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Abstract

Hypertension is a major risk factor for cardiovascular diseases and involves complex

molecular mechanisms that are not fully understood. Recent evidence indicates that

endoplasmic reticulum (ER) stress plays a crucial role in hypertension, particularly by

affecting vascular function. This thesis explores the hypothesis that ER stress contributes

to hypertension through mechanisms involving oxidative stress, calcium signalling

dysfunction, and changes in microRNA (miRNA) expression. These processes can lead to

increased vascular contractility, which may ultimately contribute to elevated blood

pressure.

This study utilised both human vascular smooth muscle cells (VSMCs) and animal models

to investigate the molecular mechanisms linking ER stress to hypertension. Using miRNA

microarray analysis, 242 differentially expressed (DE) miRNAs were identified when

comparing VSMCs from hypertensive (HT) individuals to those from normotensive (NT)

individuals, each represented by one sample derived from three different individuals.

These (DE) miRNAs were associated with key genes and proteins related to oxidative

stress and calcium signalling, including Noxs, SOD2, catalase, and ER calcium channels,

as determined through Ingenuity Pathway Analysis (IPA). Notably, ER stress induced by

tunicamycin significantly altered the expression of oxidative stress markers (Noxs, SOD2,

catalase) and calcium channels in HT VSMCs compared to NT VSMCs, indicating that ER

stress regulates oxidative stress and potentially contributes to calcium signalling

dysfunction.

Further insights were gained from studying a chronic Ang II-induced hypertensive mice

model (LinA3). ER stress was found to specifically activate the PERK pathway, indicating

selective ER stress activation in VSMCs under hypertensive conditions. In this model,

oxidative stress was characterized by increased O2- • generation, lipid peroxidation,

irreversible protein oxidation, and altered antioxidants system of VSMCs compared to

wild-type mice. The role of Nox4 in modulating the interaction between oxidative stress

and ER stress was highlighted, as Nox4 deficiency led to changes in the expression of ER

stress markers, including increased BIP and Chop in the kidneys of wild-type mice and

increased PDI in the kidneys of LinA3 mice. These findings suggest a potential role for

Nox4 in modulating ER stress in hypertension.
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This study found that the pre-hypertensive factor endothelin-1 (ET-1) induces ER stress

and that ER stress contributes to vascular hypercontractility, using spontaneously

hypertensive rats (SHRSP) compared to normotensive Wistar Kyoto (WKY) rats. Our

findings demonstrated elevated levels of ER stress in the hearts and VSMCs of SHRSP

compared to normotensive controls, indicating a link between ER stress and hypertension.

ET-1 was found to induce ER stress through both ETA and ETB receptors, leading to

increased expression of ER stress markers such as ATF4, XBP1s, and BIP. Inhibition of

ER stress resulted in reduced activation of the contractile machinery, establishing a

connection between ER stress, calcium signalling dysfunction, and the enhanced

contractile response observed in hypertension.

Lastly, in vivo treatment with the ER stress inhibitor 4-phenylbutyric acid (4PBA) in

spontaneously hypertensive rats (SHR) demonstrated reduced blood pressure, improved

endothelial function, and a tendency toward improved vascular structure. These findings

suggest that ER stress is a critical mediator of vascular dysfunction and structural changes

in hypertension and present ER stress inhibition as a potential therapeutic strategy for

managing hypertension.

In conclusion, this thesis highlights the role of ER stress in mediating vascular dysfunction

in hypertension, emphasizing its interactions with oxidative stress, calcium dysfunction,

and the potential involvement of miRNA regulation. These findings lay the groundwork

for the development of novel therapeutic strategies targeting ER stress to treat hypertension.
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Chapter 1 iIntroduction

1.1 Hypertension

Hypertension is a major risk factor for cardiovascular disease (CVD), chronic kidney

disease (CKD), and cognitive impairment, and it significantly contributes to all-cause

morbidity and mortality worldwide (MillsStefanescu and He, 2020, Oparil et al., 2018a). It

is a chronic condition characterized by elevated blood pressure (BP), defined as a systolic

blood pressure ≥140 mmHg and/or a diastolic pressure ≥ 90 mmHg in accordance with

most major guidelines (Unger et al., 2020, Oparil et al., 2018a). The majority (90-95%) of

patients with hypertension are diagnosed with essential (primary) hypertension. The

precise etiology of essential hypertension remains poorly understood, necessitating a more

detailed exploration of its molecular pathogenesis (Coffman, 2011, Tackling and Borhade,

2020).

1.1.1 Epidemiology

Globally, over one billion adults are afflicted with hypertension, representing about a

quarter of the adult population(2017). From 1975 to 2015, high-income western and Asia

Pacific regions experienced significant reductions in average systolic and diastolic blood

pressure(2017). Conversely, average blood pressure has risen in regions such as East and

Southeast Asia, South Asia, Oceania, and Sub-Saharan Africa(2017). During this 40-year

period, the global count of adults with hypertension nearly doubled from 594 million to

1.13 billion, primarily in low- and middle-income countries. According to predictions, the

number of people with hypertension could approach 1.5 billion by 2025 (Kearney et al.,

2005). The Global Burden of Disease study indicates that non-optimal blood pressure is a

major health concern, leading to approximately 9.4 million deaths and 212 million lost

healthy life years annually, accounting for 8.5% of the global total (Oparil et al., 2018b,

2016).

1.1.2 Pathophysiology

The persistent blood pressure elevation is attributed to perturbations of the central nervous

system, the kidney, and the vasculature (McMaster et al., 2015, Harrison, 2014).

Pathophysiology mechanisms responsible for hypertension are multifactorial and complex,

involving many regulatory systems, including the activation of the sympathetic nervous

system (SNS), the renin-angiotensin-aldosterone system (RAAS), and the immune system
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with consequential endothelial dysfunction, cardiovascular remodelling and renal

dysfunction (Oparil et al., 2018a, Duvnjak, 2007). In addition, the pathophysiological

mechanisms of hypertension also include other factors such as genetic predisposition,

environmental influences (such as high sodium intake, excessive alcohol consumption, and

significant mental stress), and the ageing process.

The RAAS plays a critical role in the pathogenesis of hypertension with a widespread

effect on BP regulation, including increasing sodium reabsorption, water reabsorption,

vasoconstriction, endothelial dysfunction, and vascular injury (Oparil et al., 2018b). The

RAAS primarily functions to control pressure-volume homeostasis in the kidneys. Renin,

synthesised and stored in juxtaglomerular cells of the kidneys, is released in response to

stimuli such as reduced blood pressure, decreased sodium chloride concentration in the

distal tubule, increased vasodilation, and SNS activation (Oparil et al., 2018b).

Angiotensinogen, predominantly produced and secreted by the liver, undergoes cleavage

by renin at its N-terminal, resulting in angiotensin I formation. Subsequently, Angiotensin-

Converting Enzyme (ACE) removes two C-terminal amino acids from angiotensin I,

forming angiotensin II (Ang II), the central effector of the RAAS. Ang II plays a crucial

role in regulating BP by mediated vasoconstriction, aldosterone secretion, enhancing

sodium reabsorption and increasing sympathetic outflow (Guo et al., 2001). Ang II exerts

its physiological and pathophysiological effects through two G-protein coupled receptors:

Ang II type 1 receptor (AT1-R) and Ang II Type 2 Receptor (AT2-R). AT1-R mediates the

physiological effects of Ang II, such as vasoconstriction and sodium and water

reabsorption. Pathologically, AT1-R activation results in oxidative stress, fibrosis, tissue

remodelling, inflammation, and elevated blood pressure (Guo et al., 2001, Karnik et al.,

2015). Conversely, AT2-R mediates protective actions by promoting anti-inflammatory

responses, inhibiting fibrosis, reducing sympathetic outflow, and inducing vasodilation

(Karnik et al., 2015). In addition, the ACE2/angiotensin-(1-7)/Mas receptor (MasR) axis

also plays a pivotal role in vasodilation (Povlsen et al., 2020). Aldosterone, a hormone

primarily regulated by Ang II, is crucial in maintaining salt-water balance, blood pressure

control, and cardiovascular remodelling. Together, RAAS is essential in the development

of hypertension (Williams, 2005).

The endothelium critically regulates vascular tone via the production of nitric oxide (NO)

and other vasoregulatorys that contribute to the pathophysiology of hypertension (Panza et

al., 1993). The factors released from endothelial cells include vasodilators such as

prostacyclin and endothelium-derived hyperpolarising factors and vasoconstrictors such as



19

endothelin 1 (ET-1), Ang II, and thromboxane A2 (Oparil et al., 2018b). ET-1 is a potent

21-amino-acid vasoconstrictor peptide produced in multiple tissues and operates in a

paracrine or autocrine fashion. It acts on two cell surface G-protein coupled receptors: the

endothelin type A receptor (ETAR) and endothelin type B receptor (ETBR) on

neighbouring endothelial or smooth muscle cells (Sandoval et al., 2014). ETAR and ETBR

on smooth muscle lead to contraction and promote cellular proliferation and hypertrophy

(Sandoval et al., 2014). In contrast, ETBR located on endothelial cells stimulates the

production of nitric oxide and prostacyclin, inducing vasorelaxation (Oparil et al., 2018b).

High levels of ET-1 have been observed in animal and human models of hypertension,

which are implicated in causing end-organ damage, including vascular hypertrophy and

remodelling (Trensz et al., 2019, Schiffrin, 1998, Kostov, 2021) In individuals with

hypertension, while the circulating levels of ET-1 are not consistently elevated, there is a

trend towards an enhanced sensitivity to its vasoconstrictor and hypertensive effects

(Lazich and Bakris, 2011). Notably, the ETAR blocker has been suggested to attenuate the

high BP in different animal models and human (Lazich and Bakris, 2011, Weber et al.,

2009, Kohan and Barton, 2014). Besides, dual ET-1 receptor antagonists have been found

to lower BP in patients with essential hypertension on phase 2 trial (McCoy and Lisenby,

2021, AngeliVerdecchia and Reboldi, 2021).

1.1.3 Diagnosis and management

Essential hypertension typically does not exhibit any noticeable, highlighting the

importance of regular BP monitoring during medical consultations for adults. Blood

pressure readings can vary due to time, environment, and measurement technique

(BueltRichards and Jones, 2021). In healthcare settings, including physician's offices,

hypertension is diagnosed when BP readings consistently exceed 140/90 mm Hg

(BueltRichards and Jones, 2021). To ensure accuracy, these readings should ideally be

obtained using an electronic device and by adhering to standard measurement protocols,

which include repeated measurements (BueltRichards and Jones, 2021). Besides, the

evaluation of a patient with hypertension should also include an assessment of their CVD

risk, target organ damage, and associated clinical conditions that could impact BP or cause

related organ damage, as well as the identification of features indicative of secondary

hypertension (Oparil et al., 2018b).
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The non-pharmacological management of patients with hypertension includes reduced salt

intake, increased potassium intake, less alcohol intake, more physical activity, and

avoiding obesity (Oparil et al., 2018b).

Antihypertensive pharmacotherapy has developed over several decades, with various

classes of medications demonstrating substantial improvements in the morbidity and

mortality rates associated with CVD (Ettehad et al., 2016). First-line medications include

for hypertension treatment include ACE inhibitors (ACEI), Ang II receptor blockers

(ARBs), calcium channel blockers (CCB), diuretics, and beta-adrenoreceptor blockers

(Oparil et al., 2018b, CameronLang and Touyz, 2016, Frishman, 2016). The initial use of

beta-blockers is controversial without any cardiovascular comorbidities in hypertension

treatment(Whelton et al., 2018). The ACEI and ARBs reduce BP by acting in RAAS via

inhibition of the production and action of Ang II, respectively (van Thiel et al., 2015).

CCBs control BP by inhibiting calcium influx through L-type calcium channels, which

leads to the relaxation of arteriolar smooth muscle and a consequent reduction in vascular

peripheral resistance (Whelton et al., 2018). Diuretics decrease BP by enhancing urinary

output and sodium excretion, effectively reducing body fluid volume (Silvade Figueiredo

and Rios, 2019). Beta-blockers reduce BP by engaging with receptors in various tissues

and modifying the sympathetic nervous system's activity that supplies these tissues, thus

influencing cardiovascular responses (Silvade Figueiredo and Rios, 2019). In cases of

severe hypertension, combination therapy tends to be more effective, though it is essential

to consider the cumulative effects and potential adverse reactions of these drugs.

1.2 Vascular dysfunction in hypertension

Essential hypertension is characterised by increased cardiac output and peripheral

resistance (Mayet and Hughes, 2003). While most patients with essential hypertension

present with normal cardiac output, they exhibit elevated peripheral resistance (BeeversLip

and O'Brien, 2001). Resistance vessels, particularly arteries with diameters smaller than

300 μm, are crucial in regulating vascular tone and blood flow (HeagertyHeerkens and

Izzard, 2010, Naiel et al., 2019). According to Poiseuille's Law, vessel resistance is

inversely proportional to the fourth power of the radius. Thus, small changes in arterial

diameter have a major impact on vascular resistance and subsequently affect blood

pressure (Welsh et al., 2018). In the early stages, changes in the vasculature are adaptive,

but chronic conditions can cause maladaptive processes. This progression results in

vascular remodelling and the development of rigid, stiff, and poorly compliant vessels, a
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hallmark of chronic hypertension (Touyz et al., 2018, Intengan et al., 1999a). Resistance

arteries undergo increased contractility, endothelial dysfunction, inflammation and

structural remodelling, which are involved in both the cause and consequence of high

blood pressure (Touyz et al., 2018). These vascular changes further impact other organs,

such as the heart, kidneys, and brain, leading to target organ damage (Touyz et al., 2018).

1.2.1 Vascular Structure

The vascular system is crucial as it contributes to and is a target of high blood pressure.

Arteries are blood vessels that carry oxygenated blood away from the heart to organs and

tissues throughout the body. The arterial system consists of large elastic arteries, resistance

arteries, arterioles, and capillaries. The arterial wall is composed of three different

anatomical regions: tunica intima, tunica media, and tunica adventitia (Touyz et al., 2018,

Martinez-Quinones et al., 2018). The tunica intima, the innermost layer of the artery,

consists of a single layer of vascular endothelial cells, underlain by a connective tissue

basement membrane interspersed with elastic fibres (Cahill and Redmond, 2016). The

tunica media, the thickest layer of the artery, comprises multiple layers of vascular smooth

muscle cells (VSMCs). This layer provides structural support to the vessel and plays a

crucial role in regulating constriction and dilatation of the blood vessels. Lastly, the tunica

adventitia, the outermost layer, anchors the vessel to the surrounding tissues. It contains

fibroblasts, adipocytes, connective tissue, and components of the extracellular matrix

(Touyz et al., 2018).

1.2.2 Endothelial dysfunction

The endothelium, the body's largest endocrine organ, is critical in vascular health. It

maintains the vascular tone and structure by balancing various processes, such as

vasodilation and vasoconstriction, antithrombosis and prothrombosis, growth promotion

and inhibition, anti-inflammatory and pro-inflammatory actions, and pro-oxidation and

antioxidative effects, which are essential to ensure optimal vascular function

(VaneAnggård and Botting, 1990, Higashi et al., 2003, Vanhoutte, 1989). Any imbalance

of these processes could lead to endothelial dysfunction, which is easily identifiable by

diminished vascular relaxation in response to endothelium-dependent vasodilators such as

acetylcholine (Ach) (Münzel et al., 2008). It has been reported that individuals diagnosed

with hypertension present with impaired endothelium-dependent relaxation in different

resistance arteries (Higashi et al., 1999).
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Endothelial dysfunction is characterised as a functional and reversible alteration in

endothelial cells, primarily due to impaired availability of nitric oxide (NO) (Taddei et al.,

2002). Endothelial cells play a crucial role in regulating vascular relaxation by releasing

endothelium-derived nitric oxide, which stimulates soluble guanylate cyclase (sGC) in

VSMCs, leading to an increase in intracellular cyclic guanosine monophosphate (cGMP),

an essential process in the modulation of vascular tone (Benjamin and Vane, 1996, Huang

et al., 1995). The mechanisms disrupting the bioavailability of endothelium-derived NO in

hypertension include: i) reduced expression of endothelial nitric oxide synthase (eNOS),

the primary enzyme for NO production; ii) decreased activation of eNOS; and iii)

enhanced quenching of NO due to high levels of ROS (Touyz, 2002). In eNOS knockout

mice, systolic blood pressure (SBP) elevation of nearly 30 mmHg compared to wild type

highlights the essential role of nitric oxide in blood pressure regulation (Huang et al., 1995).

Endothelial dysfunction may lead to increased peripheral resistance through enhanced

constriction and vascular remodelling of resistance arteries, which are associated with

hypertension development and complications. Underlying mechanisms include impaired

vascular shear stress, oxidative stress, inflammation, and RAAS activation (GalloVolpe

and Savoia, 2021). Mechanical stimuli, such as changes in flow velocity and pressure

within the vasculature, impact the tension of smooth muscle. Increased flow velocity (shear

stress) elevates cytosolic calcium concentration by regulating ion channels, thus

stimulating eNOS activity and NO synthesis in endothelial cells, while elevated pressure

decreases NO bioavailability and ET-1 release (ZhouLi and Chien, 2014, Konukoglu and

Uzun, 2017). Oxidative stress, marked by increased ROS levels, leads to endothelial

dysfunction by reducing NO bioavailability through enhanced NO quenching (Touyz et al.,

2020). Hypertensive patients have higher pro-inflammatory cytokine levels in plasma,

which downregulate eNOS activity (Konukoglu and Uzun, 2017). Chronic inflammation

also triggers oxidative stress, further impairing endothelial function (Touyz et al., 2020).

RAAS, especially its key effector Ang II, affects endothelial function by regulating

oxidative stress, vasoconstriction, and inflammation. Furthermore, the ACE-2/Ang(1-

7)/Mas axis increases NO bioavailability and reduces ROS production during selective

AT1R blockade, improving endothelial function and resistance artery remodelling (Povlsen

et al., 2020).

Reducing BP does not directly restore endothelial function. However, some

antihypertensive medications have been shown to improve endothelia function (Silvade

Figueiredo and Rios, 2019). The ACEIs and ARBs are notably beneficial for endothelial
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function, primarily through their mechanism of reducing oxidative and inflammatory

effects triggered by Ang II, thereby ameliorating endothelial dysfunction (Taddei et al.,

2002). CCBs exhibit pleiotropic effects that enhance endothelial function, including

antioxidant effects and the promotion of eNOS activation (Taddei et al., 2002).

Furthermore, some third-generation beta-blockers have been shown to have beneficial

effects on the endothelium of hypertensive patients through antioxidant mechanisms

(VirdisGhiadoni and Taddei, 2011).

1.2.3 Vascular remodelling

The vascular wall, a dynamic autocrine-paracrine complex formed by the interaction of

endothelial cells, smooth muscle cells, and fibroblasts, plays a pivotal role in

vascularisation by detecting environmental changes, integrating intercellular

communication signals, and influencing vascular structure and function through the local

production of mediators (Rennade Las Heras and Miatello, 2013). Vascular remodelling

indicates the structure changes of the vascular wall in response to pathological conditions

that involve at least four cellular processes: cell proliferation, cell migration, cell death,

and the synthesis or degradation of the extracellular matrix (Gibbons and Dzau, 1994).

In essential hypertension, the remodelling of resistance arteries is characterised by

structure alterations in the vasculature, primarily attributed to increases in the media-to-

lumen or wall-to-lumen ratios (Mulvany and Aalkjaer, 1990, Heagerty et al., 1993). Two

types of remodelling are observed: inward eutrophic remodelling and inward hypertrophic

remodelling (Schiffrin, 2012, Schiffrin, 2004). Inward eutrophic remodelling is

characterised by decreasing outer lumen diameters and increased wall-to-lumen ratios,

typically observed in the resistance arteries of essential hypertension. In contrast, inward

hypertrophic remodelling involves VSMC hypertrophy or hyperplasia, commonly seen in

secondary hypertension and other CVD (RizzoniAgabiti-Rosei and De Ciuceis, 2023).

Patients with mild-to-moderate hypertension may exhibit eutrophic remodelling, as

evidenced by a decreased media/lumen ratio, without alterations in media thickness or

cross-sectional area in the resistance arteries of gluteal subcutaneous tissue (SchiffrinDeng

and Larochelle, 1993). Increases in blood pressure associated with the RAAS are often

linked to eutrophic remodelling, and AT1 antagonists have been shown to correct these

changes in vessel structure over time (Schiffrin et al., 2000).
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Remodelling of the extracellular matrix plays a crucial role in vascular remodelling,

involving the deposition of proteins such as collagen, cell migration, secretion of

components, and the reorganisation of the extracellular matrix and cell interactions

(Schiffrin, 2004). The deposition of proteins within the matrix contributes to the

reorganisation of vessel wall components and embeds a chronically vasoconstrictive state

in small arteries of hypertensive animals and patients (Intengan et al., 1999b, Intengan et

al., 1999a). The increase in protein deposition may also result from diminished activity of

matrix metalloproteinases (MMPs), enzymes that degrade extracellular matrix proteins, as

observed in the mesenteric arteries of SHR (Intengan and Schiffrin, 2000).

The inward remodelling of small vessels both results from and contributes to increased

vasoconstriction. The underlying mechanisms involve changes in post-receptor signalling

and oxidative stress during hypertension (Schiffrin, 2004). For example, Ang II binds to

the AT1R, it triggers the activation of heterotrimeric G proteins, leading to a cascade of

second messenger signalling that includes inositol trisphosphate (IP3), diacylglycerol

(DAG), arachidonic acid, and reactive oxygen species (ROS) (Zeng and Yang, 2024).

Consequently, downstream effectors such as phospholipases C, A, and D are activated,

further influencing vasoconstriction and remodelling. Besides, Ang II induces oxidative

stress by stimulating NADPH oxidases (Nox) to produce ROS, which could promote the

proliferation of VSMCs and damage endothelial cells (Zeng and Yang, 2024). Furthermore,

the abnormal function of ion channels, such as calcium, potassium, and sodium channels,

can disrupt vascular tone regulation and contribute to vascular remodelling (Zeng and

Yang, 2024).

1.2.4 Vascular smooth muscle cells phenotypic switching

In the vasculature, VSMCs play a pivotal role in regulating blood flow and distribution. In

adult vessels, VSMCs express ion channels, signalling molecules and contractile proteins

that are essential for regulating vessel contraction (Elmarasi et al., 2024). Differentiated

VSMCs exhibit a high degree of plasticity, enabling them to adapt their phenotypes in

response to local environmental changes (Brozovich et al., 2016). Physiologically, these

cells exhibit low synthetic activity and proliferation rate, maintaining a primarily

contractile phenotype, which is crucial for maintaining vascular tone and function (Zhang

et al., 2021).
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Contractile VSMCs have a spindle-shaped morphology and typically express specific

contractile and cytoskeletal proteins, such as smooth muscle myosin heavy chain (SM-

MHC), α-smooth muscle actin (α-SMA), calponin, and caldesmon (Chamley-

CampbellCampbell and Ross, 1979). In contrast, synthetic or secretory VSMCs display a

more elongated morphology, express proteins such as vimentin, collagen, and fibronectin,

and participate in vascular repair and remodelling (Elmarasi et al., 2024). The population

of dedifferentiated VSMCs can vary significantly within injured or diseased vasculature,

such as in the context of hypertension (Elmarasi et al., 2024).

In hypertensive patients, VSMCs have the capacity to change into phenotypes that can

withstand high blood pressure (Elmarasi et al., 2024). In large arteries, VSMCs express

contractile genes that result in a tonic phenotype, whereas arterioles produce a phasic

phenotype (OwensKumar and Wamhoff, 2004). Moreover, VSMCs can lose their

contractile markers (SM-MHC, α-SMA, calponin, etc.) and change to a synthetic

phenotype under biological stress signals. Synthetic VSMCs contribute to signalling

molecules that promote cell proliferation, migration, fibrosis, and inflammation (Touyz et

al., 2018). Studies have shown diminished expression of contractile markers in vessels

exposed to high blood pressure, highlighting the connection between these proteins and

impaired vascular function (Cao et al., 2022, Nemenoff et al., 2011).

1.2.5 Vascular smooth muscle contraction

Vascular smooth muscle contraction is primarily regulated by the activation of contractile

proteins in VSMCs (Touyz et al., 2018). This contraction involves the formation of actin-

myosin cross-bridges, which is controlled by the phosphorylation state of myosin light

chain 20 (MLC20) (Touyz et al., 2018). Myosin light chain kinase (MLCK) phosphorylates

MLC20, promoting contraction, while myosin light chain phosphatase (MLCP)

dephosphorylates MLC20, leading to relaxation (Yang and Hori, 2021, Touyz et al., 2018,

Webb, 2003, Ito and Hartshorne, 1990).

A crucial event in vascular smooth muscle excitation-contraction coupling is the increase

in intracellular calcium concentration ([Ca2+]i), which is regulated by mechanical, humoral,

or neural stimuli39. The regulation of [Ca2+]i and calcium signalling is orchestrated by

various plasma membrane channels, exchangers, and transporters, as well as intracellular

stores like the sarcoplasmic reticulum, mitochondria, and calcium-binding proteins (Little

et al., 1992). In hypertension, pro-hypertensive factors such as vasoactive peptides (Ang II
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and ET-1) and neurohumoral stimuli (norepinephrine and acetylcholine) trigger the

activation of G protein-coupled receptors (GPCRs) (Touyz et al., 2018). This activation

stimulates phospholipase C (PLC), which subsequently generates the second messenger

inositol trisphosphate (IP3) and diacylglycerol (DAG) (Matsumura et al., 1995). IP3

increases [Ca2+]i by stimulating its release from the sarcoplasmic reticulum, while DAG

activates protein kinase C (PKC) (WynneChiao and Webb, 2009). Additionally, different

calcium entry channels such as voltage-operated channels (VOC), receptor-operated

channels (ROC), store-operated channels (SOC), transient receptor potential (TRP)

channels, and Ca2+-permeable nonselective cation channels (NSCC) promote calcium

influx, thus increasing [Ca2+]i (WynneChiao and Webb, 2009). Increased [Ca2+]i triggers

MLCK activation and phosphorylates the MLC20, initiating the interaction between actin

and myosin filaments, which leads to muscle contraction (Touyz et al., 2018).

In hypertensive vascular smooth muscle, the regulation of several mechanisms related to

intracellular calcium homeostasis is disrupted, leading to abnormal calcium handling and

elevated [Ca2+]i. Elevated [Ca2+]i has been observed in both experimental and human

hypertension, which is attributed to increased calcium influx through calcium channels,

enhanced release of calcium from the sarcoplasmic reticulum, reduced reuptake of calcium

into the sarcoplasmic reticulum, and activation of the PLC-DAG-IP3 pathway

(MatsudaLozinskaya and Cox, 1997, Misárková et al., 2016, BazanCampbell and Rapoport,

1992, TouyzDeng and Schiffrin, 1995).

Calcium-independent mechanisms, such as the DAG-PLC-PKC pathway and the RhoA-

Rho kinase (ROCK) pathway, also regulate vascular smooth muscle contraction through

calcium sensitisation, which maintains muscle force after the initial calcium signal

dissipates (Touyz et al., 2018). Activation of PKC induces the phosphorylation of

downstream signalling proteins, including CPI-17, which phosphorylated inhibits MLCP

phosphatase activity by binding to its catalytic domain. Activation of GPCRs by vasoactive

agents leads to the release of RhoA, which then activates ROCK (Touyz et al., 2018).

Activated ROCK phosphorylates myosin phosphatase target subunit 1 (MYPT1) and CPI-

17, inhibiting myosin light chain phosphatase (MLCP). This inhibition maintains MLC20

phosphorylation and sustains muscle contraction (Lebeau et al., 2021).
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Figure 1.1 Vascular smooth muscle contraction.
Intracellular calcium concentration is increased by different signalling pathways and
calcium channels, including plasma membrane channels, exchangers, and intracellular
stores like the endoplasmic reticulum.

1.3 Oxidative stress

Oxidative stress is characterised by increased bioavailability of reactive oxygen species

(ROS), reduced nitric oxide (NO) levels and decreased antioxidant production in the

vasculature observed in both experimental and human hypertension (RodrigoGonzalez and

Paoletto, 2011, Montezano and Touyz, 2012, Brito et al., 2015). Physiologically, ROS are

signalling molecules that regulate vascular structure and function. ROS are constantly

generated by homeostatic cells and are essential in physiologically regulating all cellular

functions (de Champlain et al., 2004). NADPH oxidants (Noxs) are the primary source of

ROS in the vascular wall, and their activation has been strongly associated with the

pathogenesis of hypertension (Majzunova et al., 2013). Nox-dependent ROS production

can be triggered by stimulation of neurohumoral vasoconstrictor agents such as angiotensin

II (AngII), endothelin-1(ET-1), and aldosterone (Aldo) (Montezano et al., 2015). The

major ROS resulting from oxidative stress include hydrogen peroxide (H2O2) and
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superoxide (O2- ), which are electron donors and can damage DNA, RNA, proteins, and

lipids, contributing to vascular remodelling and dysfunction in hypertension. Superoxide

anion is a free radical, which serves as the origin of the cascade formatting of many other

biologically relevant ROS (Loperena and Harrison, 2017). It is usually short-lived because

of the rapid reduction by superoxide dismutase (SOD) to H2O2. Hydrogen peroxide is

relatively stable under physiologic conditions as it is a non-radical ROS. It can be further

reduced to water and oxygen by catalase or glutathione peroxidase (GPx).

ROS are products of natural mediators or metabolites of most cellular mechanisms and

derive from many sources in different cellular compartments. Several enzymes are capable

of producing ROS in hypertension by transferring electrons from an electron donor to

molecular oxygen, including nicotinamide adenine dinucleotide phosphate (NADPH)

oxidases (NOX), xanthine oxidoreductase (XOR), mitochondrial enzymes and uncoupled

NO synthase (NOS) (Giustarini et al., 2009, Sorescu et al., 2002).

The nicotinamide adenine dinucleotide phosphate oxidases (Nox) are a rich source of ROS,

particularly of superoxide and H2O2, in kidney and vasculature, which plays an essential

role in renal dysfunction and vascular damage (Touyz, 2004, Feairheller et al., 2009). Nox

is a primary source of ROS in the vascular wall, and its activation is strongly associated

with the pathogenesis of hypertension (Majzunova et al., 2013). Significantly, Nox-

dependent ROS production can be triggered by stimulation of neurohumoral

vasoconstrictor agents such as angiotensin II, endothelin-1, urotensin-II (UT-II) and

norepinephrine (NE) (Montezano et al., 2015). Xanthine oxidase (XO) is another source of

ROS that has been shown to contribute to experimental hypertension (Shirakura et al.,

2016) and human hypertension (Kohagura et al., 2016). In addition, functional uncoupling

of eNOS leads to the production of superoxidase rather than protective NO (Kohagura et

al., 2016), which has also been suggested to be an important source of ROS for

hypertension (Roe and Ren, 2012). Finally, dysfunction of the mitochondrial respiratory

chain during ATP synthesis increases the mitochondrial ROS formation (Radi et al., 2002).
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Figure 1.2 Sources of ROS in hypertension.
In hypertension, various enzymes contribute to the production of ROS by transferring
electrons from electron donors to molecular oxygen. Key sources include NADPH
oxidases, xanthine oxidoreductase (XOR), mitochondrial enzymes, and uncoupled nitric
oxide synthase (NOS).

1.3.1 NADPH oxidases

NADPH oxidases (NOX) are a family of enzymes that generate reactive oxygen species

(ROS), playing critical roles in various cellular functions and disease processes. The NOX

family consists of seven members: NOX1 to NOX5, and DUOX1 and DUOX2

(Montezano et al., 2015, Touyz et al., 2002). These enzymes transfer electrons from

NADPH to oxygen, producing superoxide and hydrogen peroxide, which are essential for

cellular signalling, host defence, and homeostasis (Touyz, 2004, Feairheller et al., 2009,

Majzunova et al., 2013).

NOX enzymes have distinct tissue distributions and functions. The classical NADPH

oxidase, Nox2, is a multi-subunit complex composed, including 2 membrane-associated

components (Nox2 (gp91phox) and p22phox), three cytosolic subunits (p47-phox, p67-

phox, p40-phox), and the small molecular weight GTPase Rac (Lambeth, 2004, Rastogi et al.,

2016). During Nox2 activation, cytosolic proteins translocate to the membrane leading to

transfer of one electron from NADPH to oxygen, producing superoxide anion. Nox1 is also

associated with p22 phox and depends on translocation of cytosolic subunits NoxO1 (Nox

organizer 1, p47phox homologue), NoxA1 (Nox activator 1, p67 phox homologue), p40
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phox and Rac1 to activation and producing superoxide anion(Dutta and Rittinger, 2010).

NOX3 is primarily expressed in the inner ear and is essential for the formation of otoconia,

necessary for balance and hearing (Rousset et al., 2015). NOX4 is ubiquitously expressed

and involved in processes such as cell differentiation, apoptosis, and fibrogenesis. Nox4

activation produces primarily rather than and does not need cytosolic subunits, and it is

associated with p22phox in the membrane (Schurmann et al., 2015). NOX5 is a calcium-

activated NADPH oxidase that localizes primarily in the perinuclear and endoplasmic

reticulum regions, translocating to the plasma membrane upon activation (Touyz et al.,

2019). It is tightly regulated by post-translational modifications and is activated by stimuli

such as vasoactive agents, growth factors, and pro-inflammatory cytokines (Touyz et al.,

2019). Duox1 and Duox2 are calcium-activated oxidases predominantly found in epithelial

cells lining mucosal surfaces, with particularly high expression levels in the thyroid gland

(van der VlietDanyal and Heppner, 2018).

Dysregulation of NOX enzymes is associated with numerous diseases. Overactivation of

NOX2 is linked to cardiovascular diseases such as atherosclerosis and hypertension

(Lassègue and Griendling, 2010). NOX4 has been implicated in diabetic nephropathy and

pulmonary fibrosis, indicating its role in chronic kidney and lung diseases (Hecker et al.,

2009, Jha et al., 2016). NOX-derived ROS also play a part in cancer progression,

particularly in thyroid cancer where NOX4 contributes to hypoxia adaptation, enhancing

cancer cell survival under low oxygen conditions(Tang et al., 2018). Inhibitors specific to

NOX enzymes are being developed to treat conditions associated with excessive ROS

production. For instance, NOX2 inhibitors are being explored for their potential to mitigate

oxidative stress in cardiovascular diseases, while NOX4 inhibitors are considered for

fibrotic diseases (Altenhöfer et al., 2015).

1.3.2 Antioxidants

To maintain redox homeostasis, several antioxidant defence systems regulate ROS levels

and defend cells from oxidative damage. O2- • serves as the origin of the cascade forming

many other biologically relevant ROS (Loperena and Harrison, 2017), which is usually

short-lived due to the rapid reduction by superoxide dismutase (SOD) to H2O2 (Fridovich,

1997). On the contrary, H2O2 is relatively stable under physiologic conditions as it is a

non-radical ROS. It can be further reduced to water and oxygen by catalase, glutathione

peroxidase (GPx), peroxiredoxins (Prx), and/or thioredoxin (Trx) reductase (Simic et al.,

2006, Sui et al., 2005).



31

1.3.3 Oxidative stress in hypertension

Over production of ROS results in oxidative stress and drives target organ damage in

hypertension (Coats and Jain, 2017)， such as in the CNS (Lob et al., 2013, Zimmerman et

al., 2002), in the kidney (Trott et al., 2014), and in the vasculature (Lee and Griendling,

2008). These damage in experimental hypertension in cardiac, vascular and renal injury

and inflammation are redox-sensitive processes since the treatment with NADPH oxidase

inhibitors, ROS scavengers, and anti-oxidant vitamins can normalise blood pressure and

show cardiovascular and renal protection.

1.4 Endoplasmic reticulum stress

The ER is responsible for synthesising about one-third of all eukaryotic cell proteins. ER

stress is a type of cellular stress that resolves the protein-folding defect and restores ER

homeostasis by triggering an adaptive program known as the unfolded protein response

(UPR). The UPR transmit the protein folding status information to nuclear and cytosol,

therefore adjusting the capacity of protein folding in the cell. Prolonged activation of UPR

can lead to apoptotic cell death, inflammation, fibrosis and VSMC phenotypic switch

(Uchida et al., 2022a, Spitler and Webb, 2014).

1.4.1 Unfolded protein response

The canonical branches of the UPR signalling pathway are mediated by three ER

transmembrane sensors: protein kinase RNA-like ER kinase (PERK), inositol requiring

kinase 1(IRE1α), and activating transcription factor 6 (ATF6). Under normal, unstressed

conditions, the luminal domains of these three sensors are capped by the ER resident

chaperone binding immunoglobulin protein (Bip, also known as the 78 ‐ kDa glucose ‐

regulated protein (GRP78)) to keep inactive. When misfolded/unfolded proteins

accumulate in the ER lumen, Bip is recruited to release the UPR sensors and prevents Ca2+

release into the cytosol (Gutierrez and Simmen, 2018). Bip recognises and binds to

unfolded or misfolded proteins and initialises the three parallel protein sensors of UPR

(PERK, IRE1a and ATF6)(Young et al., 2012).

IRE1α is the oldest branch of UPR and is a Ser/Thr protein kinase conserved from yeast to

humans. IRE1 consists of an N-terminal ER luminal domain, which senses the unfolded

proteins, and a C-terminal cytosolic region initiates the UPR through serine/threonine

protein kinase and endoribonuclease domains (Siwecka et al., 2021). IRE1α activation
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involves dimerises and autophosphorylates, causing a conformational switch that elicits its

endoribonuclease activity. The unfolded protein activated the IRE1 pathway via

dimerisation and trans-autophosphorylation of the endoribonuclease domain, subsequently

adapting cellular response by splicing the XBP1 mRNA. In this process, a 26-nucleotide

intron from the mRNA encoding the transcription factor X box-binding protein 1 (XBP1)

is trimmed by IRE1α, which changes the coding reading frame and results in the

translation of a more active and stable protein XBP1s (spliced XBP1) (Hetz, 2012). XBP1s

act as a transcription factor that upregulates the target genes involved in UPR and ERAD

(ER-associated protein degradation) to promote cytoprotection and restore ER homeostasis

(LeeIwakoshi and Glimcher, 2003). Activation of IRE1α also triggers a nonspecific

endonuclease activity that selectively targets and rapidly degrades ER membrane-

associated mRNA by a process known as regulated IRE1-dependent decay (RIDD)

(Hollien and Weissman, 2006). Under prolonged or severe stress conditions, IRE1

activation could also activate the pro-apoptotic c-Jun N-terminal kinase (JNK), resulting in

apoptosis (Siwecka et al., 2021). IRE1 is involved in inflammatory signals by recruitment

of adaptor protein tumour necrosis factor (TNF) receptor-associated factor 2 (TRAF2) to

activate apoptosis signal-regulating kinase 1 (ASK1) and downstream JUN N-terminal

kinase (JNK) thus actives NF-κB pathway to promote apoptosis (Ron and Hubbard, 2008).

Moreover, IRE1α can control the levels of the caspase family by cleaving microRNAs to

regulate apoptosis (Upton et al., 2012).

PERK, similar to IRE1, is a type1 transmembrane Ser/Thr protein kinase that dimerises

and autophosphorylates after Bip release. Activated PERK phosphorylate the serine 51 of

translation initiation factor eIF2α (eukaryotic initiation factors), leading to global

translational repression (Glembotski, 2007). EIF2α phosphorylation acts as a competitor of

eIF2B, resulting in a lower level of the initiator Met-tRNAiMet delivery to the ribosomal

machinery, thus broadly suppressing global protein synthesis and alleviating the demands

of protein folding and processing in ER (TeskeBaird and Wek, 2011). Phosphorylated

elF2α allows the translation of selective mRNAs, such as activating transcription factor 4

(ATF4), containing a structural feature of open reading frames in their 5′ untranslated

region (Harding et al., 2000). ATF4 transcriptional activity induces prosurvival

transcriptional programs through the expression of genes involved in amino acid transport,

ER resident chaperones and oxidative stress resistance (Harding et al., 2003). Besides

eIF2α activation, PERK is also responsible for phosphorylating nuclear erythroid two p45-

related factor 2 (NRF2), which dissociates from NRF2-Keap1 complex in the cytoplasm,

allowing NRF2 to translocate to the nucleus and regulate the expression of oxidative genes
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(Cullinan et al., 2003). Simultaneously, eIF2α phosphorylation facilitates the preferential

translation of the transcription factor ATF4, which in turn activates the UPR genes

transcription to help the cell cope with the stress. Notably, besides ER stress, viral

infection and nutrient deficiency also lead to eIF2α phosphorylation - ATF4 pathway

activation via GCN2 (general control non repressed 2) and dsRNA induced PKR

respectively (OchoaWu and Terada, 2018, Pakos-Zebrucka et al., 2016). Overexpression of

ATF4 proapoptotic transcriptional programs by upregulation of genes involved in

programmed cell death, such as the transcription factor C/EBP homologous protein (CHOP)

and growth arrest and DNA damage-inducible 34 (GADD34) (Celli and Tsolis, 2015, Toth

et al., 2007). Thus, ATF4 serves as a vital point of the integrated stress response (Pakos-

Zebrucka et al., 2016). ATF4, either alone or in conjunction with its downstream target

CHOP, may also contribute to cell death when cellular homeostasis cannot be restored

(Pakos-Zebrucka et al., 2016).

ATF6α is a type II ER membrane protein. Upon ER stress, 90kDa ATF6 α monomer

translocates to the Golgi lumen and is cleaved resident site 1 proteases (S1P) followed site

2 proteases (S2P), thus releasing the N-terminal cytosolic 50kDa fragment p50 (OchoaWu

and Terada, 2018). P50 is a functioning bZIP transcription factor and targets the ER stress

response element in the genes, which promote ER maintenance and post-translational

modification such as Bip, GRP94, and cysteine cross-linker PDI (protein disulfide-

isomerase) (Ron and Walter, 2007b).

ERO1 is an ER-resident thiol oxidoreductase, which works as a protein disulfide oxidase

and helps PDI with disulfide bond formation (Zito, 2015). ERO1 also contributes to correct

protein folding and improves the stress cope ability in cells by upregulating through UPR

(Zito, 2015). ERO1 is an ER-resident thiol oxidoreductase, which contributes to correct

protein folding and improves the stress-coping ability in cells by upregulated through UPR

(Zito, 2015). Ero1 also works as a protein disulfide oxidase and helps PDI with disulfide

bond formation (Zito, 2015).
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Figure 1.3 ER stress response.
The accumulation of unfolded proteins in the endoplasmic reticulum (ER) leads to their
binding with Bip/GRP78, which in turn releases the ER stress sensors PERK, IRE1, and
ATF6, thereby triggering ER stress activation. The dissociation from Bip allows PERK and
IRE1 to oligomerise and ATF6 to translocate to the Golgi apparatus, collectively initiating
the unfolded protein response (UPR). This response involves the transcriptional regulation
of downstream effectors such as XBP1s, ATF4, P50, and CHOP, which enhance the
production of UPR chaperones and activate ER-associated degradation (ERAD),
ultimately exerting a protective effect by restoring protein homeostasis.

1.4.2 The function of ER stress

ER stress plays a pivotal role in maintaining cellular homeostasis and function. The ER is

crucial for protein folding, lipid metabolism, and calcium storage. When cells experience

adverse conditions such as nutrient deprivation, hypoxia, or oxidative stress, the ER's

capacity can be overwhelmed, leading to the accumulation of misfolded proteins. The
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activation of UPR helps cells to cope stress by attenuating protein translation to avoid

further misfolded/unfolded protein accumulation, activating transcription of ER stress-

associated chaperones to facilitate the protein folding capacity, and rectifying the

accumulation of protein by enhancing ER-associated degradation (ERAD) and autophagy

(Groenendyk et al., 2010). While the primary function of the UPR is to promote cell

survival and adaptation under stress conditions, chronic or unresolved ER stress can trigger

apoptotic pathways. If the adaptive mechanisms fail, sustained activation of UPR sensors

can lead to the induction of pro-apoptotic factors such as CHOP, thereby initiating

programmed cell death to eliminate damaged cells. CHOP has been shown to induce cell

death via upregulating pro-apoptotic BCL2 family (Galehdar et al., 2010) and death

receptor DR5 under ER stress (Zou et al., 2008).

1.4.3 ER stress and Oxidative stress

Redox signalling is involved in many different aspects of ER stress. Oxidative stress can

lead to ER stress through thiol oxidation of ER molecular chaperones, disturbance in

oxidative protein folding, and alterations in Ca2+ levels in the ER(Eletto et al., 2014). On

the contrary, ER stress can lead to oxidative stress by mitochondrial dysfunction,

influencing Nox2 and Nox4 activation (LaurindoAraujo and Abrahao, 2014, Bhattarai et

al., 2021). Moreover, Ang II is reported to increase ER stress markers in both in vivo and

in vitro models. ER stress activation was involved in increased ROS generation and

activation of proinflammatory, fibrotic and apoptotic pathways (Xu et al., 2009,

Menikdiwela et al., 2019, Sepulveda-Fragoso et al., 2021). PERK can activate other

signalling pathways, such as Nrf2/Keap1 and calcineurin/RyR2 (Liu et al., 2015).

Tunicamycin is known for its role in inducing ER stress by inhibiting N-linked glycan

synthesis, which consequently leads to misfolded proteins and UPR activation. The

increasing cellular ROS level by tunicamycin has been found in different cells, including

PC12 cells (Yen et al., 2017a) and myoblasts (Anto et al., 2023). The activation of ER

stress sensor PERK triggers the dissociation of Nrf2/Keap1 complexes, thus allowing Nrf2

to translocate into nuclear, which could contribute to increased antioxidants expression,

such as GPx1, catalase and SOD (Cullinan et al., 2003).

Nox4 is the major Nox isoform that links ER stress to oxidative stress. Nox4 is involved in

at least two of the three signalling branches of the UPR, and it is required for XBP1

splicing by IRE1 and in eIF2a phosphorylation by PERK (Sciarretta et al., 2013, Santos et
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al., 2016, Chang et al., 2021, Kim et al., 2021, Janiszewski et al., 2005, Lee et al., 2020).

Nox4 knockout mice do not affect eIF2a phosphorylation and ATF4 expression, suggesting

there is no change in the PERK arm of the UPR. However, expression of Chop and Bip is

increased in the kidneys of Nox4 knockout mice, suggesting a role for Nox4 in ER stress.

The activation of ER stress response in the kidney from Nox4 knockout mice may differ

from other tissues. Evidence in other studies showed that expression of Chop and ATF4

were decreased in Nox4 knockout aorta (Xie et al., 2017), expression of Chop and Bip was

not changed by Nox4 silencing in human endothelial cells (Wu et al., 2010), and

decreasing expression of ATF4 in cardiomyocytes of cardiac-specific Nox4 knockout mice

(Sciarretta et al., 2013).

ER chaperone PDI upregulation has been found to be related to Nox4 activation. Nox4 is

colocalised with PDI in cells such as rat kidney glomerular mesangial cells (BlockGorin

and Abboud, 2009) and rabbit aortic smooth muscle cells (Miyano et al., 2020, Janiszewski

et al., 2005). Evidence shows PDI overexpression increased Nox4 levels after Ang II

stimulus, while PDI inhibition decreased Ang II-induced Nox4 activation in rabbit aortic

smooth muscle cells (Fernandes et al., 2009),(Janiszewski et al., 2005).

Figure 1.4 Sources of ROS in the ER.
During ER stress, several sources contribute to ROS generation. ER oxidoreductin 1
(ERO1), upregulated by CHOP, produces ROS during protein folding, leading to apoptosis.
NADPH oxidases generate ROS, with NOX4 activating UPR sensors and NOX5 linked to
ER stress-related apoptosis. Mitochondria-associated ER membranes (MAMs) increase
mitochondrial ROS production via calcium transfer. Aquaporin 11 (AQP11) channels in the
ER facilitate H2O2 transfer between the ER and mitochondria. Other key components
include the electron transport chain (ETC), PDI, and SOD2.
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1.4.4 ER stress and calcium dysfunction

ER plays a critical role in Ca2+ homeostasis, and disruption of Ca2+ homeostasis in the ER

leads to activation of ER stress (GroenendykAgellon and Michalak, 2013). Intracellular

Ca2+ is mainly stored in the lumen of ER, which is essential for signalling and proper

protein folding through the activity of Ca2+-binding chaperones (KuznetsovBrostrom and

Brostrom, 1992). It has been found that ER stress inducer Tunicamycin increased cytosolic

Ca2+ in parallel with a reduction of ER Ca2+ in VSMCs from mice (Liang et al., 2013).

Also, it was demonstrated that 24h exposure of Tunicamycin can reduce ER Ca2+ levels in

HuH7 cells in a dose dependent manner (Lebeau et al., 2021). The activation of IP3R or

inhibition of SERCA ultimately leads to Ca2+-store depletion, thus contributing to ER

stress (Luciani et al., 2009, Kiviluoto et al., 2013). One possible reason for this effect is

that some ER-resident chaperones require a high Ca2+ concentration for their activity, such

as calreticulin and Bip (Coe and Michalak, 2009, Corbett and Michalak, 2000).

Furthermore, ER stress induced IP3R1 dysfunction through an impaired IP3R1-Bip

interaction promotes cell death (Higo et al., 2010).

1.4.5 ER stress in hypertension

ER stress has been associated with many essential hypertensive models. Tunicamycin is an

ER stress inducer that inhibits protein glycosylation. Tunicamycin infusion induces ER

stress in mouse aortas in vivo and promotes elevation of systolic and diastolic blood

pressure by increased vascular smooth muscle contractility. Ang II-induced hypertension

in mice caused ER stress in the brain circumventricular subfornical organ (SFO) by

increasing expression of Bip, p-PERK and CHOP. Injection of Ang II in mice induces Bip

and CHOP expression in mesenteric arteries, myocardium, and aortas. Research has shown

that long-term treatment with 4-PBA in SHRs leads to an increase in endothelial-dependent

vascular dilation and a decrease in adrenergic-mediated vascular constriction in mesenteric

arteries on both 5 week-old (Naiel et al., 2019) and 12 week-old (Carlisle et al., 2016) rats

(treatment started age). Recent studies have highlighted the role of endoplasmic reticulum

(ER) stress in essential hypertension and in blood pressure regulation (Young, 2017, Liang

et al., 2013, Naiel et al., 2019, Choi et al., 2016b). ER stress has been associated with

vascular dysfunction in many hypertensive models. ER stress activation has been

demonstrated in cardiomyocytes (Qian et al., 2021, Wu et al., 2019, Zhou et al., 2020) and

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endoplasmic-reticulum-stress
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in VSMCs from mesenteric arteries (Camargo et al., 2018) and aorta (Kim et al., 2018)

from SHR. Previous studies have found that ER stress inhibitor 4PBA can attenuate the

hypercontractility in mesenteric arteries of SHRSP (Camargo et al., 2018). Inhibition of

ER stress leads to a decrease of hypercontractility in mesenteric arteries of both SHRSP

(Camargo et al., 2018) and SHR (Naiel et al., 2019, Carlisle et al., 2016) and also in the

aorta (SpitlerMatsumoto and Webb, 2013) of SHR. ER stress model induced by

tunicamycin infusion in SD rats increased collagen production and vascular stiffening,

where TUDCA or PBA treatment reduced ER stress in the aorta and showed improvement

in attenuated vascular compliance.

Figure 1.5 ER stress in hypertension.
ER stress and oxidative stress play a significant role in the progression of hypertension.
These processes are associated with apoptosis, inflammation, fibrosis, and alterations in
calcium signalling within the cardiovascular, renal, and central nervous systems.

1.5 Interplay between ROS, ER stress, calcium
dysfunction and implications in hypertension

The intricate relationship between ROS and ER stress profoundly affects calcium

homeostasis, a critical factor in vascular function and blood pressure regulation (Görlach et

al., 2015). Under normal conditions, the ER acts as the major intracellular calcium

reservoir, maintaining calcium balance within cells. Proper calcium handling is essential
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for various cellular functions, including VSMC contractility (Berridge, 2002). ROS,

however, can disrupt this balance by impairing the function of key calcium-handling

proteins such as the SERCA, which sequesters calcium into the ER (Thompson et al.,

2014).

Oxidative stress, driven by excessive ROS production, can cause oxidative modifications

of SERCA, such as S-glutathionylation, which reduces its efficiency in pumping calcium

into the ER (Adachi et al., 2004). This impairment leads to elevated cytosolic calcium

levels and a corresponding depletion of ER calcium stores. The resulting increase in

cytosolic calcium triggers calcium-dependent signaling pathways that promote VSMC

contraction, contributing to increased vascular tone and the development of hypertension

(Touyz et al., 2018).

ER stress activates the UPR as a compensatory mechanism to restore normal protein

folding(Ron and Walter, 2007b). However, prolonged or unresolved ER stress promotes

calcium release from the ER via inositol 1,4,5-triphosphate receptors (IP3Rs) and

ryanodine receptors (RyRs). This release exacerbates calcium depletion in the ER and

increases cytosolic calcium levels, perpetuating a vicious cycle of ER stress, oxidative

stress, and calcium dysregulation.

The consequences of disrupted calcium homeostasis are not confined to VSMCs.

Endothelial cells, which line the blood vessels, are similarly affected. Calcium signaling is

crucial for the activation of endothelial nitric oxide synthase (eNOS), which generates

nitric oxide (NO), a potent vasodilator (TranOhashi and Watanabe, 2000). Impaired

calcium handling in endothelial cells, driven by both ROS and ER stress, reduces NO

production, leading to endothelial dysfunction (Förstermann and Sessa, 2012). This

reduction in NO availability increases vascular tone and contributes further to elevated

blood pressure.

Overall, the interplay between ROS, ER stress, and calcium dysfunction plays a central

role in the pathophysiology of hypertension. By disrupting calcium homeostasis in both

VSMCs and endothelial cells, these processes lead to increased vascular contractility,

impaired vasodilation, and the chronic elevation of blood pressure that characterizes

hypertensive states.
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1.6 MicroRNAs

1.6.1 Biogenesis and function of microRNAs

Growing evidence indicates the function of non-coding RNAs in vascular dysfunction,

especially microRNAs (miRNA). MiRNAs are small 19 to 25 nucleotide non-coding

RNAs that negatively regulate gene expression (Xie et al., 2005). One individual miRNA

can target multiple genes, and a single mRNA may be regulated by several different

miRNAs (Cai et al., 2009, Saito and Saetrom, 2010). Mature miRNA is generated through

a series of cleavage steps (Figure 1.6). In the nucleus, miRNA is transcribed as a long

primary transcript (pri-miRNA) with a hairpin structure by RNA polymerase II. Following

association with the endonuclease Drosha, the pri-miRNA is cleaved into the ~70 nt

hairpin sequence termed the precursor miRNA (pre-miRNA). Pre-miRNAs get exported to

the cytoplasm through the interaction of exportin-5 and Ran-GTP. After cleaved by a

cytoplasm RNase III endonuclease Dicer-1pre-miRNA releasing a ~22-nt long double

stranded duplex which contains the mature miRNA guide strand and the passenger strand

(miR* strand) (Vishnoi and Rani, 2017, Bounds et al., 2017). The guide strand is selected

by an Argonaute (Ago) family protein and loaded into the RNA-induced silencing (RISC)

complex (Wang and Atanasov, 2019), while the passenger strand is degraded or, in the rare

case, incorporated into the RISC (Bhaskaran and Mohan, 2014, Bounds et al., 2017). The

mature miRNA with the RISC mediates further bind to 3′ untranslated region (UTR)

complementary sites of target mRNA, thus resulting in translational suppression (Davis-

DusenberyWu and Hata, 2011). MiRNAs are named according to a standardised

nomenclature system, such as dme-mir-100, where the prefix indicates the organism (e.g.,

"hsa-" for human), and the term "mir" is followed by a sequentially assigned number

regardless of the organism. Some of the mature miRNA can be derived from either the 5'

or 3' arm of the precursor duplex and is designated as dme-miR-100-5p or dme-miR-100-

3p, respectively. Up until 2019, there are 1917 annotated hairpin precursors and 2654

mature miRNA sequences in the human genome (KozomaraBirgaoanu and Griffiths-Jones,

2019).
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Figure 1.6 miRNA biogenesis.
miRNA transcribed as pri-miRNA by RNA pol II. Pir-miRNAs are processed into the ~70 nt
hairpin sequence (pre-miRNA) by RNase III enzyme Drosha. Per-miRNA further get
exported out of nucleus via the interaction of exportin-5 and Ran-GTP. In the cytoplasm,
Dicer cleaves per-miRNA releasing a ~22 nt duplex containing the mature miRNA guide
strand and the passenger strand. miRNA guide strand recognised by Ago family protein
and incorporated into RISC complex, subsequently targets the 3′-UTR of mRNA, therefore
giving rise to translational suppression.

1.6.2 MicroRNAs in ER stress

miRNAs are essential in regulating vascular smooth muscle proliferation and contraction.

Non-coding RNA also plays both regulators and effectors role in ER stress

(McMahonSamali and Chevet, 2017). In vascular cells, both in vivo (mice) and in vitro

experiments showed that miR-204 downregulate Sirt1 and promotes vascular ER stress and

ER stress-induced endothelial dysfunction. Additionally, inhibition of miR-204 decreased

ROS generation from ER stress (Kassan et al., 2017b). It was found that XBP1s directed

miR-1274B transcription, thus targeting calponin h1 (CNN1) mRNA degradation and

SMC proliferation (Zeng et al., 2015). This evidence suggests the potential role of miRNA

and ER stress in the regulation of VSMC phenotypic switch.
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1.6.3 MicroRNAs in hypertension

In hypertension, miRNAs are crucial regulators of vascular function and structure. They

are involved in various cellular processes, including proliferation, differentiation, and

apoptosis of VSMCs, which are key factors in the pathogenesis of hypertension.

Several miRNAs, such as miR-21, miR-126, and miR-204, have been identified as

important players in hypertension. miR-21, one of the most extensively studied miRNAs,

is known to promote VSMC proliferation and inhibit apoptosis, contributing to vascular

remodelling and hypertension (LiWei and Wang, 2018). It has been shown to be

upregulated in hypertensive patients and animal models, indicating its role in the disease's

pathology (LiWei and Wang, 2018).

miR-126 is another miRNA that has been found to regulate endothelial function by

maintaining vascular integrity and promoting angiogenesis (Bátkai and Thum, 2012). It

targets multiple genes involved in these processes, and its dysregulation is associated with

impaired vascular function and hypertension (Bátkai and Thum, 2012).

Additionally, miR-204 has been shown to downregulate Sirt1, leading to increased ER

stress and endothelial dysfunction in hypertensive conditions (Kassan et al., 2017a). The

inhibition of miR-204 has been demonstrated to reduce ROS generation from ER stress,

suggesting its potential as a therapeutic target (MiaoChang and Zhang, 2018).

Overall, the evidence suggests that miRNAs play significant roles in regulating VSMC

phenotype, endothelial function, and the overall pathophysiology of hypertension. Further

research into miRNA-targeted therapies could provide new avenues for the treatment of

hypertension and its associated complications.

1.7 Hypothesis and aims

In hypertension, prohypertensive factors influence the activation of ER stress, leading to

vascular hypercontractility and dysfunction. This process involves changes in redox

signalling, dysfunctional Ca2+ homeostasis, and alterations in miRNAs in hypertension.

Aim 1: Assessing the relevant molecular changes of ER stress, miRNAs, and oxidative

stress in human and/or experimental hypertension.
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Aim 2: To study whether ER stress is modulated by prohypertensive factors such as AngII

and ET-1, and whether it contributes to oxidative stress in the vasculature and kidneys,

thereby promoting vascular hypercontractility in hypertension.

Aim 3: Investigating whether ER stress inhibition has protective effects on vascular

hypercontractility and its potential in hypertension treatment.
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Chapter 2 Materials and Methods

2.1 General lab practice

All experiments and procedures were carried out in laboratories located at the British Heart

Foundation Glasgow Cardiovascular Research Centre, Institute of Cardiovascular and

Medical Sciences (ICAMS). They were conducted under the guidance of the Control of

Substances Hazardous to Health (COSHH) Risk Assessment Forms. All animal

experiments were carried out under the regulations of the United Kingdom Home Office,

the National Health and Medical Research Institute Animal Welfare Committee, and the

Ethical Principles in Animal Experimentation from the West of Scotland Research Ethics

Service (Licence No. 70/9021).

2.2 Materials

2.2.1 Reagents and suppliers

Table 2.1 provides a list of all the reagents and their suppliers used in the thesis.

Table 2.1 Reagents used in the thesis
Item Description Catalogue No. Supplier

Cal-520, AM ab171868 Abcam, Cambridge, UK

Nitrotyrosine ELISA Kit ab113848 Abcam, Cambridge, UK

BQ-123 1188/500U Bio-techne

Precision Plus Protein™ Dual Xtra

Prestained Protein Standards
1610377

BioRad Laboratories,

Hertfordshire, UK

TBARS (TCA Method) Assay Kit 700870 Cayman Chemical, Michigan,

USA

Methanol 67-56-1
Fisher Scientific,

Loughborough, UK

Chloroform 67-66-3
Fisher Scientific,

Loughborough, UK

Glycine 56-40-6
Fisher Scientific,

Loughborough, UK

Tris Base 77-86-1
Fisher Scientific,

Loughborough, UK
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D-Glucose anhydrous 50-99-7
Fisher Scientific,

Loughborough, UK

Sodium chloride 7647-14-5
Fisher Scientific,

Loughborough, UK

Sodium hydrogen carbonate 144-55-8
Fisher Scientific,

Loughborough, UK

Dimethyl Sulfoxide (DMSO) 67-68-5
Fisher Scientific,

Loughborough, UK

Dulbecco’s Modified Eagle Medium

(DMEM）
22320-022

Life Technologies/Invitrogen,

Paisley, UK

Smooth Muscle Growth Supplement

（SMGS）
S-007-25

Life Technologies/Invitrogen,

Paisley, UK

Dulbecco’s Phosphate Buffered

Saline without CaCl2 and MgCl2

（DPBS）

14190-094
Life Technologies/Invitrogen,

Paisley, UK

Penicillin Streptomycin Dulbecco

(P/S)
15140-122

Life Technologies/Invitrogen,

Paisley, UK

Fetal Bovine Serum Heat Inactivated

(FBS)
10500-064

Life Technologies/Invitrogen,

Paisley, UK

0.5% Trypsin-EDTA 10500-064
Life Technologies/Invitrogen,

Paisley, UK

Phosphate-buffered saline (PBS)

(tablets)
003002

Life Technologies/Invitrogen,

Paisley, UK

DNase1 (Rnase free) EN0521
Life Technologies/Invitrogen,

Paisley, UK

QIAzol Lysis Reagent 79306 Qiagen, Manchester, UK

RNase-Free DNase Set (50) 79254 Qiagen, Manchester, UK

miRNeasy Mini Kit (50) 217004 Qiagen, Manchester, UK

4 Sodium Phenylbutyrate Scandinavian Formulas

Tween 20 9005-64-5 Sigma-Aldrich, Dorset, UK

Soybean trypsin inhibitor T-9003 Sigma-Aldrich, Dorset, UK

Elastase E-1250 Sigma-Aldrich, Dorset, UK

Bovine Serum Albumin 9048-46-8 Sigma-Aldrich, Dorset, UK

F12 Media Ν6658 Sigma-Aldrich, Dorset, UK
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Potassium chloride 7447-40-7 Sigma-Aldrich, Dorset, UK

Calcium chloride 0043-52-4 Sigma-Aldrich, Dorset, UK

Aldosterone A9477 Sigma-Aldrich, Dorset, UK

Sodium nitroprusside (SNP) Sigma-Aldrich, Dorset, UK

BQ-788 B157-200UG Sigma-Aldrich, Dorset, UK

STF-083010 412510-10MG Sigma-Aldrich, Dorset, UK

PERK Inhibitor I, GSK2606414 516535 Sigma-Aldrich, Dorset, UK

PierceTM BCA Protein Assay Kit 23227
Thermo Fisher Scientific,

Renfrew, UK

High-Capacity cDNA Reverse

Transcription Kit
4368814

Thermo Fisher Scientific,

Renfrew, UK

Fast SYBRTM Green Mater Mix 4385612
Thermo Fisher Scientific,

Renfrew, UK

Nitrocellulose Membrane 88018
Thermo Fisher Scientific,

Renfrew, UK

Ethanol absolute 64-17-5
VWR International,

Lutterworth, UK

N’-2-Hydroxyethylpiperazine-N’-2

ethanesulphonic acid (HEPES)
7365-45-9

VWR International,

Lutterworth, UK

Magnesium chloride hexahydrate 7791-18-6
VWR International,

Lutterworth, UK

Sodium dodecyl sulphate (SDS) 151-21-3
VWR International,

Lutterworth, UK

MgSO4·7H2O 10034-99-8
VWR International,

Lutterworth, UK

Potassium dihydrogen phosphate

(KH2PO4)
7778-77-0

VWR International,

Lutterworth, UK

Collagenase type I; Elastase LS004194
Worthington Biochemical Corp,

Lakewood, UK

2.2.2 Solutions and medium

Protein lysis buffer (pH 7.4): HEPES (10 mM); Na3VO4 (2 mM); Triton X-100 (0.5%

v/v); Na4P2O7 (50 mM); NaF (50 mM); NaCl (50 mM); Na2EDTA (5 mM); supplemented

with PMSF (1 mM); aprotinin (1 μg/ml); leupeptin (1 μg/ml); pepstatin (1 μg/ml)
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Lucigenin lysis buffer: KH2PO4(20 mmol/L), EGTA (1 mmol/L), aprotinin (1 μg/mL),

leupeptin (1 μg/mL), pepstatin (1 μg/mL), PMSF (1 mmol/L)

6X Laemmli sample buffer: SDS (10%, w/v); β-mercaptoethanol (6% v/v); bromophenol

blue (0.012% w/v); glycerol (30% v/v); Tris-HCl (260 mM, pH 6.8)

Running buffer: Tris-Base (25 mM); glycine (193 mM); SDS (0.1% w/v); distilled water

Transferring buffer: Tris-Base (25 mM); glycine (193 mM); methanol (20% v/v);

distilled water

Tris-buffered saline-Tween 20 (TBST): Tris-Base (20 mM, pH 7.6); NaCl (137 mM);

Tween-20 (0.1% v/v); distilled water

Blocking buffer:Marvel Dried Skimmed Milk in TBS-T (5% w/v)

Physiological Salt Solution (PSS) for myography: NaCl (119 mM); KCl (4.7 mM);

MgSO4 (1.2 mM); NaHCO3 (25 mM); KH2PO4 (1.2 mM); CaCl2 (2.5 mM); d-glucose (11

mM); distilled water; pH 7.4

High potassium physiological salt solution (KPSS) for myography: KCl (62.5 mM);

MgSO4 (1.2 mM); NaHCO3 (25 mM); KH2PO4 (1.2 mM); CaCl2 (2.5 mM); d-glucose (11

mM); distilled water; pH 7.4

Calcium-free PSS for myography: NaCl (119 mM); KCl (4.7 mM); MgSO4 (1.2 mM);

NaHCO3 (25 mM); KH2PO4 (1.2 mM); d-glucose (11 mM); EDTA (23 μM); distilled

water; pH 7.4

HEPES physiological saline solution for calcium influx assay: ΝaCl (130 mM); KCl (5

mM); MgCl2· 6H2O (1 mM); CaCl2 (1 mM); d-glucose (10 mM); HEPES (20 mM);

distilled water; pH 7.4

Digestion solution for isolating cells: BSA (0.2% w/v); collagenase (0.2% w/v); elastase

(0.012% w/v); soybean trypsin inhibitor (0.036% w/v) in complete F-12 Ham medium

VSMCs culture medium:
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Human VSMCs: DMEM (1 g/L D-Glucose, L-Glutamine, 25 mM HEPES, Pyruvate); 1X

Smooth Muscle Growth Supplement; 1X Penicillin-Streptomycin (1000 U/ml)

Rat and mice VSMCs: DMEM (1 g/L D-Glucose, L-Glutamine, 25 mM HEPES, Pyruvate);

10% (v/v) FBS; 1X Penicillin-Streptomycin (1000 U/ml)

2.2.3 Antibodies

Table 2.2 lists the antibodies used for Western blotting analysis.

Table 2.2 Antibodies used for Western blotting
Antibodies Manufacturer Catalogue No. Host

Nox5

kindly provided by Prof.

David G. Harrison

(Vanderbilt University)

Rabbit

Nox1 Abcam ab4200097 Rabbit

Nox4 Abcam ab133303 Rabbit

Phospho-PERK (Thr980)

(16F8) Rabbit mAb
Cell signalling technology 3179s Rabbit

PERK (C33E10) Rabbit mAb Cell signalling technology 3192s Rabbit

Phospho-eIF2α (Ser51) (D9G8)

XP® Rabbit mAb
Cell signalling technology 3398 Rabbit

eIF2α Antibody (D-3) Santa cruz 133132 Mouse

ATF-4 (D4B8) Rabbit mAb Cell signalling technology 11815s Rabbit

CHOP (L63F7) Mouse mAb Cell signalling technology 2895s Mouse

ATF6 ThermoScientific MA5-34918 Mouse

Ero1-Lα Antibody (YW-8) Santa cruz 100805 Mouse

Phospho-IRE1 alpha (Ser724)

Polyclonal Antibody
Invitrogen Antibodies pa1-16927 Rabbit

IRE1α Antibody (B-12) Santa cruz 390960 Mouse

XBP1 antibody [EPR22004] Abcam ab220783 Rabbit

bip BD Biosciences 610978 Mouse

ATF6 Monoclonal Antibody

(8D3)
Invitrogen MA5-34918 Mouse

KLF4 Polyclonal Antibody Invitrogen PA5-27440 Rabbit

MYOCD Polyclonal Antibody Invitrogen PA5-100775 Rabbit
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Anti-TAGLN/Transgelin

antibody (ab14106)
Abcam ab14106 Rabbit

phospho-ERK1/2 (T202/Y204) Cell signalling 9101S Rabbit

ERK1/2 Cell signalling 9102S Rabbit

Phospho-Myosin Light Chain 2

(Ser19) Mouse mAb
Cell signalling technology 3675s Mouse

Myosin Light Chain 2 (D18E2)

Rabbit mAb
Cell signalling technology 8505s Rabbit

Phospho-Myosin Light Chain 2

(Thr18/Ser19) Antibody
Cell signalling technology 3674s Rabbit

PCNA Santa Cruz Biotechnology sc-56 Mouse

SOD2 Abcam ab13533 Rabbit

GPx1 Rabbit

β-actin Sigma-Aldrich A2228 Mouse

α-tubulin Abcam ab4074 Rabbit

Anti-Mouse Alexa Fluor 680 Thermo Fisher A21057 Goat

Anti-Rabbit Alexa Fluor 800 Thermo Fisher A32735 Goat

2.2.4 Primers

Table 2.3 lists the primers to be used in RT-qPCR gene expression analysis.

Table 2.3 Primers used in the RT-qPCR gene expression analysis
Gene Pair Oligonucleotide Sequence

hGAPDH
Forward 5'-GAG TCA ACG GAT TTG GTC GT-3'

Reverse 5'-TTG ATT TTG GAG GGA TCT CG-3'

hCatalase
Forward 5'-CGT GCT GAA TGA GGA ACA GA-3'

Reverse 5'-AGT CAG GGT GGA CCT CAG TG-3'

hSOD1
Forward 5'ACA TTG CCC AAG TCT CCA AC-3'

Reverse 5'-GAA GGT GTG GGG AAG CAT TA-3'

hSOD2
Forward 5'-GGA AGC CAT CAA ACG TGA CT-3'

Reverse 5'-CTG ATT TGG ACA AGC AGC AA-3'

hNOX1
Forward 5'-GCA GGG AGA CAG GTC CCT TTT CC-3'

Reverse 5'-TCA CGA TGT CAG TGG CCT TGT C-3'
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hNOX2
Forward 5'-GTC ACA CCC TTC GCA TCC ATT CTC AAG TCA GT-3'

Reverse 5'-CTG AGA CTC ATC CCA GAA AGT GAG GTA G-3'

hNOX4
Forward 5'-TGC AGC AAG ATA CCG AGA TG-3'

Reverse 5'-GTG TCA ACG GAT TTG GTC GT-3'

hNOX5
Forward 5'-GCA GGA GAA GAT GGG GAG AT-3'

Reverse 5'-CGG AGT CAA ATA GGG CAA AG-3'

hCACNA1C
Forward 5'-GAA GCG GCA GCA ATA TGG GA-3'

Reverse 5'-TTG GTG GCG TTG GAA TCA TCT-3'

hIP3R
Forward 5'-GCG GAG TCG ACA AAT GG-3'

Reverse 5'-TGG GAC ATA GCT TAA AGA GGC A-3'

hSERCA
Forward 5'-AAA CCA CGG AGG AAT GTT TGG-3'

Reverse 5'-AGC TCA TTG AGG CCG TAT TTC-3'

hNrf2
Forward 5’-TCC AGT CAG AAA CCA GTG GAT-3’

Reverse 5’-GAA TGT CTG CGC CAA AAG CTG-3’

hKeap1
Forward 5’-GTG TCC ATT GAG GGT ATC CAC C-3’

Reverse 5’-GCT CAG CGA AGT TGG CGA T-3’

mGAPDH
Forward 5'-AAG TCG GTG TGA ACG GAT TTG -3'

Reverse 5'-TGT AGA CCA TGT AGT TGA GGT CA -3'

mSOD1
Forward 5'ACA TTG CCC AAG TCT CCA AC-3'

Reverse 5'-GAA GGT GTG GGG AAG CAT TA-3'

mSOD2
Forward 5'-GGA AGC CAT CAA ACG TGA CT-3'

Reverse 5'- GCT TGA TAG CCT CCA GCA AC-3'

mNOX1
Forward 5'-TGT GCA GAC CAC AAC CTC AAA-3'

Reverse 5'-GCC TAA TTC CTC CAT CTC CTG TT-3'

mNOX2
Forward 5'-ACT CCT TGG GTC AGC GAT TTG -3'

Reverse 5'-GTT CCT GTC CAG TTG TCT TCG -3'

mNOX4
Forward 5'-CCA GAA TGA GGA TCC CAG AA -3'

Reverse 5'-AGC AGC AGC AGC ATG TAG AA -3'

mHO-1
Forward 5'-CAG GTG ATG CTG ACA GAG GA-3'

Reverse 5'-GCC AAC AGG AAG CTG AGA GT-3'

mDJ-1
Forward 5'-AGC CGG GAT CAA AGT CAC TG-3'

Reverse 5'-GGT CCC TGC GTT TTT GCA TC-3'

mNrf2 Forward 5’-TGA GCC AAG CTA TAA GCC ATG A-3’
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Reverse 5’-AAT GGT TCT TGT GCC TGT GAA-3’

mKeap1
Forward 5’-TGC CCC TGT GGT CAA AGT G-3’

Reverse 5э-ППЕ ЕСП ПЕЕ ФСС ПЕС СЕП С-3э

2.2.5 Software

The software used for data acquisition and analysis in this thesis is listed below:

 GraphPad Prism 5: GraphPad Software, San Diego, USA

 Image Studio Lite Ver 5.2: LI-COR Biotechnology; Cambridge, UK

 Ingenuity® Systems Pathway Analysis (IPA, http://www.ingenuity.com)

 Lab Chart Reader 8.1.13 Windows: AD Instruments Ltd, Oxford, UK

 NanoDrop 1000 v3.7.1 software: Thermo Fisher Scientific, Renfrew, UK

 QuantStudio™ Real-Time PCR Software: Applied BioSystems, California, USA

 ZEISS ZEN pro Imaging Software for Connected Microscopy: Carl Zeiss Ltd.,
Cambridge, UK

2.3 Animals and tissue collection

2.3.1 Hypertensive mice model

TTRhRen mice (LinA3) are transgenic mice that express human active renin in the liver,

thus releasing the human renin in the circulation. Generation of the LinA3 mice has been

previously described (Prescott et al., 2000). Briefly, human prorenin cDNA was modified

by adding a 3-kb region of the mouse transthyretin gene promoter upstream. The cDNA

was then optimised by inserting a furin cleavage site between the prosegment and the

active renin. Consequently, the prosegment is removed by ubiquitously expressed furin

enzyme in the secretory pathway of expressing cells and generates active renin, resulting in

chronic activation of the renin angiotensin aldosterone system. The LinA3 mice were

originally derived on the FVB/N background but were transferred by back-crossing into
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the C57BL/6J strain for this study. FVB background mice were used as wild type (WT)

control. The generation of FVB/N and FVB mice was previously described (Prescott et al.,

2000). VSMCs from the mesenteric arteries collected form these mice were used in

Chapter 4.

WT and LinA3 hypertensive mice were crossed with Nox4 knock out mice. The Nox4

knock out mice were generated by crossing Nox4flox/flox with ERT2-Cre0/+ transgenic mice

as previously described (Schroder et al., 2012). Four genotypes of mice were generated:

wild type (WT), LinA3, Nox4-deficient (Nox4-/-), and LinA3/Nox4-deficient

(LinA3/Nox4-/-). The kidneys from both male and female mice were used in Chapter 4.

2.3.2 Hypertensive rat model

Male Stroke-prone spontaneously hypertensive (SHRSP) and Wistar Kyoto (WKY) rats

used came from established colonies inbred in the Institute of Cardiovascular and Medical

Sciences at the University of Glasgow since 1991 in Glasgow by brother-sister mating.

Male spontaneously hypertensive (SHR) rats were from a company.

2.3.3 Housing and husbandry

Rats and mice were housed with 2-5 animals per cage in standard laboratory cages with

sizzle nests, sawdust, and cardboard tubing. All animals were housed and bred under a

humidity and temperature-controlled environment (21°C±3°C) and maintained on a 12-

hour light/dark cycle, with access to tap water and standard diet (rat and mouse No.1

maintenance diet, Special Diet Services) ad libitum.

2.3.4 Tissue harvest

The rats and mice for cell culture or myography were sacrificed by cervical dislocation,

and the mesenteric beds were collected immediately and stored in a 50ml falcon tube with

cold PBS on ice. The rats and mice were sacrificed by removing the blood to collect other

tissues. Briefly, animals were anaesthetised using an induction box filled with 5%

isoflurane in 1.5L/min medical oxygen. Once anaesthetised, the animals were placed in the

supine position with their noses and mouths fully covered in an anaesthetic tube. All

animals were checked to be fully under anaesthesia before opening the thoracic cavity and

exsanguination. The blood was collected by cardiac puncture with a 21-gauge needle and

drawn into a 5 mL syringe, then placed in the heparin tube and kept on ice. Plasma was
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extracted by centrifuge of the heparin tube for 15 minutes at 3000 rpm at 4°C and stored at

-80°C for further experiments. Urine was collected by aspiration from the bladder with a

syringe and stored at -80°C for further experiments. Heart, kidney, aorta, and mesentery

arteries were harvested, either snap-frozen in liquid nitrogen or fixed in a 10% formalin

solution for histology. The frozen tissues were stored at -80°C and used for RNA or

protein extraction. The fixed tissues were left in formalin solution overnight at room

temperature and subsequently washed three times 5 minutes with PBS and stored in 70%

ethanol at 4°C until further processing.

2.4 In vivo study

2.4.1 4-PBA treatment

Male WKY and SHR rats were treated with 1 g/kg per day 4-PBA in drinking water or tap

water for 5 weeks starting at 21 weeks old of age. 4-PBA dosage was adjusted in fresh

drinking water twice a week. The body weight of each rat was measured twice a week to

confirm that the loss of body weight was less than 20%.

2.4.2 Blood pressure measurement

The systolic blood pressure (BP) of each rat was measured before and during the treatment

once a week using tail cuff plethysmography ne (Evans et al., 1994). Before the

experiment, rats were required to do 2 times pre-measurements in two different days to

acclimatise them to the tail cuff procedure. The basal level of BP was measured before the

treatment. Then the BP was measured once a week during the 5 weeks of treatment. Rats

were pre-warmed in incubation boxes with heat lamps at 34℃ for 10-20 minutes before

measurements to ensure maximal vasodilation of the arteries in the tail. After warming,

rats were gently restrained in a dry, warm towel and placed on a heating pad with only the

tail exposed. The systolic BP was measured and recorded using equipment designed and

built-in collaboration with the Electronics/Medical Devices Unit (NHS Greater Glasgow &

Clyde). A blood pressure occlusion cuff was placed at the base of the tail and was

connected to a cylinder of compressed air which permitted inflation (1mmHg to 250mmHg)

and deflation of the cuff at a constant rate. The tail-cuff pressure was continuously

recorded with a pressure transducer and pulse sensor placed distal to the tail. The pressure

sensor measures blood pressure according to volume changes, which relies on volume

pressure recording sensor technology. The signals from the pressure and pulse sensors

were conveniently amplified and digitised in appropriate software on a laptop. The
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inflation and deflation cycle were recorded and repeated until 12 consistent measurements

were acquired. The maximum and minimum values were then excluded from 12 readings

of each rat with the standard deviation below 20, and an average reading was taken for

each animal to obtain mean systolic blood pressure.

2.5 General cell culture procedure

2.5.1 Primary culture of human vascular smooth muscle cells

Gluteal biopsies of subcutaneous fat were obtained under local anaesthetic from

normotensive (NT; n = 10; 120/74 ± 3/3 mmHg) and hypertensive (HT; n = 5, 147/93 ±

6/3 mmHg) volunteers at the Ottawa Hospital Research Institute. The "n" number refers to

different patients, and their details are described in the supplementary material of the

previous study(Camargo et al., 2022). Ethics approval was obtained from the Ethics Board

of the Ottawa Hospital Research Institute, Canada (no. 997392132). Written informed

consent to participate in the study was obtained from each subject by the Declaration of

Helsinki. Hypertension was defined as systolic blood pressure >140/90 mmHg or a history

of hypertension on antihypertensive treatment.

Primary human VSMCs were isolated from small arteries of gluteal biopsies by enzymatic

digestion, as we previously described (Touyz et al., 1999). Briefly, gluteal biopsies were

cleaned by removing excess fat, connective tissue and adventitial. The cleaned arteries

were incubated in F12 medium containing digestion mix (1% gentamicin, collagenase

(type 1), elastase, soybean trypsin inhibitor, and BSA) in a falcon tube for 60 minutes at

37℃ under constant agitation. The digested fragments were syringed through a 20-gauge

needle for minimum 3 times to obtain a homogenised solution. Cells and debris were

filtered through a 100 μm nylon filter, and the filtrate was collected in a sterile 50ml falcon

tube. The filtrate was centrifuged for 4 minutes at 2000 rpm at room temperature. The cell

pellet was resuspended in Ham’s F-12 culture medium containing 10% FBS and cultured

under normal cell culture conditions for the first 48 hours. After that, cells were grown in

DMEM, supplemented with a smooth muscle growth supplement (SMGS) and 1%

penicillin-streptomycin. The cells were passaged at 1:3 ratio at approximately 80-90%

confluency until using passage (passage 3-7).



55

2.5.2 Primary culture of mouse vascular smooth muscle cells

The mesentery bed of 5 mice were collected and placed in a falcon tube containing F12

medium (F12 media with 25mM HEPES, 1% Pen/Strep and 10% FBS). Each mesentery

bed was dissected by removing fat, veins and adventitial tissue in a petri dish containing

F12 medium in cell culture hood. The cleaned mesenteric arteries were incubated in a 12.5

ml F12 medium containing digestion mix (25mg BSA, 25 mg Collagenase, 100mg Elastase

and 4.5mg Soybean trypsin inhibitor) in a 50 ml falcon tube for 45-60 minutes (depending

on the size of tissue) at 37℃ under constant agitation. The digested fragments were

syringed through a 21-gauge needle for a minimum of 3 times to obtain a homogenised

solution. Cells and debris were filtered through a 100 μm nylon filter, and the filtrate was

collected in a sterile 50ml falcon tube. The filtrate was centrifuged for 5 minutes at 2000

rpm at room temperature. The cell pellet was resuspended in 5 ml DMEM (DMEM

containing 1% Pen/Strep and 10% FBS), distributed in a T25 flask (passage 0) and

cultured under normal cell culture conditions. The medium of the flask was changed after

24 to 48 hours. The cells were passaged at 1:2 ratio at approximately 80-90% confluency

until using passage (passage 3). The procedure for the isolation and setting up of primary

mice VSMCs was performed with the help of Mrs Wendy Beattie.

Mice VSMCs were cultured in T75 or T150 culture flasks at 37ºC in a humidified

atmosphere of 5% CO2 and 95% air. Cells were maintained in growth media containing

DMEM supplemented with 10% FBS and 1% Pen/Strep. The cell culture media were

replenished every 2-3 days. The cells were passaged at 1:4 ratio at approximately 80-90%

confluency and using at passage 3-7.

2.5.3 Primary culture of rat vascular smooth muscle cells

Mesentery bed of 10 rats were collected and placed in a 50ml falcon tube containing F12

medium (F12 media with 25mM HEPES, 1% Pen/Strep and 10% FBS). Each mesentery

bed was dissected by removing fat, veins and adventitial tissue in a petri dish containing

F12 medium in cell culture hood. The cleaned mesenteric arteries were incubated in 25 ml

F12 medium containing digestion mix (50mg BSA, 50 mg Collagenase, 100mg Elastase

and 9mg Soybean trypsin inhibitor) in a 50 ml falcon tube for 60-90 minutes (depending

on the size of tissue) at 37℃ under constant agitation. The digested fragments were

syringed in progression from 16-gauge, 18-gauge to 21-gauge needles to obtain a

homogenised solution. Cells and debris were filtered through a 100 μm nylon filter and the
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filtrate was collected in a sterile 50ml falcon tube. The filtrate was centrifuged for 5

minutes at 2000 rpm at room temperature. Cell pellet was resuspended in 15 ml DMEM

(DMEM containing 1% Pen/Strep and 10% FBS), distributed in a T25 flask (passage 0)

and cultured under normal cell culture conditions. Medium of flask was changed after 24

to 48 hours. The cells were passaged at 1:2 ratio at approximately 80-90% confluency until

using passage (passage 3). The procedure of primary mice VSMCs isolation and setting up

were kindly performed with the help from Mrs Wendy Beattie.

Rats VSMCs were cultured in T75 or T150 culture flasks at 37ºC in a humidified

atmosphere of 5% CO2 and 95% air. Cells were maintained in growth media containing

DMEM supplemented with 10% FBS and 1% Pen/Strep. The cell culture media were

replenished every 2-3 days. The cells were passaged at 1:4 ratio at approximately 80-90%

confluency and using at passage 3-7.

2.5.4 General protocol for VSMCs culture

2.5.4.1 Cell passaging for experiment

VSMCs were passaged when reaching approximately 80%-90% confluency to avoid over

confluence and improve cell growth. When passaging the cells, VSMCs were washed

twice with sterile PBS and subsequently were trypsinised from the flask by adding 0.5%

trypsin-EDTA solution (2ml for T75 and 4ml for T150) and incubated at 37℃ until most

of the cells were observed detached under the microscope. The trypsin was then inactivated

by adding 2 times the volume of culture medium where the trypsinisation was stopped by

FBS from the medium. The cell suspension was then transferred to a sterile 15 ml falcon

tube and centrifuged at 1200 rpm for 3 minutes at room temperature. After removing the

supernatant, the cell pellet was resuspended in 5ml of culture medium and then transferred

into flasks for further growth or dishes for the experiment. The cells grew with 10ml

medium in T75 flask or 15ml medium in T150 flask. The cells seeded in dishes were

cultured with 3ml medium in 60mm dishes or 5ml medium in 100mm dishes. Before

treatment, cells were quiescent by starved overnight in starving medium (DMEM content

1% Pen/Strep and 0.5% FBS).

2.5.4.2 Cell freezing and thawing

Cells were frozen between P2 and P4 during the exponential growth phase. Cells were

detached the same way as in Section 2.5.4.1. Then, the cell pellet was resuspended in 1 ml
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freezing medium (DMEM with 30% FBS and 10% DMSO). The suspension was

transferred into a cryovial (Alpha-laboratories, Hampshire, UK), which was then placed in

a Mr. Frosty™ Freezing Container (ThermoFisher Scientific, Paisley, UK) filled with

isopropanol in -80 ºC. This ensures the cells freeze slowly and reduce the ice crystal

formation. The cryovials were removed to liquid nitrogen for long-time storage after 24

hours.

When thawing the cells, the cryovials were collected from liquid nitrogen and placed into

37ºC water bath to warm the cells rapidly. The cell suspension was transferred to a T75

flask with 10 ml culture medium. The cell culture medium was refreshed once the cell was

attached to the flask.

2.6 RNA analysis by real-time polymerase chain reaction

Real-time polymerase chain reaction (RT-PCR) has been widely used to measure mRNA

expression. This technique allows accurate quantification of starting amounts of

complementary DNA (cDNA) generated from the mRNA template by reverse-transcriptase.

The detection of RT-PCR is based on the changes of accumulated fluorescence during

thermal cycling, which can be generated on an amplification plot and give a quantitative

result of the amplified sequence (Kubista et al., 2006). Two common methods used to

detect the PCR products are i) non-specific fluorescent dyes (such as SYBR) that bind to

any double-stranded DNA and ii) fluorescently labelled sequence-specific DNA probes

(such as TaqMan). The non-specific fluorescent dye SYBR Green is used in this thesis.

2.6.1 RNA extraction

Total RNA was extracted from VSMCs using QIAzol® Lysis Reagent (QIAGEN), which is

a phenol/guanidine-based reagent (Chomczynski and Sacchi, 1987) used to lysis total RNA

from all classes of tissues. Cells were rinsed with ice-cold phosphate-buffered saline (PBS)

and then homogenised directly by pipetting up and down with 700 μl Qiazol reagent.

Frozen tissues were homogenised in 750 μl of QIAzol® using Precellys 24 tissue

homogeniser. Cell or tissue lysates were collected into a 1.5 ml Eppendorf and stored at -

80°C until needed. When needed, 200 μl chloroform was added to the lysates and mixed

by turning the tube upside-down for 15 seconds. Lysates were incubated at room

temperature for 2 minutes and then spun at 12,000g for 15 minutes at 4°C. The sample was

separated into 3 distinct phases: the upper aqueous phase contains RNA, the middle
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interphase contains DNA, and the lower organic phase contains proteins. The aqueous

phase containing total RNA was carefully transferred into a new 1.5 ml Eppendorf and

mixed with 500 μl isopropanol in an inverted tube 15-30 times. Samples were left for 15

minutes at room temperature, followed by centrifugation at 12,000g for 10 minutes at 4°C.

The RNA precipitate was then washed with 500 μl 75% ethanol by centrifuged at 7,500g

for 5 minutes at 4°C, followed by drying for 5 minutes at 37°C. RNA was re-suspended in

20 μl Ambion® nuclease-free water.

2.6.2 Nucleic acid qualification

The quality and quantity of RNA were measured in a Nanodrop® ND-1000

spectrophotometer (Labtech International, Heathfield, UK) and NanoDrop 1000 v3.7.1

software. The absorbance of each sample was measured by spectrophotometer at 260 nm

(RNA), 280n m (protein) and 230 nm (contaminations). 260 nm/280 nm absorbance ratios

of approximately 2.0 is signified appropriate RNA purity.

2.6.3 DNase I treatment

DNase I treatment was performed for all RNA samples after nanodrop to avoid the

contamination of genomic DNA. Briefly, 10 μg of RNA from each sample were incubated

with 0.1 U of DNase I and 1X DNase I buffer at 37°C for 1h and then incubated at 70°C

for 10 minutes to terminate the enzyme reaction. The resulting RNA samples were left on

ice and subsequently used for cDNA preparation.

2.6.4 Reverse transcription

Total RNA was reverse transcribed to complementary DNA (cDNA) using a High-

Capacity cDNA Reverse Transcription Kit (#4368814/4374966). The reaction was

performed in a u-shape bottom 96-well plate. Each reaction contained 2 μl 10x RT buffer,

2 μl 10x RT random primers, 0.8 μl 100 mM 25x dNTP mix, 1 μl MultiscribeTM reverse

transcriptase, 1 μl RNase inhibitor and 13.2 μl sample with nuclease-free water contained 2

ug RNA. For negative controls, nuclease-free water was added in place of RNA. The plate

was sealed tightly using adhesive transparent PCR film and incubated in a Thermal cycler

(25°C for 10 minutes for primer annealing; 37°C for 120 minutes for reverse transcription,

85°C for 5 minutes for inactivation, 4°C for 10 minutes and 12°C forever).
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2.6.5 SYBR green real-time PCR

Quantitative polymerase chain reaction (qPCR) was used to assess the expression of

different genes. The GAPDH gene was used for internal control. cDNA of each sample

was diluted with nuclease-free water into a concentration of 10 ng/μL. In a 384 well clear

reaction plate, 3µl cDNA template (30 ng), was mixed with forward and reverse primers

(300 nM), LightCyclerTM 480 SYBR Green I Master Mix (5 μl), and nuclear-free water

into 10µl volume in total applying to PCR amplification. The reaction of each sample was

repeated twice to avoid loading errors. The mRNA expression was detected by

QuantStudio TM 7 Flex System under the following four stages: one cycle at 50 °C for 2

min; one cycle at 95°C for 10 minutes for DNA polymerase activation; forty cycles at

95°C for 15s for DNA denaturation and 60°C for 1 minutes for annealing and extension;

one cycle repeating last step. Negative controls without cDNA template were also included

in all runs to test for the presence of extraneous nucleic acid contamination.

2.6.6 qPCR data analysis

The cycle threshold (Ct) value of each reaction was generated by QuantStudio™ Real-

Time PCR v1.1 software. Relative changes in gene expression were performed using the

comparative Ct method (ΔΔCt method)(Livak and Schmittgen, 2001). This method aims to

compare the Ct value of the interested gene in all the groups to the control group after

normalising to an endogenous reference gene (GAPDH). Briefly, ΔCt was calculated as a:

ΔCt = CtGOI- CtRef, where GOI indicates gene of interest, and Ref indicates endogenous

reference gene. To obtain the different expression between groups, ΔΔCt values were

generated by subtracting averaged ΔCt value of the control group from an averaged ΔCt

value from experimental groups as: ΔΔCt = ΔCtsample – Δctcontro. The relative

expression of the interested gene was defined as fold change by calculated relative quantity

(RQ) values as: RQ = 2-ΔΔCt.

2.7 Protein analysis by western blotting

2.7.1 Protein extraction

Cells were washed twice with ice-cold phosphate-buffered saline (PBS) (Gibco, Cat no.

10010023) to remove residual media components. Cells were harvested by 100μl ice-cold

protein lysis buffer. Lysates were collected in a 1.5 ml Eppendorf tube and sonicated for 5

seconds. Cell lysates were then centrifuged at 13,000 g for 10 minutes at 4 °C to separate
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the protein. The supernatant containing protein was removed to a new 1.5 ml tube for the

next step and kept on ice.

Frozen tissues were washed with PBS and then put into labelled 2ml micro tubes with

around 10 bulk beads and 200μL lysis buffer. Each artery was homogenised twice in a

tissue homogeniser (Precellys 24). Tissues were pelleted by centrifugation at 13,000 g for

10 minutes at 4 °C to separate the protein. The supernatant was removed for the next step

and kept on ice.

2.7.2 Protein quantification

The protein concentration from lysates was determined via BCA protein assay (Thermo

Fischer). A protein standard curve was made by Bovine Serum Albumin (BSA) with a

concentration range of 0-0.1M. The cell lysates 2 μl and standard 10 μl were added to a

clear 96 well plate. Reagent A and B (A: B=50:1) were added with a volume of 50μL to

each wall. The absorbance at 562nm values was read with a spectrophotometer (M2

Spectra Max) after 30 minutes incubate at 37°C. The protein concentrations of lysates were

calculated using the standard curve.

2.7.3 Sample preparation

Samples were prepared with 20 μg total protein in dH2O and 6x loading buffer and

denatured at 95 °C for 5 minutes.

2.7.4 Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE)

The Invitrogen NuPage Novex gel system (ThermoFisher) was used in western blotting.

Protein was separated by molecular weight using SDS-PAGE. Protein samples and ladder

were separated and loaded into Invitrogen Novex Tris-Glycine Mini Gels, 4-20%

immersed in Tris-Glycine running buffer and run at 165V for about 60 minutes.

2.7.5 Immunoblotting for proteins

Following electrophoresis, the gels with proteins were transferred to a nitrocellulose

membrane (ThermoFisher) by immersion in Tris-Glycine transfer buffer containing 20%

methanol at 110V for 90 minutes on ice. The membranes were blocked in 3% BSA or 5%

milk in TBST solution with constant agitation at room temperature for 1 hour. The
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membranes were then probed with primary antibody in 3% BSA in TBST solution and

incubated overnight at 4°C. Following 3 x 5 minutes washes with TBST, the membrane

was incubated with the corresponding secondary antibodies diluted with 1% BSA in TBST

solution for 1 hour at room temperature. The membrane was washed 3 times in 5 minutes

with TBST, which was subsequently visualised by an infrared laser scanner (Odyssey CLx,

LI-COR®). Images were quantified using the software Image Studio™ Lite.

2.8 Assessing redox status and oxidative stress

2.8.1 Lucigenin-enhanced chemiluminescence

Lucigenin-dependent chemiluminescence assay was performed to determine NADPH

dependent ROS production (Minkenberg and Ferber, 1984). Cells were washed twice with

ice-cold PBS and harvested in 160μl ice-cold lucigenin lysis buffer (20 mmol/L of KH2PO4,

1 mmol/L of EGTA, 1 μg/mL of aprotinin, 1 μg/mL of leupeptin, 1 μg/mL of pepstatin,

and 1 mmol/L of PMSF).

50 μL of sample protein lysate was added into a white 96 well plate, and 175 μL of assay

buffer was added to each well. Luminescence was measured first for the basal conditions

and then after adding substrate NADPH (100 μmol/L) using the luminometer (AutoLumat

LB 953, Berthold). The results were analysed by subtracting the basal readings from

NADPH dependent luminescence signal and normalised to protein concentration.

2.8.2 Amplex™ Red assay

Hydrogen peroxide levels were evaluated in VSMCs using the Amplex Red Hydrogen

Peroxide/Peroxidase assay kit (Invitrogen #A22188) according to the manufacturer’s

instructions. The Amplex Red assay is based on measuring the red fluorescent of oxidation

product resorufin, which is generated by horseradish peroxidase (HRP) catalysed 10-

acetyl-3,7- dihydroxypenoxazine oxidation in the presence of H2O2 (Mohanty et al., 1997).

The Amplex Red reagent, in combination with HRP, can react 1:1 with H2O2 to produce

the red fluorescent oxidation product with the maxima excitation of ~571 nm and emission

of ~585 nm.

Briefly, 50 μL of sample protein lysate was prepared as described in item 2.4 and 50 μL of

amplex red reagent was added into a clear 96 well plate (as advised in the kit manual). An

H2O2 standard curve was performed with samples as advised in the kit manual. The
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absorbance at 560 nm values was read with spectrophotometer (M2 Spectra Max) after the

plate incubated in the dark at room temperature for 30, 60, and 90 minutes, respectively.

The results were analysed using the average of 3 time points with H2O2 standard curve,

then normalised by protein concentration in the cell lysate.

2.8.3 Measurement of nitrotyrosine levels

3-nitrotyrosine modification of protein is a specific marker of oxidative damage mediated

by peroxynitrite(Ahsan, 2013). To measure the peroxynitrite (ONOO−) formation,

nitrotyrosine was assessed in cells using an ELISA kit (#ab113848, Abcam, Cambridge,

UK) according to the manufacturer’s instructions. The 96 well plate was read at an

absorbance of 450 nm using a microplate reader after the reaction stopped by stop solution.

Results were normalised to protein concentration.

2.8.4 Lipid peroxidation by thiobarbituric acid-reacting
substances assay

Thiobarbituric acid-reacting substances (TBARS) assay (Item:700870, Cayman Chemical)

was used as an indicator of oxidative stress in cells. Thiobarbituric acid-reacting

substances are lipid peroxidation products that are measured as malonaldehyde (MDA) by

a colourimetric method (RepettoSemprine and Boveris, 2012). MDA was assessed

according to the manufacturer’s instructions. Briefly, 20 μM cell lysates were mixed with

10% trichloroacetic acid (TCA) reagent and then boiled with thiobarbituric acid (TBA)

colour reagent at 99°C for 1 hour to form MDA-TBA adduct. The boiled samples were

immediately placed on ice for 10 minutes, followed by a 10-minute centrifuge at 1600g at

4°C. After 30 minutes incubate at room temperature, 200 μl supernatant of each sample

was added to a 96 well plate, and the absorbance was read at 530-450 nm.

2.9 Calcium influx assay

VSMCs intracellular calcium transients were detected by Cal-520 acetoxymethyl ester

(Cal-520AM, 5 × 10–6 mol/L Abcam, ab171868) and imaged using live cell microscopy.

Cells were grown in 12-well plates until 80-90% confluency. After the cells were ready for

experiment or after inhibitor treatment, cells were incubated with 10–5 mol/L Cal-520 AM

in DMEM starving medium (containing 0.5% FBS and 1% Pen/Strep) at 37°C for 75

minutes followed by 30 minutes at room temperature avoid light. The dye in each well was

replaced with 800 μl of HEPES buffer (pH 7.4) for 30 minutes before imaging. Fluorescent
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image was performed using the inverted epifluorescence microscope (Axio Observer Z1

Live-Cell imaging system, Zeiss, Cambridge, UK) with excitation/emission wavelengths

490 nm and 525 nm, respectively. Images were acquired and analysed using Zen Pro

(Zeiss, Cambridge, UK) software. Images were taken at 2-second intervals for 3 minutes,

while 200 μl stimuli (Ang II, 1 × 10–7 mol/L; or ET-1, 1 × 10–7 mol/L) were added 30

seconds after starting the experiment. The fluorescent signal was recorded, and the average

of the first 30 seconds was regarded as basal measurement.

2.10 Myography

Wire and pressure myography have been extensively used as an ex vivo technique to study

the function, structure, and mechanics of isolated intact vessel segments(Wenceslau et al.,

2021).

2.10.1 Wire myography

Wire myography is a common in vitro technique to study the functional and mechanical

responses of isolated small arteries developed by Mulvany and Halpern in 1977(Mulvany

and Halpern, 1977).

2.10.1.1 Vessel dissection and myography preparation

The WKY, SHRSP and SHR rats were sacrificed as described in section 2.3.2 (by cervical

dislocation or exsanguination). The mesentery bed was gently removed from a 50 ml

falcon tube containing cold DPBS and left on ice. The third order of mesenteric arteries

was carefully dissected in physiological salt solution (PSS, pH 7.4) solution under a

dissecting microscope. The arteries were cleaned by gently removing surrounding

perivascular fat using dissection scissors and forceps and were cut into vessel rings

approximately 2mm in length. The 2mm vessel segments were left on a glass tube with

cold PSS on ice until mounting.

Before mounting, organ baths were washed 3 times with deionised water and then 3 times

with 5 ml fresh cold PSS. The PSS from the final wash was left in the bath and bubbled

with 95% O2 and 5% CO2. The 2 mm mesenteric arteries were then mounted to the washed

organ bath. Under a dissecting microscope, two 40 μm diameters of stainless wires were

inserted into the vessel lumen, followed screwed to a force transducer and an adjusting

micrometre in the organ bath, as shown in Figure 2.1.
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Mounted vessels were allowed to equilibrate for a minimum of 30 minutes at resting

tension in PSS while continuously gassed a mixture of 95% O2 and 5% CO2 and

maintained at a constant temperature of 37 °C±0.5°C. Subsequently, all vessels were

normalised using DMT normalisation procedure in LabChart software to reach their

optimal pre-stretch tension. The normalisation standardised the baseline experimental

conditions by allowing the comparable and optimal response of different sizes of vessels.

The internal diameter of each vessel could be calculated by IC100/ � after normalisation.

Vessels with an internal diameter over 500 μm (maximum size of resistance arteries) were

excluded for the use of further experiments.

Following 10 min of equilibration, the viability of the vessels was assessed by exposure to

KPSS (62.5 mM KCl). High concentrations of extracellular potassium (over 60 mM)

depolarize VSMC membrane and lead to vasoconstriction by activating the voltage-gated

calcium channels, thus maximising vasoconstriction. 5 ml of KPSS were added twice

followed 3 times washing with warm PSS and 10 minutes equilibration to allow steady

baseline generation. To assess endothelial function, vessels were pre-contracted with

U46619 (10-7 M) and then relaxed by acetylcholine (ACh, 10-6 M). The vessels with

functional endothelium (minimum attenuation of 80% relaxation of maximal contraction

induced by U46619) were used in this thesis.

Figure 2.1 Illustration of the wire myography mounting heads with the mounted
vessel.
The vessel segment was mounted to the organ bath by screwing two steel wires to 4 jaws.
One wire was connected to a micrometre to adjust the vessel circumference, and the
other wire was connected to a force transducer to records the tension on it.
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2.10.1.2 Cumulative concentration response curves (CCRCs)

To investigate the vascular function from different conditions, cumulative

concentration‐response curves (CCRCs) to vasoconstrictors U46619 (the thromboxane A2

analogue) and ET-1, and to vasodilators Ach (endothelial‐dependent relaxation) and

sodium nitroprusside (SNP, nitric oxide (NO)-donor, endothelial‐independent relaxation)

were performed in this thesis. Specifically, for vasoconstrictors, vessels were exposed to

half-log step cumulatively increasing concentrations of U46619 (from 1×10-10 M, 3×10-10

M to 3×10-6 M) or ET-1 (from 1×10-12 M, 3×10-12 M to 1×10-7 M). Additions of the next

dose were made after 8 minutes or the maximal response of the preceding concentration.

Similarly, for vasodilators, vessels were pre-contracted with U46619 (10-7 M) until plateau

and stable, then exposed to half-log step cumulatively increasing concentrations of Ach

(from 1×10-10 M, 3×10-10 M to 3×10-5 M) or SNP (from 1×10-10 M, 3×10-10 M to 3×10-5 M).

Additions of the next dose were made after 2 minutes or when the curves started going up.

One vessel segment could run up to three curves with 3 times washing and 30 minutes

equilibration in between. ET-1 or SNP CCRCs could not have any curve run afterwards. In

some experiments, vessels were preincubated with pharmacological modulators before the

curves.

The tension level of each vessel was recorded on LabChart software. Data was analysed

using LabChart Reader (ADInstruments, Oxford, UK). The relaxation curves were

presented as a percentage of relaxation relative to U46619 induced contraction. The

contraction curves were presented as a percentage of contraction relative to KPSS induced

contraction. Dose-response curves were plotted as the percentage of contraction or

relaxation to the log concentration using log(agonist) vs. response (three parameters)

model in the GraphPad Prism software, which were then analysed by comparing

parameters of Bottom, Top or Log of EC50 of each curve extra using sum-of-squares F test.

2.10.2 Pressure myography

The vascular structure of mesenteric arteries from rats was assessed using pressure

myography in the DMT pressure myograph system 110PXL (Danish Myo Technology,

Aarhus, Denmark). A minimum 4-5 mm length vascular segment (from 3rd order or small

2nd order of rat mesenteric artery) with no branching or surrounding fat was dissected and

mounted onto two small glass cannulas using nylon knots in a chamber (Figure 2.2) filled

with ice-cold calcium-free PSS. The segment was tied off and secured to the two cannulas

without any stretching by adjusting the micrometre. After mounting, the chamber was
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placed under a microscope (Zeiss Axiovert 25 inverted microscope) equipped with a CCD

Sony XC-75CE monochrome video camera (Zeiss) and connected to the computer with

MyoView software (Danish Myo Technology, Aarhus, Denmark) that allows the image of

arteries to be recorded and stored. The vessels were continually gassed with 95% O2/5%

CO2 at 37°C in the calcium-free PSS during the experiment. All bubbles were removed

from the system by gently perfusing the vessel and tubes with calcium-free PSS of

approximately 20-30 mmHg pressure with the help of a 5 ml syringe through inlet to outlet

valves. Before starting the protocol, the pressure was increased from 10mmHg to 70mmHg

using the computer setting and leaving for 30 minutes for equilibration. After equilibration,

the vessel was depressurised to 0 mmHg. It was then exposed to intraluminal pressure in a

gradually increased range of physiological pressure (3 mmHg, 10 mmHg, 20 mmHg, 40

mmHg, 60 mmHg, 80 mmHg, 100 mmHg, and 120 mmHg) lasting 5 minutes periods each.

After the experiment, the vessel was fixed by changing calcium-free PSS to 10% formalin

at 120 mmHg for 30 minutes at room temperature and subsequently followed the histology

steps in Section 2.3.

The internal and external diameter of the vessel were derived from MyoView software

using LabChart Reader (ADInstruments, Oxford, UK). These measurements were used to

calculate the wall thickness [(external diameter - internal diameter) / 2]. and the cross-

sectional area [(π/4) x (external diameter² - internal diameter²)].

Figure 2.2 Schematic of pressure myography chamber. A small vessel segment is mounted
between two glass cannulas in the chamber. (Modified from ref (Shahid and Buys, 2013)).
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2.11 miRNAs

2.11.1 miRNA extraction

According to the manufacturer's instructions, the miRNeasy Mini Kit (QIAGEN, cat. no.

217004) was used to isolate total RNA, including the microRNA fraction from cells. Cells

in each dish were disrupted with 700 μl Qiazol Lysis Reagent to release RNA and then

incubated at room temperature for 5 minutes. The homogenates were mixed thoroughly

with 140 μl chloroform and placed in room temperature for 2-3 minutes. After incubation,

samples were centrifuged at 12000g at 4 ℃ for 15 minutes to separate RNA onto the

aqueous phase. The aqueous phase contains RNA, which was then mixed with 525 μl

100% ethanol thoroughly by pipetting. Subsequently, the samples were transferred into an

RNeasy Mini spin column and centrifuged at ≥ 8000g at 4 ℃ for 15 s at room temperature

to get the RNA crude extract. 350 μl Buffer RWT was pipetted on to samples and

centrifuged at ≥ 8000g at 4 ℃ for 15 s at room temperature for washing. To remove the

DNA from samples, 80 μl DNase mix buffer was pipetted directly on to the RNeasy mini

spin column and left at in room temperature for 15 minutes. The samples were washed

with 350 μl Buffer RWT and 500 μl Buffer RPE, respectively. After washing, 500 μl

Buffer RPE was pipetted on to the samples and centrifuged for 2 minutes at ≥ 8000g in

room temperature to dry the column. RNA was finally eluted with 30 μl nuclease-free

water for 1 minute and centrifuged at ≥ 8000g. The samples were stored at -80 °C until use.

The quality and quantity of RNA were measured in a Nano drop 100 (Thermo Scientific).

The concentrations of RNA in each sample were adjusted with nuclease-free water to 5

ng/μl. 5 μl RNA samples from three different normotensive subjects were pooled into the

normotensive sample (NT), and three different hypertensive subjects were pooled into the

hypertensive sample (HT).

2.11.2 Microarray of miRNAs

MicroRNA expression was measured by TaqMan Advanced miRNA Assays, which

include TaqMan Array Cards (Card A, cat. no. B3970; Card B, cat. no. B3963) and

TaqMan Advanced miRNA cDNA Synthesis Kit according to the manufacturer’s

instructions. Card A and Card B included 754 different microRNAs with 8 exogenous

controls and 4 repeated endogenous controls (has-miR-16-5p).
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10ng of RNA from each group was used in this process. First, mature miRNAs were

modified from total RNA by extending the 3’ end of the mature transcript through poly (A)

tailing reaction, then lengthening the 5’ end by adaptor ligation reaction. The modified

miRNAs performed a universal reverse transcription (RT) reaction and followed an

amplification reaction to uniformly increase the amount of cDNA for all miRNAs. The

samples were stored at -20°C until used the next day.

The cDNA templates were diluted 10 times by 0.1×Tris-EDTA buffer, pH 8.0. Then 440 μl

diluted cDNA template was gently mixed with 880 μl TaqMan Fast Advanced Master Mix

(2×) and 440 μl RNase-free water. These prepared PCR reaction mixes were loaded in

array card A and B with 100 μl / reservoir. The filled cards were then centrifuged and

sealed. The real-time PCR was run by QuantStudio TM 7 Flex System with the setup file

SDS_QS in TXT format to detect microRNA expression. PCR was run 3 stages with 1 μl

reaction volume in each wall. The thermal cycle profile was as follows: an enzyme

activation of 10 minutes at 92°C, 40 cycles denature (1 second at 95°C) and anneal/extend

(20 seconds at 60°C). Primer sequences are listed in the attachment.

2.11.3 miRNA data analysis

The results were analysed by Data Assist software with 35 as the maximum allowable Ct

value. Data was normalized by global mean normalization without undetermined miRNAs.

Fold changes were determined by 2-(Ct (miRNA) - Ct (global mean)). miRNAs of interest were

searched on miRBase, the main online public repository for assigning stable and consistent

names to novel discovered miRNAs, and PubMed. The predicted gene target of miRNAs

was searched on http://mirdb.org/ website, which provides an online database for miRNA

target prediction and functional annotation developed by the computational model.

2.11.4 Ingenuity Pathway Analysis

Ingenuity® Systems Pathway Analysis (IPA, http://www.ingenuity.com) software was

utilised to determine differentially expressed miRNAs and their putative targets

differentially expressed mRNAs or proteins along with their miRNA Target Filter and

molecular and cellular functions. miRNAs share the same seed sequence and are

considered to have the same predicted targets. The sources of the miRNA Target Filter are

miRecords, Tarbase and TargetScan. Only the mRNA/protein and miRNA with the inverse

pair were chosen.
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2.12 Statistical analysis

The results are presented as the mean ± standard error of the mean (SEM). A Student’s t

test was performed to compare the two groups. One-way analysis of variance (ANOVA)

followed by Tukey test was used in multiple comparisons, as appropriate using GraphPad

Prism 5.0 software. Outliers were identified and excluded based on the Grubbs’ test or

interquartile range (IQR) method, depending on the data distribution. Myography curves

were analysed by calculating the maximal response (top or bottom effect) and the agonist

concentration that produced 50% of the maximal effect (Log EC50) using nonlinear

regression (curve fitting). To compare intracellular Ca²⁺ levels, the area under the curve

(AUC) was calculated and analysed using either the student’s t-test or ANOVA, as

appropriate. Statistical significance was determined as a p-value < 0.05, as indicated by

symbols in each figure.
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Chapter 3 Vascular ER Stress, Oxidative Stress
and Calcium Dysfunction in Human
Hypertension

3.1 Overview

Hypertension is a major risk factor for cardiovascular disease (CVD), chronic kidney

disease (CKD), and cognitive impairment that is the contributor to all-cause morbidity and

mortality worldwide (MillsStefanescu and He, 2020, Oparil et al., 2018a). Although

therapeutic progress has been made over in the past few decades, the exact aetiology

behind essential hypertension is still poorly understood and remains unknown in the

majority of patients (90%) (Coffman, 2011, Tackling and Borhade, 2020, Bolivar, 2013).

Therefore, a more precise understanding of the molecular pathogenesis is needed. The

molecular mechanisms of hypertension are often associated with vascular dysfunction and

prolonged chronic cell stress, such as endoplasmic reticulum (ER) stress and oxidative

stress (Cicalese et al., 2021).

ER stress is a cellular process that repairs perturbations of ER function by activating a

cytoprotective signalling pathway known as unfolded protein response (UPR). UPR is

activated to maintain proteostasis when imbalances happen in protein synthesis, redox

status, or Ca2+ handling(Cicalese et al., 2021). Three ER transmembrane sensors detect the

accumulation of unfolded proteins to initiate their mediated branches: PERK (protein

kinase RNA-like ER kinase), IRE1 (inositol requiring kinase 1), and ATF6 (activating

transcription factor 6). ER stress has been well known to play a role in hypertension. In

animal models of hypertension, treatment with ER stress inhibitors 4-phenylbutyric acid

(4-PBA) and/or tauroursodeoxycholic acid (TUDCA) has been shown to reduce ROS

generation, calcium mishandling, vascular hypercontractility, apoptosis, fibrosis,

inflammation, and high blood pressure (Bal et al., 2019a, Han et al., 2019b, Carlisle et al.,

2016, Choi et al., 2016b, Naiel et al., 2019, Liang et al., 2013, Camargo et al., 2018,

Kassan et al., 2012). Moreover, ER stress inducer tunicamycin increased vascular

stiffening, apoptosis, fibrosis, and blood pressure in animal models (Spitler and Webb,

2014, Carlisle et al., 2016, Liang et al., 2013). However, how ER stress is involved in

hypertensive human vasculature remains unclear.

Reactive oxygen species (ROS), intermediates of redox reactions, are constantly generated

by homeostatic cells and are important in the physiologic regulation of all cellular
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functions, including in vascular cells (de Champlain et al., 2004). ROS levels can be

modulated through enzymatic regulation, with Noxs upregulating ROS production and

enzymatic antioxidants, including superoxide dismutase (SOD), catalase (CAT) and

glutathione peroxidase (GPx), downregulating ROS levels(Sies and Jones, 2020).

Increased ROS production (termed oxidative stress) has been implicated in pathologies of

both experimental and human hypertension (RodrigoGonzalez and Paoletto, 2011,

Montezano and Touyz, 2012, Brito et al., 2015). Studies have linked oxidative stress to ER

stress signalling in hypertension-induced organ damage. ER stress inhibition reduced ROS

production in brain circumventricular subfornical organ (SFO) Ang II-induced

hypertensive mice(Young et al., 2012). On the other hand, Nox1 and Nox4 inhibition

modulating IRE1 and PERK signalling in VSMCs from hypertensive rats (Camargo et al.,

2018).

The ER serves as a major intracellular calcium storage, where it plays a crucial role in

maintaining proper protein folding, facilitated by the action of Ca2+-binding chaperone

proteins (KuznetsovBrostrom and Brostrom, 1992). ER calcium channels, such as the

Ca2+-releasing channel inositol trisphosphate receptors (IP3Rs), and Ca2+-influx channel

sarco/endoplasmic reticulum ATPase (SERCA), play a key role in regulating calcium

homeostasis. ER stress has been implicated in the dysregulation of Ca2+ handling in

hypertension. ER stress disrupts calcium balance and contributes to the development of

hypertension, as evidenced by inhibition of ER stress attenuated high SERCA expression

in ventricular tissue of hypertensive rats (Bal et al., 2019a). Additionally, disturbances in

Ca2+ balance can lead to ER stress, as the inactivation of SERCA causes a decrease in ER

Ca2+ levels, triggering ER stress and increasing blood pressure (Liu et al., 2020).

Growing evidence indicates that non-coding RNAs, particularly microRNAs (miRNAs),

play a crucial role in VSMCs dysfunction during hypertension (Zhang and Sun, 2021).

MiRNAs are small non-coding RNAs consisting of 19 to 25 nucleotides that negatively

regulate gene expression (Xie et al., 2005). Each miRNA can target multiple genes, while a

single mRNA can be regulated by several different miRNAs (Cai et al., 2009, Saito and

Saetrom, 2010). It has been widely found that non-coding RNA plays both regulators and

effectors role in ER stress (McMahonSamali and Chevet, 2017). MiR1283 targets ATF4,

thus reducing ER stress and cell apoptosis, which may be involved in hypertension(Chen et

al., 2021). Differentially expressed miRNAs in SHR are related to ER stress-related gene

Thbs4 (Palao et al., 2015a). In vascular cells, both in vivo (mice) and in vitro experiments

showed that miR-204 downregulates Sirt1 and promotes vascular ER stress and ER stress-
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induced endothelial dysfunction. Additionally, inhibition of miR-204 decreased ROS

generation from ER stress (Kassan et al., 2017b). It was found that XBP1s directed miR-

1274B transcription, thus targeting calponin h1 (CNN1) mRNA degradation and SMC

proliferation (Zeng et al., 2015).

3.2 Hypothesis and aims

There is a gap in knowledge about the molecular mechanisms whereby ER stress regulates

vascular dysfunction in human hypertension, especially regarding the role of miRNAs.

While there is evidence that ER stress plays a role in hypertension-associated vascular

damage and in the pathophysiology of high blood pressure, the underlying mechanisms

involving oxidative stress, Ca2+ signalling pathway, and miRNAs remain elusive. We

hypothesise that in hypertension, the activation of ER stress influences redox signalling

and leads to dysfunctional Ca2+ homeostasis. These changes are associated with altered

miRNA expression. This chapter aims to investigate the molecular mechanisms of ER

stress in hypertensive human VSMCs, focusing on oxidative stress, calcium channels, and

overall miRNA regulation. The specific aims are:

1. To investigate the miRNA expression profile in human VSMCs (hVSMCs) from

hypertensive subjects (HT) compared with normotensive subjects (NT).

miRNA expression from VSMCs of human gluteal biopsies was assessed using the

TaqMan Advanced miRNA Assays. Three samples from normotensive individuals were

combined to create a pooled sample labelled as "NT." Similarly, three samples from

hypertensive individuals were pooled together to create a pooled sample labelled as "HT."

The differentially expressed (DE) miRNAs were analysed and identified based on their CT

value and fold change.

2. To explore the potential targets of DE miRNAs, focus on the differentially expressed

gene and protein associated with oxidative stress, calcium channels and ER stress in

hVSMCs from HT and NT.

DE miRNAs were paired inversely with DE genes or proteins, and their putative

relationship was analysed using the Ingenuity® Systems Pathway Analysis (IPA) software.

3. To study the potential of ER stress in regulating oxidative stress and Ca2+ homeostasis.
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Human VSMCs from NT and HT were stimulated with ER stress inducer tunicamycin

(tunica) (5 μg/ml) for 5h (short term) and 24h (long term). ROS generation, relevant genes

and proteins expression were examined.

3.3 Results

3.3.1 miRNA expression profile in hypertension

miRNAs expression changed in VSMCs from hypertensive subjects (HT) as compared to

normotensive subjects (NT) (Figure 3.1A). Among the 754 screened miRNAs, 287 were

undetermined in both NT and HT, while 54 miRNAs were exclusively present in NT and

another 54 in HT. Among the 359 miRNAs present in both NT and HT, 185 were highly

expressed in HT, while 174 were highly expressed in NT.

We classified our findings into 4 groups (Figure 3.1B): 1. HT only: This group including

miRNAs expressed only in HT. Results were ranked and presented from low to high based

on the Ct value of the hypertensive sample, with Ct value less than 30 considered DE

miRNAs and subject to further analysis (21 miRNAs); 2. NT only: This group including

miRNAs expressed only in NT. Results were ranked and presented from low to high based

on the Ct value of the normotensive sample, with Ct value less than 30 considered DE

(differentially expressed) miRNAs and subject to further analysis (25 miRNAs); 3.

HT>NT: miRNA upregulated in hypertensive subjects results were ranked and presented

from high to low by hypertensive fold change (RQ) compared to normotensive, with a fold

change over 1.5 considered DE miRNAs and subject to further analysis (60 miRNAs); 4.

NT>HT: miRNA downregulated in hypertensive subjects results were ranked and

presented from high to low based on normotensive fold change (RQ) compared to

hypertensive, with a fold change over 1.5 considered DE miRNAs and subject to further

analysis (136 miRNAs). The top 10 miRNAs in each group are listed in Table 3.1.
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Figure 3.1 miRNA expression performance in miRNA array.
(A), The scattering figure shows the levels of individual miRNAs in HT and NT as analysed
by microarray (∆Ct=Ct (miRNA) - Ct (global mean)). R2=0.7129. (B), The number of
differentially expressed miRNA present in HT and/or NT. Red and blue circles represent the
number of miRNAs highly expressed in HT and NT, respectively. The upper number (red)
indicates the number of upregulated miRNAs in HT, and the lower number (blue) indicates
the number of downregulated miRNAs in HT.
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Table 3.1 Top10 miRNAs in each group

3.3.2 Differentially expressed miRNAs in hypertensive subjects
are predicted to target Noxs

Noxs are the major source of ROS in the vasculature that contribute to oxidative stress

during hypertension (Majzunova et al., 2013). To examine whether Nox expression is

altered in hypertensive VSMCs and whether any miRNA may be involved in the regulation

of Noxs, we performed the Nox gene expression followed by miRNA analysis. Nox1 and

Nox2 showed a significant increase, while Nox4 showed a substantial decrease in

hypertensive human VSMCs (Figure 3.2 A, B, and C). Nox4 and Nox5 protein expression

has been found to significantly increase in HT VSMCs from our previous research

(Camargo et al., 2022). We subsequently analysed whether the DE (differentially

expressed) Noxs were predicted targets of any DE miRNAs. Since miRNAs can either

downregulated gene expression or protein translation, we inversely paired Nox4 to both

upregulated and downregulated miRNAs.

From the analysis, it was found that no downregulated miRNAs were predicted to target

Nox1 in HT. However, two of the DE miRNAs that were downregulated in HT were

predicted to target Nox2 (CYBB): miR-205-5p, miR-376a-3p (Figure 3.2D, Table 3.2). In

addition, four DE miRNAs were predicted to regulate Nox4 (Figure 3.2E), with two of

them that were downregulated in HT: miR-550a-3p, miR-1226-5p (Table 3.2), and the

other two were upregulated in HT: miR-1294, miR-330-5p (Table 3.3). Moreover, five DE

miRNAs that were downregulated in HT were predicted to regulate Nox5: miR-149-3p,

miR-505-5p, miR-324-5p, miR-186-5p, miR-491-5p (Figure 3.2F, Table 3.2).
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Figure 3.2 Differentially expressed miRNAs are predicted to target Noxs.
NADPH oxidases Nox1 (A), Nox2 (B), and Nox4 (C) gene expression of human VSMCs
from NT (blue columns) and HT (red columns) were examined by real-time qPCR. The
human GAPDH gene was used as an internal control. Data are presented as mean ±
S.E.M., n=11-16. The statistical significances were determined by student t-test, *p<0.05
vs. NT. IPA was used to predict miRNA targets. MiRNAs (red: miRNAs upregulated in HT,
green: miRNAs downregulated in HT) are inversely predicted to target genes Nox2 (D)
Nox4 (E), protein Nox4 (E) and protein Nox5 (F).

Table 3.2 The predicted targets of miRNA downregulated in HT
Gene/Protein Fold change miRNA Fold change

NOX2 1.66 miR-205-5p -2.713

miR-376a-3p -2.617

NOX4
1.97(Camargo

et al., 2022)
miR-1226-5p -2.544

miR-550a-3p -1.658

NOX5
2.04(Camargo

et al., 2022)
miR-149-3p ND in HT

miR-505-5p -2.132

miR-185-5p -1.742

miR-149-5p -1.667

miR-324-5p -1.504

SOD2 4.43 miR-382-5p -1.724

ND: Undetermined



77

Table 3.3 The predicted targets of miRNA upregulated in HT
Gene/Protein Fold change miRNA Fold change

NOX4 2.42 miR-1294 ND in NT

miR-330-5p 4.009

IP3R 1.64 miR-585-3p 3.29

ND: Undetermined

3.3.3 Differentially expressed miRNAs in hypertensive subjects
are predicted to target antioxidants

Antioxidants are also an important part of regulating oxidative stress in hypertension. To

assess whether DE miRNAs may contribute to antioxidant expression in HT, we examined

the expression of some antioxidant genes followed by miRNA analysis. SOD is an enzyme

that catalyses the dismutation of the superoxide (O2•−) into molecular oxygen (O2) and

hydrogen peroxide (H2O2). Two intracellular subtypes of SOD were determined in human

VSMCs. SOD1, expressed in cytoplasm, was not changed in HT (Figure 3.3A). SOD2,

expressed in mitochondria, was significantly increased in HT (Figure 3.3B). CAT and GPx

catalyse the reduction of hydrogen peroxide. CAT was increased considerably in HT

(Figure 2C). However, no downregulated miRNAs predicted to target CAT were found.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a key transcription factor that regulates

the expression of antioxidant proteins, including SOD (TonelliChio and Tuveson, 2018).

Kelch-like ECH-associated protein 1 (Keap1) is an endogenous inhibitor of Nrf2 that under

oxidative stress, it is oxidising and releases Nrf2 to translocate to the nucleus, promoting

activation of antioxidant genes. In human VSMCs, there was no significant difference in

gene expression between HT and NT for either Nrf2 (Figure 3.3D) or Keap1 (Figure 3.3E).

Moreover, one of the DE miRNAs downregulated in HT was predicted to target SOD2:

miR-328-5p (Figure 3.3F, Table 3.2).
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Figure 3.3 Differentially expressed miRNAs are predicted to target antioxidants
expression in VSMC of hypertensive subjects.
Antioxidants SOD1 (A), SOD2 (B), Catalase (C) Nrf2 (D) and Keap1 (E) gene expression
of human VSMCs from NT (blue columns) and HT (red columns) were determined by RT-
qPCR. The human GAPDH gene was used as an internal control. Data are presented as
mean ± S.E.M., n=11-16. The statistical significances were determined by student t-test,
*p<0.05 vs. NT. IPA was used to predict miRNA targets. MiRNAs (green: miRNA
downregulated in HT) are inversely predicted to target genes SOD2 (F).
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3.3.4 Differentially expressed miRNAs in hypertensive subjects
are predicted to target Calcium channels

To determine whether calcium channels were altered and predicted to be targeted by DE

miRNAs, we examined the expression of some calcium channel genes followed by miRNA

analysis. CACNA1C encodes the subunits of the CaV1.2 L-type voltage-gated calcium

channel, an important mediator of calcium influx and downstream signalling cascades. The

expression of CACNA1C has no significant difference between NT and HT in human

VSMCs (Figure 3.4A). IP3R (inositol 1,4,5-trisphosphate receptor) and SERCA

(sarco/endoplasmic reticulum Ca2+-ATPase) are endoplasmic reticulum calcium channels

responsible for Ca2+ release from ER and influx into ER respectively. IP3R was

significantly decreased in HT (Figure 3.4B). One of the differentially expressed miRNA up

regulated in HT is predicted to target IP3R (ITPR3): miR-585-3p (Figure 3.4D, Table 3.2).

SERCA was significantly increased in HT (Figure 3.3C), and no DE miRNAs were found

to predict inversely target SERCA.
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Figure 3.4 Differentially expressed miRNAs are predicted to target Calcium channel
expression in VSMC of hypertensive subjects.
Calcium channel CACNA1C (A), IP3R (B) and SERCA (C) gene expression of human
VSMCs from NT (blue columns) and HT (red columns) were determined by RT-qPCR.
Human GAPDH gene was used as an internal control. Data are presented as mean ±
S.E.M., n=11-16. Statistical significances were determined by student t-test, *p<0.05 vs.
NT. IPA was used to predicted miRNA targets. MiRNA (red: miRNAs upregulated in HT) is
inversely predicted to target IP3R (D).
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3.3.5 MiR-200b-3p predicted targeting ER stress pathway

ER stress is essential in blood pressure regulation. To investigate if ER stress is activated

in HT, we examined the expression of some ER stress markers. ER stress marker ATF4

gene expression increased, while CHOP and ATF6 gene expression did not change in HT.

This suggests the potential of PERK pathway activation. Moreover, to investigate whether

ER stress is involved in miRNA regulating in HT. IPA software canonical pathway section

was used to identify predicted targets of DE miRNAs in the ER stress pathway. After

analysis, miR-200c-3p, downregulated in HT with a 28.58-fold change, was found to be of

particular interest. Results showed that miR-200b-3p has four different predicted targets

related to ER stress pathway, including ASK1, JIK (IRE1-induced apoptosis signal), eIf2α,

and P58IPK (DNAJ homolog subfamily C member 3) (Figure 3.5D). EIf2α is upstream of

ATF4 (upregulated in our results), which suggested a potential link to the regulation of

decreased miR-200c-3p.
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Figure 3.5 ER stress markers in HT and miR-200c-3p in ER stress pathway.
ATF4(A), CHOP(B), ATF6(C) gene expression of human VSMCs from NT (blue columns)
and HT (red columns) were determined by RT-qPCR. The human GAPDH gene was used
as an internal control. Data are presented as mean ± S.E.M., n=10-16. The statistical
significances were determined by student t-test, *p<0.05 vs. NT. The predicted targets of
miR-200c-3p were analysed by IPA (D). ATF4 with the red colour arrow was upregulated
in HT. miR-200c-3p with a blue colour arrow was downregulated in HT. The green line
with arrow means the miRNA is predicted to target those molecules.
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3.3.6 ER stress increases NADPH-dependent O2− production in
hypertensive human VSMCs

The major ROS resulting from oxidative stress include hydrogen peroxide (H2O2) and

superoxide (O2- ), which are electron donors and can damage DNA, RNA, proteins, and

lipids, thus contributing to vascular remodelling and dysfunction in hypertension. To

evaluate whether ER stress contributes to oxidative stress in hypertension, we assessed

ROS generation in VSMCs from NT and HT. We also stimulated VSMCs with the ER

stress inducer tunica. We found that NADPH-dependent O2− generation (Figure 3.6A) was

increased in HT compared to NT. Treatment with tunica did not affect O2− generation in

NT (Figure 3.6B), but it led to a significant increase in HT after 24h of treatment (Figure

3.6C). Moreover, we observed that H2O2 generation (Figure 3.6D) was also increased in

HT, but it was not affected by tunica stimulation (Figure 3.6E and F). These results suggest

that ER stress may play a role in hypertension-related oxidative stress by inducing

NADPH-dependent O2− generation but not H2O2 generation.

Figure 3.6 Effects of ER stress inducer on ROS generation in human VSMCs from
normotensive subjects and hypertensive subjects.
The human VSMCs from NT (blue columns) and HT (red columns) were treated with
Tunica (5 μg/ml) (5h and 24h). NADPH-dependent ROS (A,B,C) was determined by
lucigenin-derived chemiluminescence and NADPH-dependent H2O2 was generation
(D,E,F) was determined by Amplex red in NT and HT subjects. Data are presented as
mean ± S.E.M., n=4-11. Data were analysed using one-way ANOVA followed by a Tukey
test or student t-test for two groups comparing. *p<0.05 vs. control.
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3.3.7 Tunica induced ER stress influences Noxs expression in
human VSMCs

To investigate the mechanism of ER stress influencing ROS level in human VSMCs, we

assessed Noxs expression after tunica treatment. Tunica 24h treatment significantly

increased Nox1 gene expression in NT but not in HT (Figure 3.7A). However, tunica did

not alter Nox1 expression at the protein level (Figure 3.7B and C). Different from Nox1,

Nox4 gene expression decreased after 24h of tunica treatment in NT but not in HT (Figure

3.7D), while Nox4 protein level was not changed by tunica (Figure 3.7E and F). Tunica

increased Nox2 gene expression in both 5h and 24h of treatment in NT but not in HT

(Figure 3.7G), the protein expression was not determined due to the unavailability of an

appropriate antibody. Nox5 protein expression increased after 24 h tunica treatment in both

NT and HT (Figure 3.7H and I). The gene expression data for Nox5 was not shown due to

the low or undetermined CT value. These findings suggest that ER stress may play a role

in Noxs expression, and the increasing ROS generation in HT may be related to Nox5.
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Figure 3.7 ER stress influence Noxs expression in human VSMCs.
The human VSMCs from NT (blue columns) and HT (red columns) were treated with
Tunica (5 μg/ml) (5h and 24h). Nox1 (A), Nox2 (G) and Nox4 (D) gene expression were
determined by RT-qPCR. The human GAPDH gene was used as an internal control. Nox1
(B, C), Nox4 (E, F), and Nox5 (H, I) protein expression were determined by Western
blotting with β-actin as loading control. Data are presented as mean ± S.E.M., n=5-16.
Statistical significances were determined by one-way ANOVA followed by a Tukey test or
student t-test for two groups comparing. *p<0.05 vs. control.
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3.3.8 Tunica induced ER stress influences antioxidants
expression in human VSMCs

To explore whether ER stress regulates ROS generation through antioxidants in human

VSMCs, we assessed the antioxidants expression with the ER stress inducer tunica.

Treatment with tunica significantly reduced SOD2 gene expression (Figure 3.8A) in both

NT and HT. CAT, which is involved in the decomposition of H2O2, was increased after

tunica 24h treatment in NT (Figure 3.8B) but not in HT. Nrf2 expression was increased

after tunica 24h stimulation in NT and 5h and 24h in HT (Figure 3.7C). Keap1 as a

negative regulator of Nrf2 was increased only after 24h tunica treatment in both NT and

HT (Figure 3.7 D). These findings suggest ER stress could affect antioxidants expression,

and decreased SOD2 expression may contribute to ROS generation in HT.
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Figure 3.8 ER stress influence antioxidants expression in human VSMCs.
The human VSMCs from NT (blue columns) and HT (red columns) were treated with
Tunica (5 μg/ml) (5h and 24h). SOD2 (A), catalase (B), Nrf2 (C) and Keap1 (D) gene
expression were determined by RT-qPCR. The human GAPDH gene was used as an
internal control. Data are presented as mean ± S.E.M., n=5-16. Statistical significances
were determined by one-way ANOVA followed by a Tukey test or student t-test for two
groups comparing. *p<0.05 vs. NT control, #p<0.05 vs. HT control.
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3.3.9 Tunica induced ER stress influences calcium channel
expression in human VSMCs

Intracellular free calcium concentration is important in vascular smooth muscle contraction

during hypertension, which is controlled by calcium channels(Touyz et al., 2018). ER

stress has been linked to disruption in calcium homeostasis, which may contribute to the

development of hypertension. Therefore, we investigated the effects of ER stress on

calcium channel gene expression in VSMCs. Treatment of human VSMCs with 24h tunica

induced downregulation of L-type calcium channel (Figure 3.9 A) and upregulation of

IP3R (Figure 3.9 B) in both NT and HT. No significant effect of tunica was observed on

SERCA mRNA levels (Figure 3.9C).

Figure 3.9 ER stress influences calcium channel expression in human VSMCs.
The human VSMCs from NT (blue columns) and HT (red columns) were treated with
Tunica (5 μg/ml) (5h and 24h). CACNA1C (A), IP3R (B) and SERCA (C) gene expression
were determined by RT-qPCR. The human GAPDH gene was used as an internal control.
Data are presented as mean ± S.E.M., n=5-16. Statistical significances were determined
by one-way ANOVA followed by a Tukey test or student t-test for two groups comparing.
*p<0.05 vs. NT control, #p<0.05 vs. HT control.



89

3.4 Discussion

This chapter focuses on the molecular regulation in VSMCs related to the crosstalk

between ER stress, oxidative stress, calcium channels, and miRNA, comparing HT and NT.

Firstly, we identified 242 differentially expressed (DE) miRNAs in VSMCs of HT

compared to NT and linked them to target genes of interest, including Noxs, antioxidants,

calcium channels, and ER stress markers. Regarding gene expression, we observed

increased expression of Nox1, Nox2, SOD2, catalase, and the calcium channel SERCA,

alongside decreased expression of Nox4 and the calcium channel IP3R in VSMCs from

HT. To further investigate whether ER stress affects oxidative stress and calcium channel

expression in VSMCs, we used the ER stress inducer tunicamycin. We found that

tunicamycin reduced the expression of SOD2 and the L-type calcium channel while

increasing the expression of Nox5, nrf2, keap1, and IP3R in both NT and HT. Additionally,

tunicamycin increased the gene expression of Nox1, Nox2, and catalase while decreasing

Nox4 expression in VSMCs from NT, but not in HT. These findings suggest crosstalk

between oxidative stress/calcium channels and ER stress, highlighting the different

mechanisms by which ER stress affects oxidative stress in hypertension.

3.4.1 The role of miRNAs in VSMCs of HT and NT

The remodelling and injury of resistance arteries are key characteristics in the development

and progression of hypertension, to which the phenotype switching and dysfunction of

VSMCs significantly contributes (Guzik and Touyz, 2017). The VSMCs used in this

chapter were obtained from small arteries from adult human gluteal biopsies, as previously

described (Camargo et al., 2022). MiRNAs play a crucial role in regulating the dysfunction

of VSMCs caused by hypertension (Zhang and Sun, 2021). To investigate whether miRNA

expression changes in VSMCs of hypertensive patients, we compared miRNA profiles of

VSMCs from resistance arteries of hypertensive and normotensive humans. The analysis

revealed that 242 miRNAs exhibited differential expression between HT and NT.

Unexpectedly, the number of DE miRNAs in our results was higher than in similar

research. Some studies have shown changes in miRNA expression in human blood samples.

For example, 30 DE miRNAs were found in whole blood of HT and NT subjects in South

African individuals (Matshazi et al., 2021), and 27 DE miRNAs were identified in human

plasma samples of HT and NT individuals (Li et al., 2011). In comparison to WKY and
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SHR rats, there are 6 DE miRNAs identified in arterial blood samples and 10 DE miRNAs

identified in venous blood samples (Jin et al., 2021), 27 DE miRNAs identified in

exosomes (Liu et al., 2019b), 1 DE miRNA identified in adult mesenteric arteries (Palao et

al., 2015b). Furthermore, in Ang II-induced hypertensive mice, 35 DE miRNAs have been

found after 14 days of treatment (Huo et al., 2019). These findings, together with ours,

suggest the role of miRNAs in hypertension. There are two main reasons that might

explain why our study identified more DE miRNAs than similar studies. Firstly, we used

human cell cultures, and the absence of a complete circulatory system in these cultures,

including factors such as blood flow and neighbouring endothelial cells, likely influenced

the miRNA regulation. Secondly, and perhaps more crucially, our use of pooled samples

(one sample from groups of three hypertensive and three normotensive individuals,

respectively) without repeated analyses could have impacted the accuracy.

We focused on the top 10 miRNAs in four different groups, as shown in Table 4, with the

potential to regulate vascular dysfunction. Notably, miR-181d-5p, the most overexpressed

miRNA in HT patients compared to NT controls, is a positive regulator of cancer cell

migration by regulating p38 MAPK pathway (SongPark and Ryu, 2013), and colorectal

cancer cell proliferation and migration by regulating PI3K/AKT pathway (Liu et al., 2023).

These findings suggest a potential role for miR-181d-5p in regulating VSMC proliferation

and migration, requiring further experimentation. Additionally, miR-182-3p, only

expressed in HT, has been implicated in vascular remodelling by targeting myeloid-

associated differentiation marker gene via regulating KLF4 translocation into the

cytoplasm in pulmonary arterial hypertension (Sun et al., 2020), suggesting a possible

involvement of miR-182-3p in VSMC differentiation. In contrast, miR-222-5p, most

highly expressed in NT compared to HT, is known to inhibit VSMC differentiation by

targeting αSMA and ROCK2 (Gu et al., 2018). However, it has also been found to promote

cell proliferation and migration in VSMC of atherosclerosis mice model (Liu et al., 2022)

and in placenta cells (Dong et al., 2020), indicating a complex mechanism that requires

further exploration in our model. In the NT-only group, miR-325, which has the highest

expression, was found to be downregulated in preeclamptic patients (Lazar et al., 2012).

miR-9-5p (NT only) has been implicated as a negative regulator of cell proliferation and

migration in HeLa cell (Zhang et al., 2016), and could also target Nox4 to suppress

fibroblasts(Fierro-Fernandez et al., 2015). miR-129-5p, downregulated in HT, was found

to be a negative regulator of endothelial cell migration and proliferation (Soufi-Zomorrod

et al., 2016), and inhibit ROS-induced autophagy and apoptosis in heart cells (ZhangZhang

and Zhang, 2018). These are similar trends to our results and suggest the potential of miR-
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325, miR-9-5p, and miR-129-5p in improving high blood pressure, oxidative stress and

vascular change. Furthermore, miR-143-5p, although higher in NT than HT in our study,

was observed at increased levels in pulmonary artery smooth muscle cells in patients with

pulmonary arterial hypertension (Deng et al., 2015). These contrasts underscore the need

for further research into the role of miR-143-5p in smooth muscle function.

3.4.2 DE genes/proteins and related DE miRNAs in VSMCs of HT

Increasing ROS bioavailability and altered redox signalling plays a key role in the onset

and progression of hypertension (Montezano and Touyz, 2014, Camargo et al., 2022,

Griendling et al., 2021). In human VSMCs, Noxs are the major enzymatic sources of ROS

including Nox1, Nox2, Nox4, and Nox5, thus activating downstream redox sensitive

molecules (Ismail et al., 2009, Konior et al., 2014, Santillo et al., 2015). From the results,

the generation of ROS was increased in VSMCs from HT, processes could be associated

with dysregulation of Noxs and antioxidants, which may be controlled by inversely

expressed DE miRNAs. It has been well-studied that there is an increase in Noxs in

hypertensive models and individuals (Landmesser et al., 2002, RodrigoGonzalez and

Paoletto, 2011, TouyzTabet and Schiffrin, 2003, Nosalski et al., 2020, Camargo et al.,

2018, Camargo et al., 2022). As expected, Nox1 and Nox2 gene expression was increased

in our HT VSMCs, but the protein expression was not changed from the previous study

(Camargo et al., 2022). Previous studies from our group showed Nox4 and Nox5 protein

expression to be increased in HT VSMCs210. However, our study did not detect Nox5

mRNA, and Nox4 gene expression was decreased. The different trends in gene and protein

expression may be caused by other regulators, such as miRNAs, during the translation of

proteins. IPA analysis has highlighted some miRNAs, which may contribute to these DE

Noxs and thus influence hypertension. miR-205-5p, which has lower expression in HT and

was predicted to target Nox2, was found to be downregulated by oxidative stress and to

regulate VEGFA-angiogenesis (Oltra et al., 2020). miR-330-5p, which showed lower

expression in HT and was predicted to target Nox4, was demonstrated to inhibit the

proliferation and migration of human VSMCs (Chen et al., 2022). miR-185-5p, which is

downregulated in HT and predicted target Nox5, has been found to inhibit cell migration

by targeting ROCK2 in hepatocellular carcinoma (Niu and Tang, 2019). Moreover, miR-

149-5p, which is also downregulated in HT and predicted to target Nox5, has been found

to decrease ER stress markers in endothelial cells of type two diabetes (Yuan et al., 2017).
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As for antioxidants, SOD2 plays a vital role in protecting mitochondrial function by

removing mitochondria-derived O2- • (Palma et al., 2020). Studies have observed reduced

SOD2 activity in aorta of Ang II-infused mice (Dikalova et al., 2017) and aortic VSMCs of

SHR (Chen et al., 2020). Besides, some studies found no significant change of SOD2 in

mesenteric arteries of Ang II-induced hypertensive mice or rats (KangSullivan and Pollock,

2018, Gongora et al., 2006). CAT is an enzyme that converts H2O2 into water and oxygen.

CAT levels have been found to increase in SHR kidney (Sundaram et al., 2013). In our

results, SOD2 and CAT gene expression were increased in HT. It is possible that these

antioxidants were upregulated to counteract oxidative stress. Further experimentation is

required to confirm their activation. IPA analysis highlighted alterations in miRNAs

targeting some of these antioxidant genes. miR-382-5p, which was downregulated in HT in

our study and predicted to target SOD2, has been shown to target SOD2 in CD34+ cells

from primary myelofibrosis and its dysregulation was associated with ROS accumulation

and oxidative DNA damage (Rossi et al., 2018).

Intracellular calcium plays a crucial role in the development of hypertension and is also

linked to oxidative stress and ER stress (GroenendykAgellon and Michalak, 2021, Touyz

et al., 2018). Thus, we examined the expression of ER calcium channels and L-type

calcium channels. ROS in VSMCs is essential in modulating calcium homeostasis (Touyz

et al., 2018). Exogenous addition of H2O2 in VSMCs alters calcium transients, while O2•-

generation induces intracellular calcium mobilization (Touyz, 2005). Changes in the

internal redox state could lead to an increase in the cytosol calcium level. Possible

mechanisms include inhibition of SERCA, activation of IP3R, and activation of L-type

calcium channels. Studies have identified that increasing ROS could irreversibly oxidise

SERCA, leading to elevated blood pressure and induction of ER stress (Scherer and

Deamer, 1986, Liu et al., 2020). In our study, increased ROS levels may cause irreversible

SERCA oxidation, leading to its degradation. As a compensatory mechanism, the mRNA

level of SERCA is upregulated, as observed in the present study. Additionally, we found a

decrease in IP3R gene expression in HT, which may also serve as a compensatory response

to lower intracellular calcium during hypertension. No significant difference was observed

in L-type calcium channel between HT and NT. The expression of calcium channels does

not directly indicate calcium movement within cells. It is necessary to evaluate their

activation to further confirm the role of calcium channel. Matching our DE miRNAs, miR-

585-3p, which is highly expressed in HT and predicted to target IP3R, has been shown to

inhibit cell growth and proliferation in colon cancer (Liu et al., 2019a).
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ER stress has been indicated in hypertensive VSMCs (Camargo et al., 2018). We observed

an increase in ATF4 gene expression, which indicates the potential activation of the PERK

pathway. IPA analysis showed that miR-200c-3p, downregulated in HT, has been found to

have multiple targets in the ER stress pathway. miR-200c-3p was found to be upregulated

in cases of pulmonary arterial hypertension-superior vena cava (Chouvarine et al., 2020)

and in mice with Ang II injection (Huo et al., 2019). Moreover, miR-200b also triggers

UPR in diabetic model (Gu et al., 2016). eIF2α as the predicted target of miR-200c-3p

could be regulated by PERK, oxidative stress, and P58IPK (OchoaWu and Terada, 2018),

which is another predicted target of miR-200b-3p. Besides, miR-200c-3p was shown to be

highly expressed in the resistant vessels of Ang II-induced hypertensive mice (Huo et al.,

2019). This suggests an important role of the miR-200c-3p in regulating hypertension.

Together, these findings indicate the potential role of miR-200b-3p in regulating ER stress

in hypertensive VSMCs.

These potential DE miRNAs may be involved in the molecular mechanisms of vascular

dysfunction and are related to oxidative stress and ER stress, thereby making them

interesting targets for future research.

3.4.3 Effect of ER stress inducer in VSMCs

Tunicamycin, known for its role in inducing ER stress by inhibiting N-linked glycan

synthesis and consequently leading to misfolded proteins and UPR activation(Zhang et al.,

2020), was chosen as the ER stress inducer in our study. The increasing cellular ROS level

by tunicamycin has been found in different cells, including PC12 cells (Yen et al., 2017a)

and myoblasts (Anto et al., 2023). In this study, tunicamycin triggered ER stress activation

and increased NADPH-dependent O2- production in HT cells without affecting H2O2

generation. Conversely, ROS levels in NT cells remain unchanged under ER stress. This

suggests that ER stress may specifically trigger oxidative stress in VSMC under

hypertensive conditions, while the response in NT cells implies a different regulatory

mechanism.

In HT, increasing O2- production could be attributed to altered expression of Noxs and

antioxidants. Nox5 is a calcium-sensitive Nox isoform that produces O2•- and H2O2(Fulton,

2009), which has been found associated with ER stress (Sui et al., 2023, Zhu et al., 2023).

SOD2 in mitochondria transforms O2•- into O2 and H2O2, which can then be converted into

water by other enzymes such as CAT and GPx1 (Palma et al., 2020). The increasing
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expression of Nox5 and decreasing expression of SOD2 by tunicamycin in HT may

contribute to the elevated production of O2•-. A study found decreased SOD activity by

tunicamycin on rat skeletal muscle L6 cell lines (Anto et al., 2023), which is similar to our

results. There has been no research to date explicitly examining tunicamycin's effects on

Nox5. Alterations in Nox5 and SOD2 expression were observed in both NT and HT.

However, as Nox1, Nox2, and Nox4 expression was not changed in HT subjects, the ROS

may also contribute from other sources, such as mitochondria, and/or other enzymes like

xanthine oxidase and cyclooxygenases, which warrants further investigation.

The absence of increased ROS generation in NT cells suggests a different redox regulation

in HT. The activation of ER stress sensor PERK triggers dissociation of Nrf2/Keap1

complexes, thus allowing Nrf2 translocated into nuclear, which could contribute to

increased antioxidants expression, such as GPx1, CAT and SOD (Cullinan et al., 2003). In

our study, activation of ER stress resulted in increased gene expression of both Nrf2 and

Keap1. However, the actual activation of Nrf2 requires further investigation. No increased

expression in SOD2 and catalase in HT might indicate a lack of enhanced Nrf2 activity.

This could be influenced by other mechanisms, such as less Nrf2 translation or blocked

Nrf2 translocation by increased keap1. Notably, the increase in Nrf2 expression occurred

after 5 hours of treatment in HT, whereas it was observed after 12 hours in NT, suggesting

a distinct mechanism of Nrf2 regulation in HT. The underlying mechanisms warrant

further investigation.

Similarly to HT, ER stress activation in NT led to an increase in Nox5, Nrf2, and Keap1

expression and a decrease in SOD2 expression. Besides, tunicamycin treated NT VSMCs

also showed a decrease in Nox4 expression and an increase in Nox1, Nox2, and catalase.

In vasculature, Nox1 and Nox2 require specific cytosolic subunits for activation and

predominantly generate O2•-, whereas Nox4 is constitutively activated and produces

primarily H2O2. Nox2 and Nox4 have been shown to be upregulated in response to ER

stress. Specifically, the expression of these genes increases when endothelial cells from

coronary arteries are treated with tunicamycin (Galán et al., 2014). Additionally, Nox2

levels were found to be elevated in macrophages in mice experiencing ER stress (Li et al.,

2010). The activation of the IRE1 pathway has also been linked to the increased expression

of Nox4 (Pedruzzi et al., 2004). Our results show the protein expression of Nox4 has no

significant change, although the gene level decreased, indicating other mechanisms may be

involved, and the underlying reason needs further study. Notably, Nox2 seems sensitive to

ER stress, as evidenced by the increased expression observed after 5 hours of treatment.
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While an increase in the gene expression of Nox1 and Nox2 was observed, Nox1 protein

expression was not changed, and their activation was not measured. Different protective

mechanisms in healthy cells may contribute to maintaining normal ROS levels. For

example, ER stress itself can inhibit mRNA translation, thereby reducing the protein

folding load (Zeeshan et al., 2016). Increasing CAT levels, probably linked to enhanced

Nrf2 expression, suggests that NT VSMCs may address oxidative stress through a different

regulation of antioxidant pathways compared to HT VSMCs.

ER plays a critical role in Ca2+ homeostasis, and disruption of Ca2+ homeostasis in the ER

leads to activation of ER stress (GroenendykAgellon and Michalak, 2013). The activation

of IP3R or inhibition of SERCA ultimately leads to Ca2+-store depletion, thus contributing

to ER stress (Luciani et al., 2009, Kiviluoto et al., 2013). One possible reason for this

effect is some of the ER-resident chaperones require a high Ca2+ concentration for their

activity, such as calreticulin and Bip (Coe and Michalak, 2009, Corbett and Michalak,

2000). Furthermore, ER stress induced IP3R1 dysfunction through an impaired IP3R1-Bip

interaction promotes cell death (Higo et al., 2010). Our results showed that tunicamycin

upregulated IP3R gene expression, which may decrease ER Ca2+ load and subsequently

induce further ER stress. However, other studies have shown that treatment with

tunicamycin resulted in a decrease in IP3R expression and an increase in RYR1 mRNA

expression in pancreatic beta cells (Zhang et al., 2023), which may be due to the different

mechanisms in different cells. Additionally, we found that activated ER stress leads to

decreased L-type calcium channel gene expression, similar to findings in another study

(Liu et al., 2018). This decreasing L-type calcium channel expression may protect cells by

reducing cytosolic Ca2+ load. These changes were only detected after 24 hours of treatment,

not after 5 hours, suggesting that tunicamycin may not directly target calcium channel

expression. Instead, the effect could be a compensatory response to help resolve the altered

cellular environment, as these changes were not specifically observed in HT VSMC.

However, gene expression does not directly reflect Ca2+ load in the cell. The activation of

these Ca2+ channels needs to be evaluated in future studies.

In conclusion, we identified DE miRNAs in human HT VSMCs and highlighted some DE

miRNAs related to our interested DE genes. Moreover, we propose that ER stress may act

as a master regulator of oxidative stress in the context of hypertension, as it leads to

increased ROS generation, which may be contributed to by changes in Nox5 and the

antioxidant SOD. Nox1, Nox2, and Nox4 may not be as relevant to the increased ROS

generation in hypertension.

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endoplasmic-reticulum-stress
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Chapter 4 ER Stress and Oxidative Stress in an
Ang II-dependent Model of Hypertension (LinA3
mice)

4.1 Overview

Essential hypertension is characterised by increased cardiac output and peripheral

resistance, attributed to perturbations of the central nervous system, the kidney, and the

vasculature (McMaster et al., 2015) (Harrison, 2014). The renin-angiotensin-aldosterone

system (RAAS) activation plays a major pathophysiological role underlying the

development of hypertension and progressive renal injury. (Forrester et al., 2018,

Manrique et al., 2009) Angiotensin II (Ang II), considered a potent active hormone of

RAAS, has a complex influence on the subcellular mechanisms (Kim and Iwao, 2000).

One crucial component of Ang II signalling effects is redox-dependent signalling mediated

by reactive oxygen species (ROS) production (Touyz, 2000).

ROS are constantly generated as a regular product of cellular metabolism by homeostatic

cells and are essential in the physiologic regulation of all cellular functions (de Champlain

et al., 2004). ROS can be classified into two major groups: free radicals such as superoxide

(O2- •), and nonradical derivatives of oxygen like hydrogen peroxide (H2O2) and

peroxynitrite (ONOO−) (Paravicini and Touyz, 2008). ROS causes oxidative post-

translational modification of cysteine residues in proteins. These modifications trigger

structural and functional changes in proteins, modulating their function and affecting

redox-sensitive pathways. Increased ROS bioavailability can lead to oxidative stress that

alters the redox state in cells and tissues. ROS can further oxidise cysteine residues in

proteins into irreversible oxidative modifications such as sulfonic acid (–SO3H), which

promote protein degradation or change of function, altering cellular signalling. Because of

its reactive nature, ROS can also damage DNA, RNA, and lipids (Schieber and Chandel,

2014), therefore contributing to vascular dysfunction and renal damage in experimental

and human hypertension (RodrigoGonzalez and Paoletto, 2011, Montezano and Touyz,

2012, Brito et al., 2015).

To maintain redox homeostasis, several antioxidant defence systems regulate ROS levels

and defend cells from oxidative damage. O2- • serves as the origin of the cascade forming

many other biologically relevant ROS (Loperena and Harrison, 2017), which is usually

short-lived due to the rapid reduction by superoxide dismutase (SOD) to H2O2 (Fridovich,
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1997). On the contrary, H2O2 is relatively stable under physiologic conditions as it is a

non-radical ROS. It can be further reduced to water and oxygen by catalase, glutathione

peroxidase (GPx), peroxiredoxins (Prx), and/or thioredoxin (Trx) reductase (Simic et al.,

2006, Sui et al., 2005). O2- • reacts efficiently with nitric oxide, leading to ONOO−

formation, which causes protein functional modification by nitration of tyrosine (Sies and

Jones, 2020).

The major source of Ang II-stimulated ROS generation in the cardiovascular and renal

system is NADPH oxidase, which has seven isoforms, including Nox1-5, Duox1, and

Duox2 (Montezano et al., 2015, Touyz et al., 2002). NADPH oxidase activation has been

strongly associated with the pathogenesis of hypertension and plays an essential role in

vascular damage and renal dysfunction (Touyz, 2004, Feairheller et al., 2009, Majzunova

et al., 2013). The classical NADPH oxidase, Nox2, is a multi-subunit complex composed,

including 2 membrane-associated components (Nox2 (gp91phox) and p22phox), three

cytosolic subunits (p47-phox, p67-phox, p40-phox), and the small molecular weight

GTPase Rac (Lambeth, 2004, Rastogi et al., 2016). During Nox2 activation, cytosolic

proteins translocate to the membrane leading to transfer of one electron from NADPH to

oxygen, producing O2- •.Nox1 is also associated with p22 phox and depends on

translocation of cytosolic subunits NoxO1 (Nox organizer 1, p47phox homologue), NoxA1

(Nox activator 1, p67 phox homologue), p40 phox and Rac1 to activation and producing

O2- • (Dutta and Rittinger, 2010). Nox4 activation produces primarily H2O2 rather than O2- •

and does not need cytosolic subunits, and it is associated with p22phox in the membrane

(Schurmann et al., 2015). As a key regulator of Nox activation, Ang II induces p47-phox

phosphorylation, subsequently promoting p47-phox interaction with p22-phox, therefore

increasing superoxide production. Ang II-induced ROS production is involved in cell

growth, contraction, and inflammation (Landmesser et al., 2002, Li and Shah, 2003,

Brandes et al., 2002).

Nox4 is the most abundantly expressed Nox isoform in the renal system, and it is highly

expressed in renal tubules, renal fibroblasts, glomerular mesangial cells, and podocytes

(Gill and Wilcox, 2006). The function of Nox4 in the kidney is still unclear. On the one

hand, Nox4 silencing could prevent Ang II-induced oxidative stress in kidney cells. Ang II

has been found to upregulate Nox4 protein via the activation of Src and PDK-1, and Nox4

silencing prevents Ang II-induced increase in intracellular ROS generation in rat

glomerular mesangial cells (Block et al., 2008). In human kidney cells, Nox4 silencing

prevented Ang II-induced DNA damage mediated by AT1R, which could not be achieved
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by silencing of Nox2 (Fazeli et al., 2012). On the other hand, Nox4 has been shown to

have a protective effect in the kidney (Babelova et al., 2012). Nox4 expression decreased

in tubular cells from all type of chronic kidney disease patients, and overexpression of

Nox4 did not cause kidney injury (Rajaram et al., 2019). Our previous results showed that

Nox4 deficiency is related to an increase of blood pressure and renal fibrosis (Lacchini et

al., 2017). In addition, endothelial Nox4 overexpression promotes vasodilation and

decreases Ang II-induced hypertension (Ray et al., 2011).

Recently, endoplasmic reticulum (ER) stress has been linked to oxidative stress in the

pathophysiology of numerous diseases including hypertension (Carlisle et al., 2016).

Accumulating evidence suggests increasing ROS production is an integral component of

ER stress (Higa and Chevet, 2012). Nox4, as an ER transmembrane protein, is the major

Nox isoform that may contribute to this effect. Evidence suggests Nox4 could activate

eIF2α pathway of ER stress by increasing eIF2α phosphorylation and ATF4 translation,

thus enhancing cell survival. Nox4 dependent ROS accumulation increases activation of

autophagy through selectively activating the PERK/eIF2α/ATF4 ER stress pathway in

cardiomyocytes (Sciarretta et al., 2013). Nox4-mediated ROS inhibited PP1 activity

resulting in enhanced activation of the eIF2α/ATF4 pathway in the ER and is protective

against acute cardiac or kidney injury (Santos et al., 2016). Nox4 is also associated with

IRE1 phosphorylation and downstream xbp1s expression, which is another signalling

pathway of ER stress. IRE1α pathway activation mediated by Nox4 derived ROS is

involved in age-dependent vascular dysfunction (Lee et al., 2020). Other evidence suggests

the link between Nox4 dependent ROS generation and IRE1 pathway activation in cancer

cells (Chang et al., 2021, Kim et al., 2021). Moreover, Nox4 was shown to colocalization

with ER chaperone PDI. Loss of PDI resulted in the decrease of Ang II-induced Nox4

activation in vascular smooth muscle cells (Janiszewski et al., 2005).

To study how oxidative stress and ER stress work in chronic Ang II-induced hypertension,

we used the LinA3 (TTRhRen) mice, a hypertensive mouse model with chronic activation

of the renin-angiotensin system. LinA3 mice are transgenic mice that express human active

renin in the liver, thus releasing human renin in the circulation (Prescott et al., 2000,

Burger et al., 2014). It has been previously demonstrated that LinA3 mice have about 86%

active renin in the circulation, exhibit a significantly high systolic blood pressure, and

develop vascular dysfunction in resistance arteries and cardiac hypertrophy in an AT1

receptor-dependent manner (Prescott et al., 2000, Touyz et al., 2005). To study the role of
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Nox4 in oxidative stress and ER stress in hypertension, we also used Nox4-deficient WT

mice and Nox4-deficient LinA3 mice.

4.2 Hypothesis and aims

Oxidative stress and ER stress are involved in experimental hypertension, and

accumulating evidence suggests a crosstalk between these two processes. However, the

molecular mechanisms underlying the interaction between oxidative stress and ER stress in

hypertension await more investigation. We hypothesise that ER stress and oxidative stress

play a chronic role in Ang II-dependent hypertension, and Nox4 plays a protective effect

on ER stress. The aim of this project is to study the molecular mechanisms of ER stress

and oxidative stress and their crosstalk through Nox4 in a chronic Ang II-dependent model

of hypertension. For this, we investigated in 14–19-week-old LinA3 hypertensive mice,

littermates wild-type (WT) control mice and their corresponding Nox4 deficient mice:

1. If oxidative stress and ER stress activation is involved in vascular dysfunction

associated with chronic Ang II-dependent hypertension.

We performed in-vitro study in VSMC obtained from mesenteric arteries of LinA3

hypertensive mice and WT mice to assess the expression of oxidative stress and ER stress

markers.

2. If Nox4 deficiency altered oxidative stress and/or ER stress in kidney of WT and

LinA3 mice.

LinA3 transgenic mice were bred with Nox4-deficient mice to generate Nox4-deficient

mice with a chronic Ang II–mediated cardiovascular injury. The expression of oxidative

stress and ER stress markers were assessed in the kidney of wild-type mice (WT), LinA3,

WT Nox4-deficient (Nox4−/−), and LinA3 Nox4-deficient (LinA3/Nox4−/−).

4.3 Results

4.3.1 Oxidative stress is increased in VSMCs from LinA3 mice.

First, we investigated whether oxidative stress happened in LinA3 mice VSMCs assessing

ROS generation and oxidation of lipid and proteins. Figure 4.1A shows NADPH-

dependent O2- • generation was increased in baseline conditions of LinA3 mice. No changes
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were observed in basal levels of H2O2 (Figure 4.1B) or ONOO- (Figure 4.1C) in VSMCs

from LinA3 mice compared to WT. Oxidative stress is characterised by increased

intracellular ROS levels, resulting in damage to lipids and proteins. Lipid peroxidation was

detected by TBARS (Thiobarbituric Acid Reactive Substances) assay. As shown in Figure

4.1D, TBARS levels were higher in VSMCs from LinA3 mice. Another marker of

oxidative stress is irreversible protein oxidation. Protein tyrosine phosphatases (PTP),

critically involved in the control of cell signalling related to vascular function(Stoker,

2005), and the antioxidants peroxiredoxins (Prdx) can undergo irreversible oxidative

modifications of cysteine residues (–SO3H), resulting in protein inactivation

(NiforouCheimonidou and Trougakos, 2014). Our results demonstrate that irreversible

protein oxidation of peroxiredoxin (Figure 4.1E) was higher in VSMCs from LinA3 mice,

while there were no differences in PTPs oxidation (Figure 4.1F) between the groups.

Altogether, these results suggest that VSMCs from LinA3 mice display oxidative stress

characterized by increased O2- • generation, lipid oxidation and irreversible protein

oxidation.
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Figure 4.1 ROS generation, lipid peroxidation and irreversible protein oxidation are
increased in VSMCs from LinA3 mice.
The generation of ·O2- • (A) was measured by lucigenin assay, H2O2 (B) was measured by
Amplex red, ONOO- level was measured by nitrotyrosine ELISA (C). Peroxidation of lipids
(TBARS) was measured by lipid peroxidation assay kit (D). Irreversible protein oxidation in
VSMCs from WT (blue columns) LinA3 (pink columns) was assessed by immunoblotting
of peroxiredoxin hyperoxidation (E) and oxidized PTPs (F). β-actin was used as loading
control. Data are presented as mean ± S.E.M., n=6-11. Statistical significances were
determined by student t-test, *p<0.05 compared to WT mice.
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4.3.2 NADPH oxidases expression is not increased in VSMCs
from LinA3 mice.

Oxidative stress refers to an imbalance between ROS generation and antioxidant defences.

Noxs are the primary source of ROS in the vascular wall. To assess whether Noxs are

contributing to oxidative stress in VSMCs from LinA3 mice, we examined Noxs gene

and/or protein expression. Nox1 expression was not changed in LinA3 VSMCs on both

gene (Figure 4.2A) and protein level (Figure 4.2B). Nox2 gene expression was decreased

in LinA3 VSMCs (Figure 4.2C). Nox4 is constitutively activated and produces primarily

H2O2. Nox4 expression was not changed in LinA3 VSMCs on both gene (Figure 4.2D) and

protein level (Figure 4.2E). These findings indicate that Nox1, Nox2 and Nox4 expression

are not upregulated in LinA3 VSMCs.



104

Figure 4.2 Expression of Noxs in VSMCs from WT and LinA3 mice.
Gene expression of Nox1 (A), Nox2 (C), and Nox4 (D) in VSMCs from WT (blue columns)
and LinA3 mice (pink columns) was assessed by real-time qPCR. GAPDH gene was used
as an internal control. Protein expression of Nox1 (B), and Nox4 (E) in VSMCs from WT
(blue columns) and LinA3 mice (pink columns) was assessed by immunoblotting. β-actin
was used as loading control. Data are presented as mean ± S.E.M., n=6-9. Statistical
significances were determined by student t-test, *p<0.05 compared to WT mice.
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4.3.3 Antioxidants expression are altered in VSMCs from LinA3
mice.

Other factors that affect oxidative stress involve antioxidant defences. To assess whether

changes of antioxidants contribute to oxidative stress in VSMCs from LinA3 mice, we

examined antioxidant enzymes gene and/or protein expression. VSMCs express two

intracellular subtypes of SOD, including intracellular copper zinc SOD (CuZn-SOD;

SOD1), and mitochondrial manganese SOD (Mn-SOD; SOD2). Expression of SOD1 was

not changed in VSMCs from LinA3 mice (Figure 4.3A). SOD2 expression was

significantly increased in VSMCs from LinA3 at protein level (Figure4.3B), but not at

gene level (Figure 4.3C). DJ-1 has antioxidant activity as it scavenges H2O2 through

oxidation of Cys106 (Wilson, 2011). DJ-1 gene expression (Figure 4.3D) was significantly

decreased in VSMCs from LinA3 mice.

Nuclear erythroid-related factor 2 (Nrf2)/antioxidant-related element (ARE) shows a

protective role in cellular adaptation to redox stress (Mozzini et al., 2017, Duckers et al.,

2001). When cells are exposed to oxidative stress, Nrf2 accumulates in the nucleus and

triggers the expression of antioxidant genes, including heme oxygenase-1 (HO-1) and

GPx1. In VSMCs from LinA3 mice, Nrf2 gene expression (Figure 4.3E) and GPx1 protein

expression (Figure 4.3F) were decreased, while expression of HO-1 gene was increased

(Figure 4.3G). To further confirm the mechanism underlying Nrf2 pathway regulation, we

assessed the gene expression of two inhibitors of Nrf2 activation, Keap1 and Bach1. Keap1

regulate Nrf2 by dissociation of the inhibitory complex (Smith et al., 2016). Bach1 is a

transcriptional repressor that competes with Nrf2, leading to negative regulation of the

antioxidants (ReichardMotz and Puga, 2007). There were no changes in Keap1 (Figure

4.3H) and Bach1 (Figure 4.3I) gene expression in LinA3 mice compared to WT mice.

These findings suggest changes in the expression of antioxidant enzymes in LinA3 that

may contribute to oxidative stress in LinA3 VSMCs.
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Figure 4.3 Expression of antioxidants in VSMCs from WT and LinA3 mice.
Gene expression of SOD1 (A), SOD2 (C), DJ1 (D), Nrf2 (E), HO1 (G), Keap1 (H) and
Bach1(I) in VSMCs from WT (blue columns) and LinA3 mice (pink columns) was
assessed by real-time qPCR of. The GAPDH gene was used as an internal control.
Protein expression of SOD2 (B), and GPx1 (F) in VSMCs from WT (blue columns) and
LinA3 mice (pink columns) was assessed by immunoblotting. β-actin was used as a
loading control. Data are presented as mean ± S.E.M., n=6-9. Statistical significances
were determined by student t-test, *p<0.05 compared to WT mice.
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4.3.4 Expression of ER stress makers is altered in VSMCs from
LinA3 mice.

To investigate whether ER stress is activated in LinA3 mice VSMCs, ER stress markers

basal levels were determined by immunoblotting and qPCR. Total PERK protein

expression (Figure 4.4A) was decreased, and PERK activation (Figure 4.4B) was increased

in VSMCs from LinA3 mice. Total elf2a protein expression (Figure 4.4C) was decreased,

while elf2a activation (Figure 4.4D), one of the downstream targets of PERK activation,

was not changed in LinA3 VSMC. Total IRE1a (Figure 4.4E) was increased while IRE1a

activation (Figure 4.4F) was decreased in VSMCs from LinA3 mice. Unspliced Xbp1

protein expression (Figure 4.4G) was reduced in LinA3 VSMCs, while the activated

spliced form xbp1s protein expression (Figure 4.4H) was not changed. The downstream of

xbp1s is ATF4, which was not changed at the gene level (Figure 4.4I) in LinA3 VSMCs.

UPR sensor ATF6 gene expression (Figure 4.4J) was decreased in LinA3 VSMCs. These

findings suggest that in LinA3 mice, the PERK pathway is activated, while the IRE1 and

ATF6 pathways of the UPR are downregulated.



108

Figure 4.4 ER stress markers expression and activation in VSMCs from WT and
LinA3 mice.
The protein expression of VSMCs from WT (blue columns) and LinA3 mice (pink columns)
was assessed by immunoblotting of total PERK (A), PERK activation (B), total elf2a (C),
elf2a activation (D), total IRE1a (E), IRE1a activation (F), XBP1s (G) and XBP1u (H). β-
actin was used as a loading control, and protein activation was calculated by
(phosphorylated protein/β-actin) / (total protein/β-actin), where phosphorylated and total
protein were in the same membrane. Gene expression of VSMCs from WT (blue columns)
and LinA3 mice (pink columns) was assessed by real-time qPCR of ATF4 (I) and ATF6 (J).
The GAPDH gene was used as an internal control. Data are presented as mean ± S.E.M.,
n=7-11. Statistical significances were determined by student t-test, *p<0.05 compared to
WT mice.
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4.3.5 Noxs and antioxidants levels in kidney of LinA3 and Nox4
knock-out mice

Renal oxidative stress is an important process underlying Ang II-induced renal damage in

hypertension. To investigate whether Nox4 deficiency affects oxidative stress in chronic

Ang II-dependent hypertension in kidney, we assessed Noxs and antioxidants expression in

kidney from wild type (WT), LinA3, Nox4-deficient (Nox4-/-), and LinA3/Nox4-deficient

(LinA3/Nox4-/-). Nox4 gene expression (Figure 4.5A) was significantly decreased in Nox4-

deficient mice, indicating the success of the Nox4-deficient model. Nox4 deletion did not

affect Nox2 gene expression in both groups (Figure 4.5B). Antioxidant SOD2 gene (Figure

4.5C) and protein (Figure 4.5D) expression did not change between groups in male kidneys.

Gpx1 gene (Figure 4.5E) and protein (Figure 4.5F) expression were significantly decreased

in LinA3/Nox4-deficient compared to LinA3 kidney. These findings suggest a role for

GPx1 in chronic Ang II hypertensive model in Nox4-deficient mice.
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Figure 4.5 Noxs and antioxidants expression in kidney from male of LinA3 and
Nox4 knock-out mice.
The gene expression of Nox4 (A), Nox2 (B), SOD2 (C) and GPx1 (E) in kidney from WT
(blue columns), LinA3 (pink columns), Nox4 knock-out (green columns) and Nox4 knock-
out/LinA3 (orange columns) mice of male was assessed by real-time qPCR. Mice GAPDH
gene was used as an internal control. Protein expression of SOD2 (D) and GPx1 (F) in
kidney from WT (blue columns), LinA3 (pink columns), Nox4 knock-out (green columns)
and Nox4 knock-out/LinA3 (orange columns) mice of male was assessed by
immunoblotting. GAPDH was used as loading control. Data are presented as mean ±
S.E.M., n=8-13. Statistical significances were determined by one-way ANOVA followed by
a Tukey test, *p<0.05 vs. WT, #p<0.05 vs. LinA3.
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4.3.6 Role of ER stress in kidney of LinA3 and Nox4 knock-out
mice

To investigate whether Nox4 deficiency (Nox4-/- mice) affects ER stress in the kidney from

chronic Ang II-dependent hypertension mice model, we assessed ER stress makers

expression in the kidney from wild type (WT), LinA3, Nox4-deficient (Nox4-/-), and

LinA3/Nox4-deficient (LinA3/Nox4-/-).

Elf2a activation (Figure 4.6A) was not changed in the kidney from Nox4-deficient and

LinA3 mice. Protein expression of the ER chaperone PDI was increased in kidney of

LinA3 mice, and that effect was attenuated in Nox4-deficient LinA3 mice (Figure 4.6B).

No differences were observed in gene expression of ATF4 (Figure 4.6C), ATF6 (Figure

4.6D) or unspliced xbp1 (Figure 4.6G) between groups. Gene expression of ER chaperones

Bip (Figure 4.6E) and Chop (Figure 4.6F) was significantly increased in Nox4-deficient

mice compared to WT. However, there were no significant changes between LinA3 and

LinA3/Nox4-/- mice. These results suggest that Nox4 deficiency could influence ER stress

in mice, through upregulation of BiP and CHOP, and this effect seems to be independent

of Ang II-dependent hypertension. In hypertension, Nox4 seems to be involved in

upregulation of PDI expression.
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Figure 4.6 ER stress markers expression in kidney from LinA3 and Nox4 knock-out
mice.
In Protein expression of elf2a activation (A) and PDI (B) in the kidneys from WT (blue
columns), LinA3 (pink columns), Nox4 knock-out (green columns) and Nox4 knock-
out/LinA3 (orange columns) mice of the male were assessed by immunoblotting. GAPDH
was used as a loading control. Gene expression of ATF4 (C), ATF6 (D), Bip (E), Chop (F)
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and xbp1 (G) in the kidney from WT (blue columns), LinA3 (pink columns), Nox4 knock-
out (green columns) and Nox4 knock-out/LinA3 (orange columns) mice of male was
assessed by real-time qPCR. Mice GAPDH gene was used as an internal control. Data
are presented as mean ± S.E.M., n=8-13. Statistical significances were determined by
one-way ANOVA followed by a Tukey test, *p<0.05 vs. WT, #p<0.05 vs. LinA3.
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4.4 Discussion

RAAS has been found to be related to both oxidative stress and ER stress. To investigate

the interplay between oxidative stress and ER stress in Ang II-dependent hypertension, we

used a mouse model of hypertension with chronic activation of the RAAS. Here we

investigated the presence of oxidative stress and ER stress in LinA3 mice compared to WT

mice. Major findings from the study show that: i) Oxidative stress is increased in LinA3

VSMCs characterised by increased O2- • generation, lipid peroxidation, and irreversible

protein oxidation. ii) expression of antioxidants Nrf2, DJ-1 and Gpx1 are decreased in

LinA3 VSMCs. iii) ER stress makers expression is altered, with increased activation of

only the PERK pathway in LinA3 VSMCs. iv) In kidney, oxidative stress markers were not

changed, whereas ER stress marker PDI expression increased in LinA3 mice, an effect

dependent on Nox4. v) Nox4 deficiency increased ER stress markers bip and chop gene

expression in kidney, independent of hypertension.

4.4.1 Oxidative stress and ER stress in VSMCs of LinA3 mice

LinA3 mice is a chronic Ang II-dependent hypertension model with elevated blood

pressure and cardiac hypertrophy (Touyz et al., 2005). Previous studies from our lab have

demonstrated vascular dysfunction of mesenteric arteries in LinA3 mice, which was

characterised by increased U46619-induced vasoconstriction and reduced endothelium-

dependent vasodilation (Alves-Lopes et al., 2021). Change of redox environment in

VSMCs may contribute to vascular dysfunction in LinA3 mice via post-translational

oxidative modification of proteins related to vascular contraction (Touyz et al., 2018). We

demonstrated that NADPH-induced O2- • generation and peroxidation of lipids were

increased in LinA3 mice. Exposure to a high level of ROS can lead to irreversible protein

oxidation of cysteine residues forming sulfonic acid (–SO3H). Prxs proteins contain a

conserved cysteine residue and are particularly sensitive to oxidation (Poynton and

Hampton, 2014). Our results showed increased expression of PrxSO3H, supporting the

changing to a more oxidising environment in LinA3 mice.

NADPH oxidases are the major source of ROS in the vessel wall. Many studies have

demonstrated an increase in NADPH oxidase activity in the vasculature and kidneys in

Ang II-induced hypertension (Landmesser et al., 2002, RodrigoGonzalez and Paoletto,
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2011, TouyzTabet and Schiffrin, 2003). Although oxidative stress was observed in LinA3

mice in our study, the expression of NADPH oxidase was not increased. Similar results

have been demonstrated in a previous study that protein expression of Nox1, Nox2, and

Nox4 were not changed in kidney of LinA3 mice (Touyz et al., 2005). One possible reason

may be that LinA3 mice have chronic activation of RAAS, and the plasma Ang II level is

lower than acute Ang II models (Prescott et al., 2000) (Gomolak and Didion, 2014).

Another model that has chronic RAAS activation and increased NADPH oxidase

expression is the spontaneously hypertensive rats (SHR) (Touyz et al., 2005). However,

this model is multifactorial and not only dependent on Ang II like the LinA3 mice.

Upregulation of NADPH oxidase can lead to increased activity. Whereas other factors can

contribute to increased activity, such as the expression of different subunits and

posttranslational modifications of Noxes and its subunits. Whether Noxs participate in

oxidative stress in LinA3 mice needs further investigation to access Nox activation. In

addition, there could be alternative superoxide sources that contribute to the increasing

oxidising environment apart from NADPH oxidase, including mitochondria, xanthine

oxidase, uncoupled endothelial nitric oxide synthase, and cytochrome P450 enzymes,

which need further exploration.

Another important player in ROS regulation is antioxidant enzymes. SODs are important

enzymes in the control of O2- • levels. We observed no change in gene expression of

intracellular SOD1 in VSMCs between WT and LinA3 mice. Other studies have shown

contrasting results related to SOD1 expression in Ang II-induced hypertensive models,

including decreased SOD1 in mesenteric arteries of Ang II-induced hypertensive rats

(KangSullivan and Pollock, 2018), increased SOD1 in mesenteric arteries of Ang II-

induced hypertensive mice (Gongora et al., 2006), and no change of SOD1 expression in

aorta of Ang II-induced hypertensive mice (Fukai et al., 1999). On the other hand, in this

study we found increased SOD2 expression. SOD2 protects mitochondrial function by

eliminating mitochondria-derived O2- • (Palma et al., 2020). Other studies found reduced

SOD2 activity in aorta of Ang II-infused mice (Dikalova et al., 2017), or no change of

SOD2 in mesenteric arteries of Ang II-induced hypertensive mice or rats (KangSullivan

and Pollock, 2018, Gongora et al., 2006). The different results of our study may relate to

the use of isolated cells instead of whole tissues and also to the use of a chronic Ang II

model. The results suggest there could be an increase in mitochondrial ROS induced by

chronic exposure to high Ang II levels. As intracellular O2- • remains high in our model, the

increase in SOD2 levels may not be enough to properly control oxidative stress in our

experimental model. In addition, increased ROS generation can inactivate some
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antioxidant enzymes, such as SOD1, that can be inactivated by the reaction of H2O2 with

its copper centre (Kim and Kang, 1997).

HO-1 is a stress-response protein that induces cellular protection in oxidative stress,

inflammation, and apoptosis associated with cardiovascular disease (Zhao et al., 2013,

Abraham and Kappas, 2011, Abraham and Kappas, 2008). HO-1 has been shown to have

vascular protective effects and prevent the development of hypertension (Abraham and

Kappas, 2011, Hosick and Stec, 2012). In our study, HO-1 is upregulated in chronic Ang II

mice VSMCs. Similar results have been observed in Ang II–infused rat aortas (Ishizaka et

al., 1997) and Ang II-treated human aortic endothelial cell (Yang et al., 2019). As HO-1 is

an oxidant-sensitive gene, increased oxidative stress can trigger the upregulated HO-1 in

chronic Ang II mice. Moreover, the higher expression of HO-1 may explain the

downregulated NOX2 expression in LinA3 mice since HO-1 induction has been shown to

decrease heme-containing protein gp91phox by decreasing cellular heme content (Taille et

al., 2004).

One of the regulators of SOD and HO-1 expression is the redox-sensitive transcription

factor Nrf2. Prolonged ROS production activates the Nrf2 redox signalling pathway

through Nrf2 phosphorylation and translocation to the nucleus, leading to transcription

regulation of targeted antioxidant genes, such as HO-1, SOD and GPx1 (Ichikawa et al.,

2009, TonelliChio and Tuveson, 2018). In our study, Nrf2 gene expression is decreased in

LinA3 mice. Negative regulators of Nrf2, Keap1 and Bach1 showed no change in gene

expression in our model. Similar results have been observed in other studies, such as

reduced Nrf2 levels and no changes in keap1 expression in human umbilical vein

endothelial cells after Ang II treatment (Chen et al., 2019) and decreased Nrf2 expression

in Ang II-treated rats aortic VSMCs (He et al., 2020). Decreased Nrf2 expression could

contribute to oxidative stress by reducing the expression of target antioxidant genes. In our

study, expression of HO-1 and SOD were increased, while GPX1 levels, another

downstream target of Nrf2, are downregulated in LinA3 mice. Nrf2 can regulate over 200

genes, and the regulation of its targets depends on the duration and intensity of oxidative

stress (Chen et al., 2015). Moreover, HO-1 and SOD2 gene expression could also be

regulated by other transcription factors such as AP-1 (activator protein-1), NF-κB and HIF-

1 (hypoxia-inducible factor-1)(Medina et al., 2020, Kim et al., 2017, ZelkoMariani and

Folz, 2002). Nevertheless, the downregulation of Nrf2 and GPx1 may contribute to

oxidative stress and tissue damage in LinA3 mice. Evidence has shown that in Ang II-

dependent hypertension mice, knocking out GPx1 mice could enhance oxidative stress,
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thus accelerating cardiac hypertrophy and dysfunction (Ardanaz et al., 2010). In addition,

the antioxidant DJ-1 also prevents Keap1/Nrf2 association, supporting its activation (Liu et

al., 2014, Yan et al., 2015). The decreased gene expression of DJ1 may also contribute to

oxidative stress in LinA3 mice by decreasing ROS scavenging and reducing Nrf2

activation.

Redox signalling is involved in many different aspects of ER stress. Oxidative stress can

lead to ER stress through thiol oxidation of ER molecular chaperones, disturbance in

oxidative protein folding, and alterations in Ca2+ levels in the ER(Eletto et al., 2014). On

the contrary, ER stress can lead to oxidative stress by mitochondrial dysfunction,

influencing Nox2 and Nox4 activation (LaurindoAraujo and Abrahao, 2014, Bhattarai et

al., 2021). Moreover, Ang II is reported to increase ER stress markers in both in vivo and

in vitro models, and ER stress activation was involved in increased ROS generation and

activation of proinflammatory, fibrotic and apoptotic pathways (Xu et al., 2009,

Menikdiwela et al., 2019, Sepulveda-Fragoso et al., 2021). In our results, chronic Ang II

release in LinA3 mice increased only activation of the PERK pathway. Although the ratio

of PERK activation was increased, the amount of total PERK was decreased, which may

explain why no changes were observed in downstream eIF2a activation and ATF4

expression. However, PERK can activate other signalling pathways, such as Nrf2/Keap1

and calcineurin/RyR2 (Liu et al., 2015), that remain to be investigated. Moreover, the

activation of IRE1 pathway and total ATF6 expression decreased in LinA3 mice. The

results indicate that the UPR arms of the ER stress response are differentially regulated in

LinA3 mice, and the downstream effects require further investigation. The changes in

redox environment may influence the expression and activation of ER stress markers in

LinA3 mice, by oxidation of ER calcium channels (Chernorudskiy and Zito, 2017),

oxidation of UPR proteins such as IRE1 (Lee et al., 2020), and changes in expression of

microRNA (Sepulveda-Fragoso et al., 2021).

4.4.2 Nox4 deficiency altered oxidative stress and ER stress in
kidney of WT and LinA3 mice.

Previous studies investigated the role of Nox1 and Nox2 in LinA3 mice. While both Nox1

and Nox2 (Touyz et al., 2005) deficiency reduced renal oxidative stress, none of them

decreased blood pressure in LinA3 mice. Unlike Nox1 and Nox2, Nox4 has been found to

be both cardiovascular protective and injurious (Schroder et al., 2012, Schurmann et al.,

2015, Morawietz, 2018). Interestingly, a previous study from our group found Nox4
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deficient mice and LinA3/Nox4 deficient mice are both hypertensive compared to WT

(Lacchini et al., 2017),which confirmed the protective effect of Nox4 in hypertension.

Moreover, renal remodelling demonstrated by increased fibrosis has been found in Nox4

deficient mice, LinA3 mice and LinA3/Nox4 deficient mice (Lacchini et al., 2017),

suggesting Nox4 may be cardiovascular-renal protective. Some studies found that Nox4

deficiency had no effect on blood pressure (Schroder et al., 2012), (Bouabout et al., 2018)

and demonstrated Nox4 deficiency enhanced the effect of Ang II with evidence of

increased aortic inflammatory cytokines expression and aortic media hypertrophy

(Schroder et al., 2012).

Nox4 is highly expressed in the kidney and mediates redox signalling by generating

predominantly H2O2. Nox4 deletion mouse model has been well studied with no abnormal

development, physiology, or known phenotype has been found, unless the mice are in a

stressed condition (Gray et al., 2016, Schurmann et al., 2015, Schroder et al., 2012, Zhang

et al., 2010). It is also has been demonstrated that Nox4 knockout mice have more kidney

fibrosis than WT mice, suggesting a protective effect in the kidneys (Lacchini et al., 2017,

Nlandu Khodo et al., 2012). A previous study indicated that Nox4 deletion did not change

cardiac Nox2 and p22phox levels but decreased the H2O2 generation in kidney (Zhang et al.,

2010). Similarly, our results showed kidney levels of Nox2 were unaffected by Nox4

deletion. Additionally, no changes were observed in the levels of antioxidants SOD and

GPx1, suggesting Nox4 protective effect is not related to changes in the expression of

oxidative stress-related genes. However, in stressed condition, Nox4 deletion changes the

redox environment. A study has shown that Nox4 silencing protects against Ang II-

induced increase in intracellular ROS generation in rat glomerular mesangial cells (Block

et al., 2008). Another study demonstrated that Nox4 silencing lower activation of

antioxidant system, as HO-1 levels were reduced in aorta of Ang II infusion Nox4 deficient

mice (Schroder et al., 2012). In our results, LinA3/Nox4-/- mice shown decreased GPx1

expression compared to LinA3 mice. GPx1, as an antioxidant enzyme, mainly functions in

catalysing the reduction of H2O2 into water. Although there is not enough evidence of the

mechanism underlying the downregulation of GPx1 in LinA3/Nox4-/- mice it is likely that

Nox4 is important in maintaining the redox homeostasis in oxidative stress triggered by

chronic renin-angiotensin system activation. Together, evidence indicates that Nox4 plays

a protective role in Ang II-induced oxidative stress by maintaining the antioxidant defence

system.
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Nox4 is the major Nox isoform that links ER stress to oxidative stress. Nox4 is involved in

at least two of the three signalling branches of the UPR. It is required for XBP1 splicing by

IRE1 and in eIF2a phosphorylation by PERK (Sciarretta et al., 2013, Santos et al., 2016,

Chang et al., 2021, Kim et al., 2021, Janiszewski et al., 2005, Lee et al., 2020). Nox4

knockout mice did not affect eIF2a phosphorylation and ATF4 expression, suggesting

there were no changes in the PERK arm of the UPR. However, expression of Chop and Bip

were increased in kidneys of Nox4 knockout mice, suggesting a role for Nox4 in ER stress.

The activation of ER stress response in the kidneys of Nox4 knockout mice may be

different from that of other tissues. Evidence in other studies showed that expression of

Chop and ATF4 were decreased in Nox4 knockout aorta (Xie et al., 2017), expression of

Chop and Bip was not changed by Nox4 silencing in human endothelial cells (Wu et al.,

2010), and decreasing expression of ATF4 in cardiomyocytes of cardiac-specific Nox4

knockout mice (Sciarretta et al., 2013).

ER chaperone PDI upregulation has been found to be related to Nox4 activation. Nox4 is

colocalised with PDI in cells such as rat kidney glomerular mesangial cells (BlockGorin

and Abboud, 2009) and rabbit aortic smooth muscle cells (Miyano et al., 2020, Janiszewski

et al., 2005). Evidences shown PDI overexpression increased Nox4 levels after Ang II

stimulus, while PDI inhibition decreased Ang II-induced Nox4 activation in rabbit aortic

smooth muscle cells (Fernandes et al., 2009) (Janiszewski et al., 2005). Our results shown

in kidney of LinA3 mice, expression of PDI was increased compared to WT mice. This

effect was blocked by Nox4 deletion. It is possible that Nox4 and PDI may have crosstalk

that plays an important role in Ang II-induced signalling. However, the mechanisms

involved need further examination.

To conclude, our study highlights the changes in oxidative and ER stress in chronic Ang II-

dependent hypertension. From the analysis of NADPH oxidases, antioxidants, and the ER

stress profile in VSMCs, we found that the expression of Noxs and ER stress markers was

not strongly associated with increased oxidative stress in LinA3 male model. However, we

found that Nox4 is involved in the maintenance of the antioxidant profile in VSMCs and in

the ER stress response in kidneys from LinA3 male mice. Since LinA3 mice did not show

a strong correlation with Noxs and ER stress, we selected a hypertensive rat model for the

study on other chapters.
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Chapter 5 Role of ET-1 Induced ER stress in
vascular hypercontractility of WKY and SHRSP
rats

5.1 Overview

Pathophysiological mechanisms contributing to the development of hypertension include

vascular smooth muscle (VSM) contraction. Both calcium-dependent and calcium-

independent signalling mechanisms are involved in VSM contraction by regulating the

balance of the myosin light chain kinase (MLCK) and myosin light chain phosphatase

(MLCP) to trigger myosin light chain 20 (MLC20) phosphorylation (Thr18/Ser19), which

activates VSM contraction by promoting actin-myosin cross-bridge formation to control

blood pressure (Yang and Hori, 2021, Touyz et al., 2018, Webb, 2003, Ito and Hartshorne,

1990).

Vascular smooth muscle cell (VSMC), which is the predominant constituents of the arterial

vessel wall, is highly plastic and involved in VSM contraction. Physiologically, VSMCs

are quiescent and exhibit low levels of growth. However, under pathological conditions

such as hypertension, VSMCs switch from the contractile phenotype to the synthetic

phenotype, characterised by a reduction of contractile filaments and related molecules and

a rise in organelles formation and related protein synthesis (Touyz et al., 2018, Bacakova,

2018, Ashraf and Al Haj Zen, 2021). These perturbations and altered function in VSMCs

influence vascular tone and reactivity, thus contributing to increased vascular resistance

and high blood pressure.

In hypertension, molecular mechanisms of VSMCs phenotypic switch are complex, where

vasoactive peptides such as endothelin-1 (ET-1) are important (WynneChiao and Webb,

2009). ET-1 is one of the most potent vasoconstrictor agents with long-lasting effects on

vascular tone (Yanagisawa et al., 1988). It is a 21-amino-acid peptide produced primarily

by vascular endothelial and smooth muscle cells (Sandoval et al., 2014). ET-1 acts in a

paracrine or autocrine manner on two cell surface G-protein coupled receptors: endothelin

type A (ETA) receptor and endothelin type B (ETB) receptor. ETA receptors are mainly

located in VSMCs, and activation of ETA receptors mediates vasoconstriction (Sandoval et

al., 2014). ETB receptors are mainly located in endothelial cells and cause vasodilatory

effects on ET-1 activation by releasing vasodilators that act on VSMCs. In contrast, ETB

receptors located in VSMCs result in vasoconstriction as ETA receptors. Activation of ETA
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and/or ETB receptors in VSMCs triggers phospholipase C (PLC) activation, resulting in the

generation of the second messenger inositol 1,4,5-trisphosphate (IP3) and 1,2-

diacylglycerol (DAG) (Touyz et al., 2018, Araki et al., 1989). IP3 induces the release of

intracellular Ca2+ from sarcoplasmic reticulum, and DAG causes activation of protein

kinase C, which in turn leads to an elevation in the intracellular Ca2+concentration (Little et

al., 1992, XuanWang and Whorton, 1994). ET-1 mediated vasoconstriction by VSMCs is a

more sustained contraction and stimulates Ca2+ influx via plasma Ca2+ channels and/or by

releasing the Ca2+ from internal Ca2+ stores (WynneChiao and Webb, 2009, Miyauchi and

Sakai, 2019). In pathological conditions such as hypertension, alteration in these signalling

components can induce an over stimulated state resulting in maintained vasoconstriction

and ultimately causing elevation of blood pressure (Kostov, 2021).

Abnormalities of the ET-1 signalling system have been linked to the regulation of vascular

tone and elevation of blood pressure and contribute to the pathogenesis of hypertension.

The plasma ET-1 level in essential hypertension is currently controversial; however, there

is a local rise in vascular walls’ ET-1 levels, which is likely to have physiological

significance (Pinto-Sietsma and Paul, 1998, Kumagae et al., 2010, Kostov, 2021). The

increased vascular ET-1 expression has been found in both animal and human models of

hypertension, which causes end-organ damage, including vascular hypertrophy and

remodelling (Trensz et al., 2019, Schiffrin, 1998, Kostov, 2021). Both ETA and ETB

receptors have shown an important role in the development of hypertension. ETA receptor

antagonists BQ123 markedly reduced blood pressure in SHRSP rats (Nishikibe et al., 1993)

and deoxycorticosterone acetate (DOCA)-salt-induced hypertensive rats (WarnerAllcock

and Vane, 1994). Pharmacological or genetic inhibition of ETB receptor activity results in

salt-sensitive hypertension in mice and rats (Gariepy et al., 2000, Pollock and Pollock,

2001). In addition, aprocitentan, as a dual ET-1 receptor antagonist, has recently

demonstrated a significant reduction in blood pressure compared to placebo in patients

with essential hypertension on phase 2 trial (McCoy and Lisenby, 2021, AngeliVerdecchia

and Reboldi, 2021).

Recent studies have highlighted the role of endoplasmic reticulum (ER) stress in essential

hypertension and in blood pressure regulation (Young, 2017, Liang et al., 2013, Naiel et al.,

2019, Choi et al., 2016b). ER stress is a type of cellular stress that resolves the protein-

folding defect and restores ER homeostasis by triggering an adaptive program known as

the unfolded protein response (UPR). Prolonged activation of UPR can lead to apoptotic

cell death, inflammation, fibrosis and VSMC phenotypic switch (Uchida et al., 2022a). The
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ER chaperone protein Bip recognises and binds to unfolded or misfolded proteins and

initialises the three parallel protein sensors of UPR (PERK, IRE1a and ATF6) (Young et

al., 2012). PERK activation leads to phosphorylation of translation initiation factor eIF2α

at serine-51. EIF2α phosphorylation acts as a competitor of eIF2B, resulting in a lower

level of the initiator Met-tRNAiMet delivery to the ribosomal machinery, thus broadly

suppressing global protein synthesis and alleviating the demands of protein folding and

processing in ER (TeskeBaird and Wek, 2011). Simultaneously, eIF2α phosphorylation

facilitates the preferential translation of the transcription factor ATF4, which in turn

activates the UPR genes transcription to help the cell cope with the stress. Notably, besides

ER stress, viral infection and nutrient deficiency also lead to eIF2α phosphorylation -

ATF4 pathway activation via GCN2 (general control non repressed 2) and dsRNA induced

PKR respectively (OchoaWu and Terada, 2018, Pakos-Zebrucka et al., 2016). Thus, ATF4

serves as a vital point of the integrated stress response (Pakos-Zebrucka et al., 2016).

ATF4 itself or, together with its downstream target CHOP, may also contribute to cell

death when cellular homeostasis cannot be restored (Pakos-Zebrucka et al., 2016). IRE1

consists of an N-terminal ER luminal domain, which senses the unfolded proteins, and a C-

terminal cytosolic region initiates the UPR through serine/threonine protein kinase and

endoribonuclease domains (Siwecka et al., 2021). The unfolded protein activated the IRE1

pathway via dimerisation and trans-autophosphorylation of the endoribonuclease domain,

subsequently adapting cellular response by splicing the XBP1 mRNA. Under prolonged or

severe stress conditions, IRE1 activation also could activate the pro-apoptotic c-Jun N-

terminal kinase (JNK) and result in apoptosis (Siwecka et al., 2021). ERO1 is an ER-

resident thiol oxidoreductase, which contributes to correct protein folding and improves the

stress cope ability in cells by upregulated through UPR (Zito, 2015). Ero1 also works as a

protein disulfide oxidase and helps PDI with disulfide bond formation (Zito, 2015).

ET-1 has been associated with ER stress in many diseases, including preeclampsia (Jain et

al., 2012), pulmonary hypertension (Yeager et al., 2012) and kidney disease (Hsu et al.,

2021, De Miguel et al., 2017). Induction of ER stress by ET-1 has been shown in rat

pulmonary artery smooth muscle cells dependent on both ETA and ETB receptors (Yeager

et al., 2012) and in human JEG-3 choriocarcinoma cells through PLC-IP3 pathway

dependent on ETBR (Jain et al., 2012). Besides, ER stress activation has been shown to

mediate the release of ET-1 in rat aortic rings (Padilla and Jenkins, 2013) and in human

aortic endothelial cells treated with fatty acids (Zhang et al., 2018).
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The underlying molecular mechanism of ET-1 involved in UPR is unknown. However,

activation of ER calcium channels and contractile machinery may play a role. The ET-1

has the potential to disrupt ER Ca2+ homeostasis by releasing calcium from the ER

(VigneBreittmayer and Frelin, 1992, Jain et al., 2012). Many ER stress chaperones, such as

Bip, and calreticulin, are calcium dependent and contribute to calcium homeostasis in the

ER lumen (KrebsAgellon and Michalak, 2015). Disturbance of calcium homeostasis during

hypertension impacts Ca2+-dependent chaperone function, leading to ER stress. For

example, blocking the sarco/endoplasmic reticulum ATPase SERCA leads to a decrease in

ER Ca2+ concentration and subsequently induces PERK/ eIF2α and CHOP pathways

(Luciani et al., 2009, Liu et al., 2020). Conversely, UPR activation alters the expression of

ER chaperones and has a cross talk with the activation of ER calcium channels. During ER

stress, disturbance of calcium homeostasis results in increasing intracellular Ca2+

concentration, thus contributing to vascular smooth muscle hypercontractility and vascular

remodelling observed in hypertension (Liang et al., 2013).

5.2 Hypothesis and aims

Vasoactive peptide ET-1 is involved in the activation of ER stress, and both ET-1 and ER

stress are associated with calcium dysfunction in hypertension. However, whether ET-1 is

related to ER stress in essential hypertension and the underlying molecular mechanisms

remains elusive. We hypothesise that in hypertension, ET-1 induces ER stress response.

ER stress-associated proteins regulate vascular signalling pathways, leading to

dysfunctional Ca2+ homeostasis and activation of pro-contractile machinery responses. To

investigate this, we used the adult stroke-prone spontaneously hypertensive rat (SHRSP) as

a hypertensive animal model, which is related to both ER stress and ET-1 (Camargo et al.,

2018, Iglarz and Schiffrin, 2003, Nishikibe et al., 1993), and the same age Wistar Kyoto rat

(WKY) as normotensive control.

Aims:

1 To investigate the protein expression profile of ER stress markers in tissue and VSMCs

from hypertensive and normotensive rats.

ER stress markers expression was assessed in the heart, kidney, aorta, mesenteric arteries

and VSMCs from mesenteric arteries obtained from male WKY and SHRSP by

immunoblotting.
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2 To explore whether ET-1 induces ER stress via ETA or/and ETB receptor in VSMCs.

VSMCs from WKY and SHRSP were stimulated with ET-1 (100nM) for 24h in the

absence and presence of ETAR (BQ123, 10uM) and ETBR (BQ788, 10uM) antagonists. ER

stress makers expression and activation were examined by immunoblotting.

3 To study the role of ER stress inhibition on the contraction signalling in VSMCs.

VSMCs from WKY and SHRSP were stimulated with ET-1 (100nM) for 24h in the

absence and presence of chemical chaperones (4-PBA, 1mM), IRE1 endonuclease activity

inhibition (STF083010, 60uM) or PERK inhibition (GSK2606414, 5uM). ER stress maker

ATF4 expression and contraction signalling maker p-MLC20 were examined by

immunoblotting. Ca2+ mobilization was examined by live cell microscope using specific

fluorescent indicators.

4 To investigate the role of ER stress inhibition on vasoconstriction in experimental

hypertension.

Mesenteric arteries from WKY and SHRSP were pre-incubated with IRE1 inhibition

(STF083010, 60uM) or PERK inhibition (GSK2606414,5uM) for 30 minutes. Contraction

dose–response curves were performed in response to U46619 and ET-1 via wire

myography.

5.3 Results

5.3.1 ER stress response activation in VSMCs and Heart from
SHRSP rats

To determine whether ER stress activation could be observed in SHRSP rats, we assessed

the protein expression of ER stress markers in VSMCs and tissues derived from SHRSP

and WKY rats.

Firstly, we confirmed increased expression of ER stress makers in VSMCs from

mesenteric arteries (Figure 5.1). UPR activation includes three signalling pathway

branches: IRE1a, PERK and ATF6. The expression level of total IRE1a and its

downstream active/spliced form of xbp1 were higher in SHRSP, while the inactive form

xbp1u is not changed in SHRSP, suggesting the activation of IRE1 pathway (Figure 5.1 A-
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D). Activation of the PERK pathway was observed by increased expression of total and

phosphorylated eIF2a (Figure 5.1E and F) and ATF4 (Figure 5.1G) in SHRSP. Expression

of ATF6 was increased in SHRSP (Figure 5.1H), suggesting activation of the ATF6

pathway. Additionally, expression levels of ER chaperones PDI (Figure 5.1I), CHOP

(Figure 5.1J), BIP (Figure 5.1K), and ERO1a (Figure 5.1L) were also higher in SHRSP,

thus suggesting the activation of ER stress response in VSMCs of SHRSP.

Then, we investigated whether UPR was activated in whole vessels and other target organs

in hypertension. To test this, we evaluated ER stress-related protein expression levels in

mesentery arteries, aorta, heart, and kidney in SHRSP and WKY rats. In mesentery arteries

(Figure 5.2), no differences were observed in expression and phosphorylation levels of

IRE1a (Figure 5.2A and B) and eIF2a (Figure 5.2C and D), suggesting the inactivation of

IRE1 and PERK signalling pathway in mesentery arteries of SHRSP rats. There were also

no differences in the expression of ER chaperones Bip (Figure 5.2E), Ero1a (Figure 5.2F),

PDI (Figure 5.2G), and CHOP (Figure 5.2H), suggesting the UPR is activated in VSMCs

of mesentery arteries but is not significantly changed in the whole mesentery arteries from

SHRSP rats.

Aorta is another important vessel in cardiovascular disease and has functional and

structural changes during hypertension(Laurent and Boutouyrie, 2015, Lindesay et al.,

2018). To assess whether ER stress is involved in changes of aorta in SHRSP rats, we

measured ER protein expression in aorta (Figure 5.3). There were no differences in

expression and phosphorylation levels of IRE1a (Figure 5.3A and B) and eIF2a (Figure

5.3C and D), and no increasing expression of ER chaperones Ero1a (Figure 5.3E), PDI

(Figure 5.3F), Bip (Figure 5.3G), and CHOP (Figure 5.3H) were observed, suggesting the

UPR is not activated in aorta of SHRSP rats.

In the heart of SHRSP rats (Figure 5.4), results showed higher phosphorylation and

expression levels of IRE1a (Figure 5.4A and B), and higher phosphorylation form of eIF2a

(Figure 5.4D), suggesting the activation of both IRE1 and PERK pathway. The expression

level of ER chaperone Ero1a (Figure 5.4E) was higher in SHRSP, although expression

levels of PDI (Figure 5.4F), Bip (Figure 5.4G) and CHOP (Figure 5.4H) were not

increased in heart from SHRSP compared to WKY. The results suggest activation of ER

stress response in the heart from SHRSP rats.
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In kidney of SHRSP rats (Figure 5.5), no changes were observed in the expression of ER

stress-related proteins, including eIF2a (Figure 5.5A and B), Bip (Figure 5.5C), CHOP

(Figure 5.5D), Ero1a (Figure 5.5E), and PDI (Figure 5.5F), suggesting ER stress may not

be activated in kidney from SHRSP.

Figure 5.1 ER stress markers expression is increased in VSMCs from SHRSP
compared to WKY rats.
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The protein expression of IRE1a (A), p-IRE1a (B), XBP1u (C), XBP1s (D), eIF2a (E), p-
eIF2a (F), ATF4 (G), ATF6 (H), PDI (I), CHOP (J), BIP (K), and ERO1a (I) in VSMCs from
WKY (blue columns) and SHRSP (pink columns) rats was assessed by immunoblotting. β-
actin was used as a loading control. Data are presented as mean ± S.E.M., n=6-7.
Statistical significances were determined by student t-test, *p<0.05 compared to WKY rats.

Figure 5.2 ER stress markers expression is not changed in mesenteric arteries from
SHRSP compared to WKY rats.
The protein expression of IRE1a (A), p-IRE1a (B), eIF2a (C), p-eIF2a (D), BIP (E), ERO1a
(F), PDI (G), and CHOP (H) in mesenteric arteries from WKY (blue columns) and SHRSP
(pink columns) rats was assessed by immunoblotting. GAPDH was used as loading
control. Data are presented as mean ± S.E.M., n=6-7. Statistical significances were
determined by student t-test, *p<0.05 compared to WKY rats.
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Figure 5.3 ER stress markers expression is not increased in aorta from SHRSP
compared to WKY rats.
The protein expression of IRE1a (A), p-IRE1a (B), eIF2a (C), p-eIF2a (D), ERO1a (E), PDI
(F), BIP (G), and CHOP (H) in aorta from WKY (blue columns) and SHRSP (pink columns)
rats was assessed by immunoblotting. GAPDH was used as loading control. Data are
presented as mean ± S.E.M., n=6-7. Statistical significances were determined by student
t-test, *p<0.05 compared to WKY rats.
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Figure 5.4 ER stress markers expression is increased in heart from SHRSP
compared to WKY rats.
The protein expression of IRE1a (A), p-IRE1a (B), eIF2a (C), p-eIF2a (D), ERO1a (E), PDI
(F), BIP (G), and CHOP (H) in the heart from WKY (blue columns) and SHRSP (pink
columns) rats was assessed by immunoblotting. GAPDH was used as a loading control.
Data are presented as mean ± S.E.M., n=6-7. Statistical significances were determined by
student t-test, *p<0.05 compared to WKY rats.
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Figure 5.5 ER stress markers expression is not changed in kidney from SHRSP
compared to WKY rats.
The protein expression of eIF2a (A) p-eIF2a (B), BIP (C), CHOP (D), ERO1a (E), and PDI
(F) in kidney from WKY (blue columns) and SHRSP (pink columns) rats was assessed by
immunoblotting. GAPDH was used as loading control. Data are presented as mean ±
S.E.M., n=7. Statistical significances were determined by student t-test, *p<0.05
compared to WKY rats.
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5.3.2 Effects of ETAR and ETBR on ER stress induced by ET-1 in
VSMCs

To evaluate the possible molecular mechanisms underlying the activation of UPR in

VSMCs from SHRSP, we treated the WKY and SHRSP cells with the vasoactive peptide

ET-1. To study whether ET-1 induces ER stress response in an ETA or ETB receptor-

dependent manner, we assessed the expression of ER stress markers in cells stimulated

with ET-1 for 24 hours in the presence and absence of ETAR receptor antagonist (BQ123,

10uM), and ETBR receptor antagonist (BQ788, 10uM) in both WKY and SHRSP.

The results showed that regarding the PERK pathway, ET-1 induced eIF2a activation only

in SHRSP but not in WKY (Figure 5.6A and B). Moreover, VSMCs treated with ET-1

showed increased ATF4 expression in both WKY and SHRSP (Figure 5.6C and D). In

WKY, ET-1 failed to increase ATF4 expression in cells treated with both ETAR and ETBR

antagonists (Figure 5.6C). In SHRSP, ETAR and ETBR antagonists significantly reduced

baseline and ET-1-induced ATF4 expression (Figure 5.6D). Expression of CHOP, as one

of the downstream chaperones of ATF4, is not changed by ET-1 treatment (Figure 5.6E

and F), whereas baseline expression of CHOP in SHRSP was attenuated by ETAR

antagonist (Figure 5.6F). These findings suggest ET-1 is involved in the activation of

ATF4 in VSMCs from both WKY and SHRSP, and the mechanism is related to ETAR and

ETBR receptor activation.

When looking at the IRE1 pathway, the activation of IRE1 did not change after ET-1

stimulation in WKY and SHRSP (Figure 5.7A). However, BQ123 and BQ788 treatment

reduced IRE1a activation in SHRSP (Figure 5.7A and B), suggesting IRE1a activation may

be dependent on ETAR and ETBR in SHRSP. The expression levels of xbp1 active form,

xbp1s, were increased by ET-1 stimulation in WKY and attenuated by ETBR antagonist

treatment (Figure 5.7C). However, these changes were not observed in SHRSP (Figure

5.7D), suggesting ET-1 is able to influence IRE1 pathway activation in WKY in an ETBR-

dependent manner. Expression of xbp1unspliced (xbp1u) was not influenced by ET-1 in

both strains. However, treatment with ETAR and ETBR antagonists reduced xbp1u baseline

level in SHRSP (Figure 5.7E and F).

The expression of ER chaperone BIP was increased by ET-1 in both strains (Figure 5.8A

and B), ETBR antagonist treatment significantly reduced BIP expression in WKY.

Additionally, ET-1 failed to increase BIP expression in SHRSP in the presence of BQ788,
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suggesting that ET-1 induced BIP expression is ETBR dependent. Expression of ERO1was

increased by ET-1 via ETBR only in SHRSP (Figure 5.8C and D). The expression of ER

chaperone PDI was not changed by ET-1 stimulation in both strains (Figure 5.8E and F).

Together, the findings suggest ET-1 induced ER stress in VSMCs via upregulation of

ATF4, XBP1s and BIP in an ETBR dependent manner. In hypertension, ETAR and ETBR

play a role in regulation of ER stress.
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Figure 5.6 Effects of ETAR and ETBR on PERK pathway activation induced by ET-1
in VSMCs.
VSMCs from WKY (blue columns) and SHRSP (pink columns) were treated with ET-1
(100nM, 24h) and/or ETAR antagonist BQ123 (10uM, 24h), ETBR antagonist BQ788
(10uM, 24h). Protein expression of eIF2a activation (A), ATF4 (C), and CHOP (E) in
VSMCs from WKY (blue columns) rats was assessed by immunoblotting. Protein
expression of eIF2a activation (B), ATF4 (D), and CHOP (F) in VSMCs from SHRSP (pink
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columns) rats was assessed by immunoblotting. β-actin was used as loading control. Data
are presented as mean ± S.E.M., n=4-6. Statistical significances were determined by one-
way ANOVA followed by a Tukey test, *p<0.05 compared to control group, #p<0.05
compared to ET-1 group.
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Figure 5.7 Effects of ETAR and ETBR on IRE1 pathway activation induced by ET-1
in VSMCs.
VSMCs from WKY (blue columns) and SHRSP (pink columns) were treated with ET-1
(100nM, 24h) and/or ETAR antagonist BQ123 (10uM, 24h), ETBR antagonist BQ788
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(10uM, 24h). Protein expression of IRE1a activation (A), xbp1s (C), and xbp1u (E) in
VSMCs from WKY (blue columns) rats was assessed by immunoblotting. Protein
expression of IRE1a activation (B), xbp1s (D), and xbp1u (F) in VSMCs from SHRSP
(pink columns) rats was assessed by immunoblotting. β-actin was used as loading control.
Data are presented as mean ± S.E.M., n=4-6. Statistical significances were determined by
one-way ANOVA followed by a Tukey test, *p<0.05 compared to control group, #p<0.05
compared to ET-1 group.
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Figure 5.8 Effects of ETAR and ETBR on ER stress markers expression induced by
ET-1 in VSMCs.
VSMCs from WKY (blue columns) and SHRSP (pink columns) were treated with ET-1
(100 nM, 24h) and/or ETAR antagonist BQ123 (10uM, 24h), ETBR antagonist BQ788
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(10uM, 24h). Protein expression of BIP(A), ERO1a (C), and PDI (E) in VSMCs from WKY
(blue columns) rats was assessed by immunoblotting. Protein expression of BIP(B),
ERO1a (D), and PDI (F) in VSMCs from SHRSP (pink columns) rats was assessed by
immunoblotting. β -actin was used as loading control. Data are presented as mean ±
S.E.M., n=4-6. Statistical significances were determined by one-way ANOVA followed by
a Tukey test, *p<0.05 compared to control group, #p<0.05 compared to ET-1 group.
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5.3.3 Altered ET-1 induced p-MLC20 and Ca2+ influx by ER stress
inhibitors from SHRSP rats

One of the important pathophysiological mechanisms promoting the development of

hypertension is VSMCs contraction. Critical to VSMC contraction is an increase in

intracellular Ca2+ concentration, which induces phosphorylation of myosin light chain 20

(p-MLC20), stimulates myosin–actin interaction and consequent vascular contraction

(Touyz et al., 2018). To investigate whether ET-1-induced ER stress affects the contractile

machinery in hypertensive VSMCs, we assessed the ET-1-induced phosphorylation of

MLC20 and intracellular calcium influx in the presence and absence of three ER stress

inhibitors: 4PBA (chemical chaperone), GSK2606414 (PERK inhibitor), and STF083010

(IRE1 endonuclease activity inhibitor).

As the expression level of ATF4 from PERK pathway was higher with ET-1 treatment in

VSMCs from both WKY and SHRSP, we assessed the effect of ER stress inhibitors on

basal and ET-1-induced ATF4 expression. In WKY, as expected, PERK inhibitor

GSK2606414 reduced ET-1-induced ATF4 expression, and IRE1 inhibitor STF083010

increased basal ATF4 expression (Figure 5.9 A). In SHRSP, ER stress inhibitors did not

change basal ATF4 expression but attenuated ET-1-induced ATF4 levels (Figure 5.9B),

suggesting a different mechanism of ER stress regulation by ET-1 in hypertension.

Phosphorylation of MLC20 was not significantly changed with 24h ET-1 stimulation or

with ER stress inhibitors treatment in WKY (Figure 5.9C). However, the expression of p-

MLC20was increased by ET-1. It was attenuated by all three ER stress inhibitor treatments

(Figure 5.9D), suggesting ER stress is involved in the activation of contractile machinery

only in SHRSP.

To confirm whether ER stress contributes to ET-1-induced vascular contraction in SHRSP,

we assessed the intracellular calcium levels using fluorescent calcium indicator Cal-520

acetoxymethyl ester. VSMCs were treated with ER stress inhibitors 4PBA, GSK2606414,

and STF083010 24 hours before stimulation with ET-1. ET-1 rapidly increased Ca2+

transients in WKY that were not altered by ER stress inhibition (Figure 5.9E and F). In

SHRSP, ET-1-induced changes in intracellular Ca2+ levels were decreased by

GSK2606414 and STF083010 treatment (Figure 5.9G and H). These results suggest that

ET-1-induced overactivation of contractile machinery is related to the activation of ER

stress in VSMCs from SHRSP.
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Figure 5.9 Effect of ER stress inhibition on ET-1 induced signalling in VSMCs from
WKY and SHRSP rats.
VSMCs from WKY (blue columns) and SHRSP (pink columns) were treated with ET-1
(100nM, 24h) and/or ER stress inhibitors 4-PBA (1mM, 24h), STF083010(60uM for protein,
30uM for calcium, 24h), GSK2606414 (0.5uM, 24h). Protein expression of ATF4 (A), and
p-MLC20 (C) in VSMCs from WKY (blue columns) rats was assessed by immunoblotting.
Protein expression of ATF4 (B), and p-MLC20 (D) in VSMCs from SHRSP (pink columns)
rats was assessed by immunoblotting. β-actin was used as loading control. Calcium influx
induced by ET-1(100nM) in VSMCs from WKY (E and F) and SHRSP (G and H) rats
measured by live cell microscopy using the fluorescent probe, CAL520 ‐ AM. AUC
represent area under curve. Data are resented as mean ± S.E.M., n=4-7. Statistical
significances were determined by one-way ANOVA followed by a Tukey test, *p<0.05
compared to control/DMSO.
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5.3.4 Altered vascular contraction by ER stress inhibitors from
SHRSP rats

To investigate whether ER stress influences vascular contractility, vascular contraction was

assessed by wire myography in mesenteric arteries from WKY and SHRSP. Contractile

responses to U46619 (thromboxane-receptor agonist) and ET-1 were increased in SHRSP

compared with vessels from WKY rats (Figure 5.10A and C).

The pre-incubation of vessels with GSK2606414 had no significant effect on the

contractile response in WKY (Figure 5.10A and C). However, in SHRSP, pre-incubation

with GSK2606414 resulted in partial reduction of the EC50 for both U46619 and ET-1

induced contractions, and also decreased Emax for both U46619 and ET-1 induced

contractions to the level observed in WKY rats (Figure 5.10A and C). These results

suggest inhibition of PERK signalling pathway may have the potential to improve vascular

hypercontractility in hypertension.

Pre-incubation of vessels with STF083010 resulted in decreased ET-1 and U46619-

induced contraction in both WKY and SHRSP rats (Figure 5.10 B and D). These findings

suggest that the IRE1 signalling pathway is not only involved in vascular contraction but

also raises concerns about potential toxicity to all vessels.
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Figure 5.10 Effect of ER stress inhibition on ET-1 and U46619 induced vascular
contraction from WKY and SHRSP rats.
Vascular contractility to U46619 and ET-1 assessed by wire myography in mesenteric
arteries from WKY and SHRSP rats. Vessels were pre-incubated ER stress inhibitors
GSK2606414 (0.5uM, 30min) (A and C) and STF083010 (30uM, 30min) (B and D).
Contraction dose–response curves were performed in response to U46619 (A and B) and
ET-1 (C and D). Results were expressed as a percentage of the maximal response to KCl.
Differences in half maximal effective concentrations (EC50) and maximal contraction
(Emax) across groups are shown by *p<0.05 vs WKY or #p<0.05 SHRSP. Data are
resented as mean ± S.E.M., n=6-8.
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5.4 Discussion

Major findings of this study show: i) UPR pathway is activated in VSMCs and heart of

SHRSP compared to WKY; ii) ET-1 induced upregulation of ER stress proteins ATF4,

XBP1s and BIP in an ETBR dependent manner in cells from normotensive rats; iii) In

hypertension, ER stress activation is depending on both ETAR and ETBR. iii) Inhibition of

ER stress reduced activation of the contractile machinery and vasoconstriction in SHRSP.

5.4.1 ER stress in SHRSP

ER stress has been associated with vascular dysfunction in many hypertensive models. ER

stress activation has been demonstrated in cardiomyocytes (Qian et al., 2021, Wu et al.,

2019, Zhou et al., 2020) and in VSMCs from mesenteric arteries (Camargo et al., 2018)

and aorta (Kim et al., 2018) from SHR. Similarly, our results showed that the ER stress

response is activated in VSMC from the SHR substrain, SHRSP. However, there was no

increase in the expression of ER stress markers in whole tissue from mesenteric arteries

and aorta. Apart from VSMCs, artery tissues also include endothelial cells and different

types of adventitia cells, including fibroblasts, pericytes, nerves, progenitor cells, and

immunomodulatory cells. One possible reason that we didn’t detect ER stress activation in

arteries may be that ER stress may play different roles in different cell types, which needs

further investigation.

The heart and the kidneys have an important role in pathophysiology of hypertension.

Therefore, we investigated expression of ER stress markers in the heart and tissue from

SHRSP. We found increased activation of IRE1 and PERK arms of ER stress in the heart

from SHRSP, suggesting a role for ER stress in cardiac dysfunction associated with

hypertension. Similar results have been found in other studies, such as increased PERK,

ATF4, ATF6, Bip and CHOP expression in cardiac tissue of SHR (Zhou et al., 2020, Qian

et al., 2021). On the other hand, in the kidneys there were no differences in expression of

ER stress markers between the groups.

Altogether, our results highlight the role of ER stress in VSMC and in VSMC and in the

heart from the SHRSP experimental model. We and others previously demonstrated that

ER stress inhibition decreased hypercontractility in arteries of both SHRSP (Camargo et al.,

2018) and SHR (Naiel et al., 2019, Carlisle et al., 2016), (SpitlerMatsumoto and Webb,



145

2013), however the molecular mechanisms involved in activation of ER stress in VSMC

remain incompletely understood.

5.4.2 ET-1 induces ER stress in VSMC

ET-1 is a potent vasoconstrictor that has been implicated in VSMC dysfunction in

hypertension. Plasma ET-1 levels in different hypertensive models are not the same

(Suzuki et al., 1990, Pinto-Sietsma and Paul, 1998, Iglarz and Schiffrin, 2003), with higher

or normal levels observed in human hypertension, higher in SHR plus DOCA-salt

hypertensive rat and lower or not change in SHR and/or SHRSP. However, circulating

levels of ET-1 cannot reflect a locally acting (Pinto-Sietsma and Paul, 1998, Iglarz and

Schiffrin, 2003), levels of ET-1 in specific tissue are vital in functional research as they

could directly modulate cellular functions. In SHRSP, the endothelin system is activated in

vessels, as evidenced by preproendothelin-1 mRNA levels were increased in mesenteric

arteries (Sharifi et al., 1998).

It has been found that ET-1 induces ER stress in pulmonary artery smooth muscle (Yeager

et al., 2012), renal tissues (De Miguel et al., 2017), and placental tissues during pre-

eclampsia(Jain et al., 2012), but not yet in hypertension. Inhibition of either ET-1 or ER

stress reduced blood pressure in hypertensive rats (Li and Schiffrin, 1995, Naiel et al.,

2019). It is possible that one of the molecular mechanisms of ET-1 induced increase in

blood pressure is induction of vascular dysfunction by activation of ER stress via higher

vascular ET-1 levels. To investigate the role of ET-1 in ER stress we measured the ER

stress markers expression after ET-1 stimulation in the presence of ET-1 receptor

antagonists. ER stress inducers, such as tunicamycin and thapsigargin, cause upregulation

of ER stress target genes over 24h. Therefore, cells were stimulated with ET-1 for 24h.

In cells from WKY rats, we observed that ET-1 induced the expression of ATF4 but not

phosphorylation of eIF2α. Since phosphorylation is a rapid event, stimulation with ET-1

may cause phosphorylation of eIF2a at an earlier time point. It has been found the level of

phosphorylated eIF2a peaked one hour after stimulation with ER stress inducer

thapsigargin and significantly declined eight hours later (Novoa et al., 2003). The

dephosphorylation of eIF2α may be caused by ATF4 mediated upregulation of GADD34, a

stress response phosphatase cofactor, that promotes dephosphorylation of eIF2α and

translational recovery to terminate integrated stress response (TeskeBaird and Wek, 2011).

One possibility is that ET-1-induced transient ER stress response leads to the activation of
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this negative feedback loop, which helps restore protein synthesis and normal cell

functioning. Moreover, we observed that ET-1 induced the expression of Xbp1s and

molecular chaperone BIP in an ETBR dependent manner in VSMC from WKY. Similarly,

it has been found ET-1 increases Xbp1s expression dependent on both ETAR and ETBR in

rat pulmonary artery smooth muscle cells (Yeager et al., 2012). Our results showed that in

VSMC under normotensive conditions, ET-1 induces ER stress in VSMC via activation of

ETBR.

In VSMCs from hypertensive rats, our results showed ER stress is activated at baseline,

and inhibition of either ETAR or ETBR reduced the levels of ER stress markers (ATF4,

CHOP, XBP1u and phosphorylation of IRE1). Evidence demonstrated that VSMC itself

can produce ET-1 (Russo et al., 1999), and changes in ET-1 response can be caused by

dysfunctional ET-1 receptor signalling (Tykocki and Watts, 2010). One hypothesis is that

in hypertension VSMC may produce ET-1, which induces ER stress through activation of

ET-1 receptors. Additionally, in hypertension it seems to be a cooperative effect of ETAR

and ETBR in ET-1 induced ER stress, while only ETBR reduced ER stress signalling in

normotensive rats. The underlying molecular mechanism of ET-1 receptors alterations in

hypertension is incompletely understood. However, a synergistic effect of ETAR and ETBR

has been previously demonstrated in the vasculature (Inscho et al., 2005) and in the

kidneys (Boesen and Pollock, 2010). It has been shown that ETAR and ETBR can form

heterodimers in rat mesenteric arteries (Kapsokalyvas et al., 2014). However, further

investigation is required to evaluate if heterodimerisation plays a role in ET-1-induced ER

stress.

In the present study we demonstrated that ET-1 induced ER stress in VSMC from

normotensive and hypertensive rats. ET-1 further increased some of the UPR signalling

pathways in SHRSP such as ATF4 and Ero1 expression, suggesting increased levels of ET-

1 could potentiate the ER stress response in hypertension. Inhibition of ETAR and ETBR in

ET-1 treated VSMCs reduced expression of ATF4, supporting the important role of ET-1

receptors in ET-1 mediated ER stress in hypertension. A possible mechanism involved in

ET-1 induced ER stress is dysregulation of ER calcium, as most ET-1 responses are Ca2+

dependent (Tykocki and Watts, 2010). ER Ca2+ regulates the formation of chaperones

(Stevens and Argon, 1999) and Ca2+ dependent post-translational modifications (Ellgaard

et al., 2016). ET-1 can induce Ca2+ release from the ER (Tykocki and Watts, 2010),

disrupting Ca2+ homeostasis and therefore, affecting the folding and maturation of several

proteins, leading to ER stress (KrebsGroenendyk and Michalak, 2011).
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5.4.3 ER stress involves in ET-1 induced contraction in
hypertensive rats

The rise in intracellular Ca2+ is the principal process in VSMCs contraction. Both ETAR

and ETBR mediate changes in intracellular Ca2+ concentration triggered by ET-1 in

VSMCs, and this is supported by evidence showing that the ETBR agonist S6c increases

intracellular Ca2+ to half of the ET-1 induced intracellular Ca2+ response in VSMCs from

rat mesenteric arteries (Schiffrin and Touyz, 1998). The increase in Ca2+ mediated by

ETAR or ETBR leads to formation of Ca2+-calmodulin complex, which induces MLC

phosphorylation, actin-myosin interaction promoting vascular smooth muscle contraction

(Hynynen and Khalil, 2006). Our study suggested ET-1 induced sustained activation of the

contractile machinery in VSMC from SHRSP, an effect mediated by ER stress.

Additionally, our findings indicate that this phenomenon contributes to vascular

hypercontractility underlying hypertension. In our results, prolonged exposure to ET-1(24h)

increased MLC20 phosphorylation only in SHRSP. This effect was reversed by ER stress

inhibitors, suggesting prolonged activation of MLC20 by ET-1 is dependent on ER stress. A

previous study has demonstrated that ER stress inducers Tunicamycin and MG132

increased phosphorylation of MLC with a peak at 12 hours and increased vascular

contraction and blood pressure. These effects were reduced by ER stress inhibitor 4-PBA

(Liang et al., 2013).

Intracellular Ca2+ is mainly stored in the lumen of ER, which is essential for signalling and

for proper protein folding through the activity of Ca2+-binding chaperones

(KuznetsovBrostrom and Brostrom, 1992). Some studies showed that ER stress leads to the

release of Ca2+ from the ER lumen, resulting in an increase in intracellular Ca2+, which

supports our hypothesis that ER stress can affect vascular contraction via Ca2+. It has been

found that ER stress inducer Tunicamycin increased cytosolic Ca2+ in parallel with a

reduction of ER Ca2+ in VSMCs from mice (Liang et al., 2013). Also, it was demonstrated

that 24h exposure of Tunicamycin can reduce ER Ca2+ levels in HuH7 cells in a dose

dependent manner (Lebeau et al., 2021). Our results showed that ER stress plays a role in

ET-1 induced Ca2+ influx only in SHRSP.

Targeting specific pathways of ER stress signalling can be a more effective approach for

the treatment of certain conditions. For example, selectively block PERK arm has shown to

be more effective than non-specific inhibition with 4PBA or specific inhibition of IRE1 or

ATF6 in ameliorating pulmonary vascular remodelling (Shimizu et al., 2021). Inhibition of
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IRE1 could specifically enhance efferocytosis and cholesterol transport and reduce

atherosclerosis progression in mice (Yildirim et al., 2022). From the result, specifically

block IRE1 or PERK arm of ER stress showed a better effect than 4PBA in improving ET-

1 induced Ca2+ influx, and effectively reducing vessels hypercontractility in hypertension.

The result suggests that specifically targeting the IRE1 or PERK arm of the ER stress

response may be a promising strategy for treating hypertension, but more research is

needed to fully understand the potential benefits and limitations of this approach.

In summary, this study evaluated ET-1 and its receptors, which are involved in ER stress

and contribute to vascular hypercontractility during hypertension. Moreover, we identify

changes in Ca2+ influx induced by ET-1 in hypertension may involve the specific arms of

ER stress response PERK and IRE1. These findings suggest a novel pathway between ET-

1 and ER stress in vascular biology, which might expand the understanding of

pathophysiology of hypertension.
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Chapter 6 ER Stress Inhibitor 4-PBA Treatment
in WKY and SHR Rats

6.1 Overview

Hypertension, characterised by elevated blood pressure (BP), is a chronic disease defined

as a systolic blood pressure ≥ 140 mmHg and/or a diastolic pressure ≥ 90 mmHg in

accordance with most major guidelines (Unger et al., 2020, Oparil et al., 2018a). The

majority (90-95%) of patients with hypertension are diagnosed with essential hypertension.

Blood pressure is influenced by cardiac output and peripheral resistance (Mayet and

Hughes, 2003). Most patients with essential hypertension exhibit a normal cardiac output

but an elevated peripheral resistance (BeeversLip and O'Brien, 2001). Arteries with a

diameter size under 300 μm are considered resistance vessels, which play a vital role in

regulating the regional distribution of vascular tone and blood flow (HeagertyHeerkens and

Izzard, 2010, Naiel et al., 2019). According to Poiseuille's Law, vessel resistance is

inversely proportional to the fourth power of the radius. Thus, slight changes in arterial

lumen, either functional or structural, result in a major impact on vascular resistance and

subsequently affect blood pressure (Welsh et al., 2018).

The spontaneously hypertensive rat (SHR) is a widely used animal model to study human

essential hypertension and displays vascular damage. In comparison to its non-

hypertensive control strain Wistar Kyoto (WKY) rat, the SHR exhibits elevated systolic

blood pressure as early as 6 weeks after birth (Takeuchi et al., 2021). At this

prehypertensive age, SHR resistance blood vessels start to show impaired endothelium-

dependant relaxation (BennettHillier and Thurston, 1996) and increased contractile

responses (Naiel et al., 2019, SpitlerMatsumoto and Webb, 2013), along with an increased

media: lumen ratio and hypertrophy of the medial layer (Intengan et al., 1999a,

LeeDickhout and Sandow, 2017, Dickhout and Lee, 1997). Around the age of 21 weeks,

SHR rats typically have a blood pressure of about 180-200 mmHg, whereas most WKY

rats maintain a blood pressure below 140 mmHg (Takeuchi et al., 2021, Rodriguez-Iturbe

et al., 2005, Chen et al., 1998).

Hypertension is associated with endoplasmic reticulum (ER) stress. Accumulation of

unfolded or misfolded protein in the ER leads to ER stress. Misfolded proteins bind to the

ER resident chaperone BiP, which in turn is released from the ER stress sensor proteins

IRE1, PERK, and ATF6, activating the unfolded protein response (UPR). Prolonged ER
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stress results in cellular dysfunction, contributing to the development of diseases such as

hypertension. ER stress has been linked to blood pressure regulation, as treatment with ER

stress inducer tunicamycin increases blood pressure in mice, while the ER stress inhibitors

4PBA or TUDCA decrease blood pressure in animal models (Young, 2017, Liang et al.,

2013, Naiel et al., 2019). ER stress could be associated with changes in blood pressure

through vascular dysfunction (Camargo et al., 2018). Growing research has indicated the

potential role of ER stress in blood vessels from SHR (Carlisle et al., 2016,

SpitlerMatsumoto and Webb, 2013, Naiel et al., 2019, Liang et al., 2013).

6.2 Hypothesis and aims

Extensive evidence demonstrated that ER stress contributes to vascular injury associated

with hypertension. In vitro study, we found ER stress markers expression is higher in

VSMCs (obtained from mesenteric resistance arteries) from SHRSP rats compared with

WKY rats. Moreover, pre-incubation with ER stress inhibitors improves vessel

hypercontractility in hypertensive rats. To further evaluate the protective effects of

inhibiting ER stress on resistance vessel function and structure in vivo, we hypothesised

that inhibition of endoplasmic reticulum stress would ameliorate functional and structural

changes in resistance vessels during hypertension, ultimately leading to a reduction in

blood pressure. We used ER stress inhibitor 4PBA, a low-molecular-weight chemical

chaperone that alleviates ER stress by assisting protein folding. The specific aims are：

1. To evaluate the effect of 4-PBA treatment on general parameters and blood pressure

of WKY and SHR.

Twenty-one-week-old WKY and SHR male rats were randomised into either 4PBA treated

(4PBA) or untreated (Veh) groups. 4PBA-treated rats received a dose of 1g/kg/day of

4PBA in the drinking water for 5 weeks, while non-treated rats received normal tap water.

Systolic blood pressure (tail cuff method) and body weight were measured at week 0

(before treatment) and once a week during the 5 weeks of 4PBA treatment. Heart, kidney,

and spleen weights were measured and normalised by tibia length on the collection day.

2. To evaluate whether vascular dysfunction observed in SHR rats is ameliorated upon

4PBA treatment.
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Small mesenteric arteries from 4PBA treated and untreated WKY and SHR rats were

isolated. Contraction dose-response curves were performed in response to U46619 and ET-

1 via wire myography. Relaxation dose-response curves were performed in response to

Ach (endothelial‐dependent relaxation), and SNP (endothelial‐independent relaxation)

via wire myography.

3. To evaluate whether vascular remodelling and mechanical properties changed in

WKY and SHR with 4-PBA treatment.

Small mesenteric arteries from 4PBA treated and untreated WKY and SHR rats were

isolated. Pressure myography was performed, and media-to-lumen ratio, wall thickness,

cross‐sectional area, and vascular stiffness were measured.

6.3 Results

6.3.1 ER stress inhibitor, 4PBA, attenuates systolic blood
pressures in SHR

To examine the effect of inhibiting ER stress on the development of hypertension, rats

were randomized into either 4PBA treated (4PBA) or untreated (Veh) groups and received

a dose of 1g/kg/day of 4PBA in the drinking water for 5 weeks, while systolic blood

pressure measurements were taken each week.

At the beginning of the experiment (week 0), systolic BP was significantly higher in SHR

rats (180.1±1.2 mmHg) compared to WKY rats (151.9±0.7 mmHg). Systolic BP was

similar between WKY-Veh and WKY-4PBA groups before and during the 5-week

treatment of 4PBA (Figure 6.1A and B). BP was similar between SHR-Veh (175.1±1.3

mmHg) and SHR-4PBA (186.5± 2.6 mmHg) groups before 4PBA treatment (week 0).

Differences between the two groups were observed after 4 weeks of treatment with 4PBA.

Systolic BP was significantly lower in SHR rats with 4PBA treatment on week 4 (180.0±

1.3 mmHg vs. 169.5±1.6 mmHg) and week 5 (176.5±1.7 mmHg vs. 162.3±2.0 mmHg)

(Figure 6.1A and B).

4PBA treated rats showed a trend of less body weight gain during the 5-week treatment

period (Figure 6.1C), but no significant reduction in body weight was observed compared

to nontreated rats at the end of experiments in both WKY and SHR rats (Figure 6.1D).
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Organ size was not significantly altered by 4-PBA treatment. At week 5, the results

revealed a slight trend decrease in heart weight (Figure 6.1E), no effect on kidney weight

(Figure 6.1F), and a slight trend decrease in spleen weight (Figure 6.1G) with 4PBA

treatment. Overall, no significant changes were observed in body weight and organ size

between any of the four groups.
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Figure 6.1 Effect of ER stress inhibition on general parameters and blood pressure
of WKY and SHRSP rats.
21-week-old rats were randomly assigned to either the vehicle group (normal drinking
water) or the 4PBA group (1 g/kg/day 4PBA in drinking water) for a duration of 5 weeks.
Four groups are WKY-Veh (blue, n=6), WKY-4PBA (green, n=7), SHR-Veh (orange, n=5),
and SHR-4PBA (grey, n=4). WKY Blood pressures were measured via tail cuff
plethysmography before the treatment and at the end of each week (A and B). Body
weight was assessed every half week (C). Body weight (D), heart weight (E), kidney
weight (F)and spleen weight(G) were assessed at the end of treatment. Data are
presented as mean ± S.E.M. Statistical significances were determined by one-way
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ANOVA followed by a Tukey test or student t-test, *p<0.05 compared to WKY-Veh,
#p<0.05 compared to SHR-Veh.

6.3.2 Effect of 4PBA treatment on blood vessel function

To investigate whether ER stress inhibition influences vascular reactivity, small mesenteric

resistance arteries were isolated from WKY and SHR rats for wire myography. Cumulative

concentration-response curves (CCRC) to the U46619 (contraction), ET-1 (contraction),

acetylcholine (Ach) (endothelial‐dependent relaxation), and sodium nitroprusside (SNP)

(endothelial‐ independent relaxation) were performed in all groups to assess vascular

function. Vascular contraction induced by U46619 and ET-1 was high in SHR rats

compared to WKY rats. However, 4PBA treatment did not affect contractile responses in

both WKY and SHR rats in the results (Figure 6.2 A and B). Ach-induced vasorelaxation

was not changed in SHR-Veh rats compared to WKY-Veh rats (Figure 6.2 C). Compared

with SHR-Veh rats, EC50 in 4PBA-treated SHR was significantly decreased (Figure 6.2C).

Vessels from SHR rats were more sensitive to SNP-induced relaxation compared to WKY

rats (Figure 6.2 D).
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Figure 6.2 Effect of ER stress inhibition on vascular function of WKY and SHRSP
rats.
The mesenteric arteries were obtained from rats of four groups: WKY-Veh (blue, n=6),
WKY-4PBA (green, n=7), SHR-Veh (orange, n=5), and SHR-4PBA (grey, n=4). Vascular
reactivity was assessed by wire myography. Cumulative concentration-response curve
(CCRC) was performed in response to the vasoconstrictor U46619 (U4) (A) and ET-1(B)
results were expressed as mN. The relaxation of CCRC in response to the vasodilators
acetylcholine (ACh) (C) and sodium nitroprusside (SNP) (D) in the vessels as a
percentage of constriction to pre-treated 10-7M U4. Differences in half maximal effective
concentrations (EC50) and maximal contraction (Emax) across groups are shown by
*p<0.05 compared to WKY-Veh, #p<0.05 compared to SHR-Veh. Data are resented as
mean ± S.E.M.
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6.3.3 Effect of 4PBA treatment on blood vessel structure

To investigate whether ER stress inhibition influences vascular structure, small mesenteric

resistance arteries were isolated from WKY and SHR rats for pressure myography. Vessels

from SHR rats have a lower outer diameter (not significant with p=0.052, Figure 6.3A) and

lumen diameter (Figure 6.3B) compared with WKY rats. 4PBA treatment did not

significantly change either outer or lumen diameter in WKY and SHR (Figure 6.3A and B).

The outer diameter shown a slight decreased trend in SHR-4PBA compared with SHR-Veh

(Figure 6.3B). In terms of wall-to-lumen ratio and wall thickness, vessels from SHR

exhibited higher values compared to WKY, while 4PBA had no significant effect on

vessels from either WKY or SHR (Figure 6.3C and D). However, there was a tendency

towards decreased wall thickness with 4PBA treatment in SHR, although this reduction

was not statistically significant (Figure 6.3D). There was a trend of higher cross-sectional

area (CSA) in SHR-Veh compared to WKY-Veh, but no significant differences were

observed. 4PBA treatment had no effect on WKY rats. However, CSA appeared lower in

SHR-4PBA compared to SHR-Veh with p=0.086 (Figure 6.3E). Vascular stiffness and

distensibility were assessed by stress/strain relationships. SHR showed increased stiffness

(decreased distensibility) compared to WKY, but 4PBA has no effect on either WKY or

SHR vessels (Figure 6.3F).
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Figure 6.3 Effect of ER stress inhibition on vascular structure of WKY and SHRSP
rats.
Mesenteric arteries were obtained from rats of four groups: WKY-Veh (blue, n=6), WKY-
4PBA (green, n=7), SHR-Veh (orange, n=5), and SHR-4PBA (grey, n=4). Vascular outer
diameter (A), lumen diameter (B), wall to lumen ratio (C), wall thickness (D), cross‐
sectional area (CSA) (E) and stress/strain relationship (F) assessed by pressure
myography in mesenteric arteries. A summary of pressure myography results (light blue
and light red arrows means there is a trend but not significant) and possible structural
shape of the blood vessels under 3mmHg and 120mmHg pressure (drawing according to
proportional mean values of outer and lumen diameter) were shown on figure G. AUC
stands for ‘Area Under Curve’. Data are presented as mean ± S.E.M. Statistical
significances were determined by one-way ANOVA followed by a Tukey test, *p<0.05
compared to WKY-Veh.

6.4 Discussion

In the previous chapters we have demonstrated that ER stress contributes to

hypercontractility and related intracellular signalling pathways in the vasculature during

hypertension. To further confirm whether ER stress contributes to vascular function and

structure, thereby influencing blood pressure, an in vivo study was conducted using the ER

stress inhibitor 4PBA on SHR rats. Our results showed that i) 4PBA lowers BP in

established hypertension of SHR from 4 weeks of treatment; ii) 4PBA improved

endothelium-dependent relaxation of resistance arteries in SHR; iii) 4PBA exhibited a

tendency to improve the resistance artery structure of SHR. These findings suggest that ER

stress contributes to functional and structural changes in resistance arteries that underlies

the development and progression of hypertension in vivo.

The SHR is a typical animal model of human essential hypertension that involves elevated

total peripheral resistance (Dornas and Silva, 2011) with structural and functional

alternations in blood vessels of both kidney and mesentery (Dickhout and Lee, 1997,

BennettHillier and Thurston, 1996). Changes of vasculature in SHR occurred at 3 and 4

weeks of age, a time when their systolic blood pressure was similar to that of WKY rats

(Dickhout and Lee, 2000, Dickhout and Lee, 1997). These early vascular modifications are

posited to play a pivotal role in the development of high blood pressure. Interestingly,

research has shown that at the age of 5 weeks old SHR, before an increase in blood

pressure, the expression of ER stress markers such as GRP78, CHOP, and phospho-IRE1

began to rise in mesenteric arteries compared to WKY (Naiel et al., 2019). It is possible

that ER stress contributes to vascular alterations in SHR at the development of

hypertension. It is notable that blood vessels in SHR shown hypertrophy of the medial

layer (Intengan et al., 1999a, LeeDickhout and Sandow, 2017, Dickhout and Lee, 1997),
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which involves an increased rate of protein synthesis (Dickhout and Lee, 2000). The

increased load of protein synthesis due to vascular hypertrophy may cause protein

translation requirements to exceed the protein folding capacity, thus leading to an

accumulation of unfolded proteins in the ER and ER stress.

Several studies have demonstrated that ER stress is related to changes in blood pressure.

ER stress inducers, such as tunicamycin, can trigger high blood pressure. Injection of

tunicamycin increases blood pressure in mice (Choy et al., 2017, Liang et al., 2013) and in

Sprague-Dawley rats (Spitler and Webb, 2014), effects that were improved by treatment

with ER stress inhibitor 4-PBA or TUDCA. Besides, ER stress inhibitors have been shown

to protect against high blood pressure in various hypertensive models. For instance, 4-PBA

reduced blood pressure in Ang II-induced hypertensive mice (Kassan et al., 2012), SHR

(Carlisle et al., 2016, Naiel et al., 2019, SpitlerMatsumoto and Webb, 2013), and Dahl salt-

sensitive hypertensive rats (Yum et al., 2017), while TUDCA had similar effects in Ang II-

induced hypertensive mice (Kassan et al., 2012), and SHR (SpitlerMatsumoto and Webb,

2013). Our study showed similar results that 4PBA significantly reduced systolic blood

pressure after four weeks of treatment. Unlike other studies, we used rats that were 21

weeks old, indicating that inhibiting ER stress may improve hypertension not just in its

early stages but also in more developed stages.

The potential reason for the reduced blood pressure with 4-PBA could be its effect on

blood vessel function. Research has shown that long-term treatment with 4-PBA in SHRs

leads to an increase in endothelial-dependent vascular dilation and a decrease in

adrenergic-mediated vascular constriction in mesenteric arteries on both 5-week old (Naiel

et al., 2019) and 12-week-old (Carlisle et al., 2016) rats (treatment started age). In our

study with 21-week-old rats, we found similar results that 4-PBA improved endothelial-

dependent vasodilation in SHR. As for vasoconstriction, we induced contraction using U4

and ET-1, and no significant effect was observed in the SHRs treated with 4-PBA. Our

findings indicate that 4-PBA could reverse vascular dysfunction in a hypertensive model

by improving the vasodilatory response. Together with other studies, it is likely that ER

stress is involved in nitric oxide-mediated vasodilation in hypertensive vessels. Disulfide

bond formation is an important step in protein folding and is highly sensitive to changes in

redox balance. In a stressed ER, ER stress-associated degradation disposes of misfolded

proteins via disulfide bond formation. This process may result in increased ROS generation,

such as superoxide (Cao and Kaufman, 2014, Bhattarai et al., 2021). Superoxide anions

could rapidly react with nitric oxide to form peroxynitrite and reduce nitric oxide
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bioavilability (Guzik et al., 2002). In addition, research has found that mice treated with

tunicamycin exhibit impaired endothelium-dependent relaxations with increased ROS

levels and reduced nitric oxide bioavailability, which could be reversed by ER stress

inhibitor TUDCA (Choy et al., 2017). These studies suggest that ER stress may deplete

nitric oxide bioavailability in blood vessels, resulting in impaired nitric oxide-mediated

vasodilation, thereby contributing to elevated total peripheral resistance and high blood

pressure (Carlisle et al., 2016).

This research observed a trend towards reduced vascular structural changes in SHRs

treated with 4-PBA, although these changes were not statistically significant. This could be

attributed to the limited sample size or the possibility that such structural changes in the

blood vessels may not be directly linked to ER stress in our animal model. Previous studies

have observed smooth muscle hypertrophy in young SHRs, potentially associated with ER

stress. For instance, 4-PBA treatment has been reported to decrease the media-to-lumen

ratio in SHR mesenteric arteries (Naiel et al., 2019). However, our findings did not show a

significant difference in this aspect, suggesting the need for further investigation into the

underlying mechanisms. Additionally, it's essential to consider that the observed blood

pressure reduction with 4-PBA might be attributed to other underlying mechanisms of

hypertension or potential off-target effects of the 4-PBA treatment. For example, a study

found that 4-PBA reversed the imbalance of renal RAS components in SHRs by reducing

ACE and AT1R protein expression and increasing AT2R, ACE2, and MasR expression

(Zhu et al., 2023). This suggests that 4-PBA may lower blood pressure by restoring

impaired diuresis and natriuresis.

In this study, no change was observed in 4-PBA-treated WKY rats compared to non-

treated WKY rats. However, the baseline blood pressure in our WKY rats was higher than

that observed in typical WKY rats. Moreover, our WKY rats did not show significant

changes in vessel structure or endothelin-dependent vasodilation compared with SHRs,

diverging from the results of most other studies. One potential explanation for these

differences is the origin of our WKY rats. The WKY colony we have been using, bred in

Glasgow since 1990, initially exhibited normal characteristics. However, over time, these

rats seem to have developed gradually increasing blood pressure and higher stress levels.

This trend is likely due to financial restrictions during the breeding process, resulting in a

limited stock of animals from which to choose when identifying new breeders. The choice

of WKY rats represents a notable limitation of this study.
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Targeting ER stress could be a promising approach to treating hypertension. Rats treated

with 4-PBA seem to have no effect on body and tissue weight. Additionally, Naiel et al.

have shown that after 1 week of withdrawing 4-PBA treatment in SHR, blood pressure

returned to levels similar to those in untreated SHR (Naiel et al., 2019). This suggests that

the benefits of ER stress inhibition may not be long-lasting, but the absence of a rebound

hypertension crisis after withdrawal indicates the treatment's safety. Clinical hypertension

medications, including telmisartan, olmesartan, candesartan, and irbesartan, which are

selective AT1 receptor blockers, have been linked to reductions in ER stress. Telmisartan

reduced ER stress, thus blunting cardiac hypertrophy (Guan et al., 2011), and decreasing

Chop and BiP expression in myocardial of heart failure rats (Sukumaran et al., 2011a).

Olmesartan decreased ER stress in rats with heart failure and decreased the expression of

BiP in the myocardium (Sukumaran et al., 2011b), and reducing ER stress in kidney of

diabetic mice (Lakshmanan et al., 2011). Candesartan (Chiang et al., 2011) and irbesartan

(Hartner et al., 2014) inhibited ER stress in rat kidney. In addition, ACE inhibitor

perindopril attenuated the ER stress markers expression in renal of diabetic rat (Sun et al.,

2009). These studies suggest that clinical hypertension therapies may partially lower blood

pressure by inhibiting ER stress, further supporting the potential of ER stress inhibitors in

hypertension treatment.

In conclusion, these results provide additional evidence that inhibiting ER stress may

reverse high blood pressure and may also contribute to improving functional changes in

resistance arteries. This indicates that targeting ER stress could be a potential strategy for

the treatment of hypertension.
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Chapter 7 Final discussion

7.1 ER stress in different tissues and different
hypertension models

Protein synthesis is essential for cell survival, with the accurate folding of these proteins

being a critical aspect of the process. In eukaryotic cells, the ER functions to facilitate the

folding and maturation of most secreted and transmembrane proteins, as well as protein

quality control (Oakes and Papa, 2015). Cellular stress caused by physiological or

pathological factors such as hypertension can result in improperly folded proteins, which

triggers UPR (MarciniakChambers and Ron, 2022). UPR is a sophisticated surveillance

mechanism that regulates the balance between the protein folding capacity and the load of

unfolded proteins that enter the ER (Ron and Walter, 2007a). When protein accumulation

is detected, activated UPR increases protein degradation, decreases protein synthesis, and

enhances protein folding capacity (Spencer and Finnie, 2020). If the stress cannot be

resolved, prolonged ER stress may trigger pro-inflammatory and pro-apoptotic signals

(Spencer and Finnie, 2020).

7.1.1 ER stress in hypertensive tissues

ER stress is implicated in hypertension across several organs, including the brain, kidneys,

heart, aorta, and mesenteric arteries. The central nervous system plays a vital role in

regulating short-term and long-term blood pressure. ER stress activation has been found in

the subfornical organ of Ang II-induced hypertension, and inhibition of brain ER stress

reduces blood pressure (Young, 2017, Young et al., 2012). The kidney is responsible for

the reabsorption and excretion of salt and water, which in turn affects blood pressure. In all

types of chronic hypertension, there is a presence of abnormal renal-pressure natriuresis

(Hall et al., 2012). In the kidney, we did not detect ER stress activation in SHRSP;

however, increased levels of PDI were observed in LinA3 mice. Other studies have

indicated 4PBA treatment improved renal function by preventing the elevations in urinary

albumin excretion and renal fibrosis in hypertensive chronic kidney disease mice

(Mohammed-Ali et al., 2017), and improved impaired diuresis and natriuresis in SHR (Zhu

et al., 2023).

The heart, a major organ affected by high blood pressure, has various interconnected

pathophysiological processes associated with hypertension (Nadar and Lip, 2021). Our

results suggested the activation of ER stress in SHRSP heart. Similarly, it has been
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indicated that BiP and p-PERK expression increased in heart of DOCA-salt rats, and ER

stress inhibitor TUDCA attuned the cardiac inflammation and fibrosis in hypertension (Bal

et al., 2019b).

The aorta is a crucial regulator of the entire cardiovascular system and undergoes

functional and structural changes during hypertension (Laurent and Boutouyrie, 2015,

Lindesay et al., 2018, Stefanadis et al., 1997). Although we did not find increased ER

stress markers in the aorta from SHRSP, they were elevated in other hypertension models.

For example, ER stress markers BiP, chop, and PDI expression increased in the aorta from

SHR (SpitlerMatsumoto and Webb, 2013), and expression of BiP and p-PERK increased in

the aorta from DOCA-salt rats (Han et al., 2019a).

In the present study, we investigated resistance mesenteric arteries, as resistance arteries

are important to maintain vascular tone. We did not find changes in ER stress markers

expression in the entire mesenteric arteries from SHRSP, but we found ER stress to be

activated in VSMCs of mesenteric arteries from SHRSP and LinA3 mice. Additionally, ER

stress inhibitor 4PBA improved vasodilation of mesenteric arteries in SHR, with similar

findings reported in other studies (Naiel et al., 2019, Carlisle et al., 2016). Our results,

along with other studies, suggest that ER stress involved in the development of

hypertension in various tissues.

7.1.2 ER stress in VSMCs of hypertension

In this research, we mainly focused on the VSMCs of resistance arteries. Blood pressure is

affected by a balance of the cardiac output and systemic vascular resistance, where most

patients with hypertension have normal cardiac output and increased peripheral resistance.

According to Poiseuille's Law, the diameter of a blood vessel is the main factor that affects

vascular resistance. VSMCs, as the largest component of wall of the resistance arteries,

contribute to changes in vessel diameter by vasomotor control mechanisms (Touyz et al.,

2018, Brown et al., 2018, Intengan and Schiffrin, 2000). In hypertension, increased vessel

contractility, and arterial remodelling are typically observed (Oparil et al., 2018a, Russo et

al., 1999). VSMCs critically influence these processes due to their highly plastic and

dynamic feature, as well as their ability to undergo phenotypic switch (Touyz et al., 2018).

Different changes of cellular signalling transduction could affect VSMCs function during

hypertension, where ER stress may be involved. Evidence suggested ER stress could

contribute to human VSMC-mediated calcification (Furmanik et al., 2021), and VSMC



165

phenotypic modulation (Chattopadhyay et al., 2021, Uchida et al., 2022b). A previous

study from our group has suggested increasing ER stress activation in VSMCs from SHR

(Camargo et al., 2018).

In the present study, increased activity of the PERK pathway was found in VSMCs of

hypertensive subjects, SHRSP rats and chronic Ang II mice model compared to their

normotensive counterparts. Additionally, increased activation of IRE1 pathway was

observed in SHRSP compared to WKY. In the initial phase of ER stress activation, three

parallel branches of the UPR work together to enhance the degradation of misfolded

proteins and reduce the synthesis of new proteins, thereby playing a role in cell protection

(Lin et al., 2007, Shanahan and Furmanik, 2017). Under prolonged ER stress, distinct UPR

signalling pathways exhibited different downstream modules and varied activation

duration. A study investigating UPR activation duration found that the IRE1 pathway

response was attenuated within 8 hours, the ATF6 pathway response diminished more

gradually, whereas the PERK pathway response remained active, evident for at least 30

hours post-stress initiation (Lin et al., 2007). This evidence of prolonged PERK pathway

activation potentially explaining why the PERK pathway was more readily detectable

compared to the IRE1 and ATF6 pathways in our hypertension models. The prolonged

activation of ER stress could be caused by pathological stretch during hypertension,

leading to VSMC phenotypic changes (Wan et al., 2015).

The alterations in ER stress observed in these hypertension models highlight its potential

significance in the pathophysiology of hypertension. Our study further investigated the

cellular mechanisms either effecting or regulated by ER stress that contribute to the

development and progression of hypertension.

7.2 Regulators of ER Stress in Hypertension

7.2.1 Oxidative stress regulating ER stress

One of the important regulators of ER stress suggested in hypertension is oxidative stress.

Oxidative stress, characterized by increasing ROS bioavailability and altered redox states,

is a key factor in hypertension(Harrison, 2013). Excessive ROS production induces protein

oxidation and disrupts cell signalling, contributing to proliferation, inflammation, and

apoptosis (Touyz et al., 2020). Protein oxidation, which includes sulfenylation,

glutathionylation, and disulphide bond formation, among other processes, may impair
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protein function and trigger ER stress (ref). These alterations lead to cell and organ damage

in hypertension, including vascular dysfunction (Touyz et al., 2020).

The main source of ROS in the vasculature is NADPH oxidase (Nox) (Harrison, 2013,

Griendling et al., 2000). Ang II, a vasoactive factor typically elevated in hypertension,

increases ROS bioavailability by enhancing the activation of Nox (specifically Nox1, Nox2,

and Nox4 in rodents; Nox1, Nox2, Nox4, and Nox5 in humans) through vascular G

protein-coupled receptors (Landmesser et al., 2002, RodrigoGonzalez and Paoletto, 2011,

TouyzTabet and Schiffrin, 2003, Touyz et al., 2020). In a chronic Ang II dependent

hypertension mice model (LinA3), we observed increased ROS and protein oxidation in

VSMCs. Similarly, hypertensive human VSMCs showed increased ROS generation,

possibly due to elevated Nox1 and Nox2 expression. Other studies also support the rise in

Nox levels in both hypertensive model and individuals (Landmesser et al., 2002,

RodrigoGonzalez and Paoletto, 2011, TouyzTabet and Schiffrin, 2003, Nosalski et al.,

2020, Camargo et al., 2018, Camargo et al., 2022). While Nox levels remained unchanged

in LinA3 mice, a decrease in antioxidant expression (Nrf2, DJ-1, and Gpx1) was noted,

potentially contributing to oxidative stress. These alterations in the redox environment

could be crucial in regulating ER stress.

ER stress has been implicated in association with oxidative stress across multiple contexts

(Camargo et al., 2023b, Eletto et al., 2014, Ong and Logue, 2023). The formation of

disulfide bridges during protein folding in the ER requires a healthy redox environment,

which is crucial for maintaining ER homeostasis (Eletto et al., 2014, Ong and Logue,

2023). Besides, ER molecular chaperones contain conserved cysteine and thiol residues

that are susceptible to redox regulation. This can lead to disruptions in protein folding and

imbalances in ER calcium levels (Eletto et al., 2014). For example, evidence suggested

irreversible oxidation of Cys674 in SERCA2 promotes the development of hypertension by

inducing ER stress in the kidneys of mice (Liu et al., 2020). In contrast, protein oxidation

may regulate ER stress. Sulfenylation of IRE1 inhibit UPR by blocked XBP1s expression

and induce p38/Nrf2 antioxidant response (Hourihan et al., 2016). Besides, sulfenylation

and glutathionylation of ER chaperone Bip enhance the Bip activity thus prevents protein

aggregation and supports cell survival (Camargo et al., 2023a, Wang et al., 2014).

Our study revealed that Nox4 may play a crucial role in the regulation of the redox

environment in the ER during hypertension. We found an increase in the expression of ER

stress markers Bip and Chop in the kidneys of Nox4 deficient mice in basal conditions.
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However, in the LinA3 hypertensive model, Nox4 deficiency reduced the expression of the

ER stress marker PDI, suggesting the presence of different mechanisms under pathological

conditions. It has been shown that Nox4 colocalizes with PDI in the ER where they engage

in crosstalk under Ang II-stimulated conditions, as evidenced by PDI overexpression

increasing Nox4 levels and its deletion reducing Nox4 levels (Fernandes et al., 2009,

Janiszewski et al., 2005). However, the role of Nox4 in cardiovascular disease remains

controversial. Previous study has suggested that activation of IRE1 pathway by Nox4

derived ROS contributes to vascular hyperproliferation in VSMCs of SHRSP (Camargo et

al., 2018). Whereas some studies have supported a protective role of Nox4 in the kidneys

and in the vasculature where alterations in ER stress may play a role (Babelova et al., 2012,

Lacchini et al., 2017, Nlandu Khodo et al., 2012, Alves-Lopes et al., 2023). These findings

collectively suggest that oxidative stress regulates ER stress in a unique manner in

hypertension, potentially contributing to development of hypertension, however the exact

mechanisms involved warrant further investigation.

7.2.2 Induction of ER stress by vasoactive peptides

The vasoactive factors ET-1 and Ang II are important in the pathophysiology of

hypertension due to their vasoconstrictor, mitogenic, and proinflammatory functions

(Touyz et al., 2020, Touyz et al., 2018, Rautureau and Schiffrin, 2012). Activation of ET-1

and Ang II result in ROS production and calcium channels activation, which if

uncontrolled leads to vascular damage 19,32. Ang II and ET-1 have both been shown to

trigger the activation of ER stress. Research indicates that Ang II induces ER stress in the

brain (Young et al., 2012), and kidney (Zhu et al., 2023) in models of hypertension.

Studies have also shown that Ang II enhances protein aggregation and the UPR in VSMCs,

contributing to their pro-inflammatory phenotype, which could be mitigated by

overexpressing Bip (Cicalese et al., 2020). Similarly, we found higher activation of PERK

in VSMCs and increased expression of PDI in the kidneys in Ang II-dependent

hypertension model (LinA3 mice), suggesting the role of Ang II in ER stress activation.

ET-1 was observed to induce ER stress in pulmonary artery smooth muscle (Yeager et al.,

2012), renal tissues (De Miguel et al., 2017), and placental tissues during pre-eclampsia

(Jain et al., 2012). In this study, we found that ET-1 activated ER stress in cells from both

normotensive and hypertensive rats, but via different mechanisms. After 24 hours of ET-1

treatment, cells from hypertensive rats showed an increase in the protein expression of the

PERK pathway and ERO1, with the ER stress activation dependent on both ETAR and



168

ETBR receptors. Cells from normotensive rats exhibited a rise in ATF4 (part of the PERK

pathway), XBP1s (part of the IRE1 pathway), and Bip, with the ER stress activation

dependent on ETBR. These findings suggest that ET-1 may act upstream of ER stress in

hypertension. Additionally, other mechanisms in pathological conditions may contribute to

the dysfunction of ET-1 receptors and the activation of ER stress. These findings highlight

the potential role of vasoactive peptides in regulating ER stress during hypertension.

7.2.3 MiRNAs and ER stress

Another regulator of ER stress in the development of hypertension is non-coding RNAs

(ncRNAs). The ncRNAs are pivotal in the regulation of gene transcription and protein

translation, including the aberrant expression of genes and proteins related to ER stress

(McMahonSamali and Chevet, 2017, Lin et al., 2023) and development of hypertension

(Jusic and Devaux, 2019). It has been found miR-1283 regulates ATF4 thus affect

endothelial function in hypertension model (Chen et al., 2021). In this study, we have

suggested there are differential expressed (DE) miRNAs in VSMCs of hypertensive human.

Some of these DE miRNAs have been highlighted with potential regulating ER stress or

related process such as oxidative stress and calcium channel dysfunction during

hypertension.

7.3 Effects of ER Stress in Hypertension

7.3.1 ER stress in blood pressure regulation

ER stress has been implicated in regulation of blood pressure in different animal models.

In our study, inhibition of ER stress by 4PBA reduced systolic blood pressures and

improved vascular function and structure in later age of SHR. Similarly, in earlier age,

4PBA improved blood pressure and reduced vascular damage were observed in Ang II

induced hypertensive mice (Kassan et al., 2012), SHR (Carlisle et al., 2016, Naiel et al.,

2019, SpitlerMatsumoto and Webb, 2013), and Dahl salt-sensitive hypertensive rats (Yum

et al., 2017). Besides, another ER stress inhibitor TUDCA also reduced the blood pressure

in Ang II induced hypertensive mice (Kassan et al., 2012), and SHR (SpitlerMatsumoto

and Webb, 2013). Conversely, the activation of ER stress by tunicamycin led to an

increase in blood pressure in mice (Choy et al., 2017, Liang et al., 2013) and in Sprague-

Dawley rats (Spitler and Webb, 2014). These findings indicate the potential of targeting

ER stress in hypertension treatment and underscore the significance of investigating the

mechanisms altered by ER stress in hypertension.
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7.3.2 ER stress regulating oxidative stress

Our research highlighted the link between oxidative stress and ER stress in hypertension.

In hypertension models, oxidative stress was found to be upstream, downstream, or both in

relation to ER stress (Camargo et al., 2023b, Eletto et al., 2014, Ong and Logue, 2023).

Studies have shown that ER stress can lead to oxidative stress, as evidenced by

thapsigargin and tunicamycin, which are widely used as ER stress inducers and have been

demonstrated to increase ROS levels (Wang et al., 2016, Yen et al., 2017b). We induced

ER stress in human VSMCs using tunicamycin and observed an increase in Nox5

expression. However, in tunicamycin only increased significantly ROS levels in

hypertensive subjects. Our findings suggest that ER stress could induce Nox expression in

cells but only enhances oxidative stress in hypertensive conditions.

Some studies have proposed mechanisms by which ER stress may regulate oxidative stress.

The PERK pathway has been found to both promote and mitigate oxidative stress. Study

found CHOP, as downstream of PERK/ATF4 pathway, promotes oxidizing conditions in

ER by activating ERO1 (Marciniak et al., 2004). The enzyme ERO1 contributes to

oxidative stress by reduction the O2- to H2O2 during the re-oxidation of PDI in the process

of disulfide bond formation (Sevier and Kaiser, 2008). Additionally, the ER interacts with

mitochondria to form specific zones termed mitochondria-associated ER membranes

(MAMs). MAMs play pivotal roles in various cellular functions, including facilitating the

uptake of Ca2+ from the ER to the mitochondria, contributing to mitochondrial ROS

generation, and induce cell apoptosis (GaoYan and Zhu, 2020). The ER stress sensor

PERK has been found to be enriched at the MAMs and plays a structural function

(Verfaillie et al., 2012). This can promote ROS-mediated mitochondrial apoptosis

following ROS-based ER stress (Verfaillie et al., 2012).

On the other hand, study suggests that ER stress inducers promote the interaction of ERO1

and PERK at the MAMs to support Ca2+ influx and limiting oxidative stress (Bassot et al.,

2023). Additionally, the well-documented PERK/Nrf2 signalling pathway also contributes

to the reduction of oxidative stress in cells (Cullinan et al., 2003). Nrf2 activation occurs

through its binding to the antioxidant response element (ARE) in the nucleus, leading to

the expression of antioxidant genes and thus enabling cellular adaption to oxidative stress

(TonelliChio and Tuveson, 2018). Activation of PERK could mediate Nrf2

phosphorylation on Thr-80, which reduces the formation of the Nrf2-Keap1 complex,

thereby enhancing the expression of antioxidant genes such as HO-1, SOD, and GPx1
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(Cullinan et al., 2003). It has also been found that during ER stress, ATF4 could bind to the

promoter of the Nrf2 gene, thereby supporting the expression of Nrf2 and enhancing the

antioxidant protective response (Sarcinelli et al., 2020). In hypertension, this protective

role of Nrf2 could mitigate oxidative stress and associated vascular dysfunction (Lopes et

al., 2015).

The IRE1 signalling pathway has been observed to enhance the expression of TXNIP thus

promotes inflammation and cell death (Lerner et al., 2012). TXNIP is known to inhibit the

antioxidant enzyme thioredoxin (TRX), thereby facilitating the production of ROS (Choi

and Park, 2023). It’s been found TXNIP deficiency is associated with decreased ROS

generation, whereas its overexpression results in elevated ROS levels (Nishiyama et al.,

1999, Ong and Logue, 2023) . These observations suggest that IRE1 activation may play a

role in mediating oxidative stress through the modulation of TXNIP expression.

Our results together with these findings suggest the complex role of ER stress in

maintaining healthy redox environment, which is essential for the normal functioning of

cells. Importantly, this evidence indicates that in hypertension, dysregulated ER stress

could exacerbate oxidative stress. Consequently, it can be inferred that in hypertension,

dysregulated ER stress may amplify oxidative stress, thereby contributing to the

pathogenesis of the condition through mechanisms including endothelial dysfunction,

inflammation, and dysregulation of Ca²⁺ signalling pathways (Camargo et al., 2023a).

7.3.3 ER stress inducing vascular hypercontractility

Hypertension involves a fundamental aspect of elevated vascular tone, primarily mediated

by an influx of Ca2+. Intracellular calcium overload in VSMCs leads to vascular

hypercontractility, which could be influenced by dysfunction in calcium channels

(Fleckenstein-Grün et al., 1992, Hermsmeyer, 1993). Calcium channel blockers are well-

established in hypertension treatment by improving endothelial function (Taddei et al.,

1997, Taddei et al., 2002). For example, calcium channel blockers nifedipine and

lacidipine reduce blood pressure with decreased oxidative stress marker and increased NO

bioavailability in patients with hypertension (CameronLang and Touyz, 2016, Taddei et al.,

2002). As a major intracellular calcium storage, the ER is crucial in calcium handling and

contributes to calcium dysfunction in hypertension. Calcium dysfunction has been

suggested associated with ER stress (Bal et al., 2019a) as ER-resident chaperones like

calreticulin and Bip require high Ca2+ concentrations for their activity (Luciani et al., 2009,
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Kiviluoto et al., 2013). Additionally, Ca2+ store depletion in ER could leads to ER stress,

such as the activation of IP3R or the inhibition of SERCA triggers ER stress (Coe and

Michalak, 2009, Corbett and Michalak, 2000). We did not conduct an experiment to

investigate whether calcium channel dysfunction leads to ER stress in hypertension.

However, it has been found that blocking SERCA triggers ER stress and increases blood

pressure (Bal et al., 2019a).

In this study, we suggested ER stress could induce calcium channel dysfunction in

hypertension. Our study observed an increase in SERCA expression and a decrease in

IP3R expression in hypertensive human VSMCs, which may contribute to ER calcium

overload in hypertension. This is in line with another study which found that inhibition of

ER stress by TUDCA attenuated the increase in SERCA expression in the cardiac tissue of

hypertensive models and restored cardiac contractility, reversing high blood pressure (Bal

et al., 2019a). These findings suggest that ER stress may contribute to ER Ca2+ overload

and thus play a role in hypertension. Furthermore, our research indicates that ER stress

inducers enhance IP3R expression and reduce the expression of L-type calcium channels in

hypertensive human VSMCs. This is consistent with findings that Chop-induced ERO1

expression triggers Ca2+ release from IP3R, leading to increased intracellular Ca2+ and

calcium-dependent apoptosis (Li et al., 2009). Additionally, the activation of IRE1, as

shown in other studies, downregulates L-type calcium channels in human stem cell-derived

cardiomyocytes, indicating that the IRE1 pathway may be essential for maintaining

calcium influx under physiological conditions (Bal et al., 2019a). Moreover, we found that

specific inhibitors of the IRE1 and PERK pathways improved ET-1-induced Ca2+ influx in

VSMCs from hypertensive rats, but not in VSMCs from normotensive rats, suggesting a

specific ER stress pathway regulation of calcium channels in hypertension. These

observations collectively contribute to our understanding of how ER stress modulates

calcium dysfunction in VSMCs, suggesting a complex interplay between ER stress

pathways and calcium channel activation in hypertension.

In hypertension, intracellular calcium homeostasis is perturbed, leading to increased

calcium influx, vascular hyperreactivity, and amplified contractile responses to vasoactive

peptides, as demonstrated in various hypertension models (Bal et al., 2019a, TouyzDeng

and Schiffrin, 1995, Goulopoulou and Webb, 2014, MatsudaLozinskaya and Cox, 1997).

Vascular smooth muscle contraction requires the phosphorylation of myosin light chain 20

(p-MLC20) to promote actin–myosin cross-bridge formation (Takeya et al., 2014). A study

has found that treatment with ER stress inducers can enhance p-MLC20 expression,



172

leading to increased vessel contraction and blood pressure (Liang et al., 2013). Moreover,

it has been found inhibition ER stress with TUDCA reduced p-MLC20 in coronary arteries

of hypertension rats (Choi et al., 2016b). Our study further reveals that the vasoactive

peptide ET-1 enhances p-MLC20 expression in hypertensive rats, an effect that can be

diminished by ER stress inhibitors. This indicates a potential role of ER stress in the

upregulation of p-MLC20, particularly in response to ET-1 in hypertensive conditions.

Besides, these findings suggest underlying molecular mechanisms involving the interplay

between ER stress, p-MLC20, and vascular reactivity in hypertension.

The key mechanism in the excitation-contraction coupling of VSM involves a rise in

intracellular Ca2+ concentration, which is triggered by mechanical, humoral, or neural

stimuli (Touyz et al., 2018). In hypertension, dysregulated calcium signalling results in

elevated Ca2+ levels, contributing to a state of hypercontractility and subsequent vascular

remodelling (Touyz et al., 2018). Resistance blood vessels in human and experimental

hypertension exhibit impaired functional and structural changes, including decreased

vessel relaxation (BennettHillier and Thurston, 1996), increased contractile responses

(Naiel et al., 2019, SpitlerMatsumoto and Webb, 2013), and hypertrophy of the medial

layer (Touyz et al., 2018, Intengan et al., 1999a, LeeDickhout and Sandow, 2017, Dickhout

and Lee, 1997, Mulvany, 1993). In our study, we observed enhanced constriction of

mesenteric arteries in response to ET-1 and U46619 in both SHRSP and SHR compared to

WKY. Additionally, SHR rats displayed a reduction in endothelium-independent

relaxation compared to WKY rats. Structurally, there was an increase in the wall-lumen

ratio and wall thickness in the mesenteric arteries of SHR compared to WKY. We found

that inhibiting ER stress in hypertensive rats attenuated the hypercontractility of their

resistant arteries. This was evidenced by decreased contraction in response to ET-1 and

U46619 in SHRSP, and an increase in endothelium-dependent relaxation in SHR.

Additionally, there was a trend towards a decreased cross-sectional area in SHR. Other

research has demonstrated similar improvements in hypertensive vascular function and

structure. Functionally, the inhibition of ER stress by 4PBA and TUDCA improved the

vessel constriction and endothelium-dependent relaxation in resistant arteries of

SHR(Naiel et al., 2019, Carlisle et al., 2016, Choi et al., 2016a). Structurally, 4-PBA

treatment decreased the media-to-lumen ratio in resistance arteries of SHR (Naiel et al.,

2019, Carlisle et al., 2016). These findings suggest the regulation of ER stress could

modulate both structural and functional damage in resistant arteries during hypertension.

Furthermore, these results highlight the potential of targeting ER stress inhibition as a

therapeutic approach for improving vascular hypercontractility in hypertension.
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7.4 Limitations of the study

Our study confirmed the presence of ER stress in various models of hypertension and

highlighted the potential of targeting ER stress as a therapeutic approach. The underlying

mechanisms involve a complex interplay between ER stress, oxidative stress, and calcium

dysfunction, particularly in VSMCs of resistance arteries. However, there are several

limitations to this study.

We primarily focus on the changes in intracellular signalling pathways by measuring the

expression of proteins and genes. However, we did not measure the direct activation of

some pathways, such as Noxs, Nrf2, and calcium channels. Therefore, we can only infer

the potential results led by their activation, while the actual impact requires further

experimental validation. Most of the mechanistic study was conducted in VSMCs, but the

environment differs from isolated cells in tissues or the whole body. Molecular factors

from plasma and neighbouring cells, such as endothelial cells, could also contribute to

changes in VSMC function, and the effects of hypertension or ER stress inhibitors might

be mediated through them. Moreover, the observed protein and gene changes represent a

snapshot in time. While we have controlled variables and estimated appropriate dosing

times, the actual dynamic changes and duration of action within a living organism cannot

be precisely predicted.

Regarding the miRNA study, we used pooled samples, and the results lacked p-values.

Consequently, the number of differentially expressed miRNAs was high, but we cannot

make definitive selections based only on fold changes. Therefore, the results serve as a

reference, but further experiments are needed to validate the functions of significant

miRNAs. Moreover, the potential targets of the miRNAs we identified are currently just

predictions and require further experimental confirmation.

Our experiments initially suggested that ET-1 induces ER stress in hypertensive VSMCs

and verified the roles of ETAR and ETBR. However, whether VSMCs in hypertensive

animals or humans are exposed to increased ET-1 stimulation and the long-term effects of

heightened ET-1 on ER stress in hypertensive models require further investigation.

For the in vivo study, the sample size was a bit small to produce more reliable results. The

observed changes in vascular structure are only trends, and further studies with larger

sample sizes are needed to confirm their significance. Additionally, abnormal blood
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pressure in the WKY rats might have influenced some vascular function and structural

results.

We utilised specific inhibitors of the IRE1 and PERK pathways, indicating that

suppressing individual branches of ER stress may have unique function. However, the

toxicity of these inhibitors has not yet been fully established, and some effects might not

solely be due to ER stress inhibition. While further validation is required for the safety of

4PBA. Additionally, whether 4PBA affects hypertension only through its impact on ER

stress needs more experimental evidence before considering it for targeted therapy.
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