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Abstract

Background: Hypertension is a key risk factor for cardiac remodelling and
cardiovascular disease (CVD). Remodelling involves cardiomyocytes,
endothelium, vascular smooth muscle, interstitial cells, and the extracellular
matrix (ECM), primarily composed of fibrillar collagen. A hallmark of myocardial
remodelling is altered collagen turnover, leading to fibrosis. Excess ECM
deposition can be triggered by chronic inflammation and damage-associated
molecular patterns (DAMPs). High Mobility Group Box 1 (HMGB1), a DAMP
elevated in cardiovascular patients, has been linked to inflammatory heart
conditions and cardiac hypertrophy, but its role in hypertension and end-organ

damage remains unclear.

Project Aim: To assess the contribution of HMGB1 to cardiac/vascular
inflammation and remodelling in an in vivo male adult rat model of chronic

hypertension.

Hypothesis: We hypothesised that HMGB1, particularly its high-molecular-
weight isoform (HMW-HMGB1), contributes to inflammation and fibrosis during

angiotensin ll-induced hypertension, thereby driving cardiac remodelling.

Method: To study HMGB1 contribution in vascular dysfunction, a chronic
hypertension model was used. Male Sprague-Dawley rats underwent osmotic
mini-pump implantation surgery, ensuring continuous infusion of Ang Il for 28
days. Heart tissues were harvested to examine HMGB1 expression for
inflammatory pathways. In addition to heart cross-section staining for HMGB1
localisation and collagen distribution, extracellular vesicles (EVs) were examined
to explore potential HMGB1 release mechanisms. Due to low serum EV yield from
Ang Il rats, the human megakaryoblastic cell line (MEG-01) was employed as an
in vitro surrogate model for platelet-like particle formation. Dynamic Light

Scattering confirmed EV size within the expected exosomal range, and Western



blotting detected HMGB1 within MEG-01 EV cargo, supporting a non-classical
vesicular secretion pathway. Furthermore, shotgun liquid chromatography—mass
spectrometry (LC-MS)-based proteomic profiling was performed to identify
differentially expressed proteins in left ventricular tissue across Ang ll, saline, and
control groups, providing complementary molecular insights into cardiac

remodelling.

Key findings: Chronic hypertension was confirmed with increased cardiac
function and changes in echocardiography measurements. Cardiac fibrosis was
evident in the Ang Il groups, with significant collagen fibre deposition observed
using Masson’s Trichrome staining. Immunofluorescence analysis revealed
enhanced HMGB1 expression and cytoplasmic re-localisation, particularly in
perivascular fibrotic regions, supporting its role in inflammatory signalling.
Proteomic analysis identified key molecular players, including Acta1, Cfl1,
Tubb2a, Itga7, and HMGB1, that may drive cytoskeletal reorganisation and
inflammatory signalling in hypertensive cardiac remodelling. These findings
provide novel insights into the proteomic landscape of early-stage heart failure
(pre-HF), highlighting potential molecular targets for future research and

therapeutic intervention.



Graphical abstract

Background
s Endothelial
Healthy cardiomyocytes MYOﬁbroelaSt
% 1
= Activated fibroblast e"0YPe change
el g Jl] > .
L 3 ®
. - B 1 »2* Extracellular |°°d vessels
g Inflammation vesicles
[=] — b
=
o
>
Initial f 4
nitial factor o
=
n
]
o L
o Cardiac

3 remodelling
St s & Interstitial
= = s g’ Perivascular
i BT O S Fibrosis
) w o

Hypertrophic ca'rdiomyo'cytes {

— >
Cardiac Fibrosis

Angiotension ll-induced chronic hypertension in male rat model

Systolic 120
& Diastolic 90

.@?

Day 1

» Day 28

4‘(\\
f
"
Q
\
AV

e LY
SD randomly Mini-pump X
assigned surgery BP measurements Echocardiography

Lab work

S i
: Ang ll, Saline, Control cardiac

e tissues and section analysis
Structural remodelling

'y
Stain ?/

= TR e Protein- Functional
[ Collagen disposition analysis EVs protein |_proteomics
- analysis interaction

. Volcano plot

o0

i‘ Q. O
Immunofiuorescent HMGB1 localisation / PG
F= I O ---ammdy ----O

DLS-Zeta-sizing
Future work

Protein detection analys

Post-Translational modification?

‘ Extracellular l l l
HMGB1?

Collagen EVs >
deposition




Chapter 1:

General Introduction



1.1 Cardiovascular disease (CVD) burden

The Global Burden of Diseases Study 2022 is a multinational collaboration aimed
at estimating the global, regional, and national disease burden. This ongoing effort
provides consistent and comparable health estimates from 1990 to 2022 '. It
applies all available population-level data sources on incidence, prevalence, case
fatality, mortality, and health risks to assess population health measures for 204
countries and territories '. Cardiovascular disease (CVD) and hypertension
continues to be the leading cause of mortality and disability worldwide, surpassing

the impact of other factors including occupational, environmental, and lifestyle 2.

1.1.1 Cardiac cells and alteration in CVD

The human heart is a muscular organ composed of various cell types, including
cardiomyocytes (CMs), endothelial cells, fibroblasts, and smooth muscle cells
(SMCs) 3, illustrated in Figure 1.1. The contractile cells include CMs, which form

the contractile myocardium, while SMCs form the contractile coronary vessels *.

Cardiomyocytes play a vital role in facilitating cardiac contraction and the
subsequent circulation of blood throughout the body. This essential function relies
on the synchronized depolarization of electrically connected cardiomyocytes in
both the atria and ventricles, a process regulated by the cardiac conduction
system %6, Sarcomeres are the fundamental contractile unit of CMs. This unit is
composed of overlapping, mesh-like thick and thin flaments made up of myosin,
actin, tropomyosin, titin, and the troponin complex, which are the key proteins of
the contractile apparatus 78. These filaments are organised in a repeating pattern
along the length of the myofibril in sarcomeres units. The alignment of these units
across myofibrils gives CMs their distinctive striated appearance. Myofibril
contraction depends on the binding of Ca?* to the troponin complex, which triggers
a conformational change that allows myosin heads to flex and slide along the actin

filaments. This process shortens the unit length and generates contractile force °.
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Figure 1.1: Anatomy of the interior of the heart the wall composition and cells.

This figure illustrates the organisation of the heart, from the whole organ to individual cell types.
At the organ level, the heart main structures are shown, including the chambers (atria and
ventricles), valves (aortic, pulmonary, tricuspid, and mitral), and major blood vessels (aorta,
pulmonary arteries and veins, vena cava). These structures work together to pump blood through
the body. The heart wall is shown in a cross-section, highlighting its three layers: Epicardium (outer
layer) protective covering. Myocardium (middle layer) contains muscle cells responsible for
contraction. Endocardium (inner layer) lines the heart chambers and valves. At the cellular level,
different heart cell types are illustrated: Cardiomyocytes (heart muscle cells) responsible for
contraction. Endothelial cells form the inner lining of blood vessels. Fibroblasts produce structural
proteins and support heart tissue. Macrophages immune cells involved in repair and defence.
Pacemaker cells generate electrical impulses to regulate heartbeat. Purkinje fibres conduct
electrical signals for coordinated contractions. Smooth muscle cells found in blood vessels,
controlling their diameter. Created by Biorender. Adapted from 3.



The primary function of the heart is to maintain perfusion of peripheral organs,
ensuring their needs are met under both normal and stress conditions. To achieve
this in case of increased preload or afterload, the heart and individual

cardiomyocytes often undergo enlargement, a condition known as hypertrophy.

Cardiac hypertrophy due to hemodynamic overload presents in two forms 1°.
Pressure overload results from conditions like hypertension and aortic stenosis,
leading to the addition of sarcomeres in parallel at the cellular level, increasing
myocyte cross-sectional area, and resulting in significant thickening of the
ventricular wall. Clinically, this is referred to as concentric hypertrophy. Volume
overload results from conditions such as mitral regurgitation and aortic
regurgitation resulting in eccentric hypertrophy. This is characterised by
ventricular dilation, driven by an increase in myocyte length and the addition of

sarcomeres.

The cardiac conduction system is crucial for initiating and coordinating the heart's
electrophysiology. It consists of the sinoatrial node, atrioventricular node, and the
Purkinje system. The sinoatrial node, located in the inflow tract of the right atrium,

serves as the primary pacemaker, initiating the cardiac action potential .

A study defining the different cell population in mouse heart by cellular markers
identified that fibroblasts comprise a relatively minor population whilst endothelial
cells constitute most of non-cardiomyocytes 2. This suggests that endothelial
cells might play a greater role in physiological function and response to heart
injury. Although cell markers have been historically used to define a specific cell
type in the heart, recent advances have been made to develop the first map of
cardiac cell diversity by single-nuclei RNA-Seq data and has been specifically
annotated for the human heart 3. Transcriptomic data on six distinct cardiac
regions was performed following processing with 10X Genomics and a generative
deep variational autoencoder. Mapping revealed 45,870 cells, 78,023 CD45+
enriched cells, and 363,213 nuclei, representing 11 major cell types. These cells

included two cardiomyocytes (CMs); atrial cardiomyocytes, ventricular



cardiomyocytes, fibroblasts (FBs), endothelial cells (ECs), mural cells including
pericytes and smooth muscle cells (SMCs), adipocytes, mesothelial cells,
neuronal cells also known as pacemaker cells and immune cells including myeloid

and lymphoid 3.

The endothelial cells are the primary components of blood vessels and located at
the interface between the blood vessels and tissues, they sense the environment
and signal modulations of vascular function to maintain homoeostasis and host
defences against microbial invaders and injury'3. Endothelial cells are responsible
for the rapid release of vaso/bioactive molecules like prostacyclin and nitric oxide
through constitutive forms of nitric oxide synthase (NOSIII) and cyclo-oxygenase
(COX-1) . In vitro shear stresses were observed to exert a significant impact on
the regulation of gene expression in endothelial cells '°. Specific DNA sequences,
including shear-stress response elements, were identified in the regulatory
regions of genes involved in disease processes, such as the vascular
cell adhesion molecule (VCAM-1) 6. These elements control gene expression in
response to fluid flow, affecting the production of proteins crucial for various

biological functions.

Endothelial cells regulate vascular tone through both vasoconstriction and
vasodilation and contribute to vascular remodelling, haemostasis and thrombosis,
cellular adhesion, smooth muscle cell proliferation, and modulation of vascular
inflammation 7. Damaged cells will disrupt the normal exchange of substances
between blood and tissues. In pathological conditions, essential cofactors such
as tetrahydrobiopterin (BH4), which is crucial for the enzymatic production of nitric
oxide (NO) by endothelial nitric oxide synthase (eNOS), can become depleted.
When BH4 levels are insufficient, eNOS becomes uncoupled, leading to the
generation of superoxide (O,") instead of NO. This contributes to oxidative stress
and reactive oxygen species (ROS) production . These events lead to EC

dysfunction. The endothelium plays a vital role in the pathophysiology of



cardiovascular diseases associated with atherosclerosis, including hypertension,

heart failure 9.
1.1.2 Chronic hypertension

1.1.2.1 Pathophysiology and mechanisms of chronic

hypertension

Hypertension is a global public health issue and a leading risk for death and
disability?®, Even with various accessible treatments, global rates of blood
pressure (BP) control stand at only 18-23%, dropping to 10% in certain areas of
Asia and Africa 2?2, Non-adherence to treatment contributes to poor blood
pressure control. Additionally, the underlying causes of hypertension remain
unclear in most cases. There have been advancements in hypertension drug
therapy, including angiotensin receptor antagonists, angiotensin-converting
enzyme inhibitors, and calcium channel blockers 23. However, innovation of new
therapeutics is still limited 2*. In addition, these treatments focus on correcting
blood pressure levels as a primary symptom but not addressing the underlying

disease mechanisms 25.

BP is influenced by several cardiovascular parameters, including blood volume
and cardiac output which is the volume of blood the heart pumps per minute. It is
also affected by arterial tone, which is influenced by intravascular volume and
neurohumoral systems. Maintaining physiological BP levels requires a complex
interaction of various elements within an integrated neurohumoral system. This
system includes the renin-angiotensin-aldosterone system (RAAS), natriuretic
peptides, the endothelium, the sympathetic nervous system, and the immune
system. Angiotensin Il (Ang Il) is at the centre of the pathogenetic role of the
RAAS in hypertension 2. Ang Il is linked to endothelial dysfunction and exhibits
pro-fibrotic and pro-inflammatory effects, primarily through increased oxidative
stress, leading to renal, cardiac, and vascular injury. These mechanisms play a
crucial role in targeted organ damage associated with hypertension. Therefore,



hypertension is a complex pathophysiology that is coupled with a systemic
inflammatory reaction, marked by the activation of complement, myeloid cells,
inflammasome activation, and vascular cells disturbances. These factors
contribute to renal and vascular dysfunction, exacerbating blood pressure

elevation and terminating in end organs damage ?’.

Left ventricular hypertrophy (LVH) is a compensatory consequence of chronic
systemic hypertension, aortic stenosis and hypertrophic cardiomyopathy. In
addition, it is an independent risk factor for complications like hypertension 28,
arrhythmias 2°, myocardial infarction 3°, and stroke 3'. Therefore, models of
cardiac hypertrophy are useful for studying underlying adverse cardiovascular

events that may be reduced or reversed by targeting specific cellular pathways.

Cardiac hypertrophy is accompanied by changes in gene expression, which
induce changes in metabolism, contractility, and cardio myocyte survival °.
Specific biomarkers include indicators of wall stress and necrosis, such as atrial
natriuretic peptide (ANP) and brain natriuretic peptide (BNP). Pro-thrombotic
markers include the thrombin-antithrombin Ill complex (TAT), while markers of
wall stress and myonecrosis include troponin T and troponin C. Additionally,
inflammatory markers such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a) are also relevant. 32. Pathological cardiac hypertrophy is often closely
associated with myocardial fibrosis (MF) and with chronic inflammation, which is
accompanied by infiltration of immune cells into the heart and the presence of
increased inflammatory cytokines. Therefore, unravelling inflammatory signals

that may accompany cardiac remodelling has significant clinical implications.

1.1.2.2 Cardiac remodelling in hypertension

Uncontrolled or chronic hypertension can result in myocardial hypertrophy leading
to changes in the myocardial structure and coronary vasculature, resulting in

cardiovascular disease 3. It is considered as a transitional phase in the

10



progression toward heart failure. Cardiac remodelling refers to structural and
functional changes in the heart, including alterations in size, shape, geometry,
wall thickness, cavity diameter, and the composition of the left ventricle. These
changes occur in response to cardiac load or injury 3. There are two forms of
cardiac hypertrophy resulting from hemodynamic overload 3°. Pressure overload,
caused by conditions like hypertension and aortic stenosis, leads to the parallel
addition of sarcomeres, increased myocyte cross-sectional area, and significant
thickening of the ventricular walls. Clinically, this is known as concentric
hypertrophy 6. Volume overload, seen in conditions such as mitral and aortic
regurgitation, results in eccentric hypertrophy, characterised by ventricular
dilation. This occurs due to an increase in myocyte length and the addition of

sarcomeres in series 36,

In the early stage of hypertrophy triggered by pressure overload stress, cardiac
efficiency is preserved and initially induced as adaptive or compensatory phase.
During this phase, myocytes thicken to manage the increased pressure on the
ventricular wall and maintain cardiac output. However, prolonged hypertension-
induced hypertrophy can lead to a shift from adaptive to maladaptive remodelling,
characterised by reduced ejection fraction as contractile dysfunction and left

ventricular dilation 1°.

Pathological hypertrophy is often associated with interstitial and perivascular
fibrosis, along with cardiomyocyte death, marked by elevated levels of type |

collagen and the activation of myofibroblasts.

1.1.2.3 Histological Characteristics of Cardiac Fibrosis

Myocardial fibrosis (MF) is defined as the excessive accumulation of extracellular
matrix (ECM) proteins in the myocardium and represents a hallmark of chronic
cardiac diseases, including hypertension and cardiomyopathy 3738, This process

disrupts myocardial structure and underpins adverse cardiac remodelling 3°. MF
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contributes to the progression of heart failure and is recognised as having

prognostic implications in both ischemic and non-ischemic conditions °.

In hypertensive heart disease and hypertrophic cardiomyopathy, myocardial
interstitial fibrosis (MIF) is the predominant form, characterised by diffuse collagen
deposition that reduces ventricular compliance and impairs diastolic filling.
Collagen types | and lll are the main fibrillar proteins: type | provides tensile
strength but increases stiffness, while type Il contributes elasticity; imbalance
between the two alters myocardial mechanical properties and accelerates

dysfunction 3739 40,

Key regulators of ECM turnover include matrix metalloproteinases (MMPs) and
their endogenous tissue inhibitors (TIMPs). Under physiological conditions, the
MMP/TIMP axis maintains a balance between collagen degradation and
deposition 4! 4243, Under hypertensive stress, dysregulation of this axis results in
impaired collagen degradation, pathological ECM accumulation, and progressive
fibrosis 4. MMP-2 and MMP-9 are particularly important, as they exhibit dual roles
in both tissue remodelling and inflammation. For example, increased MMP-9
activity contributes to early hypertension by degrading collagen and weakening
arterial walls 4, while TIMPs promote fibrosis by inhibiting MMP-driven matrix

turnover 4243,

Beyond matrix regulation, MMP/TIMP imbalance links fibrosis to inflammation.
Increased MMP activity during hypertension promotes vascular remodelling,
smooth muscle cell proliferation, and monocyte infiltration 4° . Conversely, TIMPs
can suppress immunomodulatory MMP functions, further complicating this
relationship. This highlights that myocardial fibrosis is not merely structural but
also a dynamic inflammatory process, where ECM turnover, immune activation,
and fibroblast signalling interact to drive remodelling 46 . Importantly, damage-
associated molecular patterns (DAMPs) such as HMGB1 have been shown to

12



activate fibroblasts and enhance ECM remodelling, providing an additional

inflammatory link to fibrosis progression 47 .

1.1.2.4 Key Characteristics and Homeostasis of Cardiac ECM

The cardiac ECM provides both structural stability and dynamic signalling
capacity, ensuring that cardiomyocytes remain mechanically integrated while
responding to physiological stress 484°. Collagens | and Ill dominate the fibrillar
network: type | supplies tensile strength and stiffness, whereas type Il contributes
elasticity, together maintaining ventricular compliance %°-52. Smaller amounts of
collagens IV and V, fibronectin, laminin, and proteoglycans link this fibrillar
scaffold to basement membranes, securing cohesion between myocytes and

fibroblasts 3.

Beyond structure, the ECM serves as a signalling reservoir. It binds and regulates
cytokines, growth factors, chemokines, matrix metalloproteinases (MMPs), their
tissue inhibitors (TIMPs), and noncoding RNAs such as microRNAs %455, Through
these interactions, the ECM fine-tunes cellular growth, differentiation, and repair

processes.

Functionally, the ECM is organised into two regions. The basement
membrane/pericellular matrix surrounds individual cells, supporting polarity,
differentiation, and migration through integrin-mediated outside-in signalling 56-58,
The interstitial matrix, dominated by collagens | and Ill, provides tensile and elastic
support across the myocardium, distributing mechanical load and enabling
synchronous contraction %89, These distinct regions illustrate how ECM
remodelling directly links to both mechanical load and inflammatory signalling in

hypertension (see Figure 1.2).
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Figure 1.2: Extracellular matrix (ECM) compartments.

Summarises these two ECM compartments and their principal molecular components. This
organisation emphasises how mechanical properties and biochemical signals are inseparable in
cardiac tissue homeostasis. Created by Biorender.

During remodelling, the balance between matrix metalloproteinases (MMPs) and
their inhibitors (TIMPs) governs collagen turnover. MMP activity facilitates
collagen degradation and repair, but when dysregulated, it leads to pathological
accumulation of extracellular matrix proteins 6162, Such imbalance is a hallmark
of hypertensive cardiac remodelling, where excessive collagen cross-linking

reduces compliance and contributes to diastolic dysfunction.

Previous studies across cardiovascular disease models have demonstrated that
ECM dysregulation is not purely structural but is also closely linked with
inflammatory signalling and fibroblast activation 3. In this context, hypertension
provides a valuable model for identifying specific protein alterations that couple
inflammatory stress with fibrosis progression, offering mechanistic insight into

early disease stages relevant to this thesis.
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1.2 Animal models in cardiovascular disease

Several small animal models including mice and rats have been generated to
mimic various pathological mechanisms contributing to hypertension®® ¢ and
heart failure (HF) 5. Despite certain limitations, animal models have significantly
advanced our understanding of the pathogenesis of various CVD aetiologies,
providing crucial insights into underlying mechanisms and aiding the development
of effective therapies. In particular, animal models of hypertension serve as
invaluable tools for studying disease progression and hypertension-induced
cardiac remodelling, as patient data on the cellular and molecular remodelling of

the heart remain limited 6 .

The rat model offers significant advantages due to the availability of various
genetic strains showing spontaneous hypertensive traits either naturally or
induced by environmental factors 6486, Moreover, rats are easy to care for and
breed, cost-effective to maintain, and their size accommodates most analytical
studies, including long-term investigations, dynamic cardiovascular monitoring,
and blood and tissue sampling. These rat models, mirroring many phenotypic
features seen in human hypertension, have been extensively utilised to explore

the genetic and mechanistic underpinnings of hypertension 64
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1.2.1 Models of hypertension (essential and secondary)

Animal models of hypertension have proven valuable for studying the
pathophysiology of hypertension and for developing new treatments 4. The
rodent is a crucial model organism for studying diseases like hypertension.
Numerous inbred rat models have been developed and thoroughly characterised
for this condition. Secondary and primary-essential hypertensions models can be

classified according to aetiology, which is illustrated in Figure 1.3 .

i Models of hypertension

!

Secondary hypertension Essential hypertension
Induced
Surgical Pharmacological Environmental/diet Genetic
» Renovascular « Deoxycorticosterone « Flashing lights * Inbred (Polygenic)
2 kidneys-1 clip (2K-1C) acetate (DOCA) « Loud noises Spontaneous hypertension
2 kidneys-2 clips (2K-2C) ¢ N-nitro-L-arginine « Oscillating cages  Salt-sensitive hypertension
1 kidney- 1 clip (1K-1C) methyl ester (L-NAME) ¢ Extreme * Transgenic (Monogenic)
« Microembolisation ¢ Angiotensin Il (Ang I) temperature Consomic&Congenic
e Cellophane wrap « High fat diet Gene knockout
e High salt diet

Figure 1.3: Schematic illustration classified models of hypertension.

This figure categorises different animal models of hypertension into secondary hypertension and
essential hypertension, based on their underlying mechanisms. Secondary hypertension models
are induced through surgical interventions, including renovascular hypertension (2K-1C, 2K-2C,
1K-1C), microembolization, and cellophane wrap methods, which mimic conditions such as renal
artery stenosis and fibrosis-related hypertension. Essential hypertension models are classified into
three major groups: pharmacological induction, using agents like deoxycorticosterone acetate
(DOCA), N-nitro-L-arginine methyl ester (L-NAME), and angiotensin Il (Ang Il) to induce
hypertension by altering vascular tone and renal function. Environmental and dietary factors,
including flashing lights, loud noises, oscillating cages, extreme temperatures, high-fat diets, and
high-salt diets, which contribute to hypertension by influencing stress and metabolic pathways.
Genetic models, including inbred (polygenic) strains, spontaneous hypertensive rats, salt-
sensitive hypertension models, and transgenic (monogenic), consomic, and congenic models, as
well as gene knockout models, which help study hereditary factors in hypertension. Created by
Biorender.
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In surgical models, major causes of secondary hypertension are renal diseases
including renal arterial stenosis (RAS). RAS has been modelled by the 2 kidneys-
1 clip hypertension model (2K-1C) and has previously been used to examine
kidney damage induced by hypertension 8. The 1 kidney-1 clip hypertension
model (1K-1C) was used to assess the role of the vascular angiotensin II-
generating system by using specific blockers 2. Another method is 2 kidney-2
clip hypertension model (2K-2C). Other systems have been developed to examine
the pathophysiology of renal parenchymal hypertension, perinephric fibrosis and
renal ischemia such as animal model of coronary microembolisation 7°© and

cellophane wrap of the kidney 7'.

Essential hypertension models including pharmacological methods using a nitric
oxide synthase (NOS) selective inhibitor such as N-nitro-L-arginine methyl ester
(L-NAME), used in rat to induce hypertension 2. Another method involves
activating the RAAS using the Ang Il and the deoxycorticosterone acetate
(DOCA)-induced model which copies the effects of mineralocorticoid and
glucocorticoid-induced hypertension and are used with sodium chloride in
unilateral nephrectomised rats to induce hypertension. Induction of environmental
stresses, including separate or simultaneous introduction of flashing lights, loud
noises and oscillating cages and high temperature, have also been performed to
induce hypertension. Noise and air pollution are recognised environmental risk

factors that induce hypertension and dysregulation of the heat shock proteins 3.

Genetic models of hypertension include polygenic models, such as spontaneously
hypertensive models, which are used to study hypertrophy and fibrosis 74 , Dahl
salt-sensitive rats and other rat strains are also used as models of hypertension
and renal injury to investigate disease phenotypes 7°. Other salt sensitive such
as salt-Induced models of hypertension was used to examine cortical expression
of COX-2, which is associated with significant end organ injury specifically the

kidneys and increased intrarenal RAS activation and urinary excretion 7.
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Other monogenic models, such as transgenic models including consomic and
congenic strains, combined with gene knockout techniques, have been employed
to investigate the mechanistic basis of essential hypertension 7. A congenic and
consomic strains is created by selectively transferring a portion of the genome
from one rat strain to another through backcrossing a donor strain to a recipient
strain, with careful selection. For consomic strains (chromosome substitution), an
entire chromosome is transferred, while in congenic strains, only a specific

chromosomal segment (the differential segment) is transferred.

Among the various models of hypertension, the Ang Il-induced model,
categorised under pharmacological induction, is widely used to study chronic
hypertension and its impact on cardiovascular remodelling. This model effectively
mimics key pathological features of human hypertension, leading to sustained
elevations in blood pressure, vascular dysfunction, inflammation, and extracellular
matrix remodelling. Which provides valuable insights into the molecular and
cellular mechanisms driving hypertension-induced cardiac remodelling, including
the interplay between inflammatory pathways, fibrosis, and structural changes in
the heart.

1.2.2 Ang ll-induced chronic hypertension

The broader physiological role of the renin—angiotensin—aldosterone system
(RAAS) is discussed in Section 1.2.3; here, the focus narrows to the experimental
Ang ll-induced chronic hypertension model, which reproduces sustained RAAS

activation and its cardiovascular consequences.

Chronic infusion of Angiotensin Il (Ang Il) in rodents reliably reproduces the
pathophysiological features of human hypertension, including sustained blood
pressure elevation, vascular dysfunction, inflammation, and cardiac remodelling
8 This approach reflects neurohumoral activation of the renin—angiotensin—
aldosterone system (RAAS), resulting in elevated circulating Ang Il and

aldosterone, which drive systemic haemodynamic and tissue-level effects 7°.
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Ang |l exerts its effects primarily via binding to two receptors: the Ang Il type 1
receptor (AT1R) and type 2 receptor (AT2R) 8. AT1R signalling promotes
vasoconstriction, sodium and water retention, sympathetic nervous system
activation, oxidative stress, and aldosterone secretion. Collectively, these actions
raise blood pressure and promote maladaptive changes such as hypertrophy,
fibrosis, and vascular remodelling 8%8'. By contrast, AT2R signalling
counterbalances AT 1R effects, inducing vasodilation, natriuresis, and anti-fibrotic,

anti-inflammatory responses 0.

In addition to hemodynamic regulation, Ang Il directly activates intracellular
pathways such as NADPH oxidase, resulting in reactive oxygen species (ROS)
generation and mitochondrial dysfunction, further linking hypertension to oxidative
stress 8. Locally, Ang Il and prorenin acting on the prorenin receptor (PRR)
activate ERK1/2 and p38 MAPK cascades, which can promote fibrosis and
cellular hypertrophy in cardiomyocytes, endothelial cells, mesangial cells, and
vascular smooth muscle cells (VSMCs) independently of systemic RAAS

activation 83.

Beyond Ang Il itself, RAAS produces a family of bioactive peptides. Ang Il is
converted by aminopeptidase A (AP-A) into Ang lll, which continues AT1R-
mediated actions, and further into Ang IV by aminopeptidase N (AP-N), which
binds AT4R. Parallel counter-regulatory pathways involve angiotensin-converting
enzyme 2 (ACEZ2), which cleaves Ang Il into Ang-(1-7) or Ang | into Ang-(1-9).
These peptides act on the Mas receptor (MasR) or the Mas-related GPCR
(MrgDR), producing vasodilatory, antifibrotic, and cardioprotective effects 84 83.
Reduction in ACE2 activity lowers Ang-(1-7) generation and exacerbates
vascular injury, highlighting the importance of the ACE2/Ang-(1-7)/MasR axis in
counteracting the classic ACE/Ang II/AT1R pathway.
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Figure 1.4: Angiotensin (Ang) peptides and receptors in RAS signalling.

Prorenin and renin bind the prorenin receptor (PRR), activating ERK1/2 and p38 MAPK
pathways. Renin also cleaves angiotensinogen to Ang |, which is converted by angiotensin-
converting enzyme (ACE) to Ang Il. Ang Il acts on AT1R to promote vasoconstriction, fibrosis,
and inflammation, and on AT2R to mediate vasodilation and antifibrotic effects. Ang Il can also
be converted to Ang-(1-7) by ACE2, acting on MasR/MrgDR to provide cardioprotection, or to
Ang llII/IV by AP-A and AP-N, acting through AT1R/AT4R. Abbreviations: AT1R, Ang Il type 1
receptor; AT2R, Ang Il type 2 receptor; ACE, angiotensin-converting enzyme; ACE2,
angiotensin-converting enzyme 2; AP-A, aminopeptidase A; AP-N, aminopeptidase N; MasR,
Mas receptor; MrgDR, Mas-related G protein-coupled receptor D; PRR, prorenin receptor; ROS,
reactive oxygen species. Figure created with BioRender.
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Preclinical studies underscore this protective arm: treatment with recombinant
human ACE2 reduced blood pressure, oxidative stress, and cardiac remodelling
in spontaneously hypertensive rats and Ang ll-infused rodents 8%. Conversely,
ACE2 deficiency accelerates fibrosis and inflammatory mediator expression in
Ang Il models 8. More recently, alamandine, derived either from Ang-(1-7) or Ang
A, has been shown to exert cardioprotective effects by activating the AMPK-NO
pathway via MrgDR, attenuating Ang ll-induced hypertrophy 8788, Together, these
findings establish Ang ll-induced hypertension as a model that integrates
hemodynamic, renal, oxidative, and inflammatory mechanisms, reflecting the dual

balance of classical and non-classical RAAS axes ©°.

1.2.3 Physiological role of the Renin Angiotensin System (RAS)

While Section 1.2.2 described how Ang Il infusion in rodent models chronic
hypertension, this section outlines the physiological and pathophysiological
functions of the RAAS in the wider systemic context, which is crucial for

interpreting findings from the animal model.

The renin—angiotensin—aldosterone system (RAAS) is a central hormonal
pathway that regulates cardiovascular, renal, and metabolic homeostasis 0 91 92,
It controls blood pressure by modulating vascular tone, sodium—water balance,
and systemic vascular resistance. Renin, secreted by juxtaglomerular cells in
response to reduced renal perfusion, sympathetic nervous system (SNS)
activation, or decreased sodium delivery, cleaves hepatic angiotensinogen into
angiotensin |. Angiotensin-converting enzyme (ACE), mainly from pulmonary
endothelium, converts angiotensin | into angiotensin Il (Ang Il), the key effector

peptide 2 °1 |

The physiological and pathological effects of Ang Il are primarily mediated via two
receptor subtypes: the Ang Il type 1 receptor (AT1R) and type 2 receptor (AT2R),
both members of the G protein—coupled receptor (GPCR) family 8 9. AT1R

activation drives vasoconstriction, aldosterone secretion, renal sodium—water
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retention, oxidative stress, and sympathetic outflow, collectively leading to blood
pressure elevation and adverse cardiovascular remodelling 8081 82 94 95 |
addition, AT1R signalling promotes vascular smooth muscle cell (VSMC)
hypertrophy, fibrosis, and pro-inflammatory cytokine release, which are central to

hypertension-induced organ damage % 97 .

By contrast, AT2R activation generally opposes AT1R effects. It promotes
vasodilation, natriuresis, anti-fibrotic, and anti-inflammatory pathways through G
protein—independent signalling mechanisms and crosstalk with the ACE2/Ang-(1—-
7)/Mas axis 84 85 9% 99 AT2R signalling therefore serves as a protective arm of

RAAS, balancing AT1R-mediated injury and remodelling.

Beyond haemodynamic control, RAAS integrates neurohumoral and metabolic
regulation. Unlike the baroreceptor reflex, which provides rapid short-term
pressure control, RAAS governs both acute and chronic adaptations to stress.
Classically described as a three-component system (renin, Ang Il, aldosterone)
91, RAAS is now recognised as a multifaceted network that includes
angiotensinogen, multiple ACE isoforms, Ang || metabolites (e.g., Ang lll, Ang IV),
and receptor subtypes (AT1R, AT2R, MasR) 92 100 (98,99). Persistent activation
of this system drives long-term tissue injury and remodelling in hypertension. The

classical RAAS pathway is illustrated in Figure 1.5.
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Figure 1.5: Classical renin-angiotensin-aldosterone system (RAAS)

When blood pressure falls, juxtaglomerular cells release renin, which cleaves liver-derived
angiotensinogen into angiotensin |. Ang | is converted by ACE into Ang II, which acts on AT1R to
induce vasoconstriction, sodium—water retention, and aldosterone release, while the ACE2/Ang-
(1-7)/Mas axis provides opposing protective actions. Abbreviations: ACE, angiotensin-converting
enzyme; ACE2, angiotensin-converting enzyme 2; AT1R, Ang Il type 1 receptor; AT2R, Ang Il
type 2 receptor; MasR, Mas receptor. Created by Biorender. Adapted from 101,

Angiotensinogen, an a-globulin produced mainly by the liver and circulating in
plasma, is the substrate for RAAS. Reduced renal perfusion, increased
sympathetic outflow, or decreased distal tubular NaCl delivery stimulates
juxtaglomerular renin release, which cleaves angiotensinogen to angiotensin |
(decapeptide 1-10). Endothelial ACE predominantly pulmonary converts
angiotensin | to angiotensin Il (Ang Il), which mediates systemic effects via
AT1R/AT2R 1 | In the kidney, AT1R-driven Ang Il actions promote aldosterone

secretion (zona glomerulosa) and enhance tubular sodium and water
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reabsorption, expanding intravascular volume 92 . Physiologically, RAAS
maintains water—electrolyte balance, vascular resistance, and arterial pressure;
pathologically, sustained activation drives oxidative stress, endothelial
dysfunction, inflammation, and fibrotic remodelling, contributing to hypertension,

kidney disease, and heart failure 193 .

1.2.4 Current anti-hypertensive treatment strategies

Antihypertensive therapy includes several pharmacological classes that target
distinct pathways regulating blood pressure and organ protection. Among these,
inhibitors of the renin—angiotensin—aldosterone system (RAAS) remain first-line
treatments, particularly for patients with target organ damage such as heart failure
or renal impairment. Clinical trials have demonstrated that angiotensin-converting
enzyme inhibitors (ACEi), angiotensin Il receptor blockers (ARBs), angiotensin
receptor—neprilysin inhibitors (ARNIs), and mineralocorticoid receptor antagonists
(MRAs) are effective in lowering blood pressure and delaying target organ

damage %4 .

Beta-blockers, which antagonise [(-adrenergic receptors, are also widely
prescribed to control blood pressure and heart rate by suppressing sympathetic
nervous system activity. However, compared to diuretics, ACEi, ARBs, and
calcium channel blockers (CCBs), beta-blockers show less efficacy in reducing
stroke incidence and all-cause mortality, and are often used as adjunct rather than

first-line therapy 15 .

CCBs, which inhibit calcium influx into vascular smooth muscle, induce
vasodilation and reduce vascular stiffness, and have been shown in large trials to
reduce cardiovascular events in elderly or isolated systolic hypertension patients
106,107 Diuretics, particularly loop diuretics like torasemide, demonstrate anti-
fibrotic effects: in chronic heart failure patients treated with torasemide, collagen

volume fraction (CVF) and procollagen type | levels were significantly reduced,
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compared to baseline or to furosemide treatment where no such change was

observed 198,

Despite their clinical benefits, current antihypertensives have limitations. ACE
inhibition can be bypassed by non-ACE enzymatic pathways generating Ang Il,
while ARBs increase plasma renin activity, raising Ang Il levels that continue to
compete for AT1R binding '%°-'10 . Moreover, many standard therapies effectively
reduce blood pressure but do not consistently reverse myocardial fibrosis or

eliminate residual cardiovascular risk.

These gaps have prompted the development of novel therapeutic strategies.
Investigational approaches include activators of the ACE2/Ang-(1-7)/Mas axis,
neprilysin inhibition, soluble guanylyl cyclase stimulation, dual-acting bispecific
peptides, non-steroidal MRAs, antioxidants, and aminopeptidase A (AP-A)
inhibitors "1 . Beyond hemodynamic control, increasing attention is directed
toward therapies targeting inflammation and immune signalling, including
modulation of cytokine release and immune cell activation, which could attenuate

vascular remodelling and end-organ damage in chronic hypertension.
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1.3 Targeting inflammatory proteins as an anti-

hypertensive strategy

1.3.1. Inflammation, hypertension and CVD injury

The idea of focusing on vascular or cardiac inflammation to prevent CVD makes
sense both in theory and in practice, as shown by recent studies 2. However,
one major challenge with the idea of residual inflammatory risk is with the
uncertainty around the reliable quantification and it depend on the CVD condition
in question. The most widely accepted strategies to detect vascular or cardiac
inflammation currently include the measurement of circulating levels of
inflammatory biomarkers or biomolecules 3.  These tests are often used in
combination with imaging techniques, such as echocardiography and cardiac
magnetic resonance imaging, to better diagnose and monitor cardiovascular

conditions 4 .

Biomarkers can provide valuable insights into the disease and inflammatory
process, enabling early diagnosis and effective treatment. Commonly used
biomarkers include for cardiac fibrosis include TGF-, connective tissue growth
factor and platelet-derived growth factor-D ''5. For vascular inflammation markers
include high-sensitivity C-reactive protein (hs-CRP), interleukin-6 (IL-6), and
troponin 6. Biomarkers for hypertrophy and inflammation associated with
hypertrophic cardiomyopathy (HCM) for example, in the acute inflammatory
phase response, include cytokines such as interleukin (IL)-1 and IL-6. These drive
production of reactant proteins, including C-reactive protein which are
independently associated with the risk of major adverse cardiovascular events ''7.
Inflammatory biomarkers that have been most studied in HCM patients are IL-6
and TNF-a 32, TNF-a and IL-6 might be involved in the HCM pathogenesis, but
there is no clear activation mechanism. Increased mechanical stress might trigger
the release of IL-6 and TNF-a '8 . IL-6 might induce the expression of MMPs and

TNF-a in hypertensive patients 4° could lead to fibrosis. Current trends in
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identifying the biomarkers that may consistently support prognosis in the early
stages of diseases such as hypertension are limited. Identifying novel biomarkers
of hypertension might provide clinicians and researchers with a deeper
understanding of its underlying mechanisms, leading to increased motivation for
addressing the difficult task of lowering hypertension and its associated

cardiovascular diseases.

Genome-wide association studies have identified numerous genetic variants
linked to blood pressure regulation or hypertension, but their individual impact on
blood pressure is relatively small ', Researching a complex disease with
multiple causes, defined subjectively by a blood pressure threshold, is
challenging. Hypertension is often asymptomatic, leading to limited awareness of
the condition until significant organ damage develops, such as due to stroke,
myocardial infarction, or heart failure. Thus, the relationship between
inflammation and CVD is complex, bidirectional, and only partly identified. Various
proposed mechanisms include, but are not limited to, immune-mediated damage
through autoantibody deposition, cytokine signalling, TLR activation,
inflammasome activation, and inflammation, all of which contribute to end-organ

damage 120 .

1.3.2. The role of immune cell signalling in hypertension

Immune cells play a dual role in cardiac tissue, contributing to both damage and
repair, including scar formation and left ventricle remodelling '2'-123, Damaged or
dead cardiomyocytes exposes damage-associated molecular patterns (DAMPSs)
that are recognised by pattern recognition receptors (PRRs) located on the
surface or within the cytoplasm of resident macrophages and non-classical
patrolling monocytes '?4. This recognition triggers the production of inflammatory
cytokines and chemokines. In response to chemokines and cytokines, immune

system cells migrate to the site of injury and initiate inflammation response 122125,
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A summary of main immune cell involvement and filtration after cardiac injury is

illustrated in Figure 1.6.
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Figure 1.6: Main components of immune cell involvement and filtration after cardiac injury.
Stressed cardiomyocytes initiate inflammatory secretory programs through the cytosolic DNA
sensing cGAS-STING and NLRP3 pathways. Damaged and dead cells release DAMPs which act
as potent signalling molecules. CRP, IgM, and other circulating factors filter the injured heart.
Tissue-resident macrophages proliferate also CCR2+ monocytes are recruited from circulation.
Macrophages polarise between two phenotypes M1-like inflammatory and M2-like reparative.
Dendritic cells are potent activators of recruited all T cell types, are main immune infiltrates. CD8+
cytotoxic and several Teff cells signal with M1 macrophages and many other pro-fibrotic
inflammatory and pro-reparative pathways. While some Teff and Treg cells infiltrate the heart and
stimulate M2-like macrophages reparative phenotype, ECM remodelling, and overall cardiac
repair. B cells produce many cytokines, chemokines, and autoantibodies. NK cells are recruited
and have reparative role. Granulocytes such as neutrophils are recruited, and they stimulate M1-
like macrophages and secrete proinflammatory cytokines. Eosinophils infiltrate the heart and help
stimulate tissue recovery. One of the major downstream targets of this inflammatory scene are
cardiac fibroblasts. Tissue-resident fibroblasts proliferate and resident in activated form into
myofibroblasts and produce damaging fibrosis. Abbreviation: IL indicates interleukin; MMP, matrix
metalloproteinase; TGF, transforming growth factor 3; and TNFa, tumour necrosis factor-q;
damage-associated patterns (DAMPs); CRP (C-reactive protein); CCR2+ (C-C chemokine
receptor type 2); effector T cells (Teff cells); regulatory T cells (Treg cells); ECM (extracellular
matrix); Natural killer (NK); M-CSF, Colony-Stimulating Factor-1. Created by Biorender. Adapted
from 126
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The inflammatory response triggered by tissue damage involves the coordination
of numerous cellular and molecular events. Pathogen recognition is a crucial step
in initiating an appropriate immune response. The activation and polarisation of
immune cells begin with the recognition of conserved molecular patterns
associated with pathogens and tissue damage, mediated by PRRs %7 .A general

mechanism of innate immune system recognition is illustrated in Figure 1.7.
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Figure 1.7: General innate immune system mechanism.

Innate immunity trigger sensors that detect unusual molecules or activities, known as pattern
recognition. Once molecule patterns are detected by pattern recognition receptors (PRRs), they
trigger immediate alarm through secretion of cytokines and interferons. Figure created by
Biorender.

Cells in different organs and tissues express a diverse range of PRRs. PRRs are
sensors that detect two classes of molecules including the exogenous danger
signals, often referred to as pathogen-associated molecular patterns (PAMPs),
which are highly conserved motifs in microbial pathogens like viruses, bacteria,
fungi, and parasites. Endogenous danger signals, referred to as DAMPs, are
proteins, cytokines, chemokines, and other molecules '?”. Since DAMPs initiate
inflammatory responses that occur independently of pathogen infection, they are
known to contribute to sterile inflammation under conditions of cellular stress or

injury 128
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PPRs have been classified into two major groups based on their cellular location.
the transmembrane protein families are the toll-like receptors (TLRs) and C-type
lectin receptors. The second class is the cytoplasmic protein families including the
retinoic acid-inducible gene-like receptors (RLRs), absent in melanoma 2-like
receptors, cytosolic DNA receptors, and nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) 2130 An overview of PPRs cellular
localisation and signalling upon binding of their preferred ligand is illustrated in

Figure 1.8.

PAMP

7
Bacterial
cell wall lipi Viral RNA Nucleic
acids of
Baclerla\ ingested
peptdoglycaj microbes

TLR1/2 TLRé TLR4

ssDNA

MyD8s MyDas M Dss
@ e
TR\F
TRAM ) CMVDBS}
| Extracellular recognition J [Cytosolic recognition l Endosomal recognition |

/TN

)

.'/7‘-

( a4 Pro- Pro.

‘\_> SR infiammatory YR intammatory W | VE2T oy

cytokines- cytokines-
chemokines chemokines

Figure 1.8: Schematic overview of PPRs cellular localisation and signalling upon binding of their
preferred ligand.

TLRs are involved in alarming the immune system against extracellular or endosomal PAMPs like
bacterial lipopolysaccharides and nucleic acids. NLRs are involved in regulation of inflammatory
and apoptotic responses; RLRs are associated with intracellular recognition of RNA virus
replication. Ligand binding leads to TLR dimerization of the cytosolic TIR domains where a
signalling complex can be formed. The four adapter proteins MyD88, MAL, TRIF, and TRAM are
the first to assemble. The signalling cascades that ensue result in the activation of the
transcriptional activators AP1, NF-kB, IRF3, and IRF7. AP1 and NF-kB induce the expression of
proinflammatory genes whereas IRFs induce the expression of type | interferon genes. MyD88-
dependent signalling often results in the expression of the former genes, TRIF dependent
signalling often results in the expression of the latter genes. TLR4 signalling induced by TRIF, as

indicated by the dotted line, is initiated in the endosome. Created by Biorender. Adopted from
131,132
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1.3.3 DAMP mediated TLR4 activation in hypertension

Homeostatic disturbances lead to tissue injury through cellular stress or direct
damage, DAMPs are released from the affected area and act as ligands for PRRs.
DAMPs include cell-derived nucleic acids, fatty acids, heat shock proteins (HSPs),
HMGB1, and ECM components such as proteoglycans, hyaluronic acid, and
fibronectin 133, The activation of TLRs by DAMPs serves a protective function by
signalling cellular damage and promoting its resolution and repair. However,
excessive or prolonged DAMP-mediated stimulation of these innate immune
receptors can induce a chronic inflammatory state, which contributes to the
persistence of hypertension '3*. DAMP-induced activation of TLRs triggers
intracellular adaptor protein-dependent signalling cascades, leading to the

upregulation of pro-inflammatory gene expression '35,

TLR4 is unique among TLRs as it recruits four adaptor molecules and signals
through two distinct pathways to induce the production of pro-inflammatory
cytokines and chemokines 3. Cells commonly associated with cardiovascular
diseases, such as macrophages, renal epithelial cells, cardiomyocytes, VSMCs,
endothelial cells, glial cells, and neurons, express TLR4 '3, TLR4 activation,
primarily driven by DAMPs, contributes to cardiovascular dysfunction and
remodelling which suggest that DAMP-induced TLR4 stimulation may be the

critical link between inflammation and hypertension.

Hypertension-related DAMPs are proposed to modulate TLR4. For example, in
VSMCs from SHR, Ang Il increased TLR4 mRNA levels and this effect was
reduced by losartan 138, This indicates the involvement of AT1 receptor in such
induction. In addition, TLR4 inhibition attenuated the Ang ll-induced increases in
NADPH oxidase activity, superoxide anion production, as well as VSMC migration
and proliferation, thus indicates a role for TLR4 in the increased oxidative stress
induced by Ang Il.

31



1.3.3.1 TLR4 signalling

TLR4 consists of an extracellular domain with leucine-rich repeats and an
intracellular toll-IL-1 receptor (TIR) domain responsible for signal transduction.
Upon activation, TLR4 signalling proceeds through two pathways including the
MyD88-dependent pathway and the MyD88-independent, TRIF-dependent
pathway 135, Both signalling cascades induce the production and release of pro-
inflammatory cytokines, chemokines and pro-inflammatory factors. In addition,
TLR4 endocytosis is required for the TRIF-dependent pro-inflammatory signalling
and for the following degradation of the receptor and termination of the signalling

139 An overview of TLR4 signalling in hypertension is illustrated in Figure 1.9.

The most common pathway for initiating immune responses is MyD88-dependent.
In this process upon activation, TLR4 recruits the TIR domain-containing adaptor
protein, MyD88 adaptor-like protein (TIRAP/MAL). This links MyD88 to the TIR
domain, thereby initiating the MyD88-dependent signalling pathway '4°. MyD88
subsequently recruits and activates IL-1 receptor-associated kinase 4 (IRAK4),
forming a signalling complex known as the myddosome’'. Myddosome is a
cluster consists of five components, MyD88, IRAK2, IRAK1, TRAF6, and TGF-3-
activated kinase 1 (TAK1) 42, IRAK4 (interacting protein 4 of the interleukin-1
receptor-associated kinases) facilitates the recruitment, phosphorylation, and
degradation of IRAK1 and IRAK2, after which these IRAKSs dissociate from MyD88
to bind TNF receptor-associated factor 6 (TRAF6) 3. TRAF6 plays a critical role
in signal transduction downstream of IRAK4 and IRAK1/2 ¥4 Combining with
TAK1 binding proteins TAB2 and TAB3, TAK1 activates the IkB kinase (IKK)
complex and MAPK pathways 33, Within the IKK pathway, two catalytic subunits,
IKKa and IKKB, along with a regulatory subunit (IKKy/NEMO), degrade IkB
proteins via phosphorylation and ubiquitination '#5. TLR4-mediated activation of

the IKK pathway leads to the early nuclear translocation and activation of NF-kB
146

32



TLR4's impact on downstream MAPKSs is likely a key factor in cytokine and
chemokine production. The MAPK family is highly conserved and divided into
three subfamilies including ERKs, JNKs, and p38/stress-activated protein kinases
(SAPKs) 147,
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Figure 1.9: Overview of TLR4 signalling in hypertension.

TLR4 activation by DAMPs, may involve a primary interaction with myeloid differentiation factor 2
co-receptor (MD2). Upon activation, TLR4 initiates the early MyD88-dependent and late TRIF-
dependent phase cascades. The MyD88-dependent pathway TIRAP associates with the receptor
TIR domain, facilitating MyD88 association where MyD88 recruits and activates IRAKs, leading to
stimulation of TRAF6 and TAK1. The downstream MAPK and IKK pathways eventually result in
the nuclear translocation of activator protein 1 (AP-1) and NF-kB transcription factors and
production of pro-inflammatory mediators. In the delayed TRIF-dependent signalling, recruitment
of TRAM to the TIR domain allows TRIF binding and upregulates IRF3 expression through TRAF3.
TRAM recruitment also activates NF-kB through RIPK1 (RIP1). Created by Biorender. Adapted
from 148
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The alternative TRIF-dependent pathway involves proteins, including TRIF,
TRAF3, and receptor-interacting serine/threonine protein kinase 1 (RIP1) which
comprise the pathway signalling complex 149150, TLR4 links to TRIF via TRAM
and interacts with TRAF3 to activate IKK pathways. This lead to translocation of
NF-kB, via adapter kinase receptor-interacting protein (RIPK) 1 and IFN
regulatory factor (IRF) 3 stimulation. Activation of TANK-binding kinase 1 (TBK1)
by TRIF leads to the activation of IRF3, which then translocate to the nucleus,
potentially regulating IFN-B synthesis '°'. Additionally, the TRIF-dependent

pathway can trigger inflammation through TRAF6 activation of the NF-kB pathway
152

TLR4 is also implicated in the canonical activation of the NLRP3 inflammasome.
The NLRP3 inflammasome is a multimeric complex composed of NLRP3, ASC,
NEK?7, and pro-caspase-1, which facilitates autoproteolysis and the activation of
caspase-1. Activated caspase-1 cleaves pro-IL-18 and pro-IL-18 into their
secreted forms. Additionally, caspase-1 catalyses the cleavage of gasdermin D,
which binds to the inner surface of the plasma membrane, forming pores that can
lead to either pyroptotic cell death or the release of IL-1B from living cells %3,
Activation of TLR4 in human and murine macrophages serves as a priming signal
(Signal 1) which induces the expression of NLRP3 and pro-IL-1B. This also
promotes post-translational modifications of NLRP3. The assembly of a fully
active inflammasome requires a second stimulus (Signal 2), which is typically
provided by various PAMPs and DAMPs 154, Although the precise mechanism by
which these structurally diverse molecules initiate inflammasome formation is
unclear, they seem to induce cellular stress, such as K+ efflux, mitochondrial
dysfunction, or lysosomal damage, which is subsequently detected by NLRP3 155,
As NLRP3 expression is regulated by NF-kB, both MyD88 and TRIF-dependent
TLR4 signalling pathways may be involved. Consistent with this, caspase-1

cleavage and activation were observed in LPS-stimulated macrophages from
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MyD88 or TRIF-knockout mice, while the double knockout did not support

inflammasome activation 156157

Activation of the non-canonical inflammasome occurs independently of TLR4 and
is triggered by the presence of cytosolic LPS. LPS directly binds to and activates
caspase-11 (or caspase-4 and -5 in humans), which in turn activates the primed
NLRP3 inflammasome, leading to the release of IL-1 and the induction of
pyroptosis. The LPS internalisation in the cytosol is not clear, however, recent
studies indicate that it can be internalised via the receptor for advanced glycation
end-products (RAGE) following its binding to HMGB1 %8, DAMPs such as
extracellular HMGB1 triggers TLR4 and RAGE and as an inflammatory mediator
contributes to CVD and it has attracted great attention '%°, yet its specific CVD

inflammatory pathophysiology remains limited.

1.4 HMGB1 as a potential biomarker in hypertension

1.4.1 Biological and Molecular Characteristics of HUGB1

Non-histone nuclear protein groups with high electrophoretic mobility were
discovered in 1973 and labelled as high mobility group (HMG) proteins 60, This
protein family bind to DNA in a non-sequence-specific manner and includes
HMGN, HMGA, HMGB based on the specific functional domains via which they
recognise individual DNA structures on chromatin '®'. The HMGA protein family
has an AT-hook, which is a DNA-binding motif with a preference for A/T rich areas.
Those in the HMGN family have a nucleosome binding domain (NBD), whereas
the HMGB family have A-box and B-box functional motifs. The HMGB family
includes HMGB1, HMGB2, HMGB3, and HMGB4 %2 and are ubiquitous and
abundant in most cells and can bind to DNA without sequence specificity 163164,

HMGB1 is the most abundant non-histone nucleoprotein in the HMGB gene

family. It is encoded by the human HMGB1 gene, also known as Amphoterin or

35



HMGH1. It is a highly conserved, cytokine-like, nuclear protein that is expressed
in nearly all mammalian cell types '%°. It is secreted by immunocompetent cells,
including monocytes "%, neutrophils 7, macrophages '8 and microglial cells ¢°.
Other non- immune cells that express and secrete HMGB1 including platelets 170~
172 endothelial "7 epithelial cells 74175, fibroblasts '7¢, neurons 77 hepatocytes

78 and cardiomyocytes '7°.

HMGB1 is highly conserved cross-species, with a sequence homology of more
than 98% between mice and humans 8. The HGMB1 protein is comprised of 215
amino acid residues (25-30 kDa) and forms two homologous box domains (A and
B), which are DNA-binding motifs (shown in Figure 1.10). Structurally, HMGB1
contains three alpha-helices separated by loops and an acidic C-terminal tail. The
C-tail is negatively charged, contains a string of glutamic and aspartic acid. It acts
as a DNA binding and bending regulator by interacting with its DNA-binding
domains or histones H1/H3 '8'-18_ Box A domain binds DNA ' while box B
domain binds and facilitates DNA bending 8. HMGB1 has two nuclear
localisation signals (NLSs). NLS1 (amino acids 28-44) is located in A box, and
NLS2 (amino acids 179-185) in the B box. As the name suggests, these motifs
are responsible for HMGB1 nuclear localisation under the homeostatic, steady-
state conditions 8. Nuclear localisation is also regulated by the nuclear importin
karyopherin (KAP)-a1 1.

Studies have since identified regions of HMGB1 responsible for engagement with
different substrates, including RAGE receptor binding (amino acids 150-183) and
TLR4 receptor binding (89—108) 87188 Qther structural features within the Box A
domain include a heparin-binding domain (residues 6-12) and a thrombin-
mediated proteolytic cleavage site (residues 10-11) 189190 Residues responsible
for binding the p53 transactivation domain and thus increasing gene transcription
have also been identified '°'. Previous studies conducted in a venous thrombosis
model proposed that the disulphide form of HMGB1 released from platelets and

neutrophils could promote neutrophil recruitment and neutrophil extracellular
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traps (NETs) formation. This process contributes to thrombosis through activation

of redundant pattern recognition receptors '92. Thus, the disulphide form of

HMGB1 might promote thrombosis derived from inflammation.
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Figure 1.10: The structure of HMGB1.
This protein is composed of 215 amino acid residues and divided into three functional domains:
box A, box B, and acidic C-terminal tail. Three redox-sensitive cysteine residues at the 23rd, 45th,
and 106th positions regulate HMGB1 functions in response to oxidative stress. All-thiol HMGB1
exhibited all reduced cysteine residues at C23, C45, and C106, oxidised HMGB1 was termed as
all three oxidized cysteines at C23, C45, and C106 and disulphide HMGB1 was formed by a
disulphide bond between C23 and C45, which result in HMGB1 acting as a chemokine, a
nonimmune factor, and an inflammatory factor, respectively. The ligand-binding sites and activate
signalling mechanisms: heparin-binding site (6-12 aa), TLR4 binding site (89-108 aa), and RAGE
binding site (150-183 aa), thrombin site (10-11aa). Abbreviations: NLS, nuclear localisation
sequences; LPS, lipopolysaccharide; TLR4, toll-like receptor 4; RAGE, advanced glycation end
products. Adapted from 193,
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1.4.2 HMGB1 Intracellular and Extracellular Signalling

HMGB1 normally resides in the nucleus due to nuclear localisation signals
(NLSs), where it stabilises nucleosomes and regulates gene transcription 94,
Under cellular stress, HMGB1 undergoes post-translational modifications such as
hyperacetylation, leading to its translocation into the cytosol and subsequent
release % . HMGB1 can be secreted actively by immune cells or passively
released from necrotic or damaged cells ' . This occurs through non-classical
ER/Golgi-independent pathways, reflecting its unconventional mode of secretion
197

Once released, HMGB1 acts as a prototypical damage-associated molecular
pattern (DAMP), bridging innate immunity and sterile inflammation 198 19° 196 (194
196). Extracellular HMGB1 interacts with pattern-recognition receptors, including
TLR2, TLR4, and RAGE 200201 202 These interactions activate downstream
signalling cascades (MyD88, IRFs, NF-kB, MAPKs, PI3K), promoting cytokine
release, immune cell recruitment, and tissue inflammation. Figure 1.11 illustrates

HMGB1 release and its major signalling pathways.
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Figure 1.11: Mechanisms of signalling by HMGB1.

HMGB1 can be actively secreted or passively released, subsequently activating multiple
receptors. Through TLR2/4 and RAGE, HMGB1 induces cytokine production, cell migration,
proliferation, and differentiation. Distinct redox states confer different activities, including
disulphide HMGB1 signalling through TLR4 and all-thiol HMGB1 interacting with CXCL12.
Abbreviations: LPS, lipopolysaccharide; RAGE, receptor for advanced glycation end products;
TNF, tumour necrosis factor; IL-18, interleukin-1 beta; VCAM, vascular cell adhesion molecule-1;
ICAM, intercellular adhesion molecule-1. Created with BioRender.

RAGE, a multiligand receptor of the immunoglobulin superfamily, is expressed in
endothelial cells, neurons, monocytes, other tissues 293204 and platelets 2°°.
HMGB1 binding to RAGE amplifies pro-inflammatory signalling and has been
implicated in diabetes nephropathy 2%, cancer 2%7, neurodegeneration 208209  and
cardiovascular disease including atherosclerosis 2'° . Beyond RAGE, HMGB1
also activates TLR2 and TLR4, reinforcing its role as a central mediator of sterile

inflammation and vascular injury 2" .
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1.4.2.1 Platelets, Extracellular Vesicles (EVs) and HMGB1 in

Cardiovascular Disease

Platelets and extracellular vesicles (EVs) play complementary roles in sterile
inflammation and cardiovascular disease, extending beyond their classical
haemostatic functions. Upon activation, platelets rapidly release EVs including
microparticles and exosomes that transport bioactive molecules such as
cytokines, lipids, and damage-associated molecular patterns (DAMPs) 212 213 214,
Among these, HMGB1 has emerged as a key mediator of vascular inflammation
and remodelling. EVs provide a non-classical secretion pathway for HMGB1,
enabling its stable circulation and efficient delivery to target cells, thereby linking

cellular stress to fibrosis progression.

Extracellular vesicles (EVs), including exosomes (50—150 nm) and microvesicles
(0.1-=1 ym), are recognised mediators of intercellular communication, transferring
proteins, nucleic acids, and lipids between cardiovascular cells 2'2 213 | EV's can
exert both protective and pathological effects. For instance, fibroblast-derived EVs
can promote cardioprotection and recovery after ischemic damage %' , whereas
EVs isolated from myocardial infarction patients or hypoxic cardiomyocytes were
enriched in miR-30a and impaired autophagic responses in recipient cells 26 .
Such dual roles highlight that EV cargo, including HMGB1, may strongly influence
cardiovascular outcomes. This provided the rationale for examining HMGB1

trafficking in platelet-like particles derived from MEG-01 cells in this project.

HMGB1 is a key cargo of platelet-derived EVs. Once externalised, it engages
receptors such as TLR4 and RAGE on endothelial and immune cells, thereby
amplifying leukocyte recruitment, vascular inflammation, and thrombosis 156.157 166
72 Elevated HMGB1-enriched EVs have been reported in hypertension,
atherosclerosis, and myocardial infarction, linking platelet activity to vascular

pathology 168 173 170,
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EV-mediated HMGB1 release ensures stability in circulation and facilitates
propagation of inflammatory signalling, thereby connecting vascular stress to
myocardial remodelling 2'5 216 In hypertension, platelet activation contributes to
vascular stiffening, endothelial dysfunction, and myocardial fibrosis 7' 176 | This
provides a mechanistic basis for selecting MEG-01 cells as a surrogate model for
platelet-derived EVs in this project, enabling controlled investigation of HMGB1

trafficking and release in vitro.

Together, these insights position platelet- and EV-derived HMGB1 as important

mediators of cardiovascular inflammation and remodelling
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1.4.3 HMGB1 as inflammation biomarker in CVD

HMGB1 acts as a nuclear regulator under homeostatic conditions and as a
danger-associated molecular pattern (DAMP) during stress and injury (see Figure
1.12).
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Figure 1.12: HMGB1 localisation and functional roles in cardiovascular homeostasis and
inflammation.

Schematic illustration showing how HMGB1 functions vary by subcellular compartment. In the
nucleus, HMGB1 supports DNA binding, transcription, anti-apoptotic signalling, nucleosomal
stability, DNA repair, and damage clearance. In the cytoplasm, HMGB1 contributes to cytoskeletal
rearrangement, autophagy, and cell membrane repair. Once released into the extracellular space,
HMGB1 engages receptors such as TLR2, TLR4, and RAGE, triggering cytokine and chemokine
release and promoting exosome-mediated intercellular signalling. These context-dependent roles
highlight its dual functions in maintaining homeostasis and driving chronic inflammation. Created
in Biorender. Adapted from 217,
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HMGB1 has emerged as a context-dependent biomarker in cardiovascular
disease (CVD), where its expression, localisation, and post-translational
modifications determine its functional impact. Elevated extracellular HMGB1
levels have been reported in cardiac remodelling, myocardial infarction, heart
failure, pulmonary hypertension, atherosclerosis, and hypertrophy, where it

contributes to inflammation and fibrosis 1°° 218 219

In pressure-overload and hypertensive models, reduced nuclear HMGB1 with
cytoplasmic translocation has been linked to maladaptive inflammation and
progression to heart failure, whereas preservation of nuclear HMGB1 mitigates
hypertrophy and dysfunction 220 . This highlights its potential use not only as a

marker of disease severity but also as an indicator of remodelling dynamics.

Importantly, HMGB1 functions are highly context dependent. While disulphide-
HMGB1 promotes cytokine release through TLR4 signalling, all-thiol HMGB1
supports chemotaxis via CXCL12, and oxidised HMGB1 is functionally inert 159 221
. These isoform-specific actions may explain its paradoxical effects in CVD, acting

as both a driver of sterile inflammation and a facilitator of tissue repair.

Recent studies link HMGB1 to the DNA damage response (DDR) in Ang II-
induced hypertrophy, suggesting its utility as a biomarker of stress signalling and
progression to heart failure 222 . Additionally, high-molecular-weight (HMW) forms
generated by post-translational modifications such as acetylation and
phosphorylation may serve as novel biomarker candidates, though their roles in

hypertension-induced remodelling remain underexplored 223 .
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1.5. Hypothesis, Aims and Objectives

Important questions in HMGB1 biology and its role in cardiovascular dysfunction
remain to be fully addressed. Valuable findings from the Cunningham laboratory
have identified a new soluble high molecular weight (HMW) form of HMGB1,
HMW-HMGB1 (Domoto, Butler, Plevin Kawabata & Cunningham, unpublished).

We hypothesise that this HMW-HMGB1 contributes to the inflammation
associated with the progression of cardiovascular dysfunction during
hypertension. This project aims to assess changes in HMGB1 expression and
determine if HMW-HMGB1 is detected during pathological conditions using an in

vivo model of Ang Il induced chronic hypertension.

In the event that no significant effects are observed in HMGB1/HMW-HMGB1
expression or localisation, we will employ an alternative strategy to further
understand the disease mechanisms. Specifically, we will leverage LC-MS-based
proteomics to gain insights into broader pathological changes in protein
expression within this model of hypertension. This approach will allow us to
identify potential compensatory pathways, novel biomarkers, or alternative

inflammatory mediators that may contribute to cardiovascular dysfunction.

These findings will provide valuable direction for future investigations into

therapeutic targets for hypertension.
The objectives of the project were to:

e Establish and optimise a male rat model of in vivo Ang Il induced chronic
hypertension and monitor parameters such as blood pressure, organ
weights and echocardiography (Chapter 3).

e Observe interstitial and perivascular fibrosis by analysing collagen marker
using specific staining (Chapter 3).
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Analyse HMGB1 / HMW-HMGB1 expression, localisation and
inflammatory role in Ang Il induced chronic hypertension male rat model
Translate key findings to relevant human cell models (Chapter 3)

Carry out untargeted LC-MS based proteomics to profile compare the

proteome of the control, saline and Ang Il induced chronic hypertension
rat model (Chapter 4).
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Chapter 2:

Materials and Methods
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2.1 Materials and reagents

2.1.1 in vivo work materials, reagents and equipment’s

Table 2.1: Materials and equipment used in in vivo experiments

Solutions/chemicals/ | Source Composition / Drug dosages

peptides/treatments

Krebs buffer mM: 120 NaCl, 5.4 KClI, 0.52
NaH:PO4, 20 Hepes, 11.1 glucose,
3.5 MgClz, 20 taurine and 10
creatine; pH 7.4

Homogenisation buffer 20mM tris base, 100mM DDT,
100mM protease inhibitor, pH 7.4

Normal saline 0.9% Baxter

Holging
Angiotensin-ll Human | Sigma 400 ng/kg/min, Ang Il stock 25mg/ml
Aldrich

Heparin Sodium Wockhardt | 5000 I.U/ml - 0.1 m/ml/kg

Carprofen (Rimadyl) Zoetis 50mg/ml- 5ml/kg

Overdose anaesthesia | Vetoquinol | Dolethal (pentobarbital sodium
200mg/ml) - (1mg/mi/kg)

Isoflurane (Isofane) Covetrus 100% w/w inhalation vapour, liquid

Equipment Source Description

Micro-osmotic pump ALZET© Includes filling tube, flow moderator

system with flow and pump body. 2ml reservoir

moderator in place, volume. M1004 model

2ML4 model https://www.alzet.com/products/alzet

pumps/
Surgical instruments Scissors, forceps
Suture ETHICON® | Coated-Vicryl™3-0
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Echocardiography Philips- Includes ultrasound gel, heat mat,
machine-Philips SONOS probe size 15mm
5500
Nuvo lite oxygen NIDEK Isofluorane 2% with continuous flow
concentrator Nuvo Lite oxygen up to 5 litres per minute,
Range connected with anaesthesia device

2.1.2 Buffers and prepared solutions used in vitro experiments

Table 2.2: Buffers, prepared media and solutions

Buffer 1 (western blot)

1.5 M Tris-HCL (pH 8.8) + 500mM Sodium
dodecyl sulphate (SDS) in dH202

Buffer 2 (western blot)

500mM Tris base-HCL (pH 6.8) + 14mM SDS in
dH20:2

Stripping buffer 1L

31 mM Tris-HCI (pH 6.7) + 35mM SDS in dH202

Running buffer 1L

25mM Tris base + 192mM Glycine, 3.5mM SDS
in dH202

Transfer buffer 1L

25mM Tris base + 192mM Glycine, in 20% (v/v)
menthol in dH202

TBS-Tween (TBS-T) 1L

20mM Tris base (pH 7.5) + 150 mM sodium
chloride (NaCl), 0.1% (v/v) Tween-20 in dH202

Blocking buffer

2% BSA diluted in TBS-T

ECL1(western blot)

10% 1M Tris base (pH 8.5) + 1% 250mM
Luminol + 0.5% 250mM Coumaric acid+ 89%
(v/v) dH202

ECL2(western blot)

10% 1M Tris base (pH 8.5) + 0.1% (v/v)
Hydrogen peroxide+ 89% dH202

Roswell Park Memorial
Institute 1640 (RPMI-
1640)

RPMI 1640 + 2mM Glutamine + 10% Foetal
Bovine Serum (FBS) + 1% Pen/Strep.
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2.1.2 Key resources used in in vitro experiments

Table 2.3: Cell lines, reagents, equipment and chemicals

Reagents Source
Cell lines
MEG-01 Merck KGaA, Darmstadt, Germany,

Sigma-Aldrich®

Culture media

Roswell Park Memorial Institute 1640
(RPMI-1640)

CORNING (USA)

Foetal Bovine Serum (FBS) BIOSERA

2 mM glutamine GIBCO
Equipment

Tissue culture hood MCH Class Il
Bright-field microscopy Nikon

Leica Confocal SP8 microscope

Leica Microsystems (Milton Keynes,
UK)

All tissue culture flasks, 10cm dishes,
(6, 12 and 24) well plates, graduated

pipettes and falcon tubes

Corning B.V (Buckinghamshire,
UK)

Heraeus Fresco 21 micro centrifuge

Thermo Fisher Scientific UK Ltd
(Leicestershire, UK)

Chemicals and peptides

Sodium dodecyl sulphate (SDS)
NuPAGE LDS sample buffer (4x)

Thermo Fisher Scientific UK Ltd
(Leicestershire, UK)

-Glycine
-methanol
-sodium chloride
-Tween-20

Sigma-Aldrich Co Ltd (Poole,
Dorset, UK)
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-p-coumeric acid

-Luminol

-Trizma Base

-Dithiothreitol (DTT)
-2-Mercaptoethanol
-N,N,N’,N’-tetramethylene diamine
(TEMED)

Bovine Serum Albumin (BSA)
Phosphate buffered saline (PBS)
tablets

Poly-L-lysine solution, 0.1 % (w/v) in
H20

cOmplete™ Protease Inhibitor
Cocktail

Triton x100

Dimethyl sulfoxide (DMSQO) and

ethanol.

Sigma-Aldrich Co Ltd (Poole,
Dorset, UK)

Table 2.4: Software and Proteomic Analysis Tools

Software/applications Source

Imaged 1.53J National Institutes of Health
Graph Prism 8 GraphPad Software

Bio render https://app.biorender.com/
PANTHER v.14.0 database http://www.pantherdb.org/
STRING v12.0 https://string-db.org
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2.2 Methods

2.2.1 Animal ethics

All procedures were performed under sterile conditions and in accordance with
the Guide for the Care and Use of Laboratory Animals (US National Institutes of
Health, NIH Publication No. 85-23, revised 1996) and Directive 2010/63/EU of the
European Parliament. This project was carried out under UK Home Office Project
Licence PP0204578 (licence holder: Dr Susan Currie) and Personal Licence
72786373 (Zainab Bosakhar), approved for modules E1, L, A practical, A skills,
PIL B, and K theory for rats and mice.

Group sizes were determined in line with previously published studies using
pressure overload models to induce cardiac hypertrophy and left ventricular
failure 224, Typically, n=6-8 animals per group has been shown to detect ~20—
25% differences in hypertrophic outcomes with adequate statistical power
(a=0.05, power ~0.8). A formal power analysis was not performed; however, the
chosen group sizes are consistent with established experimental standards in the
field.

Animal welfare monitoring pre- and post-procedure was carried out and compared
with institutional standards for animal husbandry, under the oversight of the

Animals in Science Regulation Unit (ASRU).

2.2.2 Animals

The study was performed using weight-matched male Sprague Dawley rats (250—
313 g; University of Strathclyde, The Biological Procedures Unit, BPU). The
animals were housed two per cage on a 12-hour light/dark cycle, with access to
standard chow and purified water ad libitum. All procedures were conducted in
accordance with The Animals in Science Regulation Unit (ASRU) and approved
under UK Home Office Project Licence PP0204578.
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Rats were randomly assigned to three groups: control (n = 6), sham (saline mini-
pump; n = 8), and Angiotensin Il (Ang Il) mini-pump infusion (n = 12). Ang Il was
delivered at a dose of 400 ng/kg/min for 28 days via subcutaneous osmotic mini-
pumps (Alzet Model 2004, DURECT Corporation, USA), which were implanted as
described in Section 2.2.3. Sham animals received identical pumps containing
sterile saline. Baseline systolic blood pressure was measured in all animals (day
1), followed by weekly recordings at week 1 and week 4 (end-point).
Echocardiography was performed to assess LV internal diameters (LVDD, LVDS)
and fractional shortening (%FS). At termination, animals were euthanised with an
overdose of Dolethal (pentobarbital sodium 200mg/ml) - (1mg/ml/kg)) containing
Heparin (5000 [.U/ml - 0.1 m/ml/kg), and hearts were rapidly excised for

histological and molecular analyses.

Day 1 » Day 28
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Randomly assigned Blood pressure Mini-pump implementation Blood pressure Echocardmgraphy Histological analysis
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Figure 2.1: Schematics details of three experimental groups.

The experimental workflow for the cardiac function tracking of sham-operated (Saline) group
(n=8), control group (n=6) and Angiotensin ll-induced chronic hypertension model (n=12)
using blood pressure (n=13) and echocardiography analysis as baseline and post-implementation
endpoint. Scarification, organ collection and histological analysis obtained after 28 days. Created
by Biorender software.
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2.2.3 Preparation of saline and Angiotensin Il mini-pump

All procedures were performed with standard aseptic technique. Surgical
instruments were autoclaved, along with surgical gowns the day before.
Angiotensin |l stock of 25mg/ml was prepared according to the drug solubility and
stored at -20°C. The appropriate amount and concentration using flow rate and
required doses were calculated for each Rat according to their weight. Pump
information is in ul per hour and prepared stock Ang-Il is 25mg/ml, 300ug was
prepared in sterile Saline vehicle by using the Alzet website to calculate the
required dose of 0.567mg/kg/day and the working concentration, final volume for

each Rats depending on their weights. (see https://www.alzet.com/formulating-

the-solution/ ).

Mini pumps were prepared the day before implementation, the pumps were
weighed together with its flow moderator before and after filling. The pumps were
filled with the required doses and topped up with saline as a vehicle, clear from
air bubbles. The mini pumps were stored in bijoux/universal tube filled with 0.9%
saline and primed at room temperature overnight before the surgery day. Priming
allows the pump to equilibrate, ensuring immediate and consistent drug delivery

upon implantation.

2.2.3.1 Mini Pump Surgical Implementation

All procedures were performed under standard aseptic conditions using 70%
ethanol, Hibiscrub, and Sterillium®. Rats were randomly assigned to sham-
operated controls (saline, n = 8) or Ang ll-treated groups (n = 12). The Ang Il
group received continuous subcutaneous infusion of Ang Il (Sigma-Aldrich, UK)
via osmotic mini-pumps (Alzet®, model 2004; DURECT Corporation, USA),
implanted to induce chronic hypertension. Pumps were filled to deliver Ang Il at a

rate of 400 ng/kg/min (pump delivery rate 0.25 uL/hr) for 28 days. Sham-operated
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animals underwent the same surgical procedure with pumps filled with sterile

saline.

Anaesthesia was induced with 3% isoflurane in 95% O, and 5% CO, in an
induction chamber and maintained at 1.5-2% isoflurane via nose cone. Depth of
anaesthesia was monitored by respiratory rate and toe-pinch reflex. Analgesia
(Carprofen, 5 mg/kg, subcutaneous; Zoetis, UK) was administered prior to
surgery, and a second dose given orally in softened food 24 hours post-surgery

to minimise pain.

The surgical site (mid-scapular region, right dorsum) was shaved and disinfected
with Hibiscrub. A small subcutaneous incision was made, and tissue gently
separated with haemostat forceps to create a pouch for pump placement. The
pump was inserted with the flow moderator oriented posteriorly and positioned
below the incision to prevent interference and allow optimal healing. The incision
was closed using absorbable sutures (Ethicon® Vicryl 3-0, Johnson & Johnson,

USA), typically requiring 5-8 interrupted sutures.

2.2.4 Animal monitoring pre- and post-surgery

Animals’ welfare was carefully monitored. Body weight was recorded on the day
of surgery, checked immediately after surgery and monitored regularly during the
entire treatment period. Weights were checked daily for the first week to make
sure no body weight loss of 20% or more, then three times weekly for the rest of
the treatment period. Animals were monitored for evidence of post-operative pain
or infection, signs of weight loss, lack of mobility, abnormal posture, failure to
groom, and excessive licking or biting of the incision area. Baby food was
introduced prior and post-surgery as a treat, and a buddy was introduced in the

cage with the experimental rat on the second day.
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2.2.5 Blood pressure measurements

Systolic/diastolic Blood Pressure Measurements

Systolic and diastolic blood pressure (SBP/DBP) were measured using a non-
invasive tail-cuff plethysmography system (BP-2000 Series 1I™, Visitech
Systems, Apex, NC, USA).

Rats were first placed in a preheated chamber (32—-34 °C) for 15-20 minutes to
improve tail blood flow and acclimatise them to handling. After warming, each rat
was gently transferred into an individual rat jacket restrainer, with the tail
positioned through the rear opening for cuff placement.

An occlusion cuff and a volume—pressure recording cuff were positioned near the
tail base. Automated inflation—deflation cycles (~90 seconds) were performed,
and data were acquired via the BP-2000 system software. To minimise variability,
all measurements were carried out by the same operator in a quiet environment
at the same time of day.

Animals underwent a one-day acclimatisation session in which six inflation cycles
were performed but not recorded. During actual measurement sessions, 6—8
cycles were taken per rat, and six stable cycles were averaged to generate mean
SBP/DBP values. Baseline values (Day 0) were determined across two
consecutive measurement days. Follow-up BP recordings were obtained between

Days 7—-10 and Day 28 for control, sham-operated, and Ang ll-infused groups.

2.2.6 Echocardiography studies

A non-invasive protocol for transthoracic echocardiography assessment of
cardiac anatomy and function for adult rats was followed 224225  |nhalation
anaesthesia using isoflurane was commenced in an induction chamber starting at
3% and was maintained at 1.5 - 2% in 95% oxygen using a nose cone. After
confirming a depth of anaesthesia by lack of response to the toe-pinch reflex, the
left side of the sternum with the index mark turned to the right shoulder was

shaved. A two-dimensional parasternal short-axis view of the left ventricle was
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obtained by transthoracic echocardiography using a 15mHz linear array probe
and ultrasound transmission gel. The probe was positioned as shown (Figure 2.2).
All data are means of three consecutive cardiac cycles recorded for each animal.
2D guided M-mode recordings were obtained from the parasternal short-axis view
of the left ventricle at the level of the papillary muscles. The angle of the M-mode
flash was focused on the middle of the LV. Parasternal short axis M-mode tracings
were recorded and used to determine LVIDd and LVIDs which are the Left
ventricular internal diameter end diastole and end systole, and fractional
shortening (FS). FS is calculated by measuring the percentage change in the LV
diameter during systole by measuring the end-systole and -diastole by using the
formula %FS=(LVEDD-LVESD)/LVEDD x 100. All the measurements were

captured over three cardiac cycles, and the average is estimated.

Figure 2.2: Probe position for the parasternal short axis view.
Rotate the probe 90 degrees clockwise so that the indicator is now pointing towards the animal
left shoulder.
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Animal characteristics and the morphology of the heart were investigated
following echocardiography are detailed in Figure 2.3.

Figure 2.3 : M-mode echocardiography from a parasternal short-axis view showing the left
ventricular cavity over the cardiac cycle during systole and diastole.

(A) Measurements of the widest diameter of the LV during diastole (LVEDD) displayed in yellow
and the narrowest diameter during systole (LVESD) in blue to calculate %FS. Left ventricular,
posterior wall and septum are indicated in orange. (B) image of the left ventricular short axis view.
The cursor should be placed as indicated preferably at the level of the papillary muscles.
Abbreviations: LV left ventricle; LVEDD, left ventricle end-diastolic dimension; LVESD, left
ventricle end-systolic dimension.

The three Rat models under investigation were comparable with respect to body
weight, heart weight and size. Echocardiography measurements were detailed in
Table 2.5. Left ventricular fractional shortening (FS%) was calculated using the
formula FS(%) =(LVIDD-LVISD)/LIDD X 100 shown in Table 2.6.
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Table 2.5: Demographics of animal model groups.

Experimental group Control (n=6) Saline (n=5-6) Ang Il (n=12)
Average mean

Heart weight (g) 1.24 1.31 1.48
Liver weight (g) 14.77 14.62 13.08
Lungs weight (g) 1.52 1.55 1.57

Table 2.6: Echocardiographic measurements in each group after 28 days
Experimental group Control (n=6) Saline (n=8) Ang Il (n=12)
Average mean

LVIDD (cm) 0.737 0.716 0.663
LVISD (cm) 0.361 0.347 0.292
FS (%) 50.85% 51% 57%

2.2.7 Heart Dissection and cell culture

Immediately after echocardiography, an overdose of Dolethal (Pentobarbital
sodium 1mg/ml/kg), mixed with Heparin (0.02ml/100g) was given
intraperitoneally. Anaesthetic depth was assessed with reaction to nociceptive
stimulus by checking toe-pinch reflex. After the reactions were lost, the anterior
chest hair was shaved and by using scissors quickly cut the diaphragm and the
sides of the rib cage to expose the content of the chest cavity, along the sternum
to harvest the lungs, liver, and heart and cardiac tissue cleansed using Krebs to

remove any remaining blood for weighing.

Hearts were cut along the short axis into two parts for biochemical and histological
examination. Trunk blood up to 5ml was taken for DLS analysis of extracellular
vesicles sizes. The cardiac tissues (LV; left ventricle, RV; right ventricle, LA; left
atrium, RA; right atrium, S; septum) were collected and placed in homogenisation
buffer for preparation of whole cardiac homogenates then homogenates were

aliquoted and stored in -80 freezer (see Figure 2.4).
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Figure 2.4: Schematic description of heart dissection.

Overdose of Dolethal performed with confirmation of death. Chest surgical incision was made to
collect the heart, lung, liver, and tibia. First weighing and measuring size of organs then dissecting
the heart to collect cardiac tissues and half crossed part. Created by Biorender.
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2.2.8 Bicinchoninic Acid Assay (BCA) Protein Measurement

The concentration of total cellular proteins, prepared in standard RIPA buffer, and
EV proteins were determined using a bicinchoninic acid assay (Pierce™ BCA
Protein Assay Kit, Thermo Scientific). A BCA protein assay kit was used to
measure total protein concentrations of whole homogenates for optimisation using
bovine serum albumin as standard. Where appropriate, tissues were prepared
with 4x lysis buffer, boiled at 95 C¢/5 minutes and stored at -20 degrees ready for

experiment.
2.2.9 Western blot analysis (Cardiac Tissue)

Equal amounts of protein from each sample (10uyg) were separated by 15% SDS-
PAGE gel, and transferred to a polyvinylidene fluoride membrane (PVDF, Bio-
Rad Laboratories) under electrophoretic conditions (300 mA, 2 h). Membranes
were blocked in Tris-buffered saline with Tween solution (TBST, 50 mM Tris-HCI,
PH 7.5, 150 mM NacCl, and 0.5% Tween-20) containing 2% BSA for 1 h at room
temperature. The blots were then incubated with primary antibody HMGB1, (at
1:5000 dilution) overnight at room temperature. The following day, blots were
rinsed in TBST 3 times, 5 min each, and incubated for 1 h with anti-rabbit
secondary antibodies (at 1:7500 dilution). After being rinsed in TBST for 3 times
for 5 min, target proteins were visualised as black bands by using enhanced

chemiluminescence and analysed by ImageJ.

2.2.10 Indirect immunofluorescence on heart tissue sections

Cardiac tissue embedded in OCT was sectioned on the Leica CM1950 apparatus
with a chamber set temperature of -15 °C and a cutting holder temperature of -20
°C. Sections were acquired, starting from the apex with a thickness of 12 microns.
The sectioned tissue was placed on a microscopic slide and dried by storing them

in -80 freezer prior to immunofluorescent staining.
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The OCT residue was removed from the tissue by two washes of 5 minutes with
PBS in Coplin jars. The tissues were fixed with 3.6% (v/v) paraformaldehyde in
PBS for 10 minutes. Tissues then were washed with PBS two times for 5 minutes’
interval to remove the paraformaldehyde. For permeabilisation, tissues were
washed with 0.25% (v/v) Triton-X-100 in PBS for 10 minutes. Tissues were
washed with PBS two times for 5 minutes’ interval and blocked in 1% (w/v) BSA
in PBS for one hour and incubated with the primary antibody HMGB1 (1:100) in a
humidified atmosphere overnight. Samples were washed with PBS three times for
5 minutes’ interval to remove residual primary antibody and tissues were blocked
with 1% (w/v) BSA in PBS for 30 min. the tissues were incubated with the required
light sensitive secondary antibody Alex flour 488 anti-Rabbit (1:100) for 2 hours
in dark room. The tissues were washed with PBS, 3 times for 5-minute intervals.
Rhodamine phalloidin staining (1:40) and 4',6- diamidino-2-phenylindole (DAPI.
500nM in PBS, (1:2000)) nuclear counterstain were applied to the tissues for 20
minute and incubated in the dark room. The stains were removed with three
washes of PBS for Sminute interval. Mowiol mounting media was added on top of
the tissues and covered by a 0.13-0.17mm thick cover glass and left in a dark

room overnight to be dried and ready for confocal microscopy analysis.
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2.2.11 Picrosirius Red Staining

Picrosirius Red staining was performed to assess collagen deposition in cardiac
tissue sections (see Figure 2.5). Where the red colour staining represents

collagen fibres as a marker.

The frozen tissue samples were sectioned in 10um, rehydrated through graded
ethanol series of 100%,80% and 40% and fixed in 3.6% formaldehyde. Sections
were then incubated with Picro-Sirius Red Stain Kit (Cardiac Muscle) (cat#

ab245887, abcam ©) which specifically binds to collagen fibres.

Single section from each animal in group was viewed and photographed with an
EVOS LF Auto digital camera (Thermo Fischer Scientific, UK) under x4
magnification selecting random areas and x10 for whole heart. Quantification of
collagen content was performed; fibrosis was calculated by quantifying the % red
of areas using the colour threshold tool through converting the image to black and

white based on the selected threshold settings by ImageJ software.

The results for each animal were then averaged for subsequent statistical analysis

and presented as total collagen area %.
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Figure 2.5: Picrosirius Red Staining for Collagen Detection in Cardiac Tissue Sections. Hearts
from three experimental groups (Control, Saline, and Ang Il) were sectioned using a cryostat to
obtain 10 ym thick transverse sections. Sections were then stained with Picrosirius stain to
visualize collagen content. On the second day, images were acquired using an EVOS imaging
system. Image analysis was performed using ImageJ, with consistent image settings applied
across all groups. Four areas from each heart section were randomly selected for final
quantification of collagen deposition.
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2.2.12 Masson’s Trichrome staining

Masson’s trichrome staining was used to determine cardiac fibrosis (see figure
2.6), where the blue colour staining represents collagen fibres as a marker.
Masson'’s Trichrome kit (cat# ab150686, abcam ©, United Kingdom, SIGMA-
ALDRICH ©) was used to stain 10 ym paraffin transverse heart sections that is
fixed at 3.6% formaldehyde before staining. Perivascular (PV) and interstitial (INT)
fibrosis was calculated by quantifying the % blue of areas using the colour
threshold tool through converting the image to black and white based on the
selected threshold settings (blue 140-180/190) by Imaged software
(https://imagej.net/).

A single section from each animal in group was viewed and photographed with
an EVOS LF Auto digital camera (Thermo Fischer Scientific, UK) under x10 for
whole heart and x4 for perivascular and interstitial collagen area magnifications.
Visual representation and quantification of the fibrosis area was carried out by two
individuals who were blinded to the treatments. First observer imaged the whole
heart a minimum of six area separate images from different, nonoverlapping
regions of the left ventricle midmyocardium and the perivascular cortex areas.
Second observer carried out the quantification selecting random area. The results
for each animal were then averaged for subsequent statistical analysis and

presented as total collagen area %.
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Figure 2.6: Schematic illustration of Massons trichrome staining workflow.

Hearts from three experimental groups (Control, Saline, and Ang Il) were sectioned using a
cryostat to obtain 10 um thick transverse sections. Sections were then stained with Masson's
trichrome to visualize collagen content. On the second day, images were acquired using an EVOS
imaging system. Image analysis was performed using ImageJ, with consistent image settings
applied across all groups. Six areas from each heart section were selected for final quantification
of collagen deposition. Fibrosis was quantified separately in perivascular and interstitial regions.
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2.2.13 Isolation of extracellular vesicles (EVs)

2.2.13.1 Rat serum derived EVs

For EVs isolation from blood, approximately 6 mL of blood was obtained per rat.
Ultracentrifugation methods were used, and serum was prepared and centrifuged
at 2000 x g for 30 minutes to discard cells and at 12 000 x g for 45 minutes to
discard microvesicles. The resulting supernatant was centrifuged at 110000 x g
for 70 minutes to collect the EV-enriched fraction. EVs were washed once in PBS
and centrifuged as before to resuspend the final pellet in PBS and store it at
-80°C.

2.2.13.2 MEG-01 derived EVs

For EVs isolation from MEG-01 cells, the media was thawed on ice and multiple
centrifugation cycles were performed. The media was first centrifuged at 3500xg
for 10 minutes and the supernatant was carefully removed, pellet discarded and
further centrifuged at 10,000xg for 20 minutes. The supernatant was carefully
removed, pellet discarded and centrifuged at 100,000xg for 60 minutes. The
supernatant was removed, and the tubes were inverted onto tissue paper for 10
minutes. The EV pellet obtained was suspended in sterile filtered PBS and re-
centrifuged at 100,000xg for 60 minutes. The EV fraction obtained was then
suspended in a final volume of 0.6ml PBS. These were aliquot into 0.1ml fractions

and frozen at -80 for experimental use.

Figure 2.7 illustrates the stepwise protocol used for EV isolation from MEG-01 cell
culture supernatant and rat blood serum, involving sequential centrifugation steps
to remove debris and isolate small EVs. For both sources, differential
centrifugation was performed, starting with low-speed spins to remove cell debris,
followed by higher-speed ultracentrifugation to pellet small EVs. The isolated EVs
were then resuspended in Phosphate-Buffered Saline (PBS) for Dynamic Light
Scattering (DLS) zeta-sizing analysis, ensuring consistency in size distribution

measurements between the two sample types.
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Figure 2.7: Schematic representation of the extracellular vesicle (EV) isolation process from MEG-

01 cell culture and rat serum using differential ultracentrifugation.

MEG-01 cells were counted at 10,000 cells/mL and subjected to sequential centrifugation steps
(3,500 % g for 10 min, 10,000 x g for 20 min, and 100,000 x g for 60 min) to remove debris and
isolate EVs. Similarly, rat serum underwent differential centrifugation (2,000 x g for 30 min, 12,000
x g for 45 min, and 110,000 x g for 70 min) to obtain purified EV fractions. The final EV pellet was
resuspended and analysed using dynamic light scattering (DLS) for zeta-sizing and particle

characterisation. Image created by Biorender.
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2.2.13.3 Dynamic Light Scattering (DLS) EV Zeta-Sizing

The final EV pellet was resuspended in PBS and stored (as mentioned in above
section). Defrosted samples were diluted with 0.9ml PBS for final volume of 1.0ml,
as minimum volume for analysis required is 20.4ml which transferred into cuvette
tubes for zeta potential and size distribution analysis using DLS. This protocol
ensures a purified EV sample for accurate characterisation of EVs and size
distribution. For zeta potential and size distribution measurements, five technical
replicates were performed for each biological replicate to ensure data
reproducibility and minimise variability. Each replicate was measured under
identical conditions, maintaining consistent temperature, choosing media

composition, and sample handling procedures to reduce experimental bias.

DLS measurements were conducted using a laser-based scattering system,
where fluctuations in scattered light intensity were analysed to determine the
hydrodynamic diameter and surface charge (zeta potential) of EVs. The results
were averaged across replicates to provide a robust and reproducible
characterisation of the EV population. DLS analysis was performed using both
intensity-weighted and number-weighted distributions to assess EV size
heterogeneity and stability. The intensity-based distribution highlighted larger EVs
due to their stronger scattering signal, while the number-based analysis provided
a more accurate representation of the actual EV population it corrects for the bias
toward large particles. A main peak in the 30—150 nm range indicated successful
enrichment of exosomes/small EVs, whereas secondary peaks (>200 nm)

suggested minor aggregation or contamination.
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2.2.14 Cell culture

All cell culture was conducted in Class Il laminar flow hood under aseptic

conditions.

2.2.14.1 MEG-01 Cell Culture and Sample Preparation:

MEG-01 cells (human megakaryoblastic leukemia cell line) were selected as an
in vitro surrogate model because they differentiate into platelet-like particles and
secrete extracellular vesicles (EVs), providing a controlled and renewable source
of platelet-derived vesicles. This rationale was particularly important in this
project, as limited blood availability from Ang Il rats restricted serum EV analyses.
The MEG-01 model therefore allowed investigation of HMGB1 trafficking and
release via EVs under reproducible laboratory conditions, complementing the in

vivo data.

MEG-01 cells were purchased from Merck (see Table 2.3), maintained and
cultured in growth media at 37 °C / 5% CO, in a HeraCell incubator, and used
between passage 5-20. The cell line population was adjusted and seeded into
25-cm? flasks at a concentration of 2—4 x 10° cells/mL in Roswell Park Memorial
Institute (RPMI) medium supplemented with 2 mM L-Glutamine and 10% Foetal
Bovine Serum (FBS).

Cells were checked daily and maintained by feeding them every 2—-3 days, as the
doubling time is ~36—-48 hours, until they reached 80-90% confluency.
Maintenance was achieved by direct dilution with fresh serum-containing media
(1-2 mL added per flask). For passaging, cells were reseeded at 1:3 (v/v). A
sterile scraper was used to gently detach adherent cells, which were collected into
sterile 15 mL tubes and centrifuged at 1000 rpm for 5 minutes at room
temperature. Cells were then resuspended, counted using a haemocytometer,

and used for experiments when required.
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2.2.14.2 Cryopreservation

Cells at early passages and 80-90% confluence were preserved for storage.
Following routine passaging, cell pellets were resuspended in a solution of 90%
FCS and 10% dimethyl sulfoxide (DMSO). Aliquots of 1 mL were transferred into
cryogenic vials and immediately stored at —80 °C for short-term storage. For long-

term storage, vials were transferred into liquid nitrogen.

2.2.14.3 Thawing Cells from Cryopreservation

Cryopreserved cells were rapidly thawed and transferred into sterile 15 mL Falcon
tubes, followed by dropwise addition of fresh RPMI medium. Cells were
centrifuged at 1000 rpm for 5 minutes to pellet, and the supernatant was aspirated
to remove DMSO. The cell pellet was resuspended in fresh medium and
transferred to T75 flasks for recovery and propagation. Cells were subsequently

maintained as described in Section 2.2.14.1.

2.2.14.4 Cell lysis

Cells were counted, seeded at the required density, and allowed to recover for 48
hours in 6-well plates before experimentation. The medium was removed, and
cells were harvested by centrifugation, washed once in PBS, and exposed to lysis
buffer (50 mM Tris-HCI pH 7.4, 1% Triton X-100, plus Roche Mini Protease
Inhibitor cocktail freshly added). Lysates were homogenised using a syringe and
transferred to 1.5 mL microfuge tubes. Samples were rotated for 1 hour at 4 °C,
then centrifuged at 10,000 rpm at 4 °C for 10 minutes. Protein content was
quantified using the Pierce BCA assay according to manufacturer’s instructions.
For whole-cell lysates, 2X NuPage LDS sample buffer and 50 mM DTT were
added in a 1:1 ratio to normalised lysates, heated at 95 °C for 5 minutes, and

stored at —20 °C until analysis (within 6 months).
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2.2.15 Trichloroacetic Acid (TCA) + Sodium Deoxycholate (DOC)

Precipitation

MEG-01 cells at 80-90% confluency was manually counted, prepared at 3x10°
and treated with 1U/ml thrombin for time course stimulation (5,15,30,60,120
minutes) and zero time was used as control. Cells were centrifuged at
1500xg/5min to collect supernatant in Eppendorf tubes. Sodium deoxycholate
monohydrate of 125ul/ml (0.00125g/ml) was prepared and 10ul added into each
tube for 15 minutes on ice. Trichloroacetic acid of 60ul was carefully added in
each tube to give a final concentration of 6% and centrifuged at 4°C, 12000xg
speed for 30 minutes. Supernatant was carefully removed by aspiration and
pellets were washed with 1ml cold Acetone and centrifuged at 4°C, 12000xg
speed for 5 minutes. Acetone was removed and protein residues were prepared

with 2x SDS, homogenised, boiled at 95°C and stored in -20°C for experiment.

2.2.16 SDS-PAGE and Western Blotting

2.2.16.1 Cell Sample Preparation

MEG-01 cells were transferred into 1 mL Eppendorf tubes at a density of 2—4 x
10° cells/mL or seeded into 6-well plates and cultured in RPMI medium with
serum-free conditions until 70—-80% confluence. Cell counts for all MEG-01
suspension experiments were determined using a haemocytometer.
A density of 3 x 10° cells was collected in 1 mL Eppendorf tubes and centrifuged
at 1500 rpm for 5 minutes. The supernatant was removed, and pellets were
incubated in serum-free media for 2 hours. Cells were then stimulated with
thrombin (1 U/mL) for 5, 15, 30, 60, or 120 minutes, as indicated, and processed

as described in Section 2.2.14.4 for further experimentation.
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2.216.2 Sodium Dodecyl Sulphate-Polyacrylamide Gel

Electrophoresis (SDS-PAGE)
SDS-PAGE was performed using Bio-Rad Mini-Protean Tetra systems with 10—

15% resolving gels for HMGB1 protein separation. Gels were prepared with 15%
(v/v) acrylamide solution, 3 mL Buffer 1, 3 mL dH,O, 10% (w/v) ammonium
persulphate (APS), and 0.02% (v/iv) TEMED. Gels were poured into pre-
assembled gel chambers with 1.5 mm thickness. A 4% stacking gel was layered
on top, prepared with 0.75% (v/v) acrylamide solution, 0.19% Buffer 2, 10% (w/v)
APS, and 0.02% (v/v) TEMED. Well-forming combs (10- or 15-well, 1.5 mm) were

gently inserted, and gels were left to polymerise.

2.2.16.3 Electrophoretic Transfer of Protein to Membrane and

Immunological Detection

Normalised MEG-01 and cardiac tissue protein samples were separated by SDS-
PAGE (15% gels for HMGB1) alongside molecular weight markers.
Electrophoresis was performed at 130 V until the dye front reached the bottom of
the gel. Proteins were electro-transferred onto nitrocellulose membranes (300
mA, 105 minutes) in transfer buffer. Membranes were incubated on an orbital
shaker for 120 minutes in blocking solution (2% BSA in TBS-T) to prevent non-

specific binding.

Primary antibodies against HMGB1 were diluted 1:5000 (v/v) in 0.2% BSA/TBS-
T and incubated overnight at room temperature on a shaker. After three 5-minute
washes in TBS-T, membranes were incubated with HRP-conjugated secondary
antibodies (1:7500 v/v in 0.2% TBS-T) for 90 minutes at room temperature.
Specific protein bands were visualised using enhanced chemiluminescence
(ECL) substrate, and signals were detected on autoradiography film. Band

intensities were quantified using ImageJ software.
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2.2.16.4 Membrane Stripping and Reprobing.

For normalisation and reprobing, membranes were stripped using 15 mL stripping
buffer (100 mM B-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI, pH 6.7) at 60 °C
for 15 minutes with shaking. Stripping buffer was removed, and membranes were
rinsed three times in TBS-T (5 minutes each) to eliminate residual buffer.
Membranes were reprobed for housekeeping proteins (tubulin and GAPDH)

following the same immunodetection protocol described in Section 2.2.16.3.

2.2.17 Scanning and Densitometry

Autoradiography films were scanned at a minimum resolution of 300 dpi using an
HP Deskjet 2540 scanner. Adjustments to global brightness, contrast, and density

were applied in Imaged before analysis.

2.2.18 ImageJ analysis

ImageJ software was used for densitometric analysis of scanned autoradiography
films. The area of interest was selected using a rectangular region of interest
(ROI). Under the “Analyse — Gels” tool, the first lane was selected, and the same
process was repeated for subsequent lanes. The area under the curve (AUC) was
determined by drawing a straight baseline across each lane using the line
selection tool, and peak areas were measured by plotting lane profiles. The wand
tool was then used to automatically detect object edges and quantify the traced

AUC. Raw data were exported into Excel spreadsheets for statistical analysis.

For Masson’s trichrome staining, the area of interest was cropped, and all images
were converted to binary format using a defined colour threshold for blue (140—
180/190). Collagen-positive areas were quantified as a percentage of total

myocardial area.
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2.2.19 Bright-field Microscopy

Cell imaging was performed to evaluate morphology. MEG-01 cells were grown
to 80% confluence in complete medium prior to imaging. Time-lapse live-cell
imaging was performed at x10 magnification at 37 °C in an environmental
chamber using a Nikon inverted epifluorescence microscope. Images were

captured with MetaMorph software in bright-field mode.

2.2.20 Fluorescence microscopy

MEG-01 cells suspension was cultivated to 80% confluence. The cells were
labelled with 5uM Dil for 10minutes at 37°C in a humidified environment with 5%
CO2. Cells were washed twice with PBS followed by fixation with 4%
formaldehyde for 15 minutes in the incubator followed by 3 washes in PBS. Cells
were permeabilised in 0.1% triton in PBS for 10 minutes followed by 2% BSA/PBS
block for 1 hr, with centrifugation at 1.500 rpm for 5 minutes between steps.
HMGB1 antibodies were used (1:200 dilution) and incubated in 2% BSA/PBS
overnight at room temperature with gentle rotation to promote cell suspension
mixing and enhance antibody binding. The cells were washed a further 3 times
with 1X PBS, centrifugation at 300rpm for 5 minutes between each wash and
blocked in 2% BSA/PBS for a further15 minutes. Cells were pelleted by
centrifugation as before and tubes were then covered to protect from light and
incubated 1:200 (v/v) with Alexa Fluor 488 secondary antibodies for 2 hours at
room temperature. Cells were washed with 1XPBS and centrifugation, as
previously described, and counterstained for 5 minutes with the nuclear marker
4'.6- diamidino-2-phenylindole (DAPI, 500nM in PBS). Cells were washed a final
time in PBS to remove residual DAPI stain and mounted on to slides and

coverslips using Mowiol.
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Table 2.7: List of immunofluorescence stains.

Name Concentration Source

DAPI (4',6-diamidino-2- 500 nM Sigma®©

phenylindole)

Dil Stain (1,1'-Dioctadecyl- 5uM ThermoFisher©

3,3,3",3- Invitrogen™

Tetramethylindocarbocyanine

Perchlorate ('Dil'; DilC18(3)))

Alexa Fluor 488 Polyclonal 1:200 dilution ThermoFisher©

Antibody (VIv) Invitrogen™

Rhodamine Phalloidin 1:40 -1:100 (v/v) | ThermoFisher©
Invitrogen™
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2.2.21 LC-MS Proteomics-based heart tissue analysis workflow
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Figure 2.8: Schematic diagram shows the proteomic workflow of left ventricle (LV) tissue form Ang
Il induced chronic hypertension model.

Samples analysed by LC-MS of LV samples for Ang Il, saline and control. Samples were characterised using
a novel microflow label-free shotgun proteomics approach. The raw LC—MS data were processed using
proteome discover, followed by further data filtering of normalisation and imputation and data transformation
(log2), generating a total of >600 proteins in each experiment. DEPs under the threshold values (log2 Fold
change 1 and p < 0.05) were captured, their biological analysis of functional (GO), and pathway (KEGG) and
PPI were reported. Abbreviation: LC-MS: liquid chromatography-mass spectrometry; PD: Proteome
Discoverer; DEPs: differentially expressed proteins; PCA: principal component analysis; PPI: Protein-protein
interaction.

2.2.211 Tissue processing and Sample Preparation for

Proteomic Profiling

Sprague Dawley male rats were treated with Ang Il or saline for 28 days. At the
end of the study, Ang Il rats presented significantly higher systolic blood pressure
and HW/BW ratios compared to Control and Saline groups, confirming the
presence of chronic hypertension and cardiac hypertrophy. Heart tissue was
processed, and samples were prepared from each group for LC-MS-based

proteomic analysis following the ThermoFisher® protocol.
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2.2.21.2 Protein Extraction, Trypsin Digestion and Peptide Clean-
up

Protein samples were prepared for mass spectrometry (MS) analysis using the
EasyPep™ Mini MS Sample Prep Kit (Thermo Scientific, Cat No. A40006). LV
Tissue samples (5mg) were homogenised in 100 pL of Lysis Solution with 1 L of
Universal Nuclease and centrifuged at 16,000 x g for 10 minutes. Protein
concentration was determined using the Pierce™ BCA Protein Assay Kit
(Product. No. 10495315; Thermo Fisher, Rockford, IL, USA), and 50 ug of protein
was subjected to reduction with 50 pL of Reduction Solution, followed by
alkylation with 50 yL of Alkylation Solution, and incubation at 95°C for 10 minutes
using a heat block. Protein digestion was performed by adding 50 uL of
reconstituted Trypsin/Lys-C Protease Mix and incubating at 37°C for 2 hours in
an Eppendorf ThermoMixer C (Thermo Fisher, San Jose, CA, USA) with agitation
(600rpm). Digestion was terminated using 50uL of Digestion Stop Solution.
Peptides were purified using Peptide Clean-up Columns by sequential washing

with Wash Solution A and Wash Solution B, followed by elution in Elution Solution.

Peptide concentrations were quantified using the Pierce Quantitative Fluorometric
Peptide Assay, using the Flexstation Ill microplate-based detection method. This
assay relies on an amine-reactive fluorescent reagent to label the N-terminal
primary amines of peptides. All assay components were equilibrated to room
temperature before use and steps followed the manufacturer’s guidelines. Briefly,
the Peptide Digest Assay Standards (0—1000 ug/mL) were prepared by serial
dilution in ultrapure water to generate a standard curve. For each measurement,
10 uL of peptide standard or sample was pipetted into a black 96-well microplate,
followed by the addition of 70 pL of Fluorometric Peptide Assay Buffer and 20 pyL
of Fluorometric Peptide Assay Reagent. The plate was incubated at room
temperature for 5 minutes before fluorescence measurement at Ex 390 nm/Em
475 nm using a Flextstation Il fluorescence plate reader. A standard curve was

generated by plotting fluorescence intensity against peptide concentration, and
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the peptide concentrations of unknown samples were determined accordingly. All
samples were analysed in triplicate to ensure accuracy linear, and measurements
were within the range of 5-1000 ug/mL, enabling reliable and high-throughput

peptide quantification for proteomic studies.

The final peptides were normalised and then collected and evaporated to dryness
using a Thermo Scientific Savant SpeedVac (Thermo Fisher, San Jose, CA,
USA). Dried peptides were reconstituted in 100 yL of 0.1% formic acid in water
and transferred to LC-MS glass vials (Cat. No. 6PSV9-03FIVAPT; Thermo

Fisher) for analysis.

2.2. 21.3 Micro-flow LC-MS-based proteomic
2.2.21.3.1 Data Acquisition

Peptide separation was performed using a Thermo Vanquish UHPLC system.
Twenty microlitres of peptide solution were injected onto a Thermo Acclaim C18
PepMap 100 column (150 mm x 1 mm, 3 ym) and separated over a 100-minute
method at 40 °C (autosampler at 5 °C, flow rate 50 pL/min). Solvent A was 99.9%
water with 0.1% formic acid, and Solvent B was 99.9% acetonitrile with 0.1%
formic acid. The gradient is shown in Table 2.8. All post columns viper fittings had

a 75um internal diameter (black colour code).

Table 2.8: HPLC mobile phase gradient approach.

No. Time Flow (ml/min) %B
1 0.000 Run

2 0.000 0.050 3.0
3 65.000 0.050 20.0
4 70.000 0.050 40.0
5 74.000 0.050 95.0
6 79.000 0.050 95.0
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84.000 0.050 3.0
100.000 0.050 3.0
9
10 100.000 Stop Run

The bottom-up proteomics was performed on a high-resolution Exploris 240
Orbitrap mass spectrometer (Thermo Fisher Scientific) using positive ionisation
(HESI+). Spray voltage was 3400 V; ion transfer tube temperature 320 °C;
vaporiser temperature 75 °C. Sheath and aux gas flows were 25 and 5 Arb,
respectively. MS1 survey scans were acquired at 120,000 resolution, RF lens
70%, scan range 275-1500 m/z, with a Top 20 DDA method. MS/MS scans were
acquired at 15,000 resolutions with a 1.2 m/z isolation window and normalised
HCD energy of 30%. Cycle time was 3 s. High-purity nitrogen was used for

nebulisation and collision.

2.2.21.4 Protein Identification and Quantification.

Proteome Discoverer (PD) v3.0 software (Thermo Fisher, San Jose, CA, USA)
was used, at which the MS raw data were searched against the UniProtKB Rattus
norvegicus (Rat) Reference Proteome database (v22.07.13; 79,740 entries),
including common contaminants (247 entries), using the SEQUEST and
Percolator algorithms involved in modified label-free quantification (LFQ) standard
processing and consensus workflows. The precursor mass tolerance was set to
10 ppm and 0.02 Da for-fragment mass tolerance. Full tryptic digestion was
selected, with up to two missed cleavages were accepted. The minimum and
maximum peptide lengths were set at 6 and 144 amino acids. Cysteine
carbamidomethylation was set as a static modification, and oxidation of
methionine (Met), Met loss and N-terminal acetylation were set as dynamic
modifications. Three modifications were allowed per peptide as a maximum

number. A concentrated target-decoy approach was applied for the false
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discovery rate (FDR) calculation, which was set to 1% for highly confident peptide
hits.

To assess protein abundance, the Feature Mapper node was selected.
Chromatographic alignment of the raw files was conducted, allowing for a 10-
minute retention time shift. A signal to noise threshold of 5 was established for
feature linking and mapping. For quantifying precursor peptide abundance,
precursor chromatographic intensities were utilized, with total peptide amount
chosen as the normalisation mode to mitigate experimental bias. Quantification of

identified proteins was based on unique and razor peptides.

2.2.21.5 Bioinformatics Analyses of Proteomics Data
Data processing was conducted in R v4.3.0. Dimensionality reduction was
performed using PCA (mixOmics package). Differentially expressed proteins

(DEPs) were identified using cut-offs of log, fold change = 1 and p < 0.05.

2.2.21.6 GO and KEGG Pathway Analyses
GO and KEGG enrichment analyses of DEPs were performed using the
enrichDAVID function in the clusterProfiler package 2%6. Terms with p < 0.05

(hypergeometric test) and minimum count of 5 were considered significant.

2.2.21.7 Protein—Protein Interactions (PPlI) and Hub Protein
Identification

DEPs were analysed in STRING (Rattus norvegicus, confidence = 0.4). Pathway
enrichment was performed using PANTHER v14.0. Over- or under-
representation of pathways was assessed by Fisher's Exact Test 22 . Raw p-

values were reported. Hub proteins were identified by betweenness centrality
within the PPI network.
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2.2.22 Statistical analysis

All data are presented as mean * standard deviation (SD). Western blot
densitometry was quantified using Imaged (NIH, USA), with protein signals
normalised to tubulin loading controls and processed in Excel. Graphs and
statistical tests were performed in GraphPad Prism 8 (GraphPad Software, USA).
For animal experiments (blood pressure, echocardiography, heart/weight ratio,
collagen area fraction %, HMGB1 immunofluorescence quantification), statistical
analysis was conducted using one-way ANOVA followed by Tukey’s post hoc
multiple comparisons test, after confirming normality and variance assumptions.
Statistical significance was set at p < 0.05.

For proteomic analyses, three independent biological replicates were used per
group. Data were processed in R v4.3.0. One-way ANOVA with FDR correction
(0.5%) was applied for multiple group comparisons. For selected pairwise
comparisons, Student’s t-tests were used with FDR-adjusted thresholds to control

false discovery.
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Chapter 3:
In-Vivo Model of Ang ll-induced Chronic

Hypertension in Male Rats
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3.1 Introduction

In vivo models continue to play essential roles in our understanding of biology,
physiology, and pathophysiology and target validation for various reasons. To
provide insights about whole body interactions and disease progression in a
physio-pathological context 22, Chronic hypertension is a common complex
condition that is the key risk factor for developing CVD. Evolved experimental
animal models of hypertension enables a clearer understanding of underlying
features of blood pressure regulation, hypertensive trait inheritance, and cellular

responses to injury as well as end organ damage %49,

The use of animal studies in translational medical research has faced growing
scrutiny due to issues like risk of bias, low reproducibility, inadequate
experimental design and execution, analytical and logical flaws, and incomplete
reporting 22°-231, Following recommendations on ways to mitigate these issues
should be considered for animal models studies. The Animalsin Science
Regulation Unit (ASRU) Home Office authorities the use of animals in scientific
research while outlining specific restrictions on which animals can be used and
for what purposes 232. The government is dedicated to the principles of
replacement, reduction, and refinement commonly known as the 3Rs
(Replacement, Reduction and Refinement) in the use of animals for research

purposes.

Designing models for studies on cardiac pathophysiology presents significant
challenges due to the complexity of cardiovascular disease, which arises from
multiple causes and comorbidities, leading to a multi-organ condition, particularly
in aging populations. Available models for studying cardiovascular disease
include human subjects, laboratory animals, and stem cell-derived systems.
These models allow for the investigation of various aspects such as cellular
pathophysiology mechanisms, cardiac development, organ-organ interactions,
and a wide range of measurable parameters 2. Several models facilitate a

reduction in the number of studies involving laboratory animals, as they enable
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initial steps in identifying pathophysiology mechanisms. However, organ-organ
interactions can only be fully examined in living models, such as humans or
animals. Studying chronic hypertension as a primary contributor of organ damage
could provide more insight about cardiovascular diseases progression and

inflammatory related impacts.

3.1.1 Ang ll-induced chronic hypertension model

Ang Il, the primary peptide hormone of the renin-angiotensin system, plays a
pivotal role in the development of hypertension . Inhibitors targeting this system
are an effective and first line choice as hypertension treatment. However, meta-
analyses indicate that overall adherence to angiotensin converting enzyme
inhibitors and angiotensin receptor blockers is only 50-60% 223. Untreated,
chronic systolic blood pressure of 2140 mm Hg or diastolic blood pressure of 290
mm Hg, is associated with raised relative and absolute possibilities for
cardiovascular disease outcomes. Vascular remodelling, marked by medial
thickening, fibrosis, and the accumulation of inflammatory cells, is the mechanism
through which hypertension exacerbates organ damage and increases the risk of

cardiovascular disease 234,

Inflammation is a key contributor to the development and progression of
hypertensive cardiac remodelling 225 . Ang Il is a crucial element of the RAS, which
promotes the early infiltration of pro-inflammatory cells, particularly monocytes
and macrophages, during hypertensive cardiac remodelling 2%¢. Monocytes and
macrophages secrete pro-fibrotic cytokines that induce the differentiation of
resident cardiac fibroblasts into myofibroblasts, resulting in the excessive
production of ECM 237, A previous study demonstrated that HMGB1 released from
injured lungs regulates mitochondrial metabolism of macrophages seeded within
the abdominal aorta 238, This indicates the crosslink between cardiac and immune
cells that enhance the release of pro-inflammatory molecules. In addition,

decreased expression of nuclear HMGB1 is observed in human failing hearts
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compared to normal hearts which was associated with cardiomyocyte hypertrophy
and fibrosis as assessed by a significant negative correlation of collagen amount
and nuclear HMGB1 levels 2?2, This was confirmed by using Ang Il induced
hypertrophy for 2 weeks on mice model with HMGB1 Tg nuclear as showed a
reduction in hypertrophic changes. In addition, HMGB1 Tg nuclear with ATM DNA
damage inhibitor mice showed less fibrosis in the left ventricular sections after
Ang Il induction compared with that of wild type mice. Interestingly, there was no
significant difference in blood pressure after Ang Il infusion between wild type and
HMGB1 Tg mice. This suggests that HMGB1 might have independent role in

cardiac remodelling.
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3.2 Chapter Aims and Objectives

This chapter aims to establish and characterise an Ang ll-induced model of

chronic hypertension in male rats, investigate cardiac remodelling with a specific

focus on HMGB1 expression and localisation, and complement in vivo findings

with MEG-01 experiments to explore platelet/EV-mediated HMGB1 release.

Objectives of this Chapter

1.

Establish and validate an Ang ll-induced chronic hypertension model in
male rats

o Confirm induction of chronic hypertension through continuous Ang
Il infusion.

o Monitor physiological parameters, including blood pressure, organ
morphology, and cardiac function by echocardiography.

Investigate structural changes associated with hypertensive cardiac
remodelling

o Characterise perivascular and interstitial fibrosis by histological
staining and collagen quantification.

o Assess cardiomyocyte hypertrophy in response to Ang Il infusion.
Determine the expression and localisation of HMGB1 in the hypertensive
heart

o Quantify HMGB1 protein levels in distinct cardiac chambers (LV,
RV, LA, RA) by Western blotting.

o Assess HMGB1 localisation in cardiac sections, focusing on
perivascular and interstitial regions, under control, saline, and Ang
ll-infused groups.

Characterise HMGB1 release and EV/PLP contribution using MEG-01
cells

o Characterise MEG-01-derived EVs under basal conditions (size
distribution, morphology).

o Detect HMGB1 in MEG-01-derived platelet-like particles (PLPs).
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Assess HMGB1 release dynamics in MEG-01 cells and

supernatant following thrombin stimulation.
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3.3 Results

3.3.1 Evidence for chronic hypertension and hypertrophy

following Ang Il induction.

Hypertension is the most common aetiology underlying various cardiovascular
diseases and is recognised as a modifiable risk factor for global morbidity and
mortality. Uncontrolled regulation of the RAAS in primary hypertension has made
the Ang Il rodent model a reliable one to study hypertension and related diseases
239 A dose of 400 ng-kg~"-min~' or lower, which is considered a slow-pressor,
over prolonged infusion results in a gradual increase in BP and associated end-

organ damage which mimics essential hypertension in humans 240241,

3.3.1.1 Body Weight Monitoring in Ang ll-induced Hypertension
Model

Throughout the 28-day experimental period, all rats were closely monitored in
accordance with animal welfare guidelines, with particular attention to body weight
to ensure overall health and to detect any adverse effects associated with Ang Il
infusion. Body weights were recorded weekly, starting from day 0, across all
groups: Ang ll-treated, saline-treated, and control. The project license restricted
that no animal should experience more than a 20% reduction in body weight, as
per Home Office regulations. The data in Figure 3.1 indicated no significant weight
loss in the Ang Il group compared to controls over the 4-week period, suggesting
that chronic Ang Il infusion did not adversely affect the general health of the

animals.
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Figure 3.1: Body weight progression over 28 days in Ang ll-treated, saline-treated, and control
groups. Data represent average body weight in gram (g) over 4 weeks. No significant differences
were observed between groups, indicating that Ang Il infusion did not result in adverse weight
loss.

3.3.1.2 Blood Pressure Monitoring in Ang ll-Induced
Hypertension Model

BP assessment began 2 days before minipump implantation to habituate the
Rats to the procedure and continued at three different intervals (days 0, 7-9,
and 28) for measurements. Rats were placed on a heating platform for 15-
20 min before blood pressure assessment and restrained with a specific
animal jacket that they felt comfortable in to remain calm. A minimum of 4
measurements (systolic and diastolic) were taken until the blood pressure
stabilised and, then a minimum of six measurements were taken per Rat and
averaged for analysis. BP was monitored by the same person at the same

time of the day.

Systolic BP (mmHg) was significantly elevated in the Ang Il group compared
with control and saline groups at Days 7-9 and Day 28 (one-way ANOVA, p
< 0.0001; Figure 3.2B)
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Figure 3.2: Blood pressure protocol assessment of all experimental groups.

(A) Workflow of BP measurements: baseline (Day 0), mid-study (Days 7-9), and endpoint
(Day 28). Rats were pre-warmed under a heat lamp for 15-20 minutes before placement
into restraining jackets for tail-cuff measurements. (B) Systolic blood pressure (mmHg) in
all groups (Control n=6; Saline n=8; Ang Il n=12). One-way ANOVA showed significant
increases in Ang Il rats at Days 7-9 and 28 compared to controls (p < 0.0001)
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3.3.1.3 Heart and organs morphology, and heart/body weight

ratio

In this study, cardiac hypertrophy was assessed by measuring absolute heart
weight and the heart weight-to-body weight (HW/BW) ratio after 28 days of Ang Il
infusion, compared with Control and Saline groups. Baseline body weights were

similar among all groups (245 + 50 g).

Heart weight differed significantly among groups (one-way ANOVA, p = 0.0001).
Mean values were Control 1.237 £ 0.050 g (n = 6), Saline 1.310+0.147 g (n = 6),
and Ang Il 1.482+£0.090 g (n = 12). Tukey’s post hoc test confirmed that Ang Il
hearts were significantly heavier than both Control (***p = 0.0002) and Saline (*
*p = 0.0066), whereas Control and Saline did not differ (p = 0.4286).

The heart weight to body weight (HW/BW) ratio was also significantly increased
in Ang Il rats (0.004270 + 0.0003445) compared to Control (0.003265 *
0.0002610) and Saline (0.003406 + 0.0001351) (one-way ANOVA, p < 0.0001).
Tukey’s post hoc test confirmed significant increases in Ang Il versus both Control
(***p < 0.0001) and Saline (***p < 0.0001), while Control vs. Saline was not
significant (p = 0.6775).
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Figure 3.3: Heart and organs morphology and characteristics.

(A) Heart weights of Ang Il (n = 12), Control (n = 6), and Saline (n = 6) groups. (B) Heart weight-
to-body weight ratio (HW/BW) across groups. Data are presented as mean + SD. Statistical
analysis was performed by one-way ANOVA followed by Tukey’s multiple comparison test. Only
ANOVA p-values are shown in the figure for clarity; detailed post hoc results are reported in the
text. Liver and lungs weights were compared between groups. Abbreviation: Angiotensin II; Ang
Il.
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3.3.1.4 Transthoracic Echocardiography and Left Ventricular

Geometric Patterns

Cardiac morphology and function were assessed by transthoracic
echocardiography. Representative M-mode echocardiograms were obtained from

Control, Saline, and Ang ll-infused rats after 28 days (Figure 3.4A).

Fractional shortening (FS%) was significantly different among groups (one-way
ANOVA, p = 0.0105). Mean values were Control 50.85 £ 4.15% (n = 6), Saline
50.68 + 3.16% (n = 8), and Ang Il 56.83 £ 5.53% (n = 12). Tukey’s post hoc test
showed that FS% was significantly increased in Ang Il compared to both Control
(*p =0.0421) and Saline (*p = 0.0205), while Control vs. Saline was not significant
(p = 0.9973).

The left ventricular diastolic internal diameter (LVIDd) also showed significant
group differences (ANOVA, p = 0.0216). Control: 0.7365 + 0.0406 cm, Saline:
0.7159 £ 0.0569 cm, Ang Il: 0.6629 + 0.0565 cm. Tukey’s test confirmed a
significant reduction in Ang Il compared with Control (*p = 0.0298), while Control

vs. Saline (p = 0.7585) and Saline vs. Ang Il (p = 0.0988) were not significant.

Similarly, the systolic internal diameter (LVIDs) was significantly altered (ANOVA,
p = 0.0021). Control: 0.3610 £ 0.0285 cm, Saline: 0.3466 + 0.0397 cm, Ang Il
0.2864 + 0.0487 cm. Tukey’s test indicated Ang Il values were significantly
reduced compared with both Control (**p = 0.0050) and Saline (*p = 0.0130), while

Control vs. Saline was not significant (p = 0.8059).

These echocardiographic data demonstrate increased FS% together with

reduced LVIDd and LVIDs in Ang Il rats compared with controls (Figure 3.4B).

93



Control

SAL

Ang Il

P=0.0218 P=0.0021 P=0.0105
0.8 0.5 07—
B 0.4 . %% *
I °. [ ] [ ] [ ]
°.
£ 0.7 £ %‘ =% o _ 60- .
o L 0.39 . =2 °
~ -1 L]
8 8 ol © % «®*
S S 0.2 o] W 2 1le
-1 0.6 2 50+
° .
0.1 45 ol |e
0.5 0.0 , I I 40 I I I
» @ B » >
O ) &
PP ) & & o
& 2 o Q N &
) L 9 v ° A S

Figure 3.4: Echocardiographic assessment of LV geometry and function in control, saline, and
Ang ll-infused rats.

(A) Representative short-axis echocardiography with M-mode tracings showing LV diastolic
internal dimension (LVIDd, blue arrow) and LV systolic internal dimension (LVIDs, yellow arrow).
(B) Quantification of LVIDd, LVIDs, and fractional shortening (FS%). Data are expressed as mean
+ SD. One-way ANOVA was used to compare groups (LVIDd: p = 0.0216; LVIDs: p = 0.0021;
FS%: p = 0.0105). Tukey’s post hoc comparisons are reported in the text. Group sizes: Control (n

=6), Saline (n = 8), Ang Il (n = 12).
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3.3.2 Assessment of collagen content and fibrosis progress.

Initially, Picrosirius red staining was attempted to assess collagen deposition in
cardiac tissue sections across all experimental groups. However, the staining
quality was inconsistent, making it challenging to obtain reliable and reproducible
results. Given the study timeline and the limited availability of heart tissue
samples, an alternative approach was pursued to avoid unnecessary sample
depletion. Masson’s trichrome staining was subsequently performed, and it
yielded consistent and reproducible results on the first attempt. Therefore, this
method was chosen for collagen quantification, allowing for a complete and
standardized analysis across all samples. Although Picrosirius red staining was
not used for the final analysis, a preliminary attempt (n=2 per group) was
documented, and collagen percentage quantification from this attempt is

presented for reference (Figure 3.5).

Control Saline

Collagen area%

Figure 3.5: Representative images of Picrosirius red-stained cardiac
sections from Ang Il, saline, and control groups.
% All sections are stained with picrosirius red and viewed at the same
magnification (x40) using standard light microscopy (EVOS). The
accompanying bar graph quantifies collagen percentage across groups
(n=2 biological replicate per group), demonstrating the preliminary
assessment. Figures represent areas randomly selected from the full
m heart section (not shown).
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3.3.2.1 Collagen deposition in perivascular and interstitial
regions
Collagen content was assessed in perivascular and interstitial regions of the left

ventricle after 28 days of Ang Il infusion. Representative trichrome-stained images

are shown in Figure 3.6.

Perivascular collagen area was significantly increased in Ang Il rats (7.87 %
1.93%) compared with Control (3.76 + 0.56%) and Saline (4.34 + 0.96%) groups
(one-way ANOVA, p = 0.0026). Tukey’s test confirmed significant differences
between Ang Il vs. Control (**p = 0.0066) and Ang Il vs. Saline (**p = 0.0094),

whereas Control vs. Saline was not significant (p = 0.8732).

Interstitial collagen was also significantly elevated in Ang Il rats (7.30 £ 1.39%)
compared with Control (4.26 + 0.70%) and Saline (4.53 + 1.14%) (ANOVA, p =
0.0078). Tukey’s test showed Ang Il differed from Control (*p = 0.0160) and Saline
(*p = 0.0169), while Control vs. Saline remained non-significant (p = 0.9506).

Together, these results confirm that collagen accumulation was significantly
greater in Ang Il rats compared with both Control and Saline groups, while no

trend was observed between Control and Saline (Figure 3.6).

96



Interstitial area

Control

Perivascular

97



Perivascular fibrosis Interstitial fibrosis

- A
=< = 87
S 10 ‘ o 'I'
it P 6 - n
@ © A
c c .
[ @
o D 44
8 5 . o
3 s 3
o n O 24
0 T T T 0 T T
> < N N ) N
o . 8)
SR SR
oo'° % ¥ c,o"‘\ 2 ¥

Figure 3.6: Collagen deposition in perivascular and interstitial regions of cardiac tissue.

Masson’s trichrome staining shows collagen in blue. Representative sections are displayed at 10x
(whole section) and 20x (higher magnification) from Control, Saline, and Ang Il groups.
Quantification confirmed significantly higher collagen area (%) in Ang Il rats compared with both
Control and Saline groups (perivascular: ANOVA p = 0.0026; interstitial: ANOVA p = 0.0078,

Tukey post hoc in text). Scale bar = 200 pm.
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Figure 3.7: lllustration of cardiomyocyte hypertrophy in Ang Il, compared to saline and control
groups.

Representative images show cardiomyocyte cross-sectional area differences among groups,
highlighting hypertrophic changes in the Ang ll-treated group compared to saline and control
groups. Cardiomyocyte enlargement is evident in the Ang Il group, indicative of pathological
remodelling associated with chronic hypertension. Scale bar 200um. Created by Biorender.
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3.3.3 HMGB1 association in cardiac remodelling in Ang Il induced

chronic hypertension

3.3.3.1 HMGB1 and high-molecular-weight isoforms detected in

cardiac tissue of Ang ll-induced hypertensive rats

Western blot analysis was used to assess HMGB1 expression across different
cardiac chambers (left ventricle, right ventricle, left atrium, right atrium) in control,
saline, and Ang ll-infused rats (Figure 3.8). HMGB1 was consistently detected at
~29 kDa, and an additional high—-molecular weight (HMW-HMGB1) band was
observed. Quantitative analysis showed no statistically significant differences in
HMGB1 or HMW-HMGB1 expression between groups (all ANOVA p-values >
0.1). A trend toward higher HMW-HMGB1 in the right atrium of Ang Il rats (p =

0.1363) was noted but did not reach significance.

These findings indicate that HMGB1 is expressed in both monomeric and higher—
molecular weight forms in cardiac tissues, but without significant group-dependent

changes.
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Figure 3.8: HMGB1 expression in different cardiac regions of control, saline, and Ang Il groups.
Western blots show monomeric HMGB1 (~29 kDa) and high-molecular weight HMGB1 (HMW-
HMGB1). Data represent n = 4 biological replicates per group. Quantification graphs show fold
change normalised to GAPDH. Statistical analysis by one-way ANOVA (all comparisons non-
significant). Abbreviations: C, Control; S, Saline; A, Angiotensin .
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3.3.3.2 HMGB1 localisation and redistribution in Ang ll-induced

cardiac remodelling

Immunofluorescence staining with confocal imaging was performed on transverse
heart sections from control, saline-treated, and Ang ll-infused rats (Figure 3.9).
HMGB1 (green) was visualised alongside Rhodamine—phalloidin F-actin (red) and
DAPI-stained nuclei (blue).

Panel A shows representative localisation of HMGB1 across the three groups. In
control and saline hearts, HMGB1 was mainly observed in the nuclear region,
whereas Ang ll-treated hearts displayed a broader distribution with areas of
increased cytoplasmic signal. This qualitative shift indicates altered HMGB1

localisation under hypertensive stress.

Panel B presents quantitative analysis of HMGB1 expression, measured as
corrected total cell fluorescence (CTCF). Mean fluorescence intensity was
significantly different among groups (one-way ANOVA, p = 0.0163). Values were
Control 199,366 + 22,936 a.u. (n = 3), Saline 176,739 + 65,956 a.u. (n = 4), and
Ang 11 323,568 + 82,583 a.u. (n = 6). Tukey’s post hoc test confirmed significantly
higher HMGB1 expression in Ang || compared with Saline (*p = 0.0208), whereas
differences between Ang Il and Control (p = 0.0705) and between Control and

Saline (p = 0.9054) did not reach statistical significance.

Signal intensity profiling further supported these findings by highlighting stronger
HMGB1 signal in selected regions of Ang Il hearts compared with controls (Figure
3.10). While this analysis suggests redistribution of HMGB1, the imaging
approach does not allow firm conclusions regarding nuclear versus cytoplasmic

compartmentalisation.
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Figure 3.9: HMGB1 localisation and expression in cardiac tissue sections from Control, Saline,
and Ang Il groups.

(A) Indirect immunofluorescence and confocal imaging of transverse heart sections showing
HMGB1 (green), F-actin labelled with Rhodamine—phalloidin (red), and nuclei stained with DAPI
(blue). Representative images are shown for Control (n = 3), Saline (n = 4), and Ang Il (n = 6)
groups. Scale bar 50 pm. (B) Quantification of HMGB1 expression as corrected total cell
fluorescence (CTCF, arbitrary units). One-way ANOVA showed a significant difference among
groups (p = 0.0163). Data are presented as mean + SD.
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Figure 3.10: Re-localisation of HMGB1 in Ang Il heart tissue compared to Control and Saline
perfused groups.

Indirect immunofluorescence and confocal imaging were carried out in Control, Saline, and Ang |l
treated Rat. Signal intensity profiling of the HMGB1 signal across the cardiac tissue samples was
carried out to visualise changes in HMGB1 localisation. Changes in HMGB1 localisation intensity
profiles is shown (Lower panels, white arrows). Rhodamine phalloidin F-actin and DAPI are shown
for reference (magenta/cyan, top panel). All data shown represent analysis taken from rats in
control (n=3), Sham-Operated-Saline (n=4) and Ang Il treated (n=6) groups. Scale bar 20um.
Qualitative data.
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3.3.3.3 Collagen with HMGB1 deposition in Ang Il infused rats.

Hypertension has a chronic inflammatory status characterised as the
transmigration, accumulation, and activation of inflammatory cells and pro-
inflammatory cytokines 242. Hypertension triggers numerous organ-specific
alterations, one of them is left ventricular hypertrophy 243, which display an
abnormal increase in left ventricular mass. This is a marker for and contributes to
coronary dysfunction which lead to stroke, heart failure, peripheral arterial
disease, and cardiovascular mortality in patients with hypertension. Cardiac
fibrosis is a pathological process involving the remodelling of the ECM, resulting
in abnormal matrix composition and quality, which ultimately impairs cardiac
muscle function not only in schematic scar but also in conditions with absence of
ischemia, including hypertensive heart disease and hypertrophy 244, In a simplified
view of fibrosis progression, there is a significant shift in both the relative amount
and distribution of interstitial and basement membrane collagens. This process is
accompanied by changes in vascularisation, immune cell infiltration, and is
influenced by the specific underlying aetiologies and progression 245, For
example, collagens that are typically found around blood vessels or cells may
spread into areas where they shouldn’t be, contributing to stiffening and

dysfunction of the heart muscle.

Therefore, HMGB1 as DAMPs molecule released under cellular stress or
recurring tissue injury, it was assessed in heart section of Ang Il using indirect
immunofluorescence staining. Trichrome staining used to compare with collagen

distribution and deposition in Ang Il infused rats (see Figure 3.11).
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Figure 3.11: Histological analysis of collagen deposition and histochemical analysis of HMGB1
localisation.

Top panel: Masson's trichrome staining to assess the collagen deposition which indicated tissue
fibrosis in blue of both perivascular and interstitial area (Scale bar: 200um). Bottom panel:
representative images of HMGB1 localisation in Ang Il infused rat (scale bar 25-50um) (Qualitative
data).
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Given that we observed a re-localisation of HMGB1 in cardiac tissue, where in
addition to an overall increase in total expression, its cytosolic distribution shifted
towards the cell membrane. This finding suggested that HMGB1 may be actively
mobilized for extracellular release. Given HMGB1's known role in inflammatory
signalling and its ability to be secreted via non-classical pathways, we
hypothesised that extracellular vesicles (EVs) could serve as a key mechanism

for its release. We examined EVs isolated from control rat serum.

3.3.4 Analysis of EVs released from the control Rat serum

In this project, EVs of healthy, control rats were examined to determine their sizes.
For polydispersity assessment, the Z-Ave (average particle size) was paired with
the Polydispersity Index (Pdl) to evaluate the sample heterogeneity. The Pdl is a
measure of the heterogeneity of particle sizes in a sample, ranging from 0

(monodisperse, uniform size) to 1 (highly polydisperse, broad size distribution).

Dynamic Light Scattering (DLS) confirmed that the EVs particles from rat serum
were polydisperse (0.546 + 0.046), ranging from 10-1000 nm in diameter, results
presented at intensity and number-based distributions (%) mean diameter 408.3
nm and 27.1 nm respectively. Results suggests a broad size distribution, possibly
due to the presence of different EV subtypes. Unfortunately challenges in isolating
whole blood from the Ang Il rodent model meant that we were unable to compare

EV’s between control and Ang Il groups.

Whilst EV isolation from control rat serum and DLS characterisation was
successful (Figure 3.12), challenges were faced when attempting to isolate whole
blood from Ang Il rats. We were therefore unable to characterise HMGB1
expression in rat EV lysates. Low EV protein expression and poor sample vyield
was a critical barrier for onwards HMGB1 experimentation to investigate secretory

pathways of HMGB1 in this mode.
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Figure 3.12: DLS analysis for EVs sizes from Rats control group serum represent in intensity and
numbers (%).

DLS analysis was performed to assess the size distribution of EVs isolated from the serum of
control rats, represented in both intensity and particle number (%). The intensity-based size
distribution revealed prominent peaks within the 10—1000 nm range, indicating the presence of
larger EV populations contributing more to the scattering signal. In contrast, the number-based
distribution showed peaks primarily within the 10—100 nm range. Experiments represent n=3
independent biological replicates and 5 technical records for accuracy.
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Table 3.1 represent a summary of DLS zeta-sizing analysis, including Z-average
(Z-ave) represent intensity distribution, polydispersity index (Pdl), number
distribution, and the mean of all recorded measurements. The Z-average
represents the intensity-weighted mean hydrodynamic diameter of particles, while
the Pdl indicates the uniformity of the size distribution. The intensity distribution
in the graph above reflects the proportion of scattered light from different particle
sizes, whereas the number distribution accounts for the relative proportion of
particles based on count rather than scattering intensity. Mean values were

calculated from multiple measurements to ensure result accuracy and reliability.

Table 3.1: Dynamic Light Scattering (DLS) Analysis of Particle Size (Z-Ave), Polydispersity Index
(Pdl), and numbers of (EVs) Isolated Rat Blood of control Samples.

Control1 Records Type Z-Ave d.nm Pdl Number d.nm
1 Size 405.2 0.641 23.65
2 Size 399.1 0.554 23.66
3 Size 397 0.485 22.16
4 Size 391.6 0.564 10.3
5 Size 390.2 0.529 21.7
Mean 396.6 0.555 20.29
Std Dev 6.048 0.057 5.655
Control2 Records Type Z-Ave d.nm Pdl Number d.nm
1 Size 564.7 0.669 51.77
2 Size 529.2 0.56 12.62
3 Size 524.6 0.552 12.14
4 Size 570.9 0.591 85.97
5 Size 578.4 0.605 80.98
Mean 553.6 0.595 48.7
Std Dev 24.87 0.047 35.63
Control3 Records | Type Z-Ave d.nm Pdl Number d.nm
1 Size 264.6 0.528 11.68
2 Size 311.2 0.455 12.76
3 Size 261.3 0.464 12.58
4 Size 262.6 0.529 12.63
5 Size 274 0.474 12.71
Mean 274.7 0.49 12.47
Std Dev 20.98 0.036 0.4482
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Although EVs could be successfully isolated and characterised from control rat
serum, attempts with Ang Il serum samples were unsuccessful due to low yield
and poor protein recovery. Nevertheless, the control data confirmed the feasibility
of EV isolation and DLS characterisation in this model. Importantly, these findings
complement the in vivo HMGB1 localisation results, where increased cytosolic
redistribution in Ang Il heart tissue suggested extracellular release. EVs therefore
represent a plausible mechanism for HMGB1 export, providing the rationale for
the subsequent use of MEG-01 cells as a surrogate system to investigate HMGB1
trafficking and release (Figure 3.13).
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Figure 3.13: Schematic depicting stages of Megakaryocyte (megakaryopoiesis) formation and
platelet release (thrombopoiesis).

HSC gives rise to the CMP, MEP and after multiple rounds of endomitosis, (2) the pro and
megakaryoblast go through maturation process resulted in small or giant MK cells. (3) Mature cells
transferred into cytoplasmic fragmentation or produce budding and pro-platelets through bone
marrow sinusoids (4) following platelet shedding and (5) platelet releasing from the cell into
circulation. Abbreviations: MK; megakaryocyte. HSC; haematopoietic stem cells. MEP;
megakaryocyte-erythroid progenitor. CMP; common myeloid progenitor. Created by Biorender
and adapted from 246,
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3.3.5 Using the Megakaryoblastic leukaemia cell line (MEG-01) as

an alternative model to investigate EV expression of HMGB1

While in vivo models provide critical insights into disease mechanisms, their
complexity makes it challenging to isolate specific cellular contributions to disease
pathology. The transition to the MEG-01 cell line allows for a more controlled
investigation of HMGB1 expression, release, and EV-mediated transport without
systemic influences. By using MEG-01-derived platelet-like particles (PLPs), we
were able to specifically analyse HMGB1 secretory processes. The rationale for
these experiments was to complement in vivo findings and strengthen our

understanding of HMGB1’s role in hypertensive cardiac remodelling.

MEG-01 cells were captured using bright-field microscopy of 500ul cells at x20
magnification to assess cell differentiation as platelets are shed from mature
megakaryocytes by a series of events of platelet production. Figure 3.14 shows
(A) the MEG-01 cells grow as a mixture of adherent and suspension cells at 80%
confluency in full media. The blue arrows indicate mature cells with one or two
lobulated nucleuses. Under the usual culture conditions, less than half of the cells
adhered to the flask with an extension of pseudopods (green arrows). The yellow
arrow is a good example of a nucleated giant cell with a few cytoplasmic vacuoles,
cytoplasmic protrusions, and small platelet-like particles on the surface (pro-
platelets). The red arrow shows the release of numerous platelet-like particles.
(B) showed zoomed images of (i) large mature MEG-01 with two nucleus (ii)
pseudopods formation (iii) proplatelets formation and (iv) platelets release. This
MEG-01 cell differentiation events are simplified in schematic figure as shown in

panel (C).
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Mature MEG-01 Pseudopodes formation Pro platelets formation Platelets

Figure 3.14: Live-cell brightfield imaging of MEG-01 cells.

(A) Cells differentiate into diverse shapes, and sizes indicated by different arrow colours. Blue
arrows show different cell sizes and one with two nuclei. Green arrows show the extended shape
of cells. The yellow arrow shows the cell budding of platelet-like particles on the cell surface. The
red arrow shows exposed cells with platelets-like particles. (B) zoomed of diverse cell
differentiation, maturation, and platelets formation. Cells were visualised by using a brightfield
microscope at x20 magnification. Images are representative of 5 independent experiments. Scale
bar 50um.
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Figure 3.15 shows different characterisation of MEG-01 morphology taken in time-
lapse video captured every 10min for 60 min duration at 10x magnification by
using bright field microscope. Cells were visualised without stimulation only grown
in full media. (A) Most cells are typically spheroid in appearance however the
ability of the cells to become adherent over time was captured (yellow arrow). By
60 minutes (B, white dashed frame) MEG-01 cell shape changed from round into

cell with an extension of pseudopods, with an adherent phenotype.

Figure 3.15: Characterisation of MEG-01 cell morphology over time.

(A) images captured every 10 minutes over 60 minutes duration. (B) zoomed images of the start
time zero minute and the end time 60 minutes. By using a brightfield microscope at x10
magnification, representative of 5 independent experiments. Scale bar size 50um and 10um
zoomed.
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Immunofluorescence microscopy was used to detect the morphological changes
in the MEG-01 cells membrane. Figure 3.16 shows (A) DAPI staining labelled the
nucleus with blue colour, and Dil membrane localisation is indicated in magenta.
(B) The unique demarcation membrane system of the MEG-01 cell shows the
extension of pseudopods (zoomed shown in C). Cells were visualised at 43x (oil)
magnification using confocal microscopy. These budding events are typically
observed during pro-platelet formation and release and represent the dynamic

processes these cells undergo.

Figure 3.16: Immunofluorescence staining of the MEG-01 cell membrane.

Live cell staining of the MEG-01 cell membrane (magenta), DAPI labelled the nucleus (blue). (B)
The cell membrane with extension of pseudopods. (C) in zoomed capture. Cells were visualised
at 43x (oil) magnification using confocal microscopy, with images representative of 5 independent
qualitative experiments. Scale bar 50um.
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3.3.5.1 MEG-01 Derived Extracellular Vesicles (EVs)

MEG-01 cell line terminally differentiates to release platelets from long
cytoplasmic processes termed proplatelets that release platelets like particles.
Three different populations of MEG-01 cultures are found including nucleated
floating, nucleated attached, and platelet-like particles. As PLP are very small

particles, DLS analysis was used for particles size detection.

EVs isolation was carried out by multiple ultracentrifugation and the supernatant
was collected for further analysis. There are typically two different types of
analysis performed on the isolated vesicles, which is physical and
chemical/biochemical/compositional analysis. Here we used the physical analysis
DLS, which provides insight to particle size and concentration. EVs are small
(0.03-5 um in diameter) and are divided into subtypes including micro-
vesicles (MVs), exosomes, and apoptotic bodies 2'3. The standard size
distributions of EVs were obtained using the nanoparticle tracking analysis of
dynamic light scattering. Analysis showed each sample represented in intensity
% and numbers % (Figure 3.17) confirmed that the EVs particles from MEG-01
supernatant were polydisperse (0.808+ 0.085 mean/SD), results presented at
intensity and number-based distributions % mean diameter 377 nm and 223 nm

respectively.
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Figure 3.17: Dynamic Light Scattering (DLS) measurements of extracellular vesicles (EVs)
isolated from MEG-01 cells.

DLS measurements were performed to determine the size distribution of EVs derived from MEG-
01 cells. The figure shows EV populations represented by both intensity and number (%)
distributions. Consistent peaks were observed in the 10-1000 nm range for intensity
measurements and in the 10—90 nm range for number-based distribution, indicating a predominant
presence of smaller EVs despite the greater scattering contribution from larger particles. Data are
presented from n = 3 independent technical replicates and 5 records for technical accuracy.
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Table 3.2 presents a summary of DLS zeta-sizing analysis for MEG-01 cells,
including Z-average (Z-ave), which represents the intensity distribution,
polydispersity index (Pdl), number distribution, and the mean of all recorded
measurements. The Z-average reflects the intensity-weighted mean
hydrodynamic diameter of the particles, while the Pdl indicates the uniformity of
the size distribution. The intensity distribution in the graph above illustrates the
proportion of scattered light from particles of varying sizes, whereas the number
distribution represents the relative proportion of particles based on count rather
than scattering intensity. Mean values were calculated from multiple

measurements to ensure accuracy and reliability of the results.

Table 3.2: Dynamic Light Scattering (DLS) Analysis of Particle Size (Z-Ave), Polydispersity Index
(PdlI), numbers of EVs Isolated from MEG-01 Cells

MEG-01 1 Record Type Z-Ave d.nm Pdl Number d.nm
1 Size 781.3 0.691 302
2 Size 836.5 0.739 4.425
3 Size 676.5 0.541 371.3
4 Size 764.6 0.647 5.438
5 Size 771 0.608 376.2
Mean 766 0.645 211.9
Std Dev 57.54 0.076 191.2
MEG-01 2 Record Type Z-Ave d.nm Pdl Number d.nm
1 Size 713.1 0.641 293.2
2 Size 796.7 0.597 9.161
3 Size 755.9 0.568 360.6
4 Size 693.1 0.426 436.7
5 Size 732.5 0.416 486.7
Mean 738.3 0.53 317.3
Std Dev 40.1 0.103 187.3
MEG-01 3 Record Type Z-Ave d.nm Pdl Number d.nm
1 Size 942.9 0.57 0.6739
2 Size 825.7 0.613 0.6863
3 Size 975.2 0.75 307.9
4 Size 830.7 0.643 0.7864
5 Size 1031 0.726 3914
Mean 921.1 0.66 140.3
Std Dev 90.49 0.076 193.4
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Immunofluorescence microscopy was used to detect the HMGB1 expression and
localisation in the MEG-01 cells. Figure 3.18 shows (A) DAPI staining labelled the
nucleus with blue colour, Dil membrane localisation is indicated in magenta and
the HMGB1 stained with green. (B) The unique demarcation membrane system
of the MEG-01 cell shows the extension of pseudopods and (C) the evidence of
HMGB1 expressed in the cargo indicated in green. Cells were visualised at 43x
(oil) magnification using confocal microscopy. These budding events are typically
observed during pro-platelet formation and release and represent the dynamic

processes these cells undergo.

Figure 3.18: HMGB1 expression in MEG-01 cells and HMGB1 localisation in ‘pro-platelet’s.
Live cell staining of (A) the MEG-01 cell membrane (magenta), and DAPI labelled the nucleus
(blue) and HMGB1 in green. (B) Dashed frame showed cell membrane extension of pseudopods
and the present of HMGB1 in the cargo. (C) zoomed capture. Cells were visualised at 43x (oil)
magnification using confocal microscopy. Scale bar 50um. (qualitative data).
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3.3.5.2 Active release of HMGB1 in MEG-01 cells

Thrombin, a key serine protease in the coagulation cascade, is known to activate
platelets and megakaryocytes, EV release. Given its role in cellular activation and
vesiculation, we investigated whether thrombin stimulation of MEG-01 cells could
influence HMGB1 release in these cells. Changes in HMGB1 expression in MEG-
01 cell (0.03 x10%cells) upon thrombin (1U/ml) treatment (0-120 minutes) was
assessed by Western blotting and by measuring the intensities of the
immunoreactive bands at 29kDa, as shown Figure 3.19. Thrombin activating
peptide increased HMGB1 expression in MEG-01 cells 15-minute post-treatment
(1.222+0.035 fold compared to Tubulin p=0.0035, n=5). Extracellular HMGB1 also
was detected in the cell supernatant with variant expression. Unstimulated cells
(0O minutes) were used as control. Tubulin was used for protein expression
quantification. An increase in HMGB1 release was observed after 5 minutes of

thrombin treatment.
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Figure 3.19: Thrombin-HMGB1 release from MEG-01 cells.

Quantitative immunoblotting of time course (0-120 mins) thrombin (1U/ml) treatment. HMGB1
fold change to tubulin for MEG-01 cells, HMGB1 fold change to unstimulated cells for MEG-01
supernatant. All experiments represent n=5 independent technical replicates.
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3.4. Discussion

3.4.1 Chronic hypertension and hypertrophy following Ang i

induction

In this project, an Ang ll-induced chronic hypertension model was successfully
established in male rats, representing pre-HF hypertrophy. Elevated blood
pressure (Figure 3.2) and increased HW/BW ratio (Figure 3.3) confirmed
hypertrophy, while echocardiographic parameters (LVIDd, LVIDs, FS%) showed
preserved systolic function (Figure 3.4). This indicates structural, but not
functional, remodelling consistent with early hypertensive heart disease 24'.
Similar adaptive responses, where LVH maintains cardiac output under pressure
overload, have been reported in both experimental and clinical settings 242.
Clinical and animal studies have shown that cardiac remodelling in response to
pressure overload is more favourable in females than in males, with females
exhibiting less fibrosis, left ventricular dilation, and dysfunction 249252, Because of
these sex differences in cardiac remodelling, most researchers focus on using
male mice to investigate the mechanisms underlying pressure overload—induced

cardiac hypertrophy and HF.

In this project, both perivascular and interstitial fibrosis were significantly
increased in Ang ll-infused rats compared with control and saline groups,
supporting their role as key pathological features of hypertensive cardiac
remodelling (Figure 3.6). Cardiac remodelling progression cause fibrosis which
characterised by the excessive deposition of ECM proteins, primarily collagen
fibres, in the interstitium and perivascular areas, is a critical pathological response
to chronic inflammation 2%3. In fibrotic tissue, the most consistent results are found
for the two markers, collagens | and lll, the main forms of collagen in the cardiac
ECM 25 A human study examined different cardiovascular non-ischemic heart
failure and found that interstitial collagen volume fraction was similar among the

groups 2%. In addition, perivascular fibrosis ratio was higher in the hypertrophic
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cardiomyopathy and hypertensive heart disease groups. Perivascular fibrosis is
associated with the impairment of coronary blood flow. This suggests that
hypertension which leads to hypertrophy have different function of perivascular
and interstitial fibrosis types. As targeting perivascular fibrosis to improve
coronary microcirculation impairment that could be caused by pro-inflammatory

accumulation and secretion into the circulation.

In this project, the pro-inflammatory HMGB1 localisation was examined by indirect
immunofluorescence dyes and was significantly higher in Ang Il infused rats
compared to saline and control groups (see Figure 3.9). In addition, HMGB1 was
depositional with collagen of perivascular area (figure 3.11). The abnormal
accumulation of extracellular matrix within the heart, cardiac fibrosis, is linked to
almost all forms of heart disease, including hypertensive condition. Hypertension
induces perivascular and interstitial fibrosis in the heart, resulting in arterial

stiffness, diastolic dysfunction, and myocardial hypertrophy 7.

Cardiac fibroblasts produce MMPs that degrade the ECM and collagen deposition
facilitating injured region progression 2%. This study presented that myofibroblast
specific heat shock protein (Hsp)47 deletion in mice showed reduced cardiac
hypertrophy after TAC compared with control which assessed by
echocardiography, cardiomyocyte area measured in histological heart sections
and induction of hypertrophic marker genes. These results suggest that inhibition
of collagen production with ECM accumulation from cardiac myofibroblasts
reduces the cardiac hypertrophic response with pressure overload stimulation by
inhibiting cellular stress molecules. Cardiac remodelling triggers innates immune
signalling, while the secretion of pro-inflammatory molecules can promote cell
infiltration/differentiation into the damaged area associated with collagen
deposition. In a study, cardiac fibroblasts and myofibroblasts were proliferation,
migration, and expression MMP and TIMP after HMGB1 stimulus 2%. TIMPs, the
tissue inhibitors of MMPs are important regulators of ECM turnover, tissue

remodelling, and cellular behaviour. Plasma multi-biomarker panel consisting of
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increased MMP7, MMP9, TIMP1 predicted the presence of left ventricle
hypertrophy 2%,

3.4.2 HMGB1 expression and localisation in Ang Il hearts

Extracellular release of HMGB1 into the circulation has been recognised as a key
contributor to cardiovascular disease progression, primarily through nuclear-to-
cytoplasmic translocation and subsequent secretion as a danger signal (DAMP)
159 Inflammation is a central feature of pressure overload—induced cardiac
hypertrophy and remodelling, although the exact mechanisms linking HMGB1 to

this process are still under investigation.

In this project, both the canonical 29 kDa HMGB1 and higher molecular weight
forms (HMW-HMGB1) were detected in cardiac tissue extracts (Figure 3.8).
Interestingly, HMW-HMGB1 was observed in saline and Ang Il groups but absent
in non-operated controls, raising the possibility that surgical stress itself may
trigger certain post-translational modifications. This is consistent with previous
reports that sham or surgical procedures can alter systemic inflammatory

signalling and proteomic signatures, even in the absence of the primary insult
259,260

Indirect immunofluorescence analysis further demonstrated that HMGB1
expression and localisation were altered in Ang ll-treated animals, with evidence
of increased cytoplasmic redistribution (Figures 3.9-3.10). Such nuclear-to-
cytoplasmic translocation is a hallmark of HMGB1 activation and often precedes
extracellular release. Supporting our findings, in vivo silencing of HMGB1 has
been shown to improve left ventricular function and reduce collagen deposition in
diabetic rats 287, while in vitro studies have demonstrated that HMGB1 promotes
collagen synthesis and fibroblast activation 262. Together, these findings reinforce

the role of HMGB1 as a pro-inflammatory mediator of fibrosis and hypertrophy.

124



To investigate whether HMGB1 release occurred via extracellular vesicles (EVs),
pilot experiments were performed using serum-derived EVs from control rats.
Dynamic light scattering confirmed successful EV isolation, but poor yield from
Ang Il serum prevented further comparative analysis. Nonetheless, these control
findings provide proof-of-principle that circulating vesicles can be isolated in this
model, and they align with the observed HMGB1 redistribution in cardiac tissue,

which is suggestive of extracellular release.

To overcome the limitations of serum analysis, an in vitro surrogate system was
established using MEG-01 cells, which are widely used to study megakaryocyte
and platelet biology 246 . HMGB1 was detected in MEG-01-derived EV cargo under
basal conditions and was further enhanced following thrombin stimulation in
western blot (Figures 3.18-3.19). These results indicate that platelets and
megakaryocytes may represent an important source of HMGB1 release during
hypertension, consistent with studies showing platelet-derived EVs carry pro-
inflammatory molecules and contribute to cardiovascular pathology 263,
Importantly, this in vitro evidence complements our in vivo observations by

demonstrating a possible mechanism for HMGB1 export via EVs.

Collectively, these findings show that HMGB1 expression is altered in Ang II-
induced cardiac remodelling, with cytoplasmic re-localisation supporting its active
release. While direct serum confirmation was limited by technical constraints,
MEG-01 studies provided supportive evidence that HMGB1 can be packaged into
EVs and secreted, strengthening the link between tissue-level redistribution and

systemic release mechanisms.
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3.5 Chapter conclusion

In this chapter, we successfully established and validated an Ang ll-induced
chronic hypertension model in male rats, demonstrating hallmark features of
hypertension including elevated blood pressure, cardiac hypertrophy, and
increased fibrosis. We also identified a significant increase in HMGB1 expression
within the cardiac niche, with evidence of its re-localisation to the cell membrane,
suggesting a potential role in extracellular signalling during hypertensive

remodelling.

Challenges with low yield and poor protein quality from rat serum limited the ability
to confirm circulating HMGB1. To overcome this, we used an in vitro MEG-01 cell
model, where pilot studies showed an increase in HMGB1 release following
thrombin stimulation, supporting the hypothesis that HMGB1 may be secreted via

non-classical pathways such as EVs.

Overall, these results highlight a clear association between Ang ll-induced
hypertension, fibrosis, and HMGB1 expression. However, the precise mechanistic
role of HMGB1 in the hypertensive heart remains to be fully defined. Figure 3.20

provides a visual overview of the main findings reported in this chapter.

To gain broader insight into molecular changes associated with Ang ll-induced
hypertension, we adopted an untargeted, shotgun proteomics approach in the
next chapter. This strategy enabled a global assessment of protein expression
alterations across control, saline, and Ang lI-treated groups, aiming to identify key
pathway-specific changes that may contribute to hypertension-induced cardiac

remodelling and inflammation.

126



Ang ll-induced chronic hypertension | Extracellular HMGB1 ?
Hypertrophic cardiomyocytes S — — = "\‘Endoth'élzi:af el &

@ . X
Intracellular

g ios S e

/Thickened
/_left ventricle

| ventricle

e A g

2, Collagen ===

.

N
“a. HMGB1 ?

Figure 3:20: Distinct intercellular communication mechanisms in the cardiac remodelling process.
At longer distances, the secretion of soluble cytokines, growth factors, or extracellular vesicles
can modify the behaviour of target cells. Connecting various cardiac cell populations, the
extracellular matrix provides structural support, which degrades due to cardiac hypertrophy,
affects multiple bioactive factors, and signal transduction, thus dysregulating intercellular
communication. HMGB1 is a multifunctional protein that plays a crucial role in cardiac remodelling,
mediating inflammation, fibrosis, and cellular signalling. HMGB1 contributes to this process
through the following mechanisms: as a pro-inflammatory protein activating TLR4, triggering
downstream pro-inflammatory signalling pathways. This activation promotes the release of
cytokines and chemokines, which exacerbate inflammation and contribute to the adaptive
mechanism and further to maladaptive remodelling. In addition, HMGB1 influences cardiac fibrosis
by stimulating myofibroblast activation and collagen synthesis. It modulates the secretion of matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), leading to
dysregulated extracellular matrix (ECM) turnover. This disrupts the ECM's structural and signalling
role, contributing to intercellular communication disturbances and fibrosis progression in the
hypertrophic, leading to a failing heart. Finally, HMGB1 is released and involved in regulating
extracellular vesicles (EVs), such as exosomes and microvesicles, which serve as carriers of
signalling molecules like microRNAs, proteins, and lipids. By modulating EV release and content,
HMGB1 affects intercellular communication between cardiomyocytes, fibroblasts, endothelial
cells, and immune cells, thereby influencing the overall remodelling process. Image created by
Biorender.
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Chapter 4:
LC-MS-Based Proteomic Analysis of Left Ventricle
Tissues from Ang ll-induced Chronic Hypertension in
Male Rats
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4.1 Introduction

4.1.1 Overview of Proteomics and high throughput technologies

Omics is a branch of biology focused on the comprehensive study and
characterisation of the complete set of biological molecules within a cell, tissue,
organism, or ecosystem. This approach aims to understand the structure,
functions, and interactions of these molecules on a systemic level, in a global-
unbiased approach %64 . Omics approaches enable the generation and analysis of
extensive datasets, including those of the genome, transcriptome, and
metabolome, which represent biological dynamics 2¢°. One of the first high-
throughput technologies, DNA microarrays, was developed for large-scale gene
expression analysis by measuring mRNA abundance through hybridisation-based
detection 265, With the advancement of sequencing-based omics, recent high-
throughput technologies have significantly improved proteomics, enabling more
comprehensive analysis of proteins and their functions through sophisticated
methodologies. Mass spectrometry (MS)-based proteomics has become a
fundamental approach in the field, allowing for the identification and quantification
of proteins in complex biological samples with high sensitivity and accuracy 257.
Proteomics approaches are generally divided into gel based and gel-free
methods, such as chromatography are usually classified into three basic types
according to the mobile phase used including liquid chromatography (LC) %68, gas
chromatography (GC) %%° and a technique that uses nuclear magnetic resonance
(NMR) 279 | Each have their uses, with pros and cons depending on the research

question being addressed.

Early protein separation techniques, such as two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE), enabled the resolution of proteins based on charge
in the first dimension and mass in the second, with separation efficiency
influenced by gel size ?’'. An advancement of this method, two-dimensional
differential gel electrophoresis (2D-DIGE), employs CyDye fluorophores to label
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proteins, allowing for the simultaneous detection of multiple protein samples by

exciting the dye at specific wavelengths 272 .

Modern proteomics has largely integrated these gel-based approaches with
online chromatography-mass spectrometry techniques for enhanced protein
identification and quantification 273 . Within this framework, two primary strategies
are employed: label-based approaches, which involve chemical modification of
proteins or peptides using various labelling techniques 274, and label-free

methodologies, which rely on direct quantification without chemical labelling 27°.

Proteomics, a key branch of omics sciences, involves the large-scale study of
proteins—the dynamic molecular effectors that regulate virtually all biological
processes. By investigating protein expression, interactions, modifications, and
functions, proteomics provides critical insights into cellular mechanisms and
disease pathways 276277, Unlike the relatively static genome, the proteome is
highly dynamic and changes in response to various stimuli and conditions 278,
This dynamic nature makes proteomics a powerful tool for understanding cellular
functions and disease mechanisms. A major limitation of genomic or
transcriptomic profiling studies is that the data provides only indirect
measurements of cellular states which may not accurately reflect the
corresponding changes in protein levels. This includes changes in
posttranslational modifications (PTMs), such as phosphorylation and protein
degradation that could be obtained from proteomics. Differential proteomics,
previously known as expression proteomics, involves creating quantitative maps
of protein expression from tissues or cells 279, This technique assesses the
differences in protein composition between samples of interest, such as between

a normal, or control sample and its diseased counterparts.

Proteomics methods have advanced from traditional techniques such as
immunohistochemistry (IHC) staining, Western blot, and enzyme-linked
immunosorbent assay (ELISA), to high-throughput approaches such as tissue

microarray (TMA), protein pathway array, and mass spectrometry (MS) 280 . These
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high-throughput proteomics techniques not only reduce analysis time but also
enhance the accuracy and depth of proteome coverage. With advancements in
bioinformatics and modern multi-analyte omics technologies, proteomics has
gained unprecedented depth and accuracy in analysing protein expression and
function. However, both omics-based and traditional biochemical approaches
remain complementary, as traditional methods play a crucial role in validating

protein-level findings

4.1.2 Top-down and bottom-up MS-based proteomic methods

Protein identification through MS typically employs either top-down proteomics,
which involves analysing intact proteins, or bottom-up proteomics, where proteins
are digested into smaller peptides via enzymatic or chemical methods before
analysis. Various more efficient MS-based proteomic strategies have been
developed to address diverse biological analytical challenges (see figure 4.1). A
critical aspect of both bottom-up and top-down approaches is the separation of
peptides and proteins, which plays a key role in enhancing the accuracy and depth

of proteomic analyses.
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Figure 4.1: Schematic representation of MS-based proteomic strategies top-down and bottom-up.
For top-down, the intact proteins are separated and individually characterised. In bottom up,
proteins are first digested by proteolytic enzymes and the separated peptides are analysed by MS.
Created by Biorender. Adapted from 281

In the top-down proteomics method, a full-length protein is directly sent for MS
analysis, where it can be fragmented within the mass spectrometer, and the
masses of the fragments are recorded 282, This approach analyses intact proteins,
allowing for the study of protein isoforms and post-translational modifications,
although it is technically more challenging. Due to analytical challenges, the depth
of protein coverage that is achievable by top-down proteomics is considerably
less than that of bottom-up proteomics 283, Bottom-up has advantages over the

top-bottom method as peptides can be easily ionised and fractionated.

The bottom-up approaches, also known as shotgun proteomics, use data-
dependent acquisition (DDA) workflows which are fundamental in proteomics. In
these workflows, peptide identification is typically achieved by matching fragment
spectra to a protein sequence database 2%4. The most abundant precursor ions

are selected for MS analysis. The bottom-up proteomic workflow starts with
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sample preparation of the protein sample, which are typically extracted from
biological sources such as tissues, cells, or bodily fluids. Bottom-up proteomics
methods employ individual proteases or protease mixtures to selectively cleave
proteins at multiple amino acid sites, resulting in a mixture of small peptides. The
optimal peptide length for bottom-up MS is 6-50 amino acid residues for effective
computational analysis. Trypsin digestion is commonly used as it produces
peptides with an average length of 14 amino acids 2%, therefore producing
peptides that are well-suited for MS analysis. This step is crucial as it generates
manageable peptide fragments that can be more easily analysed than intact
proteins. Digesting proteins into small peptide fragments offers several
advantages, including improved separation efficiency, a limited number of
charges on each peptide, and increased sample homogeneity - all of which

enhance MS detection.

These techniques are impossible without the use of bioinformatics, as in shotgun
analysis the spectra that are acquired are just data. There are a multitude of
software packages commercially available for example Proteome Discoverer (PD)
286 that enable proteomic workflows to be applied to the analysis of the wide

variety of studies.

4.1.3 Using proteomics to map inflammatory pathways that

contribute to cardiovascular dysfunction

Numerous pathological mechanisms contribute to the onset and progression of
high blood pressure. Inflammation is one such process that has been extensively
linked to hypertension. Research has shown elevated levels of inflammatory
markers in individuals with hypertension, suggesting a strong association

between inflammation, the onset of hypertension, and subsequent organ damage
287

Key events driving cardiac remodelling include oxidative stress-induced
hypertrophy, immune cell infiltration, and myofibroblast activation, leading to
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extracellular matrix (ECM) reorganisation and fibrosis. These structural
modifications are critical contributors to the progression of heart failure 2. High-
throughput technologies enable the investigation of a large set of proteins in a
single sample, thus, to connecting several biomarkers from distinct

pathophysiological pathways.

Back in 2005, a study conducted proteomic profiling of left ventricular myocardia
in spontaneously hypertensive rats and Wistar-Kyoto rats at different ages using
2D-DE in combination with MALDI-TOF/TOF MS/MS 28, Whilst proteomic
analysis was primitive when compared to the advanced approaches today, the
findings revealed significant modifications in proteins involved in cellular energy
metabolism and oxidative stress. Further proteomic studies in mice predisposed
to hypertrophic cardiomyopathy analysed three groups: non-transgenic mice and
cardiac-specific transgenic mice overexpressing either the wild-type or mutant
cardiac troponin | gene 2% . Interestingly, biological process classification
revealed that most identified proteins were associated with cell structure and
muscle contraction. A recent human study analysed serum proteomic data from
the Qatar Biobank to identify protein expression differences among individuals
with normal blood pressure, prehypertension, and hypertension, aiming to
uncover biological pathways linked to hypertension progression 2°'. Pathway
analysis revealed a cluster of proteins, the majority of which were associated with

actin cytoskeleton remodelling.

Previous studies have not examined cardiac tissue to evaluate biological
pathways involved in the pre-heart failure (pre-HF) stage of a non-genetic rat
model of Ang ll-induced chronic hypertension, compared to controls. This study
aims to address this gap while minimizing potential confounding factors. In
addition, it seeks to profile proteins associated with these effects, including
inflammation-related responses, by analysing differentially expressed proteins

(DEPs) and performing a protein network analysis.
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4.1.4 Pathway Analysis and Protein-Protein Interactions in

Hypertension

Protein pathways consist of a series of cellular reactions that drive specific
biological effects. The proteins directly involved in these processes, along with
regulatory molecules, are compiled into pathway databases. Several well-
established resources provide extensive data on protein pathways, including
KEGG, Ingenuity, the Pathway Knowledge Base, Reactome, and BioCarta, which

offer insights into metabolism, signalling, and molecular interactions 292293,

Overrepresentation analysis is a statistical approach used to identify gene or
protein sets that appear more frequently within a list of differentially expressed
genes/proteins (DEGs/DEPs) than expected by chance. This method detects
significantly enriched pathways and biological processes, helping to interpret
large-scale omics data 2°. In addition, topology-based approaches build upon
traditional enrichment analyses by incorporating pathway architecture and
network interactions. Unlike methods that focus solely on gene sets without
considering relationships between molecules, topology-based strategies map
interactions within biological networks, offering deeper insights into functional
connectivity 2%°. These approaches account not only for gene presence but also
for their interactions and regulatory influence, enhancing our understanding of

complex biological systems.

To support pathway and network analysis, several specialized databases have
been developed. For instance, GenMAPP provides insights into signal
transduction pathways 2% | while PANTHER facilitates protein classification based
on evolutionary relationships 2°7 . These public databases offer high connectivity,
aiding in protein identification, interaction mapping, and novel discoveries.
Additionally, the STRING database integrates data from multiple sources,
including literature mining, to analyse protein-protein interactions 2% . STRING

enables researchers to visualize interaction networks derived from known and
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predicted associations, offering a valuable tool for deciphering functional

relationships and regulatory mechanisms in complex biological processes.

4.2 Chapter Aims and Objectives

This chapter aims to investigate the biological functions and pathways underlying
Ang ll-induced chronic hypertension in the left ventricle of male rats. By integrating
a ‘bottom-up’ proteomic, in combination with analyses that utilises network-based
approaches, the study seeks to identify key molecular drivers of hypertensive
cardiac remodelling and identify pathways for future validation that may reveal
critical proteins that contribute to inflammation and extracellular matrix

reorganisation in the cardiac niche.

Objectives of this Chapter

1. Use bottom-up proteomics to map the molecular impact of Ang ll-induced
chronic hypertension
¢ Analyse global protein expression changes in the left ventricle tissue
of Ang ll-infused rats compared to sham-operated and control groups.
¢ |dentify differentially expressed proteins (DEPs) associated with
hypertensive cardiac remodelling.
2. |dentify key regulatory proteins and pathways involved in hypertensive
remodelling
e Perform pathway enrichment and protein network analysis to uncover
biological processes contributing to structural and functional changes
in the heart.
¢ Investigate inflammatory and extracellular matrix-related proteins

linked to hypertension-induced remodelling.
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The left ventricle (LV) is the primary cardiac compartment extensively studied in
the context of cardiovascular dysfunction due to its critical role in maintaining
systemic circulation and its susceptibility to hypertensive remodelling.
Investigating the proteomic landscape of the LV in response to Ang ll-induced
chronic hypertension provides a well-characterized foundation for understanding

molecular mechanisms underlying cardiac remodelling.

This study will not only contribute to existing knowledge but also serve as a
stepping stone for future proteomic analyses of other cardiac regions. Notably,
preliminary findings have indicated an increase in high-molecular-weight HMGB1
(HMW-HMGB1) in the right atrium, suggesting its potential involvement in disease
progression. Therefore, establishing a comprehensive proteomic framework in the
LV will facilitate comparative studies and future investigations into right atrial
remodelling, broadening our understanding of regional cardiac responses to

hypertension.
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4.3 Results

4.3.1 Proteomics-based LV tissue profiling of Ang ll-induced

chronic hypertension in male rats

Left ventricular hypertrophy (LVH) is well recognised as a key focus for
hypertension-induced organ damage and its role as a reliable predictor of adverse
cardiovascular events has been well-established 22. As a complex pathological
phenomenon, hypertension-driven cardiac remodelling involves alterations in a
multitude of proteins, making proteomic analysis a powerful approach to identify,
characterise, and quantify global changes in the protein landscape. This strategy
has been effectively employed to investigate myocardial protein profiles in
spontaneously hypertensive rats a well-established model of essential
hypertension compared to normotensive controls 2%°. Notably, this research
underscores the advantages of LC-MS/MS over traditional 2D-PAGE, as it offers
greater sensitivity, higher throughput, and a more comprehensive characterisation

of proteomic alterations associated with disease progression.

Previous proteomic studies have provided critical insights into novel
pathophysiological processes, potential therapeutic targets, and biomarkers
within the context of cardiovascular diseases. For example, bottom-up proteomic
analysis of human adult cardiac tissue and isolated cardiomyocytes has yielded
valuable data on the specific molecular alterations within cardiac tissue 3°°.
Additionally, research has examined the implications of plasma clusterin levels in
LV remodelling following myocardial infarction (MI), revealing its significant
involvement in cardiac hypertrophy 3°'. Despite these advances, there remains a
notable lack of comprehensive, in-depth analysis of the protein changes
associated with Ang ll-induced chronic hypertension, particularly when compared
to control groups. This gap highlights a critical need for further proteomic

investigations to uncover the molecular mechanisms driving hypertension-
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induced cardiac remodelling, which may offer opportunities for the identification

of novel therapeutic targets and biomarkers for cardiovascular diseases.

4.3.2 Shotgun Proteomics and Protein-Based Bioinformatics

4.3.2.1 Proteome Profiling of LV Tissue from Ang ll, sham-operated Saline,

and Control

In this study, samples of Ang ll-induced chronic hypertension in rats were used
and compared to control and sham-operated saline groups to examine protein
profile alterations or differences. Protein expression profiles of these 3 groups
were analysed in triplicate. Bottom-up label free quantification (LFQ) was used for
this analysis, whereby proteins derived from isolated LV-tissue undergo
proteolytic digestion with trypsin, and the resulting peptides or fragments are

subsequently analysed via MS.

The LFQ proteomic method was employed to profile proteins and investigate the
underlying mechanisms of Ang ll-induced chronic hypertension, with the goal of
identifying key implicated targets. After processing the raw data from tryptic
peptides using Proteome Discoverer v3.1 (PD) software, several critical steps
were undertaken, including data filtering with a false discovery rate (FDR) of less
than 1% for both peptides and proteins, as well as normalisation and imputation
via the NormalyzerDE %2 and NAguideR 3% platforms. This rigorous approach
resulted in the identification of over 600 proteins across the various comparison
groups, providing a comprehensive overview of the protein alterations associated

with the hypertensive model.

In the quality assessment process, box plots were used to visually compare the
distribution of log2-transformed LFQ intensities across different experimental
groups. The pairwise comparisons included (A) Ang Il vs saline (G1 vs G2), (B)
Ang Il vs control (G1 vs G3), and (C) saline vs control (G2 vs G3) groupings.

These box plots revealed that the median protein intensities were comparable
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across all samples within each group, indicating a consistent distribution of protein
expression within the groups. This suggests that there were no significant outliers
or skewed data, ensuring the quality and reliability of the data for further analysis.
The results of these comparisons are shown in Figure 4.2, which provides a visual
representation of the data distributions and confirms the consistency of the protein

profiles within each group.
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Figure 4.2: Quantitative profiling of left ventricular (LV) tissues from Ang Il, saline, and control
groups.

The box plot displays the log2-transformed LFQ intensity values for each sample in the three
experimental groups. Data represent three technical replicates for each group: (A) Ang Il vs saline
(G1 vs G2), (B) Ang Il vs control (G1 vs G3), and (C) saline vs control (G2 vs G3). The box plots
provide a visual comparison of protein expression levels across the groups, with the central line
indicating the median and the box representing the interquartile range. Abbreviations: LFQ: Label-
Free Quantification; S: Technical Replication.
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4.3.3 Principal Component Analysis (PCA) of Protein Profiles in

Ang ll, Saline, and Control Groups.

To assess the overall heterogeneity of the sample groups and explore the
underlying variations in protein expression, Principal Component Analysis (PCA)
was applied to the proteomic data. PCA is an unsupervised dimensionality
reduction technique that identifies patterns and relationships within complex
datasets by transforming them into principal components that account for the
greatest variance. This approach is highly effective in visualising how different

sample groups relate to one another based on protein expression profiles.

In our experiments, the PCA analysis revealed important distinctions among the
experimental groups. Notably, there was significant overlap between the Ang Il
(G1) and Saline (G2) groups (Figure 4.3A), suggesting that the protein expression
profiles in these two groups were quite similar. This observation indicates that the
saline treatment did not significantly alter the protein profile in comparison to the
Ang Il infusion, which could be attributed to the minimal impact of saline on the
cardiac tissue. However, a clear separation between the Ang Il (G1) and Control
(G3) groups was evident (Figure 4.3B), highlighting the distinct molecular
changes induced by chronic hypertension following Ang Il infusion. These findings
underscore the significant differences in protein expression between hypertensive
and non-hypertensive conditions, with Ang Il treatment driving notable alterations
in the cardiac proteome. Interestingly, Saline (G2) and Control (G3) groups
observed a difference, which may indicate that the surgical procedure may have

an impact on changes to LV protein expression.

Some overlap between Saline and Ang Il samples also suggests that variability
from the surgical procedure itself could represent a potential confounding factor

in the PCA analysis (see Figure 4.3).
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Figure 4.3: Principal Component Analysis (PCA) of Protein Expression in Ang Il, Saline, and
Control Groups.

PCA score plots illustrate the distribution and separation of the sample groups based on their
protein expression profiles. The plots represent pairwise comparisons between the three groups:
Ang Il vs Saline, Ang Il vs Control, and Saline vs Control. Shaded circles in the plots represent
the 90% confidence intervals for each group, indicating the region where 90% of the individual
sample points fall. Coloured dots and triangles correspond to individual samples within each
group, visually depicting their positions relative to one another in the principal component space.
Notably, while there is considerable overlap between the Ang Il and Saline groups, a distinct
separation is observed between the Ang Il and Control groups, suggesting a marked difference in
protein expression between hypertensive and normotensive conditions.
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4.3.4 Upregulated and Downregulated Proteins in LV Tissue

Across Study Groups

To identify the differentially expressed proteins (DEPs) responsible for the
separation and clustering observed in the PCA results, volcano plots were
generated based on the threshold values (log2 fold change = 0.5 and p < 0.05).
The analysis revealed a total of 594 DEPs for the Ang Il vs saline comparison
(Group1 vs Group2, Shown in Figure 4.4), 624 DEPs for Ang Il vs control (Group1
vs Group3, Figure 4.5), and 630 DEPs for saline vs control (Group2 vs Group3,
Figure 4.6). Among these, 12, 8, and 12 proteins were upregulated (red dots), and
7, 23, and 27 proteins were downregulated (green dots) in the respective groups,
as illustrated in the figures with the top 5 upregulated and downregulated DEPs
were selected based on statistical significance and fold change criteria are listed
in Table for Ang Il vs Saline (Group1 vs Group2), Table for Ang Il vs Control
(Group1 vs Group3) and Table for Saline vs Control (Group2 vs Group3) below.
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Figure 4.4: Volcano plot of label-free quantitative data for LV tissue, showing upregulated and

downregulated DEPs for Ang Il vs Saline.

Volcano plots highlight statistically significant upregulated proteins (red dots, P < 0.05) and

downregulated proteins (green dots, P < 0.05) in the comparisons between Ang Il vs saline

(Group 1 vs Group 2, shown in A). The plots were generated using a log2 fold change threshold
of 0.5 and a —log10 p-value threshold of < 0.05 with proteins not meeting these criteria shown in
grey. Abbreviation: LV = Left Ventricle, DEPs = Differentially Expressed Proteins.

Table 4 1: The top 5 Upregulated and Downregulated DEPs Listed in Ang Il vs Saline

Ang Il vs Saline (Group1 vs Group2)

Top 5 downregulated DEPs

Protein ID (UniProt)

Beta-enolase

Eno3
Histone H3.1 H3c1
Protein kinase C and casein kinase substrate in neurons 2 protein Pacsin2
Alpha-1-macroglobulin A1m
Alpha-1-inhibitor 3 A1i3
Top 5 upregulated DEPs Protein ID (UniProt)
Clathrin light chain B Cltb
Aldo-keto reductase family 1 member B7 Akr1b7
Heat shock protein HSP 90-alpha Hsp90aa1
Actin, alpha skeletal muscle Actal
Glycogenin-1 Gyg1
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Figure 4.5: Volcano plot of label-free quantitative data for LV tissue, showing upregulated and

downregulated DEPs for Ang Il vs Control.

Volcano plots highlight statistically significant upregulated proteins (red dots, P < 0.05) and
downregulated proteins (green dots, P < 0.05) in the comparisons between Ang Il vs saline
(Group1 vs Group3, shown in A). The plots were generated using a log2 fold change threshold
of 0.5 and a —log10 p-value threshold of < 0.05 with proteins not meeting these criteria shown in
grey. Abbreviation: LV = Left Ventricle, DEPs = Differentially Expressed Proteins.

Table 4.2: The top 5 Upregulated and Downregulated DEPs Listed in Ang Il vs Control

Ang Il vs Control (Group1 vs Group3)

Top 5 downregulated DEPs

Protein ID (UniProt)

Myosin light chain 4

Myl4
Natriuretic peptides A Nppa
Mitochondrial-processing peptidase subunit beta Pmpcb
Fibrinogen alpha chain Fga
Ig kappa chain C region, A allele KACA

Top 5 upregulated DEPs Protein ID (UniProt)

Four and a half LIM domains protein 1 Fhi1
Transgelin Tagln
Tubulin alpha-1A chain Tubala
Cytochrome c oxidase subunit 6A2, mitochondrial Cox6a2
Small muscular protein Smpx
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Figure 4.6: Volcano plot of label-free quantitative data for LV tissue, showing upregulated and
downregulated DEPs for Saline vs Control.
Volcano plots highlight statistically significant upregulated proteins (red dots, P < 0.05) and
downregulated proteins (green dots, P < 0.05) in the comparisons between Ang Il vs saline
(Group2 vs Group3). The plots were generated using a log2 fold change threshold of 0.5 and a
-log10 p-value threshold of < 0.05 with proteins not meeting these criteria shown in grey.
Abbreviation: LV = Left Ventricle, DEPs = Differentially Expressed Proteins.

Table 4.3: The top 5 Upregulated and Downregulated DEPs Identified in Saline vs Control
Saline vs Control (Group2 vs Group3)

Top 5 downregulated DEPs Protein ID (UniProt)
Myosin light chain 4 Myl4
Natriuretic peptides A Nppa
Phosphoglucomutase-like protein 5 Pgm5
Fibrinogen alpha chain, Fga
EH domain-containing protein 3 Ehd3

Top 5 upregulated DEPs Protein ID (UniProt)
Histone H3.1 H3.1
Cytochrome c oxidase subunit 6A2, mitochondrial Cox6a2
Large ribosomal subunit protein uL13, Rpl13a
Glypican-1 Gpc1
Large ribosomal subunit protein P1 Rplp1
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4.3.5 Common cardiac function markers in hypertension

progression

An analysis of the proteomic profile, including both significant and non-significant
DEPs, was conducted to identify common cardiac biomarkers, further validating
the Ang llI-induced model of cardiac remodelling in the absence of evident cardiac
dysfunction. Among the identified proteins, cardiac troponins Troponin | (Tnni3)
and Troponin T (Tnnt2) were detected across all experimental groups, though with
varying p-values and without reaching statistical significance. Additionally,
natriuretic peptide A (Nppa), a key marker of cardiac stress and hypertrophy, was
significantly downregulated in both Ang Il vs. control and saline vs. control
comparisons, suggesting a potential adaptive or compensatory response rather
than pathological dysfunction typically associated with heart failure. This
downregulation, alongside the presence but non-significance of troponins, may
indicate that while structural remodelling occurs, the hypertrophic signalling
pathways leading to decompensated cardiac dysfunction are not significantly
activated in this model. Table 4.4 presents the detected levels of Thni3, Tnnt2,

and Nppa, along with their corresponding p-values.

Table 4.4: Common Cardiac Biomarkers Identified in The Proteomic Profile Across Experimental
Groups.

Groups DEPs (ID uniPort) P-value logFc
Ang Il (G1) vs Saline (G2) Troponin T (Tnnt2) 0.287427 0.05627
Ang Il (G1) vs control (G3) | Troponin T (Tnnt2) 0.263746 0.06222
Saline (G2) vs control (G3) | Troponin T (Thnt2) 0.477163 0.00662
Groups DEPs (ID uniPort) P-value logFc
Ang Il (G1) vs Saline (G2) Troponin | (Tnni3) 0.440784 -0.0139
Ang Il (G1) vs control (G3) | Troponin | (Tnni3) 0.322919 0.02441
Saline (G2) vs control (G3) | Troponin | (Tnni3) 0.261014 0.07166
Groups DEPs (ID uniPort) P-value logFc
Ang Il (G1) vs Saline (G2) Natriuretic peptide A (Nppa) | Not found Not found
Ang Il (G1) vs control (G3) | Natriuretic peptide A (Nppa) 0.010822 -3.42199
Saline (G2) vs control (G3) | Natriuretic peptide A (Nppa) | 0.009448 -4.12566
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4.3.6 HMGB1 Presence, Associated Proteomic Profiles in LV

Tissue and protein Interactions

Given HMGB1 established role as a pro-inflammatory mediator in cardiac
remodelling, its presence in the proteomic profiling of LV tissue was specifically
examined to determine its potential involvement in Ang llI-induced pathological
changes. High mobility group protein B1 (Hmgb1) was detected in all groups;
however, its expression levels varied across conditions and did not reach

statistical significance in the differential expression analysis.

Comparative analysis revealed that HMGB1 expression in the Ang Il group
relative to the saline and control groups showed no significant difference (Ang |l
vs. Saline: p = 0.3797, logFC = -0.03745; Ang Il vs. Control: p = 0.4891, logFC =
-0.01026). Similarly, the comparison between the saline and control groups
indicated no significant change (p = 0.4525, logFC = -0.05013). These findings
suggest that while HMGB1 is present in the LV proteome across all groups, its
expression levels do not exhibit substantial differential regulation under Ang II-
induced remodelling conditions (Table 4.5). The logFC values are very close to
zero across comparisons suggesting that HMGB1 expression remains relatively
stable between the Ang Il, saline, and control groups, with no substantial up- or

downregulation.

Table 4.5: HMGB1 Expression Levels in LV Proteomic Analysis Across Experimental Groups
Groups DEPs (ID uniPort) P-value | logFc

Ang Il (G1) vs Saline (G2) | High mobility group protein B1 (Hmgb1) | 0.379695 | -0.03745
Ang Il (G1) vs control (G3) | High mobility group protein B1 (Hmgb1) | 0.489127 | -0.01026
Saline (G2) vs control (G3) | High mobility group protein B1 (Hmgb1) | 0.452549 | -0.05013
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To further explore HMGB1-associated pathways, a PANTHER (Protein ANalysis
THrough Evolutionary Relationships) analysis was conducted, incorporating all
significantly identified DEPs plus HMGB1. The PANTHER database is a powerful
tool widely used for analysing and interpreting large-scale proteomic datasets. It
offers a comprehensive array of biological pathways, providing insights into the
molecular interaction networks associated with specific proteins or gene
functions. PANTHER is particularly beneficial in proteomic analysis because it not
only classifies proteins by their functions but also offers evolutionary insights into
their biological roles across different species. This enables a deeper
understanding of how proteins interact within the larger cellular context.

One of the key advantages of using the PANTHER database for pathway analysis
is its ability to pinpoint biologically significant pathways that are overrepresented
among a set of DEPs. For example, in this study, we utilised PANTHER to identify
significantly enriched pathways (P < 0.05) or not significant including all results of
the DEPs that could be associated with the inflammatory response in cardiac
remodelling. This approach aims to assess potential clustering patterns and
pathway associations that may provide further insights into HMGB1 involvement
in cardiac remodelling processes. Results revealed that HMGB1 was categorised
under the p53 signalling pathway in all groups, though with different p-values (Ang

II'vs. saline = 0.0839, Ang Il vs. control = 0.127, and saline vs. control = 0.161).

To further explore HMGB1 interactions, STRING PPI analysis was performed.
Protein interactions play a crucial role in mediating major biological processes,
controlling metabolic and signalling pathways, cellular functions, and organismal
systems. These interactions form intricate networks that regulate both health and
disease mechanisms. To gain deeper insight into these processes, a focused
protein-protein interaction (PPI1) network analysis was performed by mapping the
up- and down-regulated differentially expressed proteins (DEPs) onto the

STRING database (http:/string.embl.de/). This analysis offers a more
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comprehensive topological assessment of protein interactions, incorporating

metrics such as node degree and betweenness centrality.

In the PPI network, the edges represent both functional and physical protein
associations, with the line thickness indicating the strength of these associations.
A minimum interaction scores of >0.4 was applied, which serves as a threshold
for determining the confidence level of the interactions. Additionally, the PPI
enrichment p-value was used to assess whether the proteins interact more
frequently than would be expected by chance, based on a random set of proteins
with the same size and degree distribution. This enrichment suggests that the

proteins are biologically linked as a cohesive group.

The results revealed condition-specific networks. Notably, in Ang Il vs. saline,
HMGB1 interacted with Histone H3.1, which was subsequently linked to Acta1
with PPl enrichment (p = 3.785-%4). In the Ang Il vs. control comparison, HMGB1
exhibited no direct interactions, yet the overall protein network was significant p =
3.56 E"3). In Saline vs. Control, HMGB1 clustered with Histone H3.1 and
microtubule-associated proteins (MAP1A/1B light chain 3A), though this network
did not reach significance (p = 8.175%2). The line thickness in the network
represents the strength of data support, while the node colours indicate
upregulated (red) and downregulated (green) proteins and HMGB1 in (purple).

The protein interaction networks for each group are presented in Figure 4.7 below.
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Figure 4.7: STRING Protein-Protein Interaction (PPI) Network of HMGB1 and Differentially
Expressed Proteins.

This figure represents the Protein-Protein Interaction (PPI) network analysis of upregulated (red)
and downregulated (green) differentially expressed proteins (DEPs) identified in this study, along
with HMGB1 (HMGB1-2) (purple). The network visualizes both functional and physical interactions
between these proteins, with edges representing predicted associations. Solid lines indicate direct
experimental evidence, while line thickness reflects the strength of supporting data, with thicker
lines representing stronger, more reliable interactions. This network provides insights into potential
protein collaborations and regulatory influences within the context of the treatment groups.
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4.3.7 Systematic GO and KEGG Pathway Enrichment Analysis of
DEPs in the Ang ll-induced Chronic Hypertension Model:

Insights into Cardiac Remodelling.

Pathway enrichment analysis is a powerful approach for interpreting complex
omics datasets, offering valuable insights from a biological perspective 2°*. To
gain a systematic understanding of the biological functions and pathways
associated with the DEPs, we first conducted an overrepresentation analysis
using Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes
(KEGG) enrichment pathways. This analysis was performed through the
enrichDAVID function of the clusterProfiler package, enabling robust data

analysis and visualisation of the enriched biological processes and pathway

4.3.7.1 GO annotation and KEGG enrichment analysis of DEPs

To explore the functional characteristics of the differentially expressed proteins
(DEPs), Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were performed using the clusterProfiler package.
GO terms were grouped into biological process (BP), cellular component (CC),
and molecular function (MF), with significance defined as p < 0.05 and a

minimum count of 5 proteins.

Ang Il vs Saline (G1 vs G2). Enriched BP terms included hydrogen peroxide
catabolic process, oxygen transport, platelet aggregation, and cytoskeleton
organisation. Significant CC terms were cytosol, hemoglobin complex,
mitochondria, and sarcolemma. MF terms included protein binding, oxygen
transporter activity, and protein kinase binding (Figure 4.8A). KEGG enrichment
identified neurodegeneration-related pathways (Huntington’s disease, prion
disease, amyotrophic lateral sclerosis) and diabetic cardiomyopathy as
significant, alongside metabolic pathways and neutrophil extracellular trap

formation (Figure 4.8B).
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Ang Il vs Control (G1 vs G3). Enriched BP terms included regulation of heart
contraction force, platelet aggregation, and cardiac muscle contraction. CC terms
included extracellular space, intercalated disc, and sarcolemma, while MF terms
included protein binding, metal ion binding, and structural roles in the cytoskeleton
(Figure 4.9A). KEGG analysis showed enrichment in adrenergic signalling in
cardiomyocytes, cardiac muscle contraction, hypertrophic and dilated
cardiomyopathy, tight junctions, the cGMP-PKG pathway, and neutrophil

extracellular trap formation (Figure 4.9B).

Saline vs Control (G2 vs G3). Enriched BP terms included cell mobility and
response to immobilisation stress. CC terms included mitochondria, synapse,
cytoplasm, and cytosol. MF terms included protein binding and cytochrome c
oxidase activity (Figure 4.10A). KEGG analysis indicated enrichment in cardiac
muscle contraction, metabolic pathways, dilated cardiomyopathy, actin
cytoskeleton regulation, and several neurodegenerative pathways (ALS, prion
disease, Huntington’s disease), as well as oxidative phosphorylation and diabetic

cardiomyopathy (Figure 4.10B).
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Figure 4.8: GO-Functional analysis and KEGG-pathway analysis of the DEPs of G1 (Ang Il)
vs G2 (Saline).
A) The top 10 enriched GO terms for the BP, CC and MF categories. B) The bubble plot list all the
significantly enriched pathways of the DEPs. The bubble size and colour represent the number of
DEPs enriched in the pathway and the enrichment significance, respectively. DEPs: differentially
expressed proteins; GO: Gene Ontology; BP: biological process; CC: cellular component; MF:
molecular function.
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Figure 4.10: GO-Functional analysis and KEGG-pathway analysis of the DEPs of G2 (Saline) vs
G3 (Control).

A) The top 10 enriched GO terms for the BP, CC and MF categories. B) The bubble plot list all the
significantly enriched pathways of the DEPs. The bubble size and colour represent the number of
DEPs enriched in the pathway and the enrichment significance, respectively. DEPs: differentially
expressed proteins; GO: Gene Ontology; BP: biological process; CC: cellular component; MF:

molecular function.
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4.3.8. Mapping Protein Interactions in Cardiac Remodelling via
STRING-db

Protein interactions play a crucial role in mediating major biological processes,
controlling metabolic and signalling pathways, cellular functions, and organismal
systems. These interactions form intricate networks that regulate both health and

disease mechanisms.

In total, 11 significantly enriched pathways (P= 6.285-9%) were identified in the Ang
Il vs saline comparison, and 28 significant pathways (P= 2.745'4) were found in
the Ang Il vs control comparison. In contrast, 35 pathways were identified for the
saline vs control comparison, but they did not reach statistical significance (P=
0.0993). The line thickness in the network represents the strength of data support,
while the node colours indicate upregulated (red) and downregulated (green)
proteins. The protein interaction networks for each group are presented in Figure
4.11 below.
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Figure 4.11: STRING Protein-Protein Interaction (PPI) Network of Differentially Expressed
Proteins.

This figure displays the protein-protein interaction (PPI) network of the differentially expressed
proteins identified in the study, generated using the STRING database. The network visualizes
both functional and physical interactions between proteins, with edges representing these
associations. Upregulated proteins are shown in red, while downregulated proteins are depicted
in green, providing a clear distinction between the two categories. The solid lines connecting
proteins indicate direct experimental evidence supporting the interaction, while the thickness of
the lines reflects the strength of the data supporting each interaction, with thicker lines
representing more reliable interactions. This network allows for a detailed view of how these
proteins may collaborate or influence each other within the context of the treatment groups
compared.

161



The tables below represent the top proteins with the most significant difference in

abundance which are up-regulated (Table 4.6) and down-regulated (Table 4.7)

between groups. These proteins are classified under the selected potential KEGG

pathway and functional GO oncology of cardiac related function associated with

the hypertension or remodelling.

Table 4.6: Cardiac-Specific Significantly Upregulated Proteins in Ang ll-Induced Remodelling:
Differential Expression Analysis in Ang Il vs saline and Ang Il vs control.

Proteins upregulated

KEGG

GO

Cofilin-1, (Cfl1), non-muscle

Positive regulation of
lamellipodium assembly (I)
Cytoskeleton organisation (1)
Ruffle membrane (I1)

Filamin-C (Finc)

Sarcolemma (Il)

Integrin alpha-7 (ltga7)

Sarcolemma (Il)
Macromolecular complex binding

()

Heat shock protein HSP 90-
alpha (Hsp90aa1)

Positive regulation of
lamellipodium assembly (1)
Ruffle membrane (1l)
Mitochondrion (II)

Cysteine and glycine-rich
protein 3 (Csrp3)

Cardiac muscle contraction (1)
Regulation of the force of heart
contraction (I)

muscle organ development (l)

Four and a half LIM domains
protein 1 (Fhi1)

Negative regulation of cell
growth (1)
muscle organ development (l)

Tubulin alpha-1A chain
(Tubala)

structural constituent of
cytoskeleton (l11)

Cytochrome c oxidase subunit
6A2, (Cox6a2)

Cardiac muscle
contraction

Cytochrome ¢ oxidase subunit
3 (COX3)

Diabetic
cardiomyopathy

Mitochondrion (II)

Heat shock protein beta-6
(Hsp20) Hspb6

Mitochondrion (II)

Cysteine and glycine-rich
protein 3 (Csrp3)

Cytoplasm (II)

Cardiac muscle contraction (1)
Regulation of the force of heart
contraction (l)

muscle organ development (l)

Highlighting the GO oncology and KEGG related to cardiac remodeling. Abbreviations; (l):
Biological process; (ll): cellular localization; (lll): molecular function.
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Table 4.7: Cardiac-Specific Significantly Downregulated Proteins in Ang ll-Induced Remodelling:
Differential Expression Analysis in Ang Il vs saline and Ang Il vs control.

Proteins downregulated

KEGG

GO

Protein kinase C and casein
kinase substrate in neurons 2
protein (Pacsin2)

Cytoskeleton organisation (1)
Ruffle membrane (II)

Myosin light chain 4, Myosin
light chain 1, atrial isoform
(Myl4)

Cardiac muscle
contraction
Adrenergic
signalling in
cardiomyocytes

cardiac muscle contraction (l)
regulation of the force of heart
contraction (l)

Natriuretic peptides A (Nppa)

negative regulation of cell growth

(1)

Fibrinogen alpha chain (Fga) Neutrophil platelet aggregation (1)
extracellular trap | positive regulation of ERK1 and
formation ERK2 cascade ()

Endoplasmic reticulum (II)

Phosphoglucomutase-like Intercalated disc (II)

protein 5 (Pgmb5) Sarcolemma (ll)

No interaction

Tubulin beta-2A chain Cytoplasm (II)

(Tubb2a) Structural constituent of

cytoskeleton (l11)

Histidine-rich glycoprotein negative regulation of cell growth

(Hrg) ()

Histone H3.1 (H3c1) Neutrophil
extracellular trap
formation

Highlighting the GO oncology and KEGG related to cardiac remodeling. Abbreviations; (l):
Biological process; (ll): cellular localization; (lll): molecular function.
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4.3.9 Proteins Pathways analysis of the identified DEPs linked to

inflammatory response

After conducting KEGG and GO analysis, using PANTHER pathway analysis
provided additional biological insights. PANTHER Pathways are curated from a
different database than KEGG, focusing on functional and evolutionary
classifications of proteins, often capturing additional signalling mechanisms that
may not be well-annotated in KEGG. KEGG Pathway Analysis maps proteins to
well-established biological pathways with a strong emphasis on metabolic,
signalling, and disease-related pathways based on curated molecular
interactions.

This approach allowed us to focus on specific biological processes and signalling
pathways relevant to the condition, providing valuable insights into the molecular
mechanisms driving cardiac alterations. Moreover, the PANTHER approach is
crucial when attempting to extrapolate biological meaning from proteomic data,
especially in comparative studies of disease states. By placing the identified DEPs
within the context of known, well-characterized biological pathways, PANTHER
enables a more accurate interpretation of how changes in protein expression
contribute to disease mechanisms. This is essential for bridging the gap between
proteomics data and actionable biological insights. The results of this analysis are
presented in Table 4.8, offering a clearer picture of the inflammatory pathways
implicated in the study. These results will help to pave the way for future follow-
up investigation, which is beyond the scope of the current study.

However, it should be noted that not all pathways identified reached statistical
significance (Table 4.8). These non-significant enrichments are reported here for
transparency but are considered exploratory, hypothesis-generating findings

rather than definitive results.
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Table 4.8: Enriched Pathways Associated with Inflammatory Response in Cardiac Remodelling

Identified Using PANTHER Analysis of DEPs

Ang Il vs Saline

PANTHER Protein
PANTHER categories enrichment Protein alteration from
P-value DEPs analysis
DNA replication 0.0246 H3.1 Downregulated
Cytoskeletal regulation by Rho GTPase 0.00209 Actat, Cfl1 Upregulated
Blood coagulation 0.0399 Pzp Downregulated
Huntington disease 0.00874 Cltb, Acta1 Upregulated
Nicotinic acetylcholine receptor signalling 0.0738 Acta1 Upregulated
pathway
Integrin signalling pathway 0.0106 Itga7, Acta1l Upregulated
Heterotrimeric G-protein signalling 0.0952 Cltb Upregulated
pathway-Gq alpha and Go alpha mediated
pathway
Cadherin signalling pathway 0.0974 Acta1 Upregulated
Alzheimer disease-presenilin pathway 0.0974 Acta1 Upregulated
Heterotrimeric G-protein signalling 0.123 Cltb Upregulated
pathway-Gi alpha and Gs alpha mediated
pathway
Inflammation mediated by chemokine and 0.188 Actal
. . . Upregulated
cytokine signalling pathway
Whnt signalling pathway 0.204 Acta Upregulated
Ang Il vs Control
PANTHER Protein
PANTHER Categories enrichment Protein alteration from
P-value DEPs analysis
Plasminogen activating cascade 0.0208 Fga Downregulated
Blood coagulation 0.00188 Fga, Pzp Downregulated
Cytoskeletal regulation by Rho GTPase 0.102 Tubb2a Downregulated
Parkinson disease 0.122 Psmb1 Downregulated
FGF signalling pathway 0.154 Ppp2r1b Upregulated
Huntington disease 0.202 Tubb2a Downregulated
Gonadotropin-releasing hormone receptor 0.272 Tubala Upregulated
pathway
Saline vs Control
PANTHER Protein alteration
PANTHER Categories enrichment Protein from DEPs
P-value analysis
TCA cycle 0.0203 Pdk2 Upregulated
Plasminogen activating cascade 0.0269 Fga Downregulated
DNA replication 0.0499 H3.1 Downregulated
Cytoskeletal regulation by Rho GTPase 0.00863 Arpcia, Downregulated
Cfl1
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Blood coagulation 0.0803 Fga Downregulated

Parkinson disease 0.0124 Psma6, Downregulated
Psma7

Huntington disease 0.0344 Arpcia, Downregulated
Capns1

Integrin signalling pathway 0.277 Arpcila Downregulated

Inflammation mediated by chemokine and | 0.348 Arpcila Downregulated

cytokine signalling pathway
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4.3.10 Future Directions in Molecular Characterisation:

Unravelling Key Proteins and Pathways in Cardiac Remodelling

Based on the proteomic analysis conducted as part of this investigation, future
molecular characterisation studies would prioritise HMGB1, Acta1, Cofilin 1,
Tubba2 and Itga7. Each of these proteins represents a promising set of targets
for deeper investigation, given their interconnected roles in cardiac remodelling
under chronic hypertension and pre-HF condition. It is important to acknowledge
that not all these proteins were significantly altered in the present dataset; their
inclusion here reflects their established biological relevance and potential
involvement in cardiac remodelling. Therefore, they are presented as candidates
for hypothesis-driven validation in future studies, rather than as definitive

outcomes of this proteomic screen.

These proteins are not only central to inflammation, actin dynamics, and cell
adhesion but also key regulators of hypertrophic and fibrotic pathways in the
heart. By examining the molecular mechanisms that link HMGB1 with Acta1 and
Cofilin 1 in the context of inflammatory signalling and exploring the functional
consequences of Itga7 in fibrosis and cell migration, we can gain critical insights

into the cellular events driving pathological changes in the left ventricle.

Targeting these pathways could open new avenues for therapeutic intervention in
diseases like hypertension, where cardiac remodelling contributes to disease
progression. Therefore, validating these proteins and their associated pathways
through advanced molecular techniques, such as gene knockdown or
overexpression studies, will help solidify their roles in the disease process and

offer potential biomarkers or therapeutic targets for managing cardiac dysfunction.

The most interesting observation from the PANTHER classification of pathways
analysis in Table 4.8 is the upregulation of Cofilin 1 in the Ang Il vs Saline
comparative analysis, whilst cofilin was downregulated in Saline vs Control

samples. Cfl1/Cofilin-1 is a widely distributed intracellular actin-modulating protein
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that binds and depolymerises filamentous F-actin and inhibits the polymerization
of monomeric G-actin in a pH-dependent manner 30439, Increased expression
and phosphorylation of Cofilin-1 by LIM kinase aids in Rho-induced reorganisation
of the actin cytoskeleton 3%. Ongoing Cofilin research in the Cunningham
laboratory, make this candidate a logical step forward given the availability of tools

already available.

In the context of Ang llI-induced cardiac remodelling, the detection of HMGB1
within the p53 pathway, despite its non-significant differential expression,
suggests a nuanced role in cardiac pathophysiology. HMGB1, a nuclear protein
involved in DNA organisation and transcriptional regulation, has been implicated
in both intracellular and extracellular signalling pathways. In cardiac tissues
subjected to Ang Il stimulation, HMGB1 role appears multifaceted. Ang Il has
been shown to upregulate HMGB1 expression through activation of AT1 and AT2
receptors, contributing to cardiac remodelling 3°7. Moreover, decreased nuclear
HMGB1 expression correlates with increased DNA damage responses and
adverse cardiac remodelling, suggesting its protective role within the nucleus 222
The presence of HMGB1 within the p53 pathway in Ang ll-treated tissues may
reflect its involvement in DNA repair mechanisms. The lack of significant
differential expression does not exclude functional relevance, as post-
translational modifications, subcellular localisation shifts, or protein-protein
interactions may alter HMGB1 activity. Further investigations are warranted to
elucidate the precise mechanisms by which HMGB1 interfaces with the p53

pathway in the setting of Ang ll-induced cardiac remodelling.

The validation of proteomic data is currently ongoing, with a summary of the key

chapter findings illustrated in Figure 4.12.
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Figure 4.12: Summary of key findings based on LC-MS-based proteomics analysis of cardiac
tissues.

Proteomic analyses have identified several hub proteins, including Acta1 (a-actin 1), Cfl1 (cofilin
1), and Tubb2a (B-tubulin 2a), besides cardiac remodelling as key mediators of inflammatory
pathways that might influenced by HMGB1. These proteins contribute to cytoskeletal dynamics
and cellular responses during inflammation, linking structural changes to signalling mechanisms
within cardiac tissue. HMGB1’s release as a damage-associated molecular pattern (DAMP)
molecule during cardiac stress activates receptors such as TLRs and RAGE. This activation
induces downstream signalling cascades, including those involving Acta1, Cfl1, and Tubb2a,
which regulate cytoskeletal remodelling and cellular migration, critical for immune cell recruitment
and ECM remodelling. For example: Acta1: Associated with cytoskeletal organisation, Actal's
modulation in the presence of HMGB1 suggests its role in contractile dysfunction and structural
adaptations observed in remodelling. Cfl1: Cofilin 1 regulates actin filament turnover and plays a
role in immune cell chemotaxis and fibroblast migration, processes driven by HMGB1-mediated
inflammation. Tubb2a: This tubulin isoform is crucial for microtubule dynamics, which are affected
during cellular stress and inflammation, further linking cytoskeletal changes to HMGB1's
inflammatory effects. These findings could lead to future revelation of HMGB1’s involvement in
orchestrating cytoskeletal and inflammatory processes through proteins like Acta1, Cfl1, and
Tubb2a, offering new insights into its role in cardiac remodelling. Targeting these downstream
pathways may provide therapeutic opportunities to mitigate HMGB1-driven maladaptive
remodelling.
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4.4 Discussion

Blood pressure (BP) is a critical factor in understanding treatment strategies for
heart failure (HF), but the molecular changes in BP related to inflammatory
responses in cardiac remodelling, particularly in hypertensive pre-HF stages,
remain unclear. This project represents the first unbiased, label-free proteomic
characterisation of left ventricle tissue from non-genetically modified Ang Il-

induced chronic hypertension male SD rats.

While many findings in Chapter 3 align with the known pathophysiology of
hypertension-induced hypertrophy, our proteomic analysis in Chapter 4 reveals
potential new insights into the cellular processes involved in cardiac remodelling
and inflammation. Though studying only left ventricle homogenate has its
limitations, this exploratory study aims to generate hypotheses for further

investigation.

The Ang Il group exhibited notable concentric hypertrophy of cardiomyocytes,
increased collagen deposition, and pronounced activation of pro-inflammatory
HMGB1, compared to saline and control groups. To deepen our understanding of
the pathophysiological changes in Ang ll-induced chronic hypertension,
differential protein expression and interactions were assessed using LC-MS-
based proteomics. Despite capturing a limited portion of proteomic variability, our
results reveal distinct proteomic signatures that highlight the structural
remodelling of the heart. Notably, some differentially expressed proteins are
linked to inflammation-mediated cytokine and chemokine pathways, offering
valuable targets for future studies on the inflammatory mechanisms of cardiac

remodelling, particularly fundamental microtubule biology within the heart.

Cardiomyocytes possess intricate cytoskeletal networks that play a pivotal role in
their function. These networks are divided into two main components: the
contractile sarcomere cytoskeleton, composed of actin-myosin filaments within

myofibrils, and the non-sarcomere cytoskeleton, which includes - and y-actin,
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microtubules, and intermediate filaments 3%8, Microtubules, in particular, form a
dynamic cross-linked scaffold that facilitates crucial cellular processes such as
intracellular cargo transport, mechanical signal transmission, membrane shaping,
and the organization of both myofibrils and organelles. Microtubules arise from
the polymerisation of tubulin heterodimers, which consist of a- and B-tubulin
subunits. These are integral components of the eukaryotic cytoskeleton and
function synergistically with actin and intermediate filaments to maintain cellular

integrity and function 3°°.

In the context of cardiac remodelling, microtubules undergo significant alterations,
which can profoundly impact cardiomyocyte structure and function. The extent of
these changes varies depending on the stage of pathological remodelling,
influencing cardiac structure either as part of an adaptive response or a
maladaptive mechanism. In the progression of HF, prolonged structural changes
are maladaptive, impairing overall cardiac function. Alterations in the microtubule
network—whether in terms of density, stability, or post-translational modifications
are hallmark features of pathological cardiac remodelling. These changes can
directly disrupt cardiomyocyte contractile function, contributing to the progression
of various heart diseases 3'°. The extensive interconnected transport network
required to support cardiomyocytes' structure and function is illustrated in Figure
4.13. Sustained pressure overload increases MAP4 (Microtubule-Associated
Protein 4, a key regulator of microtubule stability) levels and its dephosphorylation
311312 'leading to tighter microtubule binding, stabilization, and densification, which
prolongs microtubule lifetime, facilitating detyrosination (the removal of a C-
terminal tyrosine residue from a-tubulin, enhancing microtubule stability) and
acetylation. Ultimately making microtubules more rigid and functional, affecting
cell process and transport. Acta1l and Cfl1 identified in proteomic analysis are
critical regulators of actin filament assembly and disassembly, influencing cardiac

remodelling.
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Figure 4.13: The Cytoskeleton Network and Its Components.

This figure illustrates the three main components of the cytoskeleton in mammalian cells: actin
filaments, intermediate filaments, and microtubules. Actin filaments (left) are thin, flexible fibres
composed of actin monomers, playing a crucial role in cell shape, motility, and intracellular
transport. Intermediate filaments (centre) are more stable, rope-like structures that provide
mechanical strength and structural support to the cell. Microtubules (right) are dynamic, hollow
tubes made of tubulin subunits, essential for intracellular transport, mitotic spindle formation, and
overall cell organization. Microtubules remain dynamic in normal heart, maintaining a balance
between detyrosination and binding to microtubule-associated proteins (MAPs). However, in
cardiac remodelling, microtubule network stabilisation and excessive detyrosination become
prominent features. The rightmost diagram depicts the integration of these cytoskeletal
components within a cell, forming an intricate network that supports cellular architecture and
function. Image created with BioRender. Adapted from 310
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In a normal heart, microtubules remain dynamic, maintaining a balance between
detyrosination and binding to microtubule-associated proteins (MAPSs), such as
MAP4. However, in cardiac remodelling, microtubule network stabilization and
excessive detyrosination become prominent features. At the microtubule level,
mechanical stress induces hypo-phosphorylation of MAP4, promoting its
accumulation on microtubules and leading to microtubule stabilization. As
microtubules become more stable, they persist longer within the cell,
accumulating post-translational modifications (PTMs) such as detyrosination and
acetylation. These modifications further reinforce microtubule stability and
enhance crosslinking between microtubules and the desmin intermediate filament
network. This crosslinking occurs through structural proteins such as kinesin,

plectin (actin filaments), and other MAPs.
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4.4.1 Proteomic Insights into Early Cardiac Remodelling

4.4.1.1 Validating the Ang ll-Induced Pre-Heart Failure Model in

the Absence of Overt Dysfunction

The proteomic analysis conducted in this study, which included both significant
and non-significant DEPs, provided further validation of the Ang llI-induced model
of cardiac remodelling in the absence of overt cardiac dysfunction. The
identification of well-established cardiac biomarkers, including cardiac troponins
(Tnni3 and Tnnt2), across all experimental groups, albeit without statistical
significance (Table 4.4), suggests that while structural alterations occur, there is
no evidence of substantial myocardial injury or contractile dysfunction. Cardiac
troponins are integral components of the contractile apparatus in cardiac muscle
313 and their presence without significant alteration suggests that, despite
structural remodelling, there is no substantial myocardial injury or compromise in
contractile function. The study aimed to assess the prognostic value of high-
sensitivity cardiac troponin T (hs-cTnT) levels in predicting HF and cardiovascular
mortality among patients with stable coronary artery disease (CAD). A cohort of
3,679 patients with stable CAD was followed over a median period of 5.2 years.
Baseline hs-cTnT concentrations were measured, and participants were
categorized into four groups based on these levels: undetectable (<3 ng/L), low
(3-8 ng/L), intermediate (9-14 ng/L), and high (=15 ng/L) 3'4. This aligns with the
concept that while troponins are crucial markers of myocardial injury and
dysfunction, their elevation is often associated with more advanced pathological
changes leading to heart failure. The absence of significant changes in Tnni3 and
Tnnt2 levels in my Ang ll-induced chronic hypertension model suggests that,
despite structural cardiac remodelling, there was no substantial myocardial injury
or dysfunction indicative of heart failure. This finding is further supported by
echocardiographic measurements, which confirmed the absence of significant

cardiac dysfunction in the model.
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Additionally, the significant downregulation of natriuretic peptide A (Nppa) in both
Ang Il vs. control and saline vs. control comparisons offers further insight. Nppa,
encoding atrial natriuretic peptide (ANP), is typically upregulated in response to
cardiac stress and hypertrophy, serving as a marker for cardiovascular
dysfunction or injury 3'5. A study investigated the role of Nppa in cardiac
hypertrophy, fibrosis, and inflammation 3'®. Nppa expression was found to be
upregulated in response to hypertrophic stimuli, suggesting its involvement in the
cardiac hypertrophic response. Additionally, Nppa exhibited antifibrotic properties
by inhibiting collagen synthesis, thereby reducing myocardial fibrosis. Nppa
demonstrated anti-inflammatory effects by suppressing pro-inflammatory cytokine
production in disease progression. These findings highlight Nppa multifaceted
protective role in cardiac remodelling. In this project, Nppa was found significantly
downregulated in Ang Il group aligning with its classification under the negative
regulator of cell growth in GO analysis (see Table 4.8). Suggesting that Nppa
downregulation may reflect an early adaptive response rather than a
decompensatory shift toward heart failure and as a started protective mechanism,

potentially contributing to progressive remodelling.

It is also important to acknowledge that surgical interventions themselves can
introduce confounding molecular changes. Sham procedures and associated
perioperative stress have been shown to alter systemic inflammatory responses
and proteomic profiles independent of the primary intervention, which may partly
explain the overlap observed between saline and Ang Il groups in the PCA. For
example, comparative proteomic analyses in brain injury models reported distinct
protein expression changes in sham versus naive animals 2°° . Similarly, unbiased
proteomic analysis in a neuropathic pain model demonstrated that even sham
surgery alone can induce systemic inflammatory and proteomic alterations 259,
These findings highlight that sham procedures, while necessary for experimental

controls, may not represent a completely “neutral” baseline and should be
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considered when interpreting subtle molecular differences in high-throughput

datasets such as proteomics.

4.4.2 Presence of HMGB1 in Proteomic Profiling: A Context-

Dependent Regulator in Cardiac Remodelling

Shotgun proteomic analysis of LV tissue in Ang llI-induced hypertension revealed
HMGB1 presence in all groups with different expression (Table 4.5). Further
pathway enrichment analysis using PANTHER revealed that HMGB1 was
categorized under the p53 signalling pathway in all groups, though with different
p-values (Section 4.3.6). While these values did not reach conventional
significance thresholds, the trend suggests a potential involvement of HMGB1 in
stress-related p53 mechanisms, which could be relevant to hypertensive cardiac
remodelling. P53 serves as a key regulatory hub, coordinating cellular responses
to various internal and external stress signals 3'7. Chronic pressure overload
significantly increases p53 expression in adipose tissue, accompanied by
heightened adipose tissue inflammation 3'8. Given that p53 is a regulator of
hypertensive cardiac pathology through inflammatory response, further
investigations using more stringent statistical analyses or targeted validation
techniques could clarify HMGB1 functional significance in this context. Moreover,
its expression level, localisation in nuclear vs. cytoplasmic, and functional state of
PTM acetylated, oxidized, or secreted could differ between groups, influencing its
role in either homeostasis or pathological remodelling. Determining whether
HMGB1 is actively signalling in a DAMP capacity. This challenges the notion that
HMGB1 presence alone is indicative of disease progression it necessitates further

analysis of its modifications and cellular compartmentalisation.

Further investigations through STRING PPI analysis revealed that HMGB1 in Ang
Il group interacted with Histone H3.1 (H3c1), which was subsequently linked to
Acta1, forming a significant protein network. The relevance of Histone interactions

is it can modulate inflammation and chromatin remodelling, processes that are
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crucial in hypertensive stress responses. Interestingly, the interaction between
HMGB1 and histone H1, a linker histone involved in chromatin compaction and
gene regulation, can exert a gene-specific repressive effect on immune-related
functions. A study demonstrated that in severe systemic inflammation, the
transcriptional silencing of TNFa occurs through the HMGB1-H1 interaction 3'°.
This process is associated with histone H3 lysine 9 (H3K9) methylation, a well-
known epigenetic modification linked to transcriptional repression, and the
recruitment of RelB, a noncanonical NF-kB subunit that acts as a transcriptional
repressor in certain contexts, to the TNFa promoter, collectively leading to
transcriptional repression. In alignment with these findings, the present study
identification of interaction between HMGB1 and histone H3.1 in the Ang Il group,
suggesting a potential role of chromatin-associated HMGB1 in transcriptional
regulation during Ang llI-induced cardiac remodelling. Histone H3.1 is a variant of
the core histone H3, primarily associated with the maintenance of chromatin
integrity and epigenetic modifications influencing gene expression. The
interaction between H3.1 and HMGB1 may reflect a similar mechanism to the
HMGB1-H1 interaction, potentially contributing to inflammatory gene regulation in

this disease model.

Additionally, the interaction between histone H3.1 and Actal (a-actin, skeletal
muscle) in the same Ang Il group further implicates cytoskeletal and nuclear
dynamics in the remodelling process. Actal has been linked to inflammatory
signalling pathways (Table 4.8), and its connection with H3.1 suggests a possible
crosstalk between chromatin regulation and cytoskeletal reorganization. These
interactions provide new insights into how chromatin modifications, cytoskeletal
dynamics, and inflammatory pathways may converge in Ang ll-induced
hypertension, warranting further investigations into their functional

consequences.
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4.4.3 Distinct and Shared Proteomic Signatures of Cardiac

Remodelling and Hypertrophy in Chronic Hypertension

Bioinformatics analysis revealed that there were biological themes unique to Ang
ll-infused rats when compared to control and saline rats. These caused more
profound alterations comprising proteins involved in biological processes mostly
including cardiac muscle contraction, cytoskeleton organisation, positive
regulation of lamellipodium, regulation of the force of heart contraction, muscle
organ development, negative regulation of cell growth and platelet aggregation.
In addition, cellular localisation mostly includes the ruffle membrane, sarcolemma
and cytoplasm. The molecular function analysis related to cardiac remodelling
includes the macromolecular complex binding and structural constituent of the
cytoskeleton (Figure 4.8 A, 4.9 A).

The DEPs alterations were also found to be related to the pathogenesis of cardiac
remodelling and physiological process with 12 and 8 upregulated and 7 and 23
downregulated in left ventricles in Ang Il vs Saline, Ang Il vs Control respectively
(see Section 4.3.4). These altered proteins were found to have interacted in PPI
analysis with significant enriched pathways for Ang Il groups related to the cardiac
remodelling process and hypertrophy (Section 4.3.8, Figure 4.11). In addition,
these proteins were classified under PANTHER pathways to narrow the
enrichment terms in the Ang Il group related to inflammatory response in cardiac
remodelling. These includes cytoskeletal regulation by Rho GTPase, integrin
signalling pathway, inflammation mediated by chemokine and cytokine signalling
pathway (Section 4.3.9, Table 4.8).

A key observation in the results is that KEGG pathway analysis not only revealed
pathways directly related to the Ang Il hypertension model but also highlighted
neurodegenerative diseases like Alzheimer's and Huntington’s. This
phenomenon occurs due to shared molecular mechanisms between diseases

such as such as oxidative stress, inflammation and protein aggregation.
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Hypertension has been linked to neurodegenerative diseases, as vascular
dysfunction contributes to cognitive decline and neuroinflammation 32°. The
presence of for example neurodegenerative disease pathways in your Ang Il
proteomic data suggests that hypertension may have broader systemic effects,
potentially influencing pathways involved in neurodegeneration. This highlights
the need for more refined statistical correction methods in pathway analysis to
filter out results that may not be directly relevant to the experimental condition.
Further targeted validation of key proteins would help determine their specific
roles in cardiac related conditions. KEGG databases map proteins to broad
biological functions based on known interactions, which sometimes results in the
enrichment of disease pathways that are not directly relevant to the experimental
condition but share common molecular players. Some DEPs were identified, while
not specifically associated with hypertension or remodelling, were significantly
overrepresented in the left ventricle. This suggests that their overexpression is
not merely a result of redundancy but rather a necessary adaptation to meet the

physiological demands.

A recent study examined left ventricle tissue from an essential hypertension
model of spontaneous hypertensive rats compared to normotensive rats which
revealed different GO functional and KEGG pathways results 2°° . Results showed
the most prominently enriched GO biological process for analysis showed
xenobiotic catabolic process, molecular function for cholesterol binding and
cellular component for mitochondrial function, and the most significantly enriched
KEGG pathways were drug metabolism-cytochrome P450. This could be the
result of genetic variation as a genetic model of spontaneous hypertensive rats
was used and different from Ang Il infusion model. Similarly, in the present project,
a few DEPs located in mitochondria such as the upregulated, namely COXS3,
Hsp90aa1, and downregulated proteins were indicated to be related to metabolic

pathways and diabetic cardiomyopathy.

179



4.4.2.1 Mitochondrial Dysfunction and Cardiac Remodelling

COX3 is a marker for mitochondrial injury 32 . Under cellular stress, it translocates
to the cytosol, and during cell death, it is released extracellularly, where it may
function as an immune mediator 322, Circulating cytochrome was associated with
MI progression and the apoptotic pathway and was investigated as a biomarker
for reperfusion-associated apoptosis in patients with ST-segment elevation
myocardial infarction 323, Since Ang ll-induced chronic hypertension occurred
without overt cardiac dysfunction, it was considered a pre-heart failure (pre-HF)
state. Despite this, evidence of cardiac remodelling was observed, including the
upregulation of mitochondrial cytochrome c¢ oxidase subunit 3 (COX3).
Additionally, cytochrome c oxidase subunit 6A2 (COX6A2) was upregulated in the
Ang Il group (Figure 4.11), suggesting post-translational modifications of proteins
involved in cardiac muscle contraction. This protein is also implicated in
endothelial cell function and vascular tension regulation 324, A study examined
human myocardial cells with COX6A2 gene knockout which exhibited elevated
oxidative stress levels, disrupted calcium transport activity, and reduced
contractility 325. The absence of this protein was associated with outcomes linked
to heart failure (HF) or myocardial infarction (Ml), highlighting its crucial role in
maintaining muscle contraction and function. In the context of hypertension
without cardiac dysfunction, as observed in the Ang Il group, this protein appears
to serve as an adaptive mechanism. In contrast, our study revealed cytochrome
c oxidase subunit 6A2 (COX6A2, mitochondrial) was upregulated in the saline
and control groups, likely due to physiological thermogenesis. The involvement of
these protein subunits suggests a potential link to the effects of calorie restriction
326 The findings from previous research observed diabetic cardiomyopathy in
both groups as these protein subunits were possibly involved in different
pathways. In addition, downregulated natriuretic peptides A showed in the saline
and control group and profiled under the thermogenesis pathway which also
possibly involved in this pathway. A subsequent in vivo study examined atrial
natriuretic peptide (ANP) as a treatment that induces adipose tissue browning and
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exerts thermogenic actions 327. Another protein in the Ang Il group found
upregulated in the mitochondria is heat shock protein beta-6 (Hsp20/Hspb6)
(Figure 4.11). This protein has a cardioprotective role against stress-induced
damage 328 and is involved in cardiac structural process by regulating myocardial

angiogenesis 32°, as seen in the case of adaptive hypertension in the Ang Il group.

4.4.2.2 Heat Shock Proteins and Fibrosis

Another heat shock protein has been implicated in the cardiac remodelling phase.
Inhibition of extracellular Hsp90 alpha function significantly protected against BLM
(bleomycin)-induced pulmonary fibrosis in mice by improving fibroblast
overactivation and ECM production 33°, Overexpression and released Hsp90
participate in fibrosis and its extracellular release promotes fibroblast activation
and migration. This protein was upregulated in the Ang Il group (Figure 4.11) and
was proposed to be involved in the positive regulation of lamellipodium assembly
in GO classification (Table 4.6). This process increases the rate and extent of the
lamellipodium formation, which is a thin sheetlike extension of the surface of a
migrating cell 33! | Thus, it possibly enhances migrated cells that induce pro-
inflammatory secretion that is involved in cardiac remodelling progression.
Intercellular communication between these cell types, including cell-to-cell and
cell-to-ECM interactions, is essential for maintaining proper cardiac function 332,
In addition to maintaining myocardial integrity and function, the intercellular
communication networks between different cardiac cell populations are crucial for

regulating cardiac repair following injury 333,

4.4.2.3 Cytoskeletal Remodelling and Tubulin Alterations

Another cardiac protein which may be involved in cell growth regulatory processes
important for development and cellular differentiation is Csrp3. This protein has
been previously examined in ventricle regeneration, as its expression increased
in response to zebrafish heart injury 334. Crp3 is part of the cysteine- and glycine-
rich protein (CRP) family of muscle LIM protein-only proteins (MLP), which are

involved in regulating smooth muscle cell (SMC) differentiation 335, migration, and

181



survival by facilitating the assembly of macromolecular signalosomes 3%,
Macromolecular signalosomes are large, multi-protein complexes that enable and
regulate cellular signalling pathways. LIM-only proteins primarily act as
scaffolding molecules, facilitating the assembly of multi-protein complexes by
binding to various signalling molecules and cytoskeletal components. This protein
was upregulated in the Ang Il group in the present project (Figure 4.11). Thus, it
plays a role as a positive regulator in myocardium remodelling induced by
hypertension. As it was involved in cardiac remodelling-related biological
processes including cardiac muscle contraction, Regulation of the force of heart
contraction and muscle organ development. However, prolonged cell stress and
remodelling enhance proteins alterations and interactions as Csrp3 contributed to
cardiac hypertrophy led to HF. This protein expression was increased in cardiac

hypertrophic LV tissue with failing heart of mice 3%,

The cell stress response is complex depending on disease progression, involves
protein turnover either up or down-regulation, and changes in interactions, as well
as molecule modifications and re-localisation. A study found that tubulin beta I
colocalised with heart mitochondria in male Wistar rat ischemia/reperfusion
model, and its displacement is damage time-dependent 33. The microtubule
tubulin beta 2A (Tubb2a) was downregulated (Figure 4.11) and localised in the
cytoplasm which is involved in the structural constituent of the cytoskeleton in Ang
ll-infused rat LV tissue. This suggests that stress or disease progression affects
protein function in its different expression and localisation. Another type of
microtubule tubulin subunit found upregulated in the Ang Il group was tubulin
alpha-1A chain (Tubala) (Figure 4.11) involved in the molecular function
structural constituent of the cytoskeleton in GO (Table 4.6). Alterations in the
tubulin code at specific stages of pathological cardiac remodelling and its
autoregulation during pathological progression in HF patients and murine 339,
Autoregulation is a process resulting from an internal adaptive mechanism that

works to adjust the cardiac system's response to stimuli. Findings have revealed
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a rapid and isoform-specific transcriptional induction and autoactivation of tubulin
MmRNA, combined with post-translational detyrosination, which promotes
microtubule stabilisation and proliferation during the early phases of cardiac
growth 33°. Microtubules are tube-like structures formed by the polymerisation of
a- and B-tubulin dimers, essential for cell structure, intracellular transport, and
division. They undergo dynamic growth and shrinkage, maintaining equilibrium
between free and polymerized tubulin. In cardiomyocytes, microtubules regulate
electrical activity, mitochondrial dynamics, protein degradation, and local
translation, while also serving as load-bearing elements that affect cell mechanics
and mechano-signalling 3%, Furthermore, in advanced heart failure, a shift
towards autoinhibition was observed, resulting in decreased tubulin mRNA
expression despite elevated tubulin protein levels. This study highlights the role
of autoregulation in rewriting the tubulin code during cardiac remodelling. This
explains tubulin isotypes opposite expression in the Ang ll-induced cardiac
remodelling group for adaptive mechanism, as two subunits were found one

upregulated and the other downregulated.

A more targeted study compared patients of obstructive hypertrophic
cardiomyopathy, sarcomere mutation-positive and sarcomere mutation-negative
to examine tubulin's role in sarcomere-induced hypertrophy 34°. Hypertrophic
cardiomyopathy (HCM) is characterised by diastolic dysfunction and
asymmetrical LV hypertrophy which is a genetic hypertension whose causation
differs from Ang llI-induced hypertension. However, investigating the increased
levels of specific proteins and their interactions specific to cardiac remodelling due
to chronic hypertension could give insight into the close association of these
proteins related to inflammation response. Another study examined myocardium
from patients with dilated, ischaemic or advanced hypertrophic cardiomyopathy
with preserved or reduced ejection fraction 3*'. Super-resolution imaging has
shown that failing cardiomyocytes are marked by a dense network of heavily

detyrosinated microtubules, contributing to increased stiffness and impaired
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contractility. Pharmacological suppression of detyrosinated microtubules reduces
the viscoelasticity of failing myocytes, restoring 40-50% of lost contractile
function. Similarly, reducing microtubule detyrosination through genetic
approaches softens cardiomyocytes and improves contractile kinetics. These two
proteomic assessments have defined the model of cytoskeletal remodelling in
advanced HF in humans. As in the present project, Ang ll-induced chronic
hypertension without HF exhibits a similar starting point of cardiac remodelling
protein alterations. A deeper understanding of cardiac remodelling mechanisms
might help identify new targets for therapeutic intervention of both pre-HF and HF

conditions.

4.4.2.4 Connection between Cardiac Muscle Contractility and

Remodelling Markers

Another protein that is involved in cardiac remodelling is MYL4 (also known as
ALC1 or MLC1) has traditionally been recognised as a myosin specific to the atria
and the embryonic heart. It plays a crucial role in the contractile mechanisms of
the sarcomere by enhancing cross-bridge kinetics and increasing calcium
sensitivity, which leads to greater force production 342, A study profiled genes
related to cardiac contractile and contraction modulation in end-stage failing LV
and found that MYL4 was downregulated 343. Mutant variants in the MYL4 gene
lead to progressive atrial cardiomyopathy in both humans and rats. Results
establish MYL4 as a critical gene essential for maintaining atrial contractile
function, as well as electrical and structural integrity 3*4. Similarly in the present
project, MYL4 was found downregulated in the Ang Il group (Figure 4.11) and was
involved in cardiac muscle contraction and regulation of the force of heart
contraction (Table 4.7). Prolonged cardiac remodelling due to hypertension starts
to affect cardiac function, as this protein is also involved in adrenergic signalling
in the cardiomyocyte pathway. Furthermore, in mice with conditional knockout of
guanylyl cyclase-A receptor in microcirculatory pericytes, the vasodilatory effects

of ANP on precapillary arterioles and capillaries were eliminated and elevated
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blood pressure 345, As a negative regulation of cell growth, Natriuretic peptides A
(Nppa) were found downregulated in the Ang Il group (Figure 4.11) and involved
in the cGMP-PKG signalling KEGG pathway (Table 4.7). Suggesting the role of
ANP/Naap on microvascular tone is involved in the moderation of atrial blood
pressure through cGMP signalling. In addition, this protein is a marker of HF case,

however, here Ang Il group exhibits cardiac remodelling without HF.

Four and a half LIM domains protein 1 (Fhl1), is involved in pathological cardiac
hypertrophy. Fhi1 knock-out mice model of TAC exhibits a reduced reactivation
of fetal gene markers, including atrial natriuretic factor and skeletal a-actin,
indicating a diminished hypertrophic response 3%. This protein was found
upregulated in Ang Il group and involved in the biological process of negative
regulation of cell growth and muscle organ development (Figure 4.11, Table 4.6).
These studies provide insight into the physiological regulation of sarcomeres in
response to hypertrophic stress. The sarcomere is long, cylindrical organelles that
enable muscle contraction, and each is composed of overlapping thick and thin

filaments made primarily of the proteins myosin and actin 347,

Protein kinase C and casein kinase substrate in neurons 2 protein (Pacsin2) found
downregulated in Ang Il group and was involved in cytoskeleton organisation and
ruffle membrane (figure 4.11, Table 4.7). Pacsins represent a family of proteins
crucial for regulating the cellular cytoskeleton, intracellular trafficking, and
signalling pathways 3. These proteins play significant roles in various
physiological processes, including tissue repair across different organs, and their
functional disruptions have been linked to multiple disease pathologies. Pacsin2
is expressed in both atrial and ventricular myocytes. In adult Pacsin2 knockout
mice, numerous cardiac genes show downregulation within heart tissue; however,
these knockout mice maintain normal cardiac morphology 34°. This suggests that
Pacsin2 may be crucial in regulating the beating frequency of the heart by
modulating atrial functions, where action potentials are initiated. In addition,
proteins known to interact or function with Pacsin2 in cytoskeleton regulation is
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actin and alpha tubulin, however, this protein showed no interaction in the present
project as this model is an early stage of cardiac remodelling with no cardiac

dysfunction.

4.4.2.5 Cytoskeleton Organisation Mechanotransduction and
ECM-Integrin Signalling

A potent trigger of fibroblast activation and hypertrophic growth is
mechanotransduction which is a molecular process converting a physical stimulus
into a biological response 3%. Mechanotransduction and its downstream signalling
pathways initially act as adaptive responses, serving as compensatory
mechanisms to manage the early stages of load adaptation. However, with
sustained or abnormal loading, these remodelling processes can transition to
maladaptive responses, resulting in impaired physiological function and the
progression of pathological cardiac hypertrophy and heart failure. Actin is a key
cytoskeletal protein in eukaryotic cells, essential for various cellular processes,
including mechano-resistance and the generation of contractile force 3%'. In the
present project, Actin alpha skeletal muscle (Acta1) was upregulated in the Ang
Il group (Figure 4.11). In end-stage failing hearts of mice models, striated actin
was identified as actin alpha skeletal muscle, as observed in samples from the
interventricular septum of patients with hypertrophic obstructive cardiomyopathy
352 Similar observations in the human study of concentric LV hypertrophy due to
hypertension, examined the distribution of actin alpha skeletal muscle with a high
number of positively stained cardiomyocytes 3%, The actin dynamics key
regulators are actin-binding protein cofilin and its upstream activator slingshot
phosphatase (SSH1) 3%4. SSH1 has been implicated in inflammatory signalling by

regulating the NF-kB activity in endothelial cells by thrombin activation 355,
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4.2.2.6 Actin Cytoskeleton Remodelling and the Role of Cofilin-1

and Integrin Signalling in Hypertensive Hearts

Cofilin-1 (Cfl1) also was upregulated in Ang Il group (Figure 4.11) and involved in
the positive regulator of lamellipodium assembly as well as cytoskeleton
organisation in KEGG (Table 4.6) and further categorised in PANTHER under
cytoskeletal regulation by Rho GTPase (Table 4.8). Cofilins belong to the actin
depolymerising protein family 3%, Cfl1 is more efficient in actin depolymerization
than CflI2 3%, also mainly expressed in tissues with elevated actin turnover rates.
A study found that a specific PTM of Cfl1 is a critical regulator of actin
depolarisation 3%8. Thus, these proteins have interacted with each other controlling
the protein’s key function in cardiac remodelling. This was confirmed in PPI
analysis as shown interaction between Cfl1 and Acta1 and further with Hsp90aa1
and FInc, and FInc interacts with Itga7 all of which are involved in the structural
remodelling theme. Integrin receptors interact directly or indirectly with various
molecules, including actin cytoskeleton filaments. Upon activation, these
interactions initiate multiple signalling cascades that regulate key cellular
processes 3%°. The ECM-integrin-cytoskeleton connection also plays a key role in

mediating mechanotransduction signalling 36°.

Integrins are heterodimeric cell receptors, consisting of a and B subunits, that
function as cellular mechanosensory and mechanotransducers 3'. They provide
a transmembrane linkage system, connecting extracellular matrix proteins to
cortical actin within the cell. Iltga7 was found upregulated in Ang Il group (Figure
4.11 Ang Il vs Saline) and involved in sarcolemma cellular localisation in KEGG
and further categorised in PANTHER under integrin signalling pathway. Loss of
integrin a7 causes a novel form of adult-onset cardiac dysfunction indicating its
critical role for the in normal cardiac function 362, Thus, integrin type is a modifier
in cardiac hypertrophy as its upregulation in the present project of cardiac
remodelling in Ang Il group.
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The hallmark of cardiac remodelling in the chronic hypertension model includes
changes in cardiac structure along with function with disease progression and the
activation of various signalling pathways due to protein alteration. Specifically, is
because of myocardial interstitial and perivascular structural changes that involve
excessive collagen deposition and are quantitatively characterised by an increase

in the percentage of total myocardial tissue containing collagen fibres 363,

The subsequent tissue damage triggers an inflammatory response, activating
local immune cells, primarily macrophages, and allowing various blood cells to
infiltrate the injured sites. Both resident and invading immune cells release a wide
range of biologically active soluble mediators, such as cytokines and chemokines,
which in turn activate fibroblasts. These fibroblasts produce fibrillar collagen and
other ECM components, further amplifying the production of proinflammatory
cytokines, chemokines, and growth factors. This is the initiation of the fibrotic
process which with prolonged activation leads to cardiac remodelling progression
and ends with cardiovascular complications related to the inflammatory response.
In reactive myocardial interstitial and perivascular fibrosis, diverse stimuli can
induce fibrosis without cell death by activating various fibrotic signalling pathways
in mesenchymal cells. This includes mechanical stress resulting from pressure
overload in hypertensive heart disease. In the present project, the Ang ll-induced
chronic hypertension effect on the left ventricle results in up-down regulated
proteins that are specifically related to structural cardiac remodelling as linked to

GO functional and KEGG pathways analysis as well as in PANTHER analysis.

4.4.3 LV DEPs Interactions Related to Cardiac Remodelling that

Link to Cardiac Inflammation

Cardiomyocytes undergo hypertrophy through increased protein synthesis and
sarcomere reorganisation, leading to an overall increase in cardiac muscle mass

0. The STRING database further classified protein interaction networks based on
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biological processes to highlight their function which can be extrapolated by

understanding the roles of their binding partners.

Proteomic analysis of Ang Il groups showed key protein alterations characterised
by the significant pathways related to cardiac remodelling. The hub proteins were
Acta1, FInc and CIf1 upregulated in Ang Il vs saline (Figure 4.11), Hrg, Pzp,
Apoa4, Fga and Cp downregulated and Csrp3 upregulated in Ang Il vs control
(Figure 4.11). Acta1l interacted with three upregulated proteins including Cfl1
which was involved in KEGG in the positive regulation of lamellipodium,
cytoskeleton organisation and ruffle membrane, FIinc which is engaged in the
sarcolemma and interacted with Csrp3. Further interactions were observed
between Actal and H3c1, which is involved in neutrophil extracellular trap

formation in KEGG, and Eno3, which both downregulated.

Interestingly, HMGB1 was found interacted with H3c1 which further linked to
Acta1 (Figure 4.7) was discussed in section 4.4.2 above. Cardiac remodelling in
response to Ang ll-induced chronic hypertension involves structural, molecular,
and inflammatory changes that contribute to disease progression. In this study,
the detection of chromatin-associated HMGB1 suggests a potential role in
transcriptional regulation, particularly through interactions with key nuclear
proteins such as H3c1. This variant of the core histone H3, is essential for
maintaining chromatin integrity and the interaction between HMGB1 and H3c1 in
the Ang Il model may parallel the previously reported HMGB1-H1 interaction,
which is implicated in inflammatory gene regulation 3'°. This suggests that
HMGB1 may act as a chromatin modulator, influencing the transcriptional
landscape of genes involved in inflammation and fibrosis during cardiac

remodelling.

Additionally, H3c1 was found to interact with Acta1, a cytoskeletal protein
associated with cardiomyocyte structure and contractility. This link further
supports a nuclear-to-cytoskeletal interplay, potentially bridging inflammatory

signalling with structural cardiac adaptation. Furthermore, Acta1 was found in
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PANTHER category under cytoskeletal regulation by Rho GTPase with Cfl1 and
Tubba2 and in inflammation mediated by chemokine and cytokine signalling
pathways as well as in integrin signalling pathway with Itga7. In cell shape
alteration, the cytoskeleton must undergo dynamic rearrangements, involving the
disassembly and reassembly of filaments. This pathway is regulated by Rho
GTPase. In general, Rho GTPase regulation and signalling involves many players
including adhesion and cytokines that switch on signalling cascades that influence
cell migration, endocytosis and contraction, which all regulate immune cell
responses during CVD progression 364, Cells receive extracellular stimuli through
various mechanisms, including the binding of soluble molecules like growth
factors, cytokines, and hormones to cell-surface receptors, adhesion interactions
with the extracellular matrix, and direct cell-cell adhesions. These stimuli induce
localised changes in the actin cytoskeleton, primarily mediated by Rho proteins
365 Rho GTPases are signalling proteins essential for initiating various immune
functions 3%, By interacting with a diverse set of effectors and kinases, they
regulate cytoskeletal dynamics and the trafficking and proliferation of immune
cells. Various isoforms of filament building blocks are produced, often specific to
cell type, and combined with extensive post-translational modifications to create
highly diverse actin, microtubule, or intermediate filaments 37, This structural
heterogeneity allows specific modification of cytoskeleton-mediated signalling to
control cardiac remodelling, however, the inflammatory response involvement in
this case still need further examination. The pro-inflammatory cytokines TNFa,
IL1, and IL6 play critical roles in the pathogenesis of HF 368, These inflammatory
cytokines influence the phenotype and function of all myocardial cells by
suppressing contractile function in cardiomyocytes, activating inflammatory
responses in macrophages, inducing microvascular inflammation and

dysfunction, and promoting a matrix degrading phenotype in fibroblasts.

Despite the underlying cause of heart failure, the induction of cytokines and

chemokines contributes to myocardial dysfunction and progressive remodelling.
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Inflammatory cytokines may promote apoptosis in cardiomyocytes 3%°. In addition,
pro-inflammatory cytokines can activate a matrix-degrading program, inducing
matrix metalloproteinases that degrade the ECM, thereby eliminating essential
matrix-driven signals necessary for cardiomyocyte homeostasis 37°. Finally,
chronic activation of pro-inflammatory cytokines may initiate a fibrogenic program,
inducing fibrogenic growth factors, expanding activated fibroblasts, and resulting
in ECM protein deposition within the cardiac interstitium 37'. Moreover, evidence
suggests that TLR4 plays a role in the progression of chronic HF 372, TLR4 is
expressed on the cell surface of cardiomyocytes 373, Further studies are needed
to examine this receptor molecules signalling activator such as HMGB1 which
may contribute to cardiac remodelling and CVD progression, as well as the

crosslink signalling.

Collectively, these findings suggest a complex interplay between HMGB1, histone
modulation, and cytoskeletal regulation in Ang ll-induced cardiac remodelling,
emphasizing the need for targeted validation studies to confirm these mechanistic

insights.
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4.5 Chapter Conclusions

This study provides a comprehensive proteomic analysis of Ang ll-induced
chronic hypertension in the left ventricle, revealing key molecular pathways
underpinning hypertensive cardiac remodelling. Bottom-up proteomics identified
differentially expressed proteins linked to inflammation, extracellular matrix (ECM)
reorganisation, and structural adaptation of the hypertensive heart. Network-
based analyses highlighted hub proteins within cytoskeletal and ECM-related
pathways, suggesting a convergence of mechanical stress and inflammatory

signalling in maladaptive remodelling.

These findings deepen our understanding of the molecular landscape of
hypertensive remodelling and offer a framework for future studies. Comparative
proteomic analyses of other cardiac compartments, such as the right atrium or

atrial-ventricular interface, may uncover region-specific mechanisms of disease.

Further validation of the key proteins identified through targeted functional assays,
and in vivo models will be critical for confirming their roles in ECM remodelling
and inflammatory regulation. Exploring their translational potential as biomarkers
or therapeutic targets may provide new strategies for the management of

hypertensive heart disease.

Overall, this study advances knowledge of proteomic alterations in hypertension-
induced cardiac remodelling and lays the groundwork for mechanistic and

therapeutic investigations in cardiovascular dysfunction.
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Chapter 5:

General Discussion
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5.1 Overview of key findings

Understanding the role of HMGB1, particularly the newly identified high molecular
weight (HMW) form (HMW-HMGB1), cardiovascular dysfunction remains an
important area of investigation. This study aimed to assess changes in HMGB1
expression and determine the presence of HMW-HMGB1 in an in vivo model of
Ang ll-induced chronic hypertension, while also exploring broader proteomic

changes to identify potential biomarkers and therapeutic targets.

The study successfully established and validated a male rat model of Ang II-
induced chronic hypertension (Chapter 3). Disease progression was confirmed by
elevated blood pressure, increased heart weight/body weight ratio, and
echocardiographic parameters consistent with hypertrophy 374 242 _ Interstitial and
perivascular fibrosis were evident through Masson’s trichrome staining,
confirming pathological tissue remodelling 37° . Western blot analysis detected
both HMGB1 and HMW-HMGB1, though expression differences across groups
did not reach statistical significance. Notably, HMW-HMGB1 was present in saline
and Ang Il hearts but absent in naive controls, suggesting that surgical stress may
itself contribute to HMW-HMGB1 induction 6! . In contrast, immunofluorescence
revealed significantly increased HMGB1 signal and altered nuclear-to-
cytoplasmic distribution in Ang |l tissue, highlighting its potential role in

extracellular release 198 .

To investigate whether HMGB1 redistribution could reflect extracellular release,
extracellular vesicles (EVs) were examined. While Ang |l serum samples were
limited by poor recovery, control EVs confirmed the feasibility of isolation and size
characterisation by DLS. These findings complement the in vivo
immunofluorescence data by supporting a model in which cytoplasmic HMGB1
may be secreted into extracellular vesicles. To strengthen this mechanistic link,
MEG-01 cell experiments were performed, demonstrating HMGB1 release in EV

cargo under basal conditions, with increased release following thrombin
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stimulation %76, This surrogate system provided additional support for non-

classical HMGB1 secretion pathways that may be relevant to the Ang Il model.

Finally, proteomic analysis of left ventricular tissue (Chapter 4) contextualised
these findings, with principal component analysis (PCA) showing overlap between
Ang Il and saline groups but clear separation from naive controls, indicating that
surgical intervention may contribute to proteomic variation, but that Ang Il drives
a distinct hypertension-associated signature. proteomic profiling identified distinct
molecular signatures associated with cytoskeletal remodelling (Acta1, Cfi1,
Tubb2a), histone regulation (H3.1), and inflammatory pathways, some of which
overlapped with HMGB1 biology. These findings suggest that HMGB1-linked
cytoskeletal and inflammatory alterations may contribute to hypertensive cardiac

remodelling and highlight candidate proteins for further validation.

In summary, this project established a robust Ang Il rat model of chronic
hypertension and demonstrated structural and molecular features of cardiac
remodelling, including fibrosis and HMGB1 redistribution. Proteomics revealed
distinct molecular signatures associated with cytoskeletal remodelling and
inflammation, while PCA emphasised the need to interpret surgical confounders.
Together with the EV/IMEG-1 findings, these results highlight HMGB1 as a
candidate mediator of inflammation-driven cardiac remodelling and suggest

potential avenues for future validation as a biomarker or therapeutic target.

5.2 Ang ll-induced chronic hypertension hypertrophy model in

the absence of heart failure

Essentially the model in this study displayed structural hypertension-hypertrophy
with pathologic cardiac hypertrophy involving cellular and molecular remodelling.
We observed myocyte growth without significant proliferation, with alterations in
cardiac remodelling with increased level of collagen disposition and fibrosis
progression (Figure 3.6 and Figure 3.7). These cellular and molecular alterations
within the myocyte are typically accompanied by changes in the ECM 377. ECM
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structural remodelling regulates the expression of fibrillar collagen synthesis and
directs cell morphology, migration, differentiation, and mediates cell-cell
interactions 378, Hypertension promotes leukocyte infiltration into the heart, where
interactions among macrophages, T cells, and monocytic fibroblast precursor
cells modulate the imbalance between pro-inflammatory and anti-inflammatory
factors 379 . The inflammatory microenvironment in the hypertensive heart
promotes a positive feedback loop, enhancing leukocyte infiltration and monocyte
differentiation, and driving myofibroblast formation. Elevated number of
myofibroblasts, the primary contributors to ECM production, leads to collagen
deposition forming fibrosis and drives cardiac remodelling 38381 |n the present
study, high level collagen disposition was exhibited in Ang Il infused rats in both
perivascular and interstitial areas (Figure 3.6). The progression of this cardiac
remodelling leads to fibrosis by excessive deposition in the interstitial and
perivascular regions, which represents a key pathological response to chronic

inflammation 23,

Different forms of fibrosis, such as interstitial and perivascular, may evolve in
distinct ways. Collagen volume fraction (CVF) is often considered a more accurate
measure of myocardial interstitial fibrosis, as it accounts for total collagen volume
rather than the percentage area of a single cross-section 2%, In this project,
collagen area fraction was used as a fibrosis marker, which remains widely
applied and informative but does not fully capture volume-based remodelling.
Automated macro-based image analysis has been proposed as a more objective,
reproducible, and cost-effective method for collagen quantification 382, Such
approaches could complement conventional analysis, particularly in regions with

low collagen content where manual assessment may be less reliable.

Fibrosis progression also depends on cellular and molecular characteristics.
Features such as immune cell infiltration, fibroblast activation, matricellular protein
expression, and ECM cross-linking influence whether fibrosis is reversible.

Increased inflammatory activity and interstitial cellularity have been associated
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with recovery of myocardial function following revascularisation 38 384 whereas
hypocellular fibrotic lesions with high cross-linking are more likely irreversible 38,
Thus, the degree and type of fibrosis provide important mechanistic and
prognostic information in hypertensive cardiac remodelling. These structural
observations connect directly with inflammatory pathways. Fibroblasts express
various pattern-recognition receptors (PRRs), including TLR4, and their activation
can drive differentiation into collagen-producing myofibroblasts 3%. While
inhibiting TLR4 has been proposed as a therapeutic approach, the diversity of its
ligands means that selectively targeting stress-associated DAMPs such as
HMGB1 may provide a more effective strategy. Persistent fibroblast activation
leads to excessive ECM deposition and cross-linking, reinforcing pathological

cardiac remodelling.

Ang ll-treated models have demonstrated that tissue injury and inflammatory
mediators further promote immune infiltration into damaged myocardium 387,
Locally generated Ang Il exacerbates remodelling by sustaining a low-grade
inflammatory state 3. Importantly, TLR4 deficiency does not prevent
hypertension in Ang ll-infused mice but significantly reduces inflammation: IL-13
and IL-6 expression are attenuated, and Ang ll-induced cardiomyocyte
hypertrophy is abolished despite elevated blood pressure 247. These findings
suggest that TLR4 contributes to cardiac remodelling independently of blood
pressure effects, with HMGB1 acting as a key upstream mediator. Together, these
observations highlight the dual haemodynamic and inflammatory drivers of

hypertension-induced cardiac pathology.

5.2.1 Is HMGB1 implicated in the Ang ll-induced chronic

hypertension hypertrophy model in the absence of heart failure

In the present study, high level of HMGB1 localisation and re-distribution of
HMGB1 was observed in cardiac sections taken from Ang ll-infused rat hearts
(Figure 3.8). HMGB1 localisation was accompanied with the collagen disposition

(Figure 3.11). Fibrosis progression involves a notable alteration in both the
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quantity and distribution of interstitial and basement membrane collagens. This
process is further characterised by modifications in vascularisation, immune cell
infiltration, and is shaped by the specific underlying aetiologies and their
progression 245, HMGB1 as DAMPs molecule released under cellular stress or
chronic tissue injury and induced inflammatory cells infiltration 38°. Further
investigation of inflammatory cells infiltration beside HMGB1 could provide insight

into immune cell-cell interaction in fibrosis area.

Interestingly in our investigations, changes in cardiac HMGB1 expression and
localisation were most evident through indirect-immunofluorescence-based
imaging experiments. The same changes were not significantly detected when
the different compartments of the heart were dissected and processed for protein
analysis via Western blotting (Figure 3.8). Instead, we noted the appearance of a
higher molecular weight proteoform of HMGB1 (HMW-HMGB1) in Sal and Ang |l
cardiac samples, but not control samples, which raised the question of the role of

surgery as a potential regulator HMGB1 expression, independent of disease.

5.2.2 Is increased HMW-HMGB1 expression linked to surgical
stress during the mini-pump implantation in the experimental

rodent model?

HMW-HMGB1 was detected in both saline (Sal) and Ang Il groups but was absent
in control groups (without surgical intervention), suggesting that surgery itself may
be a sufficient trigger for increased HMW-HMGB1 expression. The role of surgery
in HMGB1 regulation has been noted in previous studies 3%:3%1 where post-
operative increases in HMGB1 have been observed 3%, Evidence suggests that
HMGB1 release is an early response to surgical trauma and may serve as a

prognostic biomarker.

Surgical procedures are known to induce a systemic inflammatory response in
patients 393 which may account for the observed increases in HMW-HMGB1 in

both Sal and Ang Il groups in the present study. The mini-pump model is a well-
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established approach to disease induction in rodents 3% however the impact of
surgery involved in this procedure upon HMGB1 levels has not been published
before. This is the first study to observe changes to HMGB1 in control Sal and

Ang Il HMGB1 levels in the rodent minipump model.

Trauma and surgical stress can trigger immune cell activation, leading to the rapid
release of DAMPs such as HMGB1 390395 This is particularly relevant given that
HMGB1 can act as both a passive by-product of cellular damage and an active
pro-inflammatory mediator when secreted by immune cells. Interestingly in these
cases, serum HMGB1 expression peaked within 1-3-days post-operation,
whereas in our study HMW-HMGB1 expressed within Sal and Ang Il cardiac
tissue was stably observed after 28 days (Chapter 3). Given that our sham Sal
and Ang |l observed an increase in HMW-HMGB1, this could be an adaptive
response to post-surgical wound healing, rather than an immediate pro-
inflammatory-mediated event. A critical factor that has been proposed to influence
the role of HMGB1 in inflammation vs wound healing is its post-translational
modified (PTM) status 3%. The presence of DTT (dithiothreitol, 50mM) as a
reducing agent in blotting experiments mean that the HMGB1 proteoforms
observed already have had the disulfide bonds between cysteine residues
reduced. It could be proposed that the HMW-HMGB1 is therefore not reliant on
disulfide bonds, however non-reducing conditions would have to be carried out
for comparison. This may also suggest that expression is not associated with a
change in the redox state, but rather a direct increase in its synthesis, secretion,
or release 3. This could indicate a low-grade chronic inflammatory response

sustained through surgery-induced tissue damage.

Much debate, unreliable reporting and significant retractions in the HMGB1 PTM
field 3% has hampered progress in the HMGB1 field. Studies that have solely
relied upon serum measurements are now subject to reappraisal (reviewed in 3%),
with researchers now recommending the use of plasma or tissue-derived

investigations for the evaluation of HMGB1 proteoforms in pathological
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conditions. Our studies experienced challenges with the quality and reliability of
HMGB1 detection in serum derived from our experimental rodent models. Whilst
control serum could be optimised, we were unable to obtain quality reproducible

data from Sal and Ang Il serum samples isolated.

At present, due to the poor reliability and selectivity issues of detecting PTM
HMGB1 proteoforms with current commercially available tools, we are unable to
confirm the nature of the HMW-HMGB1 proteoform found in our experiments. We
do not believe that the HMW-HMGB1 is a pathological feature of the Ang |l model
given the expression of this in the Sal samples. We propose that expression of
HMW-HMGB1 in cardiac sections was an adaptive response to surgery following
the implantation of the minipumps in Sal and Ang Il rodent groups. This hypothesis
is currently being followed up as a separate project that was beyond the scope of

this thesis.

These findings potentially highlight the necessity of carefully considering surgical
stress as a contributing factor in studies examining HMGB1 and its role in disease
pathology, particularly in models reliant on invasive surgical procedures. Given
the extent of retractions and expressions of concern within the HMGB1 field,
caution should be taken when interpreting or attributing a role for changes in
HMGB1 expression in pathological settings where animals were subjected to

trauma such as surgery.

5.2.3 Altered HMGB1 localisation in Ang Il but not Control or Sal
groups — Experimental artifact or a pathological marker of the

Ang |l disease model?

In this present project, cardiac expression of HMGB1 was increased, with
cardiomyocyte HMGB1 redistribution evident following Ang Il induction. These
events were not evident in any of the control cardiac tissue taken (Figure 3.9).
Ang Il is proposed to elevate protein levels of RAGE, TLR4, and the pro-
inflammatory HMGB1, and even AT1R itself by activating NF-kB, thereby
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establishing a positive feedback loop 39°4%. Considering the findings from this
project, we suggest that extracellular HMGB1, as a downstream signal of AT1R
stimulation in Ang Il infused rats, is one of the major mediators of TLR4 activation.
Studies have shown the critical roles of extracellular HMGB1 in many cardiac
complications 491, In the present study, it could be proposed that cardiac HMIGB1
expression was increased (via RAGE-TLR4-dependent mechanisms) during the
pathological process of pressure overload during Ang ll-induced -cardiac
hypertrophy. Previous in vitro studies have proposed similar roles for HMGB1,
with increased HMGB1 expression being involved in aggravated mechanical
stress in cardiomyocytes 42, Interestingly, in vivo studies using a transverse aortic
constriction (TAC) model of cardiac hypertrophy and LV dysfunction have

attributed this role to extracellular HMGB1 493,

One of the major limitations of the HMGB1 field is the lack of transparency in the
band size reporting. In most cases, protein bands are published cropped with no
molecular weight marker or annotation of the band size to indicate the HMGB1
proteoform presented. Mechanical stretching of isolated cardiomyocyte cells from
the Ang ll-induced model would be a good experiment to conduct to compare
HMGB1 changes with those published with using TAC model. This would
strengthen existing data that suggests pathological changes in HMGB1
expression, with more transparent reporting to confirm the specific HMGB1

proteoform that changes.

5.2.4 Extracellular release of HMGB1via extracellular vesicles
(EV) - A potential consequence of cardiac myocyte HMGB1
redistribution

Follow-up investigation into the potential consequence of HMGB1 re-distribution
in cardiac sections was hampered by the inability to collect high quality blood-
related products in the Sal/Ang ll-treatment groups. One of the major HMGB1

secretory mechanisms that we sought to investigate was through extracellular

vesicle (EV) release. The aim was to characterise the different types of EV
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released by size, type and cargo to understand the potential mechanisms of
HMGB1 expression changes observed at the end-point of the Ang Il model.
Extracellular HMGB1 is a delayed mediator of inflammation that is released late
via non-classical secretion pathways 9. In addition, other danger signals or pro-
inflammatory stimuli could induce HMGB1 hyper acetylation and nuclear
translocation. For example, a study reported LPS-induced HMGB1 cytoplasmic
accumulation 4% however, extracellular HMGB1 was not examined. The
secretion and release of HMGB1 are tightly regulated by various factors, including
its post-translational modifications, such as acetylation, ADP-ribosylation,
phosphorylation, and methylation, as well as the mechanisms of cell death of its
extracellular release '%. The regulatory mechanisms governing HMGB1 secretion

and release are crucial areas of study.

In our study, in addition to evaluating the ability of cardiac myocytes to release
HMGB1 EVs, we originally intended to determine if increased HMGB1 and its
redistribution could be a consequence of enhanced circulatory HMGB levels and
pathological paracrine uptake of HMGB1-enriched EVs 4%, The preference was
to use serum rather than plasma, so that we could evaluate platelet-derived EVs
406 Optimisation was complete where EVs sizes were examined from control
rats’ serum which are ranging from 10-1000 nm in diameter represents different
types (Figure 3.12). EVs including exosomes, which are typically 50-150 nm in
size and are released through the exocytosis of multivesicular bodies, and micro-
vesicles (MVs), also known as microparticles or ectosomes, which are vesicles
ranging from 0.1 to 1 ym in diameter and are shed from the plasma membrane
213 EVs facilitate intercellular communication, frequently facilitating the transfer of
biomolecular cargo between cells, including those of the heart 2'2. During vascular
endothelial cell injury, platelets release a large quantities of extracellular disulfide-
HMGB1 which has cytokine like activity by inducing NETs formation, platelet
aggregation and myocyte activation 192, Haemolysis was a significant issue faced

when isolating blood from Saline and Ang ll-animal groups. Previous studies have
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highlighted that rat erythrocytes are more sensitive to haemolysis when compared

to other laboratory animal models or human blood 407408,

Serum isolated from control rats, not subjected to surgical mini-pump
implantation, was successfully achieved. The EV levels isolated from 1 control
rat serum was sufficient to measure EV size via DLS but was insufficient to
adequately process further as part of cargo characterisation. The animal numbers
required to effectively conduct cargo characterisation would be >7-10 per animal
group. When haemolysis was experienced with the Sal and Ang Il animals, it was
deemed unethical to sacrifice further control animals just for the purposes of

characterisation in the absence of comparative analysis.

Our findings also raise the possibility that HMGB1 is released through non-
classical secretion pathways, including extracellular vesicles. Although serum-
based validation was limited, the in vitro MEG-01 model provided supportive
evidence, as thrombin stimulation markedly increased HMGB1 release. This
aligns with prior work showing that activated platelets and megakaryocytes can
package HMGB1 into EV cargo, linking platelet activation to vascular
inflammation 4%°.  Such vesicle-mediated secretion may represent a key
mechanism coupling hypertension-induced cellular stress with fibrosis

progression, bypassing classical secretion routes.

5.2.5 Translating HMGB1 EV release to a human megakaryocytic

cell line that secretes platelet-like particles

In the absence of sufficient quality and quantity of rat serum, a qualitative
characterisation of megakaryocyte-derived platelet-like particles was carried out
to ascertain if EV’s derived from PLPs isolated from MEG-01 cells contain HMGB1
cargo. As MEG-01 cells are easy to culture and spontaneously released platelet-
like particles into the culture medium, we were able to mass produce cells to
conduct basic EV characterisation experiments. MEG-01 displaying proplatelets
then the release of PLP (Figure 3.14). This was comparable to previous published
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literature of megakaryocytes and MEG-01 differentiation with different methods
410411 - with similar observations. DLS was used to differentiate the cell sizes
(Figure 3.17). Three types of extracellular vesicles were found in this cell line and
using flow cytometric analysis of EVs expression in MEG-01 could further used
for markers identification 4!'. These basic characterisation experiments will help
to guide future work into in vitro investigation into HMGB1-EV release and its

implications in a model that can be more ethically designed.

5.2.6 Implications of HMGB1 EV release to cardiovascular

dysfunction

HMGB1 can be released through EVs cargo and influence other cells linking
endothelial dysfunction to inflammatory response and cardiovascular diseases.
Proteomic analysis of VSMCs exposed to EC-derived EVs revealed an
upregulation of HMGB1 4'2. Pharmacological inhibition of HMGB1 as well as
siRNA-mediated depletion of HMGB1 in VSMCs, significantly reduced EC EV-
induced VCAM-1 expression and leukocyte adhesion, highlighting its
inflammatory role in hypertension. Studies have demonstrated that HMGB1 is
elevated in the cardiac tissue of HFpEF mice. Inhibition of HMGB1 decreases
neutrophil infiltration, reduces NET formation, and improves diastolic function,
highlighting its role in driving inflammation and cardiac dysfunction 4'3. Platelets
release a large amount of extracellular HMGB1 in injured vascular endothelial in
the form of a disulfide-HMGB1, which has cytokine like activity by inducing NETs
formation, platelet aggregation and myocyte activation %2, Disulfide HMGB1
mediates cytokine secretion and cellular motility, mainly through TLR4 and
induces different bone-marrow-derived macrophages phenotypes migration 414,

which could advance upon the immune-coagulative nexus in CV dysfunction.
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5.3 Did shotgun proteomic analysis of LV tissue offer any new

insights into mechanisms of Ang ll-induced Hypertension?

This study represents the first unbiased, label-free proteome changes in left
ventricular tissue from non-genetically modified male Sprague-Dawley rats with
Ang ll-induced chronic hypertension compared to control (no surgery) and Saline
control sham groups. Although the study focuses solely on left ventricular tissue
homogenates, which poses certain limitations, it serves as an exploratory effort to

generate testable hypotheses for further future investigation.

The Shotgun proteomic analysis further validated the characterization of the Ang
ll-induced chronic hypertension model as a pre-heart failure (pre-HF) condition,
given the absence of significant cardiac dysfunction. By examining the DEPs, key
cardiac function markers were identified, supporting this classification. Nppa, a
well-established marker of progress pathological cardiac remodelling 3'%, was
detected and significantly downregulated across two groups (Table 4.4),
indicating early cardiac adaptation rather than overt failure. Nppb, another critical
marker of heart failure 415, was not detected in the proteomic profile, reinforcing
the notion that the model represents a pre-HF state rather than progressing to
decompensated cardiac dysfunction. Additionally, cardiac troponins Tnni3 and
Tnnt2 are essential for contractile function 313, were present in all groups but did
not exhibit significant differential expression (Table 4.4), further supporting the
absence of functional impairment. Furthermore, the connective tissue growth
factor (Ctgf), also known as CCN2 is a pro-fibrotic factor acting downstream of
growth factor TGFB 416, which plays a key role in pathological extracellular matrix
remodelling, was not detected, aligning with histological findings that fibrosis in
the Ang Il group was minor yet significant. Collectively, these proteomic findings
provide molecular evidence that the Ang ll-induced hypertensive model in this
study represents an early-stage remodelling phase without substantial cardiac

dysfunction, reinforcing its validity as a pre-HF model.
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Interestingly, further proteomic analysis of LV tissue revealed HMGB1 presence
in all groups even though was not significant, with pathway analysis linking it to
p53 signalling (see Section 4.3.6). STRING PPI analysis identified condition-
specific HMGB1 interactions, particularly with histones and actin-associated
proteins, forming significant networks in hypertensive tissue. Histone H3.1 (H3c1)
was found in KEGG involved neutrophil extracellular trap formation (Table 4.7),
suggesting a role in inflammatory responses. Actal, Cfl1, and Tubb2a were
differentially expressed in cytoskeletal pathways, with Actal found in
inflammation-mediated signalling and Acta1 and Cfl1 significantly enriched in
cytoskeletal regulation via Rho GTPases (Table 4.8), highlighting potential links
between hypertension induced cytoskeletal remodelling and inflammatory

response.

Importantly, the interpretation of these proteomic findings must consider both
biological and technical caveats. For example, our PCA analysis showed an
overlap between saline and Ang Il groups, which may reflect shared molecular
effects of surgery and perioperative stress rather than treatment alone. Previous
studies have demonstrated that sham surgery can itself drive systemic
inflammatory and proteomic alterations independent of the primary insult 259260,
This highlights the need for careful contextualisation of proteomic separation and
reinforces that not all observed differences can be attributed solely to Ang Il

infusion.

In addition, while our study represents an important animal model dataset,
translational value increases when considered alongside human cardiac
proteomics. Large-scale proteomic profiling of human LV tissue, such as the
human heart proteome atlas and cross-species comparative studies, has
identified consistent alterations in cytoskeletal organisation, mitochondrial energy
metabolism, and inflammatory signalling in dilated cardiomyopathy and heart
failure patients 417418, Many of these processes overlap with the pathways
highlighted in our dataset, particularly the enrichment of cytoskeletal regulators

206



(Acta1, Cfl1, Tubb2a) and HMGB1-associated inflammatory signatures. This
overlap reinforces the biological plausibility of our findings, even though the model
reflects a pre-HF hypertrophy stage rather than end-stage failure. Importantly, our
observation that these proteins change early, before overt dysfunction, may
indicate that cytoskeletal and HMGB1-related remodelling are early drivers of
pathology rather than secondary consequences. This distinction has not been
consistently captured in human studies, where tissue is typically obtained at
advanced stages of disease. Therefore, our dataset provides new insights into
the temporal sequence of these molecular events. However, caution is warranted,
as our study reflects an early-stage, pre-HF hypertrophy model, whereas human
studies often examine end-stage failing hearts. This distinction highlights the need
for further data from both longitudinal animal studies and well-phenotyped human
cohorts to confirm whether these molecular pathways are conserved across
disease stages and to clarify their role in the transition from adaptive to
maladaptive remodelling. While we cannot claim direct equivalence between
rodent and human proteomes, the convergence of findings supports the
translational relevance of Ang ll-induced hypertension as a pre-HF model and
highlights candidate pathways that may serve as biomarkers for early disease

detection or targets for antifibrotic therapies.

Collectively, these findings suggest a complex interplay between HMGB1, histone
modulation, and cytoskeletal regulation in Ang ll-induced cardiac remodelling, and
underscore the need for cautious, clinically oriented validation studies to confirm

these mechanistic insights.

5.3.1. HMGB1-associated pathways feature in LV proteomics
analysis

The observed presence of HMGB1 in the Ang ll-treated group, despite being non-
significant (Table 4.4), presents attracting implications for its role in cardiac
remodelling. This is consistent with findings that Ang Il can increase HMGB1

expression and release in cardiac tissues 37 and decreased nuclear HMGB1
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expression has been observed in human failing hearts, which is linked to
cardiomyocyte hypertrophy and fibrosis 2?2, However, the potential role of

extracellular HMGB1 in this context has yet to be examined.

This study provides novel insights into HMGB1-associated pathways in Ang Il-
induced cardiac remodelling, particularly in relation to fibrosis and cytoskeletal
reorganisation. Using Masson's trichrome staining, we confirmed the presence of
collagen deposition in the cardiac tissue of Ang ll-treated rats, indicating
enhanced ECM remodelling (see Section 3.3.2) align with HMGB1 present in both
interstitial and perivascular fibrotic area (Figure 3.13). However, proteomic
analysis revealed that HMGB1 was present in all groups with varying p-values
(Table 4.5) and was found to be involved in the p53 signalling pathway, though
without statistical significance in PANTHER analysis (Section 4.3.6). In a study,
disrupting p53 activation showed that not only improves insulin resistance but also
mitigates cardiac dysfunction caused by chronic pressure overload, suggesting a
crucial role of adipose p53 in the heart-adipose axis in disease progression 3'8.
The study findings suggest that pressure overload-induced metabolic stress via
p53 activation contributes to inflammation and systemic insulin resistance, which
could parallel Ang ll-induced cardiac remodelling through HMGB1-dependent
mechanisms. The fact that HMGB1 was present in the p53 pathway even in
control tissue suggests that it may be a constitutive component of baseline cellular
regulation rather than solely an injury-induced signal. Additionally, the connection
between p53, inflammation, and cardiac dysfunction highlights a potential
interplay in myocardial adaptation to chronic hypertension as in our model of Ang
Il induced pre-HF case, where HMGB1 may serve as a key modulator of
inflammatory signalling, cytoskeletal reorganization, and fibrosis. Given that p53
was observed in both hypertensive and control samples in my study, this suggests
a possible homeostatic role in maintaining cardiac structure under normal
conditions, but a pathological role in inflammatory-driven remodelling under Ang

Il stimulation. While the current data do not establish a definitive link, the potential
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involvement of HMGB1 in p53-mediated pathways merits further exploration,
particularly in the context of cytoskeletal dynamics and cellular stress responses

in cardiac remodelling.

Further analysis using STRING Protein-Protein Interaction analysis revealed that
in Ang Il vs. Saline, HMGB1 interacted with H3c1, and H3c.1 was linked to Acta1,
a cytoskeletal protein was involved in inflammatory and cytoskeleton pathways
(Table 4.6). The significance of this interaction suggests that HMGB1 may
influence chromatin remodelling via histone modifications, which in turn could
regulate fibrosis-associated genes. This aligns with prior studies showing that
HMGB1 modulates histone modifications to regulate inflammatory gene
expression, including TNFa suppression through H1-mediated chromatin
compaction 3'°, The observed interaction between H3c1 and Acta1 in the Ang I
group suggests a link between chromatin remodelling and cytoskeletal dynamics
during structural cardiac remodelling. Histone H3.1 is a replication-dependent
histone variant that plays a crucial role in chromatin structure and gene
regulation*'®. While direct interactions between H3.1 and Acta1 have not been
extensively documented, the potential crosstalk between chromatin regulation
and cytoskeletal reorganisation warrants further investigation to elucidate their

roles in Ang llI-induced hypertension.

Interestingly, Acta1l and Cfl1 were significantly upregulated in the Cytoskeletal
Regulation by Rho GTPase pathway (Table 4.8), suggesting a role in cytoskeletal
remodelling in response to Ang ll-induced stress. However, Actal was also
identified in the Inflammation-Mediated by Chemokine and Cytokine Signalling
Pathway but was not significant (Table 4.8), raising the possibility that Acta1

contributes to inflammatory processes but with a more indirect regulatory role.

Additionally, Histone H3.1 was downregulated and linked to Neutrophil
Extracellular Trap (NET) formation in KEGG analysis, suggesting a potential role
in inflammation resolution or immune regulation. Since NETs have been

implicated in cardiovascular inflammation and fibrosis 429, further studies should
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investigate whether HMGB1-histone interactions influence chromatin remodelling
in fibroblast activation and NET formation in hypertensive hearts. As further
HMGB1 was detected in the cargo of MEG-01 cells (Figure 3.20) and actively
released upon thrombin stimulation (Figure 3.21). HMGB1 involvement in cardiac
hypertrophy and remodelling induced by Ang Il which might be influencing the
disease progression in different pathway, or its activity could depend on other
factors like post-translational modification. In our study, we detected HMW form
of HMGB1 across all heart tissue samples of all groups using Western blot
analysis (Figure 3.8). However, the differences in HMGB1 expression among
these groups were not statistically significant, as reflected in the bar graph
representations. This lack of significant variation suggests that while HMGB1 is
present, its role in disease progression may not be solely dependent on its
expression levels. In support of the potential regulatory roles of HMGB1 in cardiac
remodelling, an in vitro study has indicated that Ang Il induces HMGB1 release,
contributing to inflammatory signalling in cardiac tissues. The inhibition of HMGB1
increased phosphorylation of extracellular signal-related kinase 1/2 and NF-kB,
which was rescued by DDR inhibitor treatment 222, This suggests that Ang Il can
promote the release of HMGB1 from cardiac myocytes, which activates

inflammatory pathways such as NF-kB signalling.

Similarly, a study showed that blocking HMGB1 in an isoproterenol-induced
hypertensive mouse model alleviated inflammation and reduced myocardial
fibrosis #2'. However, when linking this to our proteomic findings, it is important to
consider the complexity of HMGB1 role in cardiac hypertrophy and remodelling.
In our study, the identified protein Acta1 that is involved in inflammatory pathways
and potentially contribute to HMGB1 expression in the context of Ang ll-induced
remodelling. This suggests that the mechanism by which HMGB1 exacerbates
inflammation and fibrosis might involve a broader network of proteins that are

differentially expressed or post-translationally modified in response to Ang II.
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Thus, a critical aspect to explore further would be whether the proteins identified
in our study, particularly those involved in actin dynamics and cytoskeletal
remodelling (Acta1 and Cfl1), interact with HMGB1 in the context of Ang ll-induced
cardiac remodelling, as their expression and activity may be influenced by
HMGB1 or other inflammatory mediators. This could provide deeper insights into
the proteomic landscape associated with HMGB1 and inflammation, ultimately
offering a more comprehensive understanding of its role in cardiac hypertrophy

and fibrosis.

In conclusion, although HMGB1 expression itself may not dramatically change in
response to Ang ll-induced cardiac remodelling, its activity might be modulated
through post-translational modifications and compartmentalization. This warrants
further investigation to better understand its potential contribution to the
pathophysiology of hypertension and cardiac remodelling. Understanding these
subtler regulatory mechanisms could help in identifying novel therapeutic targets

for cardiovascular diseases associated with chronic inflammation.

5.3.2. Critical evaluation of existing LV proteomic analysis

compared to Ang ll-induced hypertension experiments

5.3.2.1 LV proteomic approaches reveal critical changes in

cytoskeletal protein clusters

New proteomic analysis showed differentially expressed proteins involved in
structural cardiac remodelling involving muscle contraction, positive regulation of
the force of heart contraction. The molecular function analysis mostly revealed
proteins that were structural constituent of the cytoskeleton and macromolecular
complex binding. These DEPs alterations play a significant role in structural

cardiac remodelling, as seen in the case of adaptive hypertension in the Ang Il

group.
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One notable finding is the upregulation of skeletal muscle alpha-actin (Acta1) in
the Ang Il group in the top 5 significant listed DEPs (Table 4.1). This leads to the
hypothesis that Acta1 upregulation in response to Ang Il contributes to structural
changes in the myocardium, potentially facilitating the adaptation mechanism to
increased workload. This aligns with studies indicating that Acta1 expression is
associated with cardiac hypertrophy and remodelling 4?2 and a human study of
concentric left ventricular hypertrophy caused by hypertension, the distribution of
alpha-skeletal muscle actin was examined, revealing a high number of
cardiomyocytes with positive staining 3%. Furthermore, in our study the
upregulated Acta1 was identified within the inflammation mediated by chemokine
and cytokine signalling pathway in the Ang Il group, as revealed by PANTHER
classification (Table 4.8). The hypothesis here is that Acta1 not only contributes
to structural remodelling but also plays a role in mediating inflammatory
responses, potentially exacerbating the remodelling process. These findings align
with Key regulators of actin dynamics, such as the actin-binding protein cofilin and
its upstream activator, slingshot phosphatase (SSH1), were identified 3%4. In
addition, SSH1 has been implicated in inflammatory signalling by modulating NF-
kB activity in endothelial cells following thrombin activation 3%, Notably, STRING
analysis of protein-protein interactions revealed that Acta1 clusters with Cfl1
(Figure 4.11), indicating a potential functional association between these proteins.
Given that Actal encodes a-actin, a fundamental component of the contractile
apparatus in cardiomyocytes, its co-clustering with Cfl1 suggests a coordinated
regulation of actin cytoskeletal dynamics. This implies that Acta1, alongside Cfi1,
may play a crucial role not only in cytoskeletal remodelling but also in inflammation
response pathway. Potentially impacting cellular mechanism, mechanical stress
adaptation, and overall myocardial structural integrity in response to Ang II-

induced hypertensive remodelling.

Another protein which is crucial for microtubule dynamics and affected during

cellular stress is Tubb2a which was downregulated in Ang Il infused LV tissue
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(Table 4.7) and localised in the cytoplasm, where it plays a role in the structural
constituent of the cytoskeleton as classified by GO. While a study demonstrated
that tubulin beta Il colocalises with cardiac mitochondria in the male Wistar rat
ischemia/reperfusion model, with its displacement being time-dependent in
relation to the extent of damage 33. These findings suggest that stress or disease
progression influences protein function through alterations in both expression
levels and subcellular localisation. Employ immunofluorescence microscopy to
visualise changes in cytoskeletal organization following gene manipulation in
different time point. Thus, modulating the expression of Acta1, Cfl1, or TubbZ2a is
expected to result in observable changes in cytoskeletal architecture, supporting

their roles in cardiac remodelling progression.

5.3.2.2 LV proteomic approaches reveal critical changes in

mitochondrial proteins

A previous study examined LV tissue from an essential hypertension model of
spontaneous hypertensive rats compared to normotensive rats which revealed
different GO functional and KEGG pathways results 2%°. The analysis revealed
that the most prominently enriched GO terms for diseased group included the
xenobiotic catabolic process in the biological process category, and components
related to mitochondrial function in the cellular component category. These
findings may reflect the influence of genetic variation, as the study utilized a
genetic model of spontaneously hypertensive rats, which differs from the Ang II

infusion model.

During cardiac hypertrophy and heart failure, Nppa is re-expressed in ventricular
cardiomyocytes, serving as a highly conserved biomarker of heart disease
progression 423424 As observed in our study, Nppa was significantly
downregulated in Ang Il (Table 4.4) which suggests the pre-HF condition. In this
model, other proteins such as COX3, Hsp90aa1 located in mitochondria and were

213



upregulated (Table 4.6). In contrast, circulating cytochrome ¢ has been reported
as a potential biomarker for reperfusion-associated apoptosis in patients with ST-
segment elevation myocardial infarction 323, In addition, post-translational
modifications of proteins involved in cardiac muscle contraction such as COX6A2
was upregulated in the Ang Il group highlighting its crucial role in maintaining
muscle contraction and function. In support of this results, human myocardial cells
with COX6A2 gene knockout revealed increased oxidative stress, impaired
calcium transport activity, and decreased contractility 32°. This was associated
with outcomes linked progressive heart disease such as HF or MlI. Collectively, in
the context of pre-HF the condition of hypertension without cardiac dysfunction,
as observed in our study in the Ang Il group, this protein appears to serve as an

adaptive mechanism.

5.3.3. Testable hypothesis — the role of Cofilin-associated protein

networks as a potential new avenue for experimental follow-up

In this study, we focused exclusively on the left ventricle (LV) to generate testable
hypotheses regarding the molecular mechanisms underlying Ang ll-induced
cardiac remodelling. The LV is the primary chamber responsible for systemic
circulation and is particularly susceptible to pathological remodelling in response
to chronic hypertension 2. By conducting proteomic analysis on LV tissue, we
aimed to identify differentially expressed proteins (DEPs) associated with
cytoskeletal remodelling, inflammation, and fibrosis—key processes implicated in
hypertensive cardiac adaptation. This approach allowed us to investigate protein
networks potentially linked to structural and functional changes in the
myocardium. Among the identified DEPs, cofilin-associated proteins emerged as
a critical node in cytoskeletal dynamics, prompting further exploration of their role
in myocardial remodelling. These findings provide a foundation for targeted
experimental follow-ups to assess the contribution of cofilin-mediated signalling

pathways in hypertensive heart disease.
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Protein expression differences between the atria and the left ventricle reflect
functional chamber specialization 425, highlighting the importance of assessing
multiple cardiac regions for a comprehensive understanding of disease
mechanisms. Our study focused exclusively on the left ventricle, given its central
role in systemic circulation and its susceptibility to hypertensive remodelling.
However, this approach may have overlooked key molecular adaptations
occurring in the atria, which are known to play a crucial role in cardiac remodelling,
fibrosis, and electrophysiological changes in response to hypertension.
Investigating proteomic differences across different cardiac chambers could
provide a more holistic view of how hypertensive stress influences the entire heart,
potentially revealing novel biomarkers or therapeutic targets that are region-
specific. Future studies incorporating both atrial and ventricular tissue could
further clarify chamber-specific remodelling processes and their contributions to

overall cardiac remodelling and dysfunction.

Proteomic analyses of the LV tissues have revealed significant alterations in
proteins associated with actin dynamics and cytoskeletal regulation, notably the
upregulation of Acta1 and Cfl1, alongside the downregulation of Tubb2a. These
findings were verified through KEGG and Gene Ontology analyses, underscoring
the pivotal role of these proteins in maintaining cytoskeletal integrity and function.
The concurrent upregulation of Acta1l and Cfl1 suggests a coordinated response
to modulate actin filament dynamics. Cfl1 activity is tightly regulated by
phosphorylation, primarily mediated by LIM kinases, which, upon inhibition, lead
to actin cytoskeleton disorganization and impaired cell motility 4%6. The observed
upregulation of Cfl1 may reflect a cellular adaptation to promote actin filament
disassembly, facilitating cytoskeletal remodelling in response to specific stimuli.
The interplay between Acta1 and Cfl1 is crucial, as cofilin-mediated actin
depolymerization necessitates a balanced actin monomer pool, potentially
sustained by Actal expression. Conversely, the significant downregulation of

Tubb2a, a constituent of microtubules, points to a disruption in microtubule
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dynamics. Microtubules, in conjunction with actin filaments, are essential for
various cellular processes, including intracellular transport and maintenance of
cell shape. The reduced expression of Tubb2a may lead to compromised
microtubule stability, thereby influencing overall cytoskeletal architecture.
Notably, Acta1 was identified within the inflammation mediated by chemokine and
cytokine signalling pathways in PANTHER analysis (Table 4.8). This suggests a
potential role for Acta1 in inflammatory responses, warranting further investigation
with more stringent statistical approaches. Moreover, Acta1, Cfl1, and Tubb2a
were significantly associated with the cytoskeletal regulation by Rho GTPase
pathway. Rho GTPases are pivotal regulators of the cytoskeleton, orchestrating
actin and microtubule dynamics to influence cell morphology and motility which

consist with starting point of hypertrophy case.

The interaction between HMGB1, H3c1, and Actal suggests a potential link
between chromatin remodelling, inflammatory signalling, and cytoskeletal
adaptation in cardiac remodelling. HMGB1, a chromatin-associated protein, is
known for its dual role in nuclear DNA organization and extracellular inflammatory
signalling. Its association with H3c1, a histone H3 variant, indicates a possible
involvement in transcriptional regulation during Ang ll-induced cardiac
remodelling. This interaction may contribute to the epigenetic control of genes
related to inflammation and structural remodelling. Furthermore, the connection
between H3c1 and Actal, a cytoskeletal protein essential for cardiomyocyte
contractility, highlights a nuclear-to-cytoskeletal signalling axis. This suggests that
chromatin-associated HMGB1, through its interaction with H3c1, may influence
Actal expression or organization, thereby linking inflammatory pathways to
cytoskeletal remodelling. Such a mechanism could play a critical role in the
structural adaptations seen in cardiac hypertrophy and fibrosis in pre-HF,
reinforcing the need for further studies on nuclear-cytoskeletal crosstalk in cardiac

disease.
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The nuanced role of HMGB1 warrants additional investigation to elucidate its
contribution to cardiac remodelling. These hypotheses provide a foundation for
future studies aimed at understanding the molecular mechanisms underlying Ang
ll-induced cardiac remodelling. A key testable hypothesis for future work is to
assess whether HMGB1 is released into circulation in this model. Since HMGB1
can act as a DAMP when secreted extracellularly, testing blood samples from this
Ang ll-induced hypertensive model could provide insight into whether HMGB1 is
actively released into the serum. This would help confirm whether its presence in
LV tissue reflects a localized intracellular role or if it contributes to systemic
inflammatory signalling. Such findings could further elucidate HMGB1
involvement in cardiac remodelling and its potential as a biomarker for

hypertension-induced cardiac changes.

The absence of a marked increase in HMGB1 expression levels in the current
proteomic analysis of the LV tissue challenges the notion of its further contribution
through extracellular release as HMW-HMGB1 was detected by western bot. This
indicates the potential for other mechanisms at play in the Ang ll-induced
remodelling process. A reasonable hypothesis is that in the early stages of Ang
ll-induced cardiac remodelling, HMGB1 may undergo post-translational
modifications or undergo cellular compartmentalisation shifts that modify its
activity. Such modifications may include acetylation, methylation, or

phosphorylation.

Further investigation into HMGB1 role in Ang ll-induced cardiac remodelling can
be supported through techniques such as targeted proteomics of quantitative
interactomes such as in BiolD proximity labelling, a technique used to identify
proteins that are in close proximity to a protein of interest 4%7. Which allows
interactions in intact, living cells to be detected could identify specific post-
translational modifications of HMGB1 in response to Ang Il samples. Additionally,
quantitative immunofluorescence analysis of nuclear versus cytoplasmic HMGB1
fractions would provide insight into the cellular compartmentalisation of HMGB1
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during remodelling, as the translocation of HMGB1 from the nucleus to the
cytoplasm is known to alter its activity and its interaction with inflammatory
pathways. A study provides evidence for the nuclear-cytoplasmic translocation of
HMGB1 during liver ischemia-reperfusion injury 428, emphasising the importance
of HMGB1 subcellular localisation in the inflammatory response induced by injury
or stress. Similar to our study hypertension can be classified as a stress condition,
although different pathway would be tested to identify HMGB1 mechanism in this

case of cardiac remodelling.

In summary, the proteomic alterations observed in Acta1, Cfl1, and Tubb2a
highlight a coordinated modulation of the cytoskeleton, potentially mediated by
Rho GTPase signalling pathways. The nuanced roles of these proteins in
inflammation and p53-associated pathways, as suggested by pathway analyses,
open avenues for future research to outline their precise functions and
interactions. Understanding these dynamics could provide insights into the
molecular mechanisms governing cytoskeletal regulation and its implications in

cardiac remodelling progression.
5.4 Limitations of research Conclusion

While this study provides important insights into Ang Ill-induced chronic
hypertension and its role in cardiac remodelling, several limitations must be
acknowledged. One key limitation was the absence of blood sample analysis for
differential expression of HMGB1, and other proteins identified in the LV
proteomic profiling. Incorporating serum or plasma proteomic data would have
allowed evaluation of whether proteins involved in cardiac remodelling are also
released into the circulation, thereby strengthening the link between local cardiac
changes and systemic inflammatory responses. In addition, although extracellular
vesicles (EVs) were successfully isolated and characterised from control rat
serum, low blood yield and poor protein recovery in Ang ll-infused rats prevented
full evaluation of EV cargo and HMGB1 release. This restricted the direct
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integration of circulating extracellular HMGB1 findings with the in vivo cardiac

localisation data.

Another limitation relates to the proteomics analyses. The number of biological
replicates was modest (n = 3 per group), which limits statistical power and the
generalisability of the findings. Moreover, although multiple pathway analysis
tools were employed to improve robustness, statistical corrections such as false
discovery rate (FDR) eliminated many of the observed pathways, likely reflecting
the variability inherent in proteomic datasets. In response, uncorrected p-values
were reported, an accepted approach in exploratory proteomics 42°. However, this
inevitably increases the risk of false positives, and therefore the enriched
pathways should be considered hypothesis-generating rather than conclusive.
These limitations highlight the importance of further validation in larger

experimental cohorts.
5.5 Future Work

Future work should build upon these findings with targeted functional validation
and complementary approaches. Since HMGB1 was consistently identified as a
key inflammatory mediator in tissue remodelling and was observed in proximity to
collagen deposition and cytoskeletal regulators such as Acta1, Cfl1, and Tubb2a,
its role in cytoskeletal reorganisation warrants deeper investigation. Experimental
strategies such as microtubule stability assays and co-localisation studies could
clarify the extent to which HMGB1 directly influences cytoskeletal dynamics in
Ang ll-induced cardiac remodelling. This direction is further supported by
evidence that intracellular HMGB1 contributes to cardiac growth and remodelling
430 suggesting that detailed analysis of its nuclear, cytoplasmic, and extracellular

distribution may uncover new mechanistic insights.

Parallel investigations should also expand the evaluation of fibrotic and

inflammatory markers. Quantification of collagen I/lll and a-SMA, together with
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cytokines such as TNF-q, IL-6, IL-1B3, TGF-3, MCP-1, and MMPs, would provide
more definitive evidence of whether HMGB1-driven inflammation correlates with
fibrotic progression. Incorporating Western blot, ELISA, and immunofluorescence
approaches in combination would ensure robust validation across multiple
platforms. Moreover, future studies could leverage circulating biomarkers such as
serum carboxy-terminal pro-peptide of procollagen type | (PICP), which has been
proposed as a marker of myocardial fibrosis 43!. Testing whether circulating
HMGB1, alongside PICP, offers prognostic value in hypertensive patients would
provide important translational relevance, allowing earlier detection of pre-HF

fibrosis.

Finally, future proteomic work should involve larger sample sizes to improve
statistical power and enable more stringent corrections without losing biological
signal. The integration of multiple pathway tools such as KEGG, PANTHER, and
GO remains important, but results must always be considered within the biological
context and confirmed by orthogonal experimental methods. By combining these
targeted validations with systemic biomarker analysis, future studies will be able
to confirm the significance of HMGB1-associated pathways and establish their

contribution to hypertensive cardiac remodelling.
Concluding Remarks

This research established a male rat model of Ang ll-induced chronic
hypertension, which exhibited cardiac remodelling without overt cardiac
dysfunction, as confirmed by echocardiographic measurements. Fibrosis
assessment through Masson’s trichrome staining revealed minor but significant
collagen deposition in the Ang Il group, indicating early structural remodelling.
HMGB1 expression and its high-molecular-weight (HMW) isoform were analysed
in cardiac tissues, but their differences were not statistically significant across
different heart regions, as seen in Western blot analysis. However,

immunofluorescence analysis demonstrated a significant increase in HMGB1
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localization, which was further validated using intensity mapping techniques,
suggesting a role in localized tissue responses rather than global expression

changes.

Given the challenges in isolating whole blood from Ang Il rats, the human
megakaryoblastic leukemia cell line (MEG-01) was utilized as an alternative
model to investigate extracellular vesicle (EV) expression of HMGB1. Dynamic
Light Scattering (DLS) analysis of control rat serum and MEG-01-derived EVs
confirmed that exosomes from both sources fell within the same size range. MEG-
01 cells were used as a model for platelet-like particles, where stimulation

confirmed the release of HMGB1 within the cargo.

To gain deeper insights into the molecular mechanisms underlying hypertensive
cardiac remodelling, we performed LC-MS-based proteomic analysis of left
ventricular tissues. Differentially expressed proteins (DEPs) were identified and
analysed using KEGG and GO pathway enrichment, PANTHER classification,
and STRING-based protein-protein interaction (PPI) networks. A targeted search
in the raw proteomic data confirmed the presence of HMGB1 across all
experimental groups, albeit with varying statistical significance. Key findings from
this study indicate that Acta1, Cfln1, Tubb2a, Itga7, and HMGB1 are likely
involved in the remodelling process of hypertensive cardiac tissue and may
contribute to the transition toward heart failure. These findings provide novel
insights into the proteomic landscape of hypertensive remodelling in this stage
and highlight potential molecular targets for future investigations into early-stage

heart failure mechanisms.
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