glutathione; GSSH, glutathione disulfide; GR, GSH reductase; GPx, GSH peroxidase;
ROS, reactive oxygen species; Zn?*, labile zinc.

Although it is well known that Nrf2, as an antioxidant transcription factor, plays an important
cardioprotective role in myocardial IR injury (Cadenas, 2018; Chen and Maltagliati, 2018), in
the present study NQO1 and GCLM protein expression were affected negligibly under HR in
HCASMCs pre-adapted to 5kPa O (see Figure 5.5), consistent with the negligible in
change of L-012 luminescence in cells under 5kPa. NQO1 protein expression trended to be
enhanced after reoxygenation in cells under 18kPa O, and GCLM trended to be increased
after hypoxia in cells under 18kPa O (see Figure 5.5), suggesting that upregulation of Nrf2
downstream antioxidant proteins may potentially afford protection against IR injury in vivo.
A previous report has shown that hypoxia for 16h followed by reoxygenation led to Nrf2
nuclear accumulation (within 2h) and increased NQO1 expression in human renal and colonic
epithelial cells (Leonard et al., 2006), which is consistent with the trends for Nrf2 target
enzymes in the present study. HR is widely used in in vitro experimental models to replicate
in vivo IR injury. On the one hand, Allison et al. reported that IR and HR showed similar
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effects in dog lungs, with a modest increase in vascular permeability and predominantly an
increase in vascular resistance (Allison et al., 1990). Hypoxia accompanied by glucose and
serum deprivation in HR models of freshly isolated adult mouse cardiomyocytes showed
similar characteristics to in vivo IR conditions (Portal et al., 2013). On the other hand,
findings obtained under HR in cell culture models in vitro may differ from actual changes
induced by IR injury. For instance, Kelmanson et al. reported that the pH decreases from 7.25
to 6.7 in the first few minutes after ischaemia in the core zone of ischaemia stroke in rats and
remains at a low level for much longer after reperfusion compared to pH dynamics in
cultured mouse neurons during HR (Kelmanson et al., 2021). Foy et al. reported that pH in
porcine coronary artery SMCs is not altered significantly under HR using the fluorescent pH
indicator BCECF-AM (Foy et al., 1997). Previous measurements performed in our laboratory
by Dr. Matthew smith showed pH in cytoplasm and mitochondria of human embryonic
kidney HEK293 cell line were not altered under HR using the fluorescent pH sensor SypHer
(unpublished data). In present study, Compared to physiological normoxia, HR under
hyperoxia hyperoxia enhanced ROS generation, Nrf2-targeted protein expression or GSH
levels, suggesting a higher oxidative stress-induced antioxidant responses in cells under
18kPa O2. Moreover, a potential limitation of the HR model in the current study is that cells
were not deprived of glucose and serum, as we also investigated Zn profiles in this study, and
these cells typically obtain Zn from serum in the culture medium. Alternatively, it is likely
that any HR induced changes under 5kPa O> are too low to be detected. Regardless, further
experiments are warranted to investigate redox signalling in HCASMCs, and other cell types

adapted to physiological normoxia.

As summarized in Figure 5.8, a ROS burst, mainly superoxide was detected in first 20min

after reoxygenation in HCASMCs under 18kPa O. and was significantly attenuated by
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pre-treatment of cells with SFN or Zn. Although these findings implicate activation of Nrf2
and Zn supplementation in the protection against HR injury, HR had a negligible effect on

intracellular total Zn levels in HCASMCs under 18 or 5kPa O..

Hypoxia-Reoxygenation under Hypoxia-Reoxygenation
hyperoxia (18 kPa O,) under normoxia (5 kPa O,)
HR induced high ROS generation 0

Confers Zn and SFN
SFN vasoprotective role against SEN

@ o) high ROS generation @ 0,

GSH

0O,
NRF2 NRF2

Targeted proteins 0, Targeted proteins

Figure 5.8 Graphical abstract for Chapter 5
Reoxygenation induces higher ROS generation in HCASMCs adapted to 18kPa O, compared to 5kPa O,. Zn
and SFN have protective effects against oxidative stress under hypoxia-reoxygenation.
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Chapter 6 — General Discussion

6.1 Summary and significance

The present study aimed to further establish the importance of physiological O> levels for
investigating the redox phenotype and metal profile of in vitro cell culture models, thereby
recapitulating in vivo oxygen levels to improve translation of findings from bench to bedside.
Moreover, the present study aimed to investigate antioxidant mechanisms involved in
ischaemia-reperfusion (IR) injury under physiological O levels, and to highlight protective
roles of sulforaphane (SFN), an activator of Nrf2, and metal Zn in IR injury and crosstalk

between these redox signalling pathways.

6.2 Adaptation to physiological normoxia alters the redox phenotype and metal profile

in a cell-type specific manner

HCASMCs were cultured under hyperoxia (18kPa), physiological normoxia (5kPa) or
hypoxia (1kPa) for at least 5 days to stabilize HIF-1a protein expression (Keeley and Mann,
2019), as confirmed in this study. Monolayer cells cultured in vitro under 5kPa O replicates
Oz levels in blood perfusing in human coronary artery, and an intracellular O, level of 3.98
+0.11kPa was measured in HCASMCs. Findings in Chapter 3 demonstrate that HCASMCs
adapted to hyperoxia (18kPa O2) exhibit a lower proliferation rate and synthetic phenotype
differentiation compared to cells maintained under physiological normoxia (5kPa O>),
indicating that pericellular Oz levels affect migration, proliferation and the spreading of
VSMCs, which are associated with disease mechanisms such as angiogenesis and

atherosclerosis.
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In the present study, intracellular ATP levels, reduced GSH, catalase (CAT) protein
expression, SFN-induced Nrf2-targeted, GCLM, GCLC and HO-1 expression were not
significantly altered by long-term adaptation to 18kPa O> compared to cells under 5kPa O,
suggesting that pre-adaptation to hyperoxia does not significantly alter the redox phenotype
of HCASMCs. These findings appear to be cell-type specific, as umbilical vein, mouse brain
microvascular and coronary artery endothelial cells exhibit enhanced Nrf2 activation under
18kPa O, compared to 5 kPa Oz (Chapple et al., 2016; Warpsinski et al., 2020). Additionally,
Stuart and colleagues have reported that pericellular O levels (5 or 18kPa O> for 14d) affect
the transcript abundance of hundreds of genes (e.g. mitochondrially-encoded genes and
HIF-1 targeted genes) in human cancer cell line in a cell-type specific manner with overlap
(Alva et al., 2022). Thus, it is important to recapitulate hypoxia and physiological normoxia
for different cell types, especially for studies aimed at defining antioxidant defense

mechanisms in cellular models in vitro.

Interestingly, intracellular homeostasis of metals such as Zn, Fe and Cu are interrelated with
cellular responses to oxygen tension and oxidative stress, which may serve as new
biomarkers for diagnosis and therapeutic drugs (Maret, 2018; Yin et al., 2017). As
highlighted in Chapter 4, the present study reports the first metal profiling in HCASMCs
adapted long-term to 18, 5 and 1kPa O. There were negligible changes in total Zn content in
cells under 18, 5 and 1kPa O». Total intracellular Cu content increased in cells under 1kPa O>
compared to 18 or 5kPa Oz, whilst there were no significant differences in total Fe and Mg
content across the Oz conditions and Mn content trended to be lower in cells under 1kPa Oo.
In contrast, in parallel studies in human coronary artery endothelial cells (HCAECSs), Zn and

Cu levels trended to decrease as pericellular O2 levels were lowered (unpublished data),
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indicating that compared to physiological normoxia, adaptation to hyperoxia (cultured in air)

changes cellular metal profile in a cell-specific manner.

6.3 Crosstalk between Zn and Nrf2 and Zn homeostasis regulation

In present study, antioxidant characteristics of Zn and crosstalk between Zn and Nrf2 were
investigated. As previously discussed, Zn can modify Keapl and GSK3p conformation,
inducing Nrf2 translocation into nucleus and upregulating antioxidant gene expression
(Hogstrand et al., 2013; Jenkitkasemwong et al., 2012). As described in Chapter 4, Nrf2
signalling activated by Zn supplementation in HCASMCs adapted long-term to 18, 5 and
1kPa O, as evidenced by Nrf2 nuclear accumulation. However, Zn supplementation
significantly increased total Zn content, HO-1 mRNA and protein expression in HCASMCs
under 18kPa O, which was markedly attenuated in cells under 5kPa O>. Interestingly, Nrf2
nucleus translocation and upregulation of HO-1 and NQO1 protein expression had negligible
change in HCASMCs treated with SFN under 18 or 5kPa O, and Nrf2 gene silencing
significantly abrogated SFN-induced upregulation of HO-1 and NQO1. These novel findings
suggest that compared to 5kPa O, HCASMCs have more Zn antioxidant capacity to against
oxidative stress than SFN induced Nrf2 antioxidant capacity under 18kPa O,. Furthermore,
both SFN and Zn enhance HO-1 and NQOL protein expression by activating Nrf2. Previous
studies have shown that both of SFN and Zn can trigger activity of ERK1/2, a Nrf2 upstream
kinase, which can induce Nrf2 dissociation from Keapl and Nrf2 translocation into nucleus
and then upregulate antioxidant gene expression such as HO-1 and NQO1 (Anson et al., 2021;

Shin et al., 2019; Sindreu et al., 2011; Sun et al., 2009; Ye et al., 2022).
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Notably, metal homeostasis is maintained by tight regulation of uptake, storage and secretion.
Zinc homeostasis is mainly mediated by zinc transporters (ZnT1-10 (exporter of Zn) and
ZIP1-14 (importer of Zn)), zinc-binding proteins such as metallothionein (MT) and metal
regulatory transcription factor 1 (MTF-1), zinc-sensing transcription factors, many of which
are differentially altered by oxidative stress or ambient oxygen levels (see Table 6.1) (Maret,
2017a; Plum et al., 2010b). In addition to two ZnTs (ZnT1 and ZnT10) located in the plasma
membrane, most ZIPs transporters are found on the plasma membrane, indicating that the
importance of ZIPs in regulating Zn supply from extracellular environment (Bosomworth et
al., 2012; Maret, 2017a). ZIPs have been known to mainly transport Zn, but some such as
ZIP8 and ZIP14 can also transport Fe, Mn and Cd (Fujishiro et al., 2012; Jenkitkasemwong et
al., 2012). Subcellular localization of zinc transporters are shown in Figure 6.1. Moreover,
Tran et al. have shown that Zn transporters located differentially among ECs and SMCs in
human subcutaneous microvessels. ZIP10 and 14 are approximately equally expressed in ECs
and SMCs, ZIP1, 2, 8 and 12 are relatively more abundant in ECs and ZIP14 is richer in
SMCs (Tran et al., 2022). In addition, Zn storage has a characteristic membrane-bound
vesicle structure termed zincosomes, which function similarly to ferritin storage of iron

(Beyersmann and Haase, 2001; Haase and Maret, 2003).
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Table 6.1 Zinc regulating genes and relation to oxygen

Gene name Gene symbol  Tissue of Cellular Mechanism of zinc References Oxygen or oxidative  References
major localisation regulation stress regulated
expression
ATPase cation ATP13A2 Brain Cytoplasm, Facilitates transport of (Kong et al., 2014; PHD2-HIF-1a (Rajagopalan et al.,
transporting 13A2/ intracellular zinc into Tsunemi et al., 2014) regulated in response  2016)
PARK9 membrane membrane-bound to hypoxia
compartments or vesicles
Adaptor related AP3B1 Ubiquitous Nucleus, Golgi, Facilitates vesicular zinc  (Yang et al., 2000) No evidence
protein complex 3 intracellular accumulation
subunit beta 1 membrane
ATPase copper ATP7B Liver, Golgi Transporter that has low  (Meacham et al., No evidence
transporting beta gallbladder, affinity for zinc and 2018)
brain possibly regulates
several zinc transporters
Fc fragment of IgE FCER1-A/G  Langerhans  Plasma Stimulates a 'zinc wave'  (Yamasaki et al., No evidence
receptor | and MS4A2  cells, membrane by release from the 2007)
(tetrameric) eosinophils, endoplasmic reticulum
mast cells, via Ca?* and Erk1/2
basophils
Metal regulatory MTF1 Ubiquitous Cytoplasm, Zinc sensitive (Gunther et al., 2012)  Activity is induced by (Grzywacz et al.,
transcription factor nucleus transcription factor that oxidative stress and 2015; Murphy et al.,
1 regulates several zinc contributes to HIF1 2005)
transporters such as activity
ZnT1, ZIP10 and MT1
S100 calcium S100A8 Proximal Cytoplasm, cell  Dimerises with (Heizmann and Cox, Inhibited by oxidative (Hoskin etal., 2019)
binding protein A8 digestive junctions, S100A8/9 to form 1998; Kerkhoff et al., stress
tract, bone intermediate calprotectin, a zinc 1999)
filaments chelator that acts
primarily as an
antimicrobial agent
S100 calcium S100A9 Proximal Cytoplasm, cell
binding protein A9 digestive junctions,
tract, bone intermediate
filaments
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(Table 6.1 continued)

Gene name Gene Tissue of major  Cellular Mechanism of zinc References Oxygen or oxidative References
symbol expression localisation  regulation stress regulated
Metallothionein-1A MT1A Ubiquitous Cytoplasm, Primary protein (Krezel and 1. ROS scavenger that (Dalton et al.,
nucleus involved in zinc Maret, 2017) releases zinc upon 1996; Eck and
Metallothionein-1B MT1B Liver Cytoplasm metabolism, storage, oxidation, stimulating Pallauf, 2001; Gu
Metallothionein-1E MT1E Ubiquitous Nucleus transport and MTF-1 activity and further etal., 2017;
Metallothionein-1F MT1F Kidney, liver, Cytoplasm detoxification g/l ?f%irci?zlt?gnally P2<(§g:£1a etal,
L thyr0|_d gla_nd regulated by antioxidant Malairaman et
Metallothionein-1G MT1G Ir_1test|ne, liver, Cytoplasm master-regulator Nrf2 al., 2014
kldne_y, pancreas, 3. Induced in hypoxiavia  Murphy et al.,
N therI.d glgnd HIF 1o regulation 2008;
Metallothionein-1H MT1H Ir_ltestlne, liver, Cytoplasm 4. Induced by hyperoxia Veness-Meehan
51'3?3?8 g;r:](;reas, 5. Hypobaric hypoxia etal., 1991)
Metallothionein-1H-like-  MT1HL1 Heart muscle, Cytoplasm Increases MT3 expression
1 liver
Metallothionein-1L MT1L
Metallothionein-1X MT1X Liver, skeletal Cytoplasm
muscle
Metallothionein-2A MT2A Liver Cytoplasm
Metallothionein-3 MT3 Brain Cytoplasm
Metallothionein-4 MT4 Skin Cytoplasm
Signal transducer and STAT3 Ubiquitous Cytoplasm,  Regulates the (Miyai et al., Activated by ischaemia (Leietal., 2011)
activator of transcription 3 nucleus expression of ZIP6 and 2014; Yamashita
ZIP10 et al., 2004)
Toll-like receptor 4 TLR4 Ubiquitous, Plasma Stimulates a transient ~ (Haase et al., Upregulated in acute (Ishida et al.,
immune cells membrane, 'zinc wave' possibly as  2008; Kitamura ischaemia but 2002; Kim et al.,
Golgi a second messenger et al., 2006) downregulated by chronic  2010)

and inhibits ZIP6/10
expression whilst
upregulating ZnT1/4/6

hypoxia via mitochondrial
ROS

166



Chapter 6 - General Discussion

(Table 6.1 continued)

Gene name Gene Tissue of major  Cellular Mechanism of zinc References Oxygen or oxidative References

symbol expression localisation regulation stress regulated
Transient receptor  TRPM2 Bone, brain Nuclear membrane, Channel that increases (Lietal., Molecular ROS sensor and  (Li et al., 2016;
potential cation plasma membrane intracellular calcium and 2016) activated by acute Zhan et al., 2016)
channel subfamily zinc when activated ischaemia
M member 2
Transient receptor ~ TRP-AL, Ubiquitous Plasma membrane,  Participate in zinc transport  (Chevalletet  Molecular oxygen sensors, (Li et al., 2016;
potential cation -C3, -C6, intracellular at plasma membrane al., 2016) activated by ROS and Mori et al., 2016;
channel -M2, -M3, membranes acute ischaemia Numata et al.,

-M6, -M7, 2013; Zhan et al.,

-V5, -V6 2016)
Transmembrane TMC6 Bone, intestine,  Nuclear membrane, Interacts with ZnT1 to (Lazarczyk et  No evidence
channel-like 6 brain, lymphoid  ER, Golgi affect intracellular zinc al., 2008)

tissue distribution (homolog of
TMCE6)
Transmembrane TMC8 Bone, intestine,  Nuclear membrane, Interacts with ZnT1 to No evidence
channel-like 8 brain, lymphoid  ER, Golgi affect intracellular zinc
tissue distribution (homolog of
TMCS8)
Transmembrane TMEM163 Brain, pancreas, Plasma membrane,  Zinc efflux protein (Cuajungco Colocalises and binds with  (Cuajungco et al.,
protein 163 lung, testis endosome, etal., 2014; redox sensor TRPML1 2014)
lysosome, vesicles, Sanchez et
ER, Golgi, al., 2019)

mitochondria
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(Table 6.1 continued)

Gene name Gene Tissue of major  Cellular Mechanism of zinc References  Oxygen or oxidative stress ~ References
symbol expression localisation regulation regulated
Zinc transporter 1~ SLC30A1  Ubiquitous Plasma membrane,  Exports cytosolic zinc to (Fukada et 1.ZnT1l and ZnT2 are (Aguilar-Alons
(ZnT1) ER extracellular space and from  al., 2011, upregulated by o etal., 2008;
the cytosol to the ER Kimuraand redox-sensitive MTF-1 Bodiga et al.,
Zinc transporter 2~ SLC30A2  Mammary Endosome, Facilitates zinc export into Kambe, 2. Both increased and 2017; Gerber et
(ZnT2) gland, pancreas, lysosome, secretory secretory vesicles 2016) decreased ZnT1 expression al., 2014;
retina, intestine,  vesicle, plasma reported after Gunther et al.,
kidney membrane, ischaemia-reperfusion injury ~ 2012; Ishida and
mitochondria (possibly time/cell Takechi, 20164a;
Zinc transporter 3~ SLC30A3  Brain, pancreas,  Synaptic vesicles Facilitates zinc export into dependent) Malairaman et
(ZnT3) testis synaptic vesicles 3.2ZnT2 and ZnT4 al., 2014; Pan
Zinc transporter4 ~ SLC30A4  Mammary Endosome, Facilitates zinc export into upregulated after and Liu, 2016;
(ZnT4) gland, placenta,  secretory vesicle, secretory vesicles ischaemia-reperfusion injury  Patrushev et al.,
prostate, kidney, plasma membrane, 4.ZnT1 is upregulated by 2012; Tsuda et
brain Golgi acute hypoxia, whilst ZnT2 al., 1997)
Zinc transporter 5 SLC30A5  Heart, placenta,  Golgi, vesicles, Facilitates zinc export to and ZnT5 are upregulated by
(ZnT5) prostate, ovary, plasma membrane  Golgi reoxygenation
testis, intestine, 5. Hypoxia reduces ZnT8
thymus, bone expression
Zinc transporter 6 SLC30A6  Brain, lung, Golgi, vesicles Facilitates zinc export to 6. Hypobaric hypoxia
(ZnT6) intestine Golgi increases ZnT1 expression
Zinc transporter 7 SLC30A7  Intestine, Golgi, vesicles Facilitates zinc export to 7.ZnT1 mRNA is
(ZnT7) stomach, Golgi upregulated in response to
pancreas, increase in cellular zinc
prostate, levels in transient forebrain
placenta, testis, ischaemia
retina, muscle 8.ZnT3 and ZnT10
Zinc transporter 8  SLC30A8  Pancreas, Secretory granules  Facilitates zinc export into downregulation by siRNA
(ZnT8) adrenal gland, secretory vesicles increases ROS
thyroid, testis 9. mRNA expression of
Zinc transporter 9~ SLC30A9  Brain, muscle, ER, nucleus Facilitates zinc export to ER ZnT1, ZnT3 and ZnT6 are
(ZnT9) kidney upregulated and ZnT10 is
Zinc transporter 10  SLC30A1  Brain, retina, Golgi, plasma Facilitates zinc export into downregulated by the
(ZnT10) 0 liver membrane early endosomes Nrf2-ARE signal pathway
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(Table 6.1 continued)

Gene name Gene Tissue of major Cellular Mechanism of zinc References Oxygen or oxidative stress References
symbol expression localisation regulation regulated
Zinc transporter  SLC39A1  Prostate, small Plasma membrane,  Facilitates zinc influx into (Fukadaet 1. ZIP10 is downregulated by (Bodiga et al.,
(ZIP1) intestine, kidney, ER cytoplasm from extracellular  al., 2011; redox-sensitive MTF-1. 2017; Furuta
liver, pancreatic a space Kimuraand 2.Oxidative stress increases etal., 2016;
cells Kambe, ZIP1 expression Gunther et al.,
Zinc transporter  SLC39A2  Prostate, utering, Plasma membrane  Facilitates zinc influx into 2016) 3.ZIP1,2,3,7,9,10,11,13, 2012; Ishida
(ZIP2) epithelial cells, cytoplasm from extracellular and 14 are downregulated by  and Takechi,
ovary, liver, skin space hypoxia 20164a; Lee et
Zinc transporter SLC39A3  Testes, pancreaticb ~ Plasma membrane  Facilitates zinc influx into 4. Hypobaric hypoxia al., 2016;
(ZIP3) cells cytoplasm from extracellular increases ZIP6 expression Malairaman
space 5. ZIP8 is upregulated by etal., 2014;
Zinc transporter  SLC39A4  Small intestine, Plasma membrane Facilitates zinc influx into HIF2a Zhao et al.,
(ZIP4) stomach, colon, cytoplasm from extracellular 6. Genetic disruption of 2015)
cecum, skin, kidney, space ZIP12 attenuates
pancreatic b cells hypoxia-associated
Zinc transporter  SLC39A5  Liver, kidney, Plasma membrane Facilitates zinc influx into pulmonary hypertension
(ZIP5) spleen, colon, cytoplasm from extracellular 7. ZIP3 are downregulated by
pancreas space the Nrf2-ARE signal pathway
Zinc transporter  SLC39A6  Testis, pancreaticb ~ Plasma membrane Facilitates zinc influx into
(Z1P6) cells cytoplasm from extracellular
space
Zinc transporter  SLC39A7  Brain, liver, Golgi, ER Facilitates zinc influx from ER
(Z2IPT) pancreatic b cells into the cytoplasm
Zinc transporter  SLC39A8  Pancreas, placenta, ~ Plasma membrane,  Facilitates zinc influx into
(Z1P8) lung, liver, testis, lysosome, cytoplasm from extracellular
thymus, endosome space and from endosomes
erythrocytes and lysosomes
Zinc transporter  SLC39A9  Prostate Golgi Facilitates zinc influx into
(ZIP9) cytoplasm from extracellular
space and from Golgi
Zinc transporter  SLC39A10 Testis, kidney, Plasma membrane  Facilitates zinc influx into

(ZIP10)

breast, pancreatic a
cells, erythrocytes

cytoplasm from extracellular
space
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(Table 6.1 continued)

Gene name Gene Tissue of major  Cellular Mechanism of zinc References  Oxygen or oxidative stress References
symbol expression localisation regulation regulated

Zinc transporter SLC39A11 Mammary gland, Golgi, nucleus Facilitates zinc influx into
(ZIP11) testis, stomach, cytoplasm from Golgi

ileum and cecum
Zinc transporter SLC39A12 Neurons, Plasma membrane  Facilitates zinc influx into
(Z2IP12) endothelial cells, cytoplasm from extracellular

smooth muscle space

cells and

interstitial cells
Zinc transporter SLC39A13 Retinal pigment  ER, Golgi Facilitates zinc influx into
(ZIP13) endothelial cells, cytoplasm from Golgi

osteoblasts
Zinc transporter SLC39A14 Liver, heart, Plasma membrane,  Facilitates zinc influx into
(ZIP14) placenta, lung, mitochondria, cytoplasm from extracellular

brain, pancreatic  endosome, space

a cells lysosome
Zinc Finger Protein  ZNF658 Ubiquitous Nucleus Zinc sensitive transcription (Ogo et al., No evidence
658 factor that downregulates 2015)

ZnT5and ZnT10
Nuclear factor NFE2L2 Ubiquitous Cytoplasm, nucleus  Transcriptionally upregulates, (Ishida and Master regulator of (Vomund et
erythroid 2-related MT, ZnT1/3/6 and Takechi, transcriptional anti-oxidant al., 2017)
factor 2 (Nrf2) downregulates ZnT10/ZIP3 20163a) response to oxidative stress
Kelch-like KEAP1 Ubiquitous Cytoplasm, The increases of intracellular  (Kambe et Keap1 can release Zn?* (Kambe et al.,
ECH-associated nucleus, ER Zn?* inactivate both Keapl al., 2015; during the oxidation process ~ 2015; Maret,
protein 1 (Keapl) and keapl can release Zn?* Maret, 2006)
during the oxidation process  2006)

Abbreviations: PHD, prolyl hydroxylase domain; HIF, hypoxia-inducible factor; ER, endoplasmic reticulum; ARE, antioxidant response element; TRPML1, transient receptor
potential mucolipin 1; ROS, reactive oxygen species.
Data search in Ccollaborationed with Dr. Matthew Smith, King’s College London.
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Figure 6.1 Subcellular localisation of ZnTs and ZIPs

ZnTs (blue) efflux zinc out of cells or into organelles, including ER, Golgi apparatus and mitochondria, whilst ZIPs (red) take zinc into cells or out of subcellular
compartments. Asterisk (*) indicates that it is influenced by oxygen or oxidative stress. ZnT-1, 3 and 6 increases and ZnT10 and ZIP3 decreases after activation of Nrf2
signalling pathway. ZnT1 and ZnT2 are upregulated and ZIP10 is downregulated by MTF-1. Nrf2 is targeted for proteasomal degradation and ubiquitination in basal state via
the dual actions of GSK3B/BTrCP and Keapl. Zn?" increases can inhibit Keapl and GSK3B. Schematic researched in collaboration with Dr. Matthew Smith, King’s College
London.

Abbreviations: ZnT, zinc transporter; ZIP, Zrt- and Irt- like protein; ER, Endoplasmic reticulum; ARE, antioxidant response element; Keapl, Kelch-like ECH-associated
protein 1; Nrf2, nuclear factor erythroid 2-related factor 2; GSK3p, glycogen synthase kinase 33; BTrCP, B transducin repeats-containing proteins; MRE, metal response
elements; MTs, metallothionines; MTF-1, metal regulatory transcription factor 1; P, phosphorylation.
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Ishida and his colleagues have described that mRNA levels of ZnT-1, 3 and 6 significantly
increase and ZnT10 and ZIP3 mRNA levels significantly decrease after activation of Nrf2
signaling pathway in HepG2 Cells (Ishida and Takechi, 2016a). However, as shown in
Chapter 4, knockdown with siRNA or overexpression with vector or activation of Nrf2
signalling pathway by SFN had negligible effects on total intracellular Zn content in
HCASMCs under 18, 5 or 1kPa O,. MT1 and ZnT1 protein expression were not significantly
altered in cells by Nrf2 knockdown or overexpression/ activation, with the exception that
Nrf2 silencing reduced ZnT1 expression decreased in cells under 1kPa O, HO-1 and NQO1
protein expression levels confirmed the success of knockdown, overexpression or activation
protocols. In contrast, silencing Nrf2 decreased total Zn content in HCAECs under 18kPa O>
but had negligible effects in these cells adapted to 5kPa O (Smith et al., 2023). Together
these findings suggest that intracellular Zn content is affected by O in a cell-type specific
manner. In addition, total intracellular Zn content did not change in HCASMCs under
hypoxia-reoxygenation (HR) pre-adapted to 5kPa and 18kPa condition. ZnT1 protein
expression trended to increase after reoxygenation for 12h in HCASMCs adapted to 18kPa
O2 but not in cells under 5kPa O, suggesting that Zn efflux may be affected by
reoxygenation under room air. Although not investigated in the present study, ZIPs may
mediate influx of Zn or other factors release Zn into the cytosol to achieve a constant total
intracellular Zn level under HR injury. Furuta et al. demonstrated that expression levels of
ZIP1 were significantly increased by oxidative stress in cultured mouse astrocytes (Furuta et
al., 2016). Besides, Keapl, acting as a Zn sensor and Zn-binding factor, can release Zn from
cysteine 273 and 288 under oxidative stress (Dinkova-Kostova et al., 2005; McMahon et al.,

2010; Suzuki and Yamamoto, 2015).
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6.4 Evidence of free radical generation under hypoxia- reoxygenation

In present study, we also reported indirect evidence for enhanced oxidative stress in
HCASMCs under 1kPa O2 based on lower GSH levels, antioxidant enzyme expression (e.g.
CAT, SOD1 and SOD2) and SFN-induced Nrf2-targeted GCLM, GCLC, HO-1 and NQO1
expression. These data in cells after long-term adaptation to defined O levels indicate that
there is a new balance and antioxidants in cells under hypoxia. Furthermore, in order to
establish the effect of hypoxia-reoxygenation (HR) on free radical generation, we used L-012
probe to assess reactive oxygen species (ROS) as previously reviewed (Zielonka et al., 2013).
As discussed in Chapter 5, reoxygenation-induced ROS generation was much higher in
HCASMCs under 18kPa O, compared to cells adapted to physiological normoxia ,
emphasizing the importance of in vitro cell culture models under physiological normoxia.
Besides, reoxygenation-induced ROS generation was significantly attenuated by pSOD (not
pCAT), suggests that the predominant ROS are superoxide, consistent with previous studies

(Warpsinski et al., 2020).

6.5 Clinical significance of SFN and Zn

In the present study, SFN, a classic activator of Nrf2 signalling, was used to activate Nrf2 in
HCASMCs adapted long-term to 18, 5 or 1kPa O, as previously reported (Chapple et al.,
2016; Warpsinski et al., 2020). Notably, Zn supplementation was shown to activate
Nrf2-HO-1 signalling in HCASMCs under basal conditions, consistent with previous findings
that Zn supplementation triggers GSH and Nrf2-mediated protection in rat aorta ECs, rat
pheochromocytoma cells and human neuroblastoma cells (Cortese et al., 2008; Hossain et al.,

2021; Kaufman et al., 2020; Omata et al., 2013). Moreover, pre-treating HCASMCs with
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SFN or Zn successfully attenuated superoxide generation after reoxygenation under 18kPa Oo,
which was abolished by Zn chelator TPEN, indicating the protective role of Zn and SFN
against oxidative stress under HR. Previous studies have reported that zinc prevents
HR-induced mitochondrial superoxide generation in cardiac cells, alleviates HR-induced
endoplasmic reticulum stress and improves cardiomyocyte survival (Bodiga et al., 2020;
Salazar et al., 2017). Furthermore, the present study provides the first evidence protective
effects of Zn and SFN cannot be detected in HCASMCs adapted long-term to 5kPa O>

probably due to lower oxidative stress in cells under physiological normoxia.

SFN is abundant in broccoli, cauliflower, and cabbage (Liang et al., 2006) and Zn is rich in
nuts, shellfish, and mushroom (Fallah et al., 2018). Thus, the present study provides insights
into potential novel dietary therapeutic approaches that could be employed to protect against
coronary ischaemia-reperfusion injury. So far, high throughput screening is widely
established to unbiasedly assess cellular function and track the efficacy or toxicity of drugs
(Panusatid et al., 2022). It would be worthwhile to evaluate SFN or Zn therapy in different
cell types in different physiological or pathological models using high-throughput screening.
Although most high throughput screening is currently conducted in cell culture models in air
(hyperoxia), Fridman and her colleagues have combined a high throughput microfluidic
device with different gradient oxygen levels in studies of breast tumor spheroids strategies, as
oxygen gradients affect the ROS generation and the drugs cytotoxicity (Berger Fridman et al.,
2021). Thus, further experiments in this field are warranted to consider the effects of oxygen

and particularly to investigate cell signalling under physiological normoxia.
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6.6 Limitations of the study

The present study has a few potential limitations. Firstly, all experiments were not conducted
with cells subjected to serum deprivation. Notably, serum starvation is regarded as a
commonly performed procedure to synchronise the cells cycle before studies of molecular
mechanisms (Chen et al., 2012; Cooper and Gonzalez-Hernandez, 2009; Epstein et al., 1975).
Moreover, serum deprivation provides more reproducible experimental conditions due to the
known contribution of serum factors to cell biology (Pirkmajer and Chibalin, 2011). However,
as metal contents were measured as well in this study, it is important to consider that in vitro
cells take up metals such as Zn mainly from serum (Messer et al., 1982). Thus, serum

deprivation was not employed to enable correlation of redox signaling and metal profiling.

Secondly, findings in Chapter 5 demonstrated that HCASMCs pre-adapted to physiological
normoxia exhibited negligible ROS generation under HR. It is possible that the radical
generation is too low to be detected by L-012 probe or the probe is lack of sensitivity to
monitor low levels of radical generation. Furthermore, GSH levels and Nrf2-targeted protein
expression such as NQO1 and GCLM showed negligible changes in cells under HR
pre-adapted to 5kPa O.. On the one hand, oxidative stress under HR was much less in
HCASMCs adapted to physiological normoxia compared to cells under 18kPa O, as
supported by a lower antioxidant response with hardly detectable changes. On the other hand,
it is possible a limitation of the present HR model is that cells were not deprived of glucose
and serum. Notably, some studies have used serum and glucose deprivation combined with
hypoxia- reoxygenation as an in vitro cell model to mimic IR clinical conditions (Pirkmajer
and Chibalin, 2011). Thus, further experiments are warranted to determine whether effects of

HR are enhanced by glucose deprivation.
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Finally, we investigated the total intracellular Zn content long-term adaptation to hyperoxia,
normoxia and hypoxia and the effects of HR on total Zn content in this study. However, it is
well known that labile Zn?* is the form that participates in oxidative and redox responses. At
present, in vitro research of changes in labile Zn?* in HCASMCs under HR injury adapted to
normoxia remains to be investigated. In fact, Dr. Matthew Smith and | attempted to measure
labile Zn?* changes in cells under 18kPa for 1h or under HR using the fluorescence probe
Fluozin3, which is a common labile Zn?* indicator (Zhao et al., 2008). However, leakage of
FluoZin3 from cells into the medium limited interpretation. This field of detecting labile Zn?*

deserves further investigation in future experiments.

6.7 Statement about the impact of Covid restrictions on the research

The COVID-19 pandemic and the restrictions had some impact on my PhD thesis research.
These restrictions avoiding the spread of the virus brought about numerous challenges and
disruptions to the research process over 2 years, including the 3-4 months interruption of

experiments in the first year and the strict restriction in the following 1-2 years.

One of the major challenges of COVID restrictions on PhD thesis research was the limitation
on access to our laboratories. We were unable to carry out our planned experiments due to
restricted access to Franklin Wilkins Building and complete lockdown. This resulted in
delays and interruption of the collaboration with Dr. Joose Kreutzer at Tampere university in
Finland to set up the mechanical stretch system. It forced us to reconsider methodologies and
modify our research to do metallomics instead. Furthermore, travel restrictions imposed

during the pandemic blocked opportunities for attending conferences, workshops, and
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seminars. These academic events provide valuable platforms for knowledge sharing,
networking, and receiving critical feedback on research work. A lack of these opportunities
limits our PhD researchers' access to diverse and valuable insights, which may affect the

quality and depth of our work.

Another big influence is the use of online virtual communication. The lack of in-person
interactions and face-to-face collaborations affected on the research experience and our
mental health due to the isolation and uncertainties. | would like to thank my supervisor Prof.
Giovanni Mann, Dr. Matthew Smith and other colleagues. We supported each other during

and after COVID, which really gave me a lot of confidence and accompany.

Overall, the COVID restrictions had some impact on my PhD thesis research but did not ruin
it. The limitations on access to research laboratories, travel restrictions, and the shift to online
virtual communication have disrupted the research process, delayed progress, and affected

the quality of research outcomes.

6.8 Future directions

The current experiments have established an in vitro HCASMCs culture model under
physiological normoxia to investigate HR as a model of IR injury and characterise
antioxidant mechanisms related to Nrf2 signalling and Zn. To obviate individual differences,
primary HCASMCs sourced from a male Caucasian were purchased commercially.
Physiological normoxia was used to more accurately mimic in vivo Oz conditions. To better
replicate physiological and pathological models, mechanotransduction needs to be considered,

as vascular SMCs are exposed to cyclic stretch in vivo, namely contraction and relaxation
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(Jensen et al., 2021; Osol, 1995). Mechanotransduction describes how cells respond to their
environment by converting physical or mechanical stimuli into biochemical signals
(Chatterjee and Fisher, 2014). These forces regulate the proliferation, apoptosis, migration,
phenotype and alignment of vascular cells, and activate downstream signalling pathways,
which are important to maintain homeostasis in blood vessels and are relevant to vascular
remodelling in pathological conditions (Haga et al., 2007; Jufri et al., 2015). For instance,
mechanical stretch has been shown to affect many transcription factors such as Nrf2 and
nuclear factor-kB (NFxB) (Chagour et al., 1999; Li et al., 2018; Papaiahgari et al., 2007).
Furthermore, mechanical stretch is associated with ROS generation (Birukov, 2009;
Chatterjee and Fisher, 2014). Hishikawa and colleagues have reported that 1Hz, 10% cyclic
stretch to human coronary artery SMCs in culture stimulates the production of superoxide,
whilst a cyclic stretch of 6% did not (Hishikawa et al., 1997). Thus, mechanical stress needs
to be considered in defining antioxidant mechanism for improved translation of findings into

clinical applications.

In addition, as introduced in Chapter 1 (Section 1.2.3), there are numerous interactions
between vascular endothelial (ECs) and smooth muscle cells (SMCs) (see Figure 1.6).
Vascular ECs can communicate with vascular SMCs by releasing bioactive agents such as
NO, which is important for homeostasis and regulation of vascular tone (Gao et al., 2016;
Moncada and Higgs, 1993; Tousoulis et al., 2005). Chiu et al. reported that vascular SMCs
induce expression of the adhesion molecule E-selection in ECs by in endothelial/smooth
muscle co-cultures and that shear stress inhibited its expression (Chiu et al., 2007). In a
mouse aortic aneurysm model, elevated endoplasmic reticulum stress and microparticles
production in vascular SMC induce vascular EC dysfunction and apoptosis (Jia et al., 2017).

Thus, it is critical to establish a co-culture system of vascular ECs and SMCs in future
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experiments, to replicate in vitro antioxidant mechanisms under physiological Oz and

interaction between vascular ECs and SMCs exposed to shear and cyclic stretch, respectively.

In summary, the present study highlights the critical importance of adapting cells in vitro to
physiological O levels to correlate the redox phenotype and metal profile in HCASMCs
under 18kPa O. and 5kPa O,. Moreover, the novel findings on antioxidant mechanisms
explored in HR models demonstrate a protective role of SFN and Zn supplementation in HR
injury. Thus, this study provides valuable insights into the design of new therapeutic targets

in coronary ischaemia-reperfusion as well as regenerative medicine and ecotoxicology.
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Appendix 1- Composition of supplement pack Smooth Muscle Cell Growth Medium 2
Supplement pack smooth muscle cell growth medium 2, C-39262, PromoCell, UK

Media supplement Final supplement concentration
Fetal Calf Serum 0.05 mi/ml

Epidermal Growth Factor (recombinant human) 0.5 ng/ml

Basic Fibroblast Growth Factor (recombinant human) 2 ng/ml

Insulin (recombinant human) 5 pg/ml

Appendix 2- Composition of SDS lysis buffer

Component Concentration Amount required to make 200ml
Tris base (pH 6.8) 50mM 1.2g in 100ml ddH,0O
Glycerol 10% 20g

Sodium dodecyl sulfate (SDS) 2% 40ml

ddH:0 - up to 200ml

Appendix 3- Composition of Phosphate/EDTA + NaOH buffer

Component Concentration
Monopotassium phosphate (KH2PO4) 100.0mM
Ethylenediaminetetraacetic acid (EDTA) 6.3mM

Adjust pH > 8

Appendix 4- Composition of PBS-T

Component Concentration
10xPBS tablets (OXOID, BR0014C) 1x
TWEEN® (Sigma, P5927-500) 0.1%
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Appendix 5- Composition of resolving gel for mini-SDS-PAGE

Component 10% Final concentration
4xTris-SDS (pH 8.8) 4.8ml 1x Tris (375mM) + 0.1%SDS
30%Acrylamide 6.4ml 10%

ddH20 aml -

10%APS 70ul 0.04%

N,N,N’,N’- Tetramethylethylenediamine (Temed) 15ul 0.08%

Appendix 6- Composition of stacking gel for mini-SDS-PAGE

Component Amount Final concentration

4% Tris-SDS (pH 6.8) 3mi 1xTris (125mM) + 0.1%SDS
30%Acrylamide 1.56ml 4%

ddH-0 7.32ml -

10%APS 60ul 0.05%

N,N,N’,N’- Tetramethylethylenediamine (Temed) 7.5ul 0.06%

Appendix 7- Composition of running buffer for SDS-PAGE electrophoresis

Component Amount
SDS PAGE Tank Buffer (10X) Tris-Glycine SDS 100ml
ddH:0 900ml

Composition of Tris-Glycine-SDS PAGE Buffer (10X)

Component Concentration
Tris base 0.25M

Glycine 1.92M

SDS 1%

Appendix 8- Composition of transfer buffer for immunoblotting

Component Amount Final concentration
Tris base 6.06g 25mM

Glycine 28.89 192mM

Methanol 400ml 20%

ddH:0 1600ml -
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Appendix 9- Plasmid vector information

pcDNAZ3.1 backbone

CMV_fwd_primer

T7_¢ noter
i Bglll (12) Nhel (895)
AmpR_promoter Nrul (208) Aflll (908)
CAG_enhancer Hindlll (911)
Ampicillin Ndel (484) Kpnl (921)
CMV_immearly PromBanHI (929)
EcoRlI (952)
EcoRV (964)
Notl (979)
Xhol (985)
Xbal (991)
Apal (1001)
BGH_rev_primer

5428 bp

f1_origin
pBABE_3_primer
SV40_e
SV40_pr
Sva

L 4

Stul (2053)
Xmal (2075)
Smal (2077)
or Narl (2264)

BstBI (2946) Mscl (2346)

NeoR/KanR

Human NFE2L2 (NM_006164.5) cDNA including putative kozak sequence was inserted
between Nhel and Apal site

Insert sequence

gctcat catgatggac ttggagetge cgecgecggg actcecgtce cagcaggaca tggatttgat tgacatactt tggaggcaag
atatagatct tggagtaagt cgagaagtat ttgacttcag tcagcgacgg aaagagtatg agctggaaaa acagaaaaaa cttgaaaagg
aaagacaaga acaactccaa aaggagcaag agaaagcctt tttcgctcag ttacaactag atgaagagac aggtgaattt ctcccaattc
agccagccca geacatccag tcagaaacca gtggatctge caactactce caggttgece acattcccaa atcagatgct ttgtactttg
atgactgcat gcagctttty gcgcagacat tcccgtttgt agatgacaat gaggtttctt cggctacgtt tcagtcactt gttcctgata
ttcccggtca catcgagage ccagtcttca ttgctactaa tcaggctcag tcacctgaaa cttctgttge tcaggtagec cctgttgatt
tagacggtat gcaacaggac attgagcaag tttgggagga gctattatcc attcctgagt tacagtgtct taatattgaa aatgacaagc
tggttgagac taccatggtt ccaagtccag aagccaaact gacagaagtt gacaattatc atttttactc atctataccc tcaatggaaa
aagaagtagg taactgtagt ccacattttc ttaatgcttt tgaggattcc ttcagcagca tcctctccac agaagaccce aaccagttga
cagtgaactc attaaattca gatgccacag tcaacacaga ttttggtgat gaattttatt ctgctttcat agctgagccc agtatcagea
acagcatgcc ctcacctgct actttaagec attcactctc tgaacttcta aatgggecca ttgatgtttc tgatctatca ctttgcaaag
ctttcaacca aaaccaccct gaaagcacag cagaattcaa tgattctgac tccggeattt cactaaacac aagtcccagt gtggcatcac
cagaacactc agtggaatct tccagctatg gagacacact acttggectc agtgattctg aagtggaaga getagatagt geccctggaa
gtgtcaaaca gaatggtcct aaaacaccag tacattcttc tggggataty gtacaaccct tgtcaccatc tcaggggeag agcactcacy
tgcatgatgc ccaatgtgag aacacaccag agaaagaatt gcctgtaagt cctggtcatc ggaaaaccce attcacaaaa gacaaacatt
caagccgcett ggaggetcat ctcacaagag atgaacttag ggcaaaagct ctccatatce cattcectgt agaaaaaatc attaacctce
ctgttgttga cttcaacgaa atgatgtcca aagagcagtt caatgaagct caacttgcat
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