UNIVERSITY OF THE

WITWATERSRAND,
JOHANNESBURG

EFFECTS OF ACUTE AND CHRONIC INFLAMMATION ON AORTIC
REMODELLING IN SPRAGUE-DAWLEY RATS

Adalayne Ramsamy
1847380

A dissertation submitted to the Faculty of Health Sciences, University of the Witwatersrand,
in fulfilment of the requirements for the degree of Master of Science in Medicine

Johannesburg
December 2024



DECLARATION

I, Adalayne Ramsamy, declare that this dissertation is my own, except to the extent indicated
in the contribution and acknowledgments sections. Portions of the text have been improved
for grammar and/or sentence structure using ChatGPT. This dissertation is being submitted
for the degree of Master of Science in Medicine in the School of Physiology, Faculty of
Health Sciences, University of the Witwatersrand, Johannesburg. The work contained in this
dissertation has not been submitted for any degree or examination in this or any other

University.

| hereby certify that the studies contained in this dissertation have been approved by the
Animal Ethics Screening Committee, University of the Witwatersrand, Johannesburg. The
ethics approval numbers are 2021/04/06/C and 2022/05/03/C.

Adalayne Ramsamy
Signed on 12th December 2024

% AWandall

Prof Aletta Millen Dr Ashmeetha Manilall

Supervisor Supervisor



ABSTRACT

Background. Cardiovascular disease (CVD) is a burgeoning health concern and remains one
of the leading causes of morbidity and mortality worldwide. Inflammation has received
considerable attention as a major driving factor underlying the pathogenesis of CVD. The
contribution of inflammation to CVD is particularly important through its impact on arterial
remodelling. During arterial remodelling, vascular cells, including those in large, elastic
arteries like the aorta, undergo various structural and functional changes. However, the
process and time course of systemic inflammation can be variable, and hence, the molecular
mechanisms involved in inflammation-induced aortic stiffness under different conditions
require elucidation. Understanding these mechanisms in humans is challenging due to limited
accessibility of vascular tissue. In this regard, the use of animal models, such as the LPS rat
model, provides valuable insight into the effects of inflammation on vascular
pathophysiology. Therefore, the present study aimed to assess the molecular mechanisms
underlying aortic functional changes in acute and chronic inflammation in Sprague-Dawley

rats.

Methods. Three-month-old, male, Sprague-Dawley rats were assigned to an acute 24-hour
(24H, n=12), acute one-week (1W, n=18), or chronic four-week (4W, n=19) study. The rats
in the 24H study were divided into a control group (n=6) which received a single
intraperitoneal administration of saline (0.1 mL); and an inflammation group (n=6) which
received a single intraperitoneal administration of lipopolysaccharide (LPS, 10 mg.kg™) and
were sacrificed after 24 hours. Similarly, the rats in the 1W study were divided into a control
(n=10) and inflammation (n=8) group which received a single intraperitoneal administration
of saline (0.1 mL) and LPS (1 mg.kg™), respectively, and sacrificed after one week. The rats
in the 4W study were divided into the control (n=10) and inflammation (n=9) group, which
received saline (0.1 mL) and LPS (1 mg.kg™), respectively, once a week for four consecutive
weeks and were sacrificed seven days after the final injection. Body mass, systolic (SBP) and
diastolic blood pressure (DBP) were measured prior to sacrifice. Aortic stiffness was
determined by measuring maximum flow velocity (Vmax), velocity time integral (VTI),
pulse wave velocity (PWV), stiffness parameter [, arterial compliance (AC), and
distensibility coefficient (DC) in the abdominal aortae using ultrasound in anaesthetised rats.
At termination, rats were exsanguinated by cardiac puncture and the aortae were excised.
Serum concentrations of interleukin (IL)-1p and IL-6 were measured by enzyme-linked

immunosorbent assay (ELISA). Relative mRNA expression of markers of inflammation



(TNF-a and IL-6); oxidative stress (SOD-2); endothelial activation (VCAM-1); arterial
remodelling (MMP-9 and VEGFA); and NF-kB pathway activation (NFKBIA and BDKRBL1)
was measured in aortic tissue using real-time reverse transcription polymerase chain reaction
(RT-PCR). Changes in body mass and BP from baseline to termination in all groups were
determined using a repeated measures analysis of variance (ANOVA). Group differences in
aortic stiffness parameters and molecular markers between control and LPS groups in each
study were determined using a two-way ANOVA, followed by a Tukey post hoc test. All

associations were determined by Pearson’s correlations.

Results. In the 24H group, body mass, SBP, DBP, and echo-tracking measures of aortic
stiffness did not significantly differ between LPS-treated and -untreated rats at termination
(all p>0.05). Serum concentrations of IL-1p (p=0.02) and IL-6 (p=0.03) were increased in
the LPS-treated rats compared to untreated rats. The mRNA expression of TNF-«
(p<0.0001), IL-6 (p<0.0001), VCAM-1 (p<0.0001), MMP-9 (p<0.0001), and NFKBIA
(p=0.04) were increased in the LPS-treated rats compared to untreated rats. The expression of
VCAM-1 and MMP-9 were positively associated with inflammatory gene expression (all
p<0.05).

In the 1W group, SBP was increased in the LPS-treated rats at termination compared to
baseline (p=0.04). Echo-tracking results showed increased Vmax (p=0.04) and VTI (p=0.03)
with decreased AC (p=0.04) in the LPS-treated rats compared to control rats. While serum
concentrations of IL-1p (p=0.03) were increased in the LPS-treated compared to untreated
rats, there were no differences in the expression of inflammatory genes, TNF-a or IL-6 (both
p>0.05). The expression of MMP-9 (p=0.03) was increased in the LPS-treated compared to

untreated rats.

In the 4W group, termination SBP was increased in the LPS-treated rats compared to control
rats (p=0.0006) and compared to baseline (p<0.0001). A significant increase was observed in
PWV (p=0.03) and stiffness parameter  (p=0.02), whereas DC (p=0.01) was decreased in
the LPS-treated rats compared to control rats. Serum concentrations of IL-18 (p=0.01) and
IL-6 (p=0.0005) were increased in the LPS-treated rats compared to control rats. The mRNA
expression of IL-6 (p=0.04) and BDKRB1 (p=0.03) were increased in the LPS-treated rats
compared to control rats, without concomitant changes in the expression of arterial
remodelling markers (all p>0.05). Increased mMRNA expression of TNF-a was significantly
associated with Vmax, VTI, PWV, and stiffness parameter B (all p<0.05).



Conclusion. This study demonstrates that the conditions of inflammation differentially affect
the pathophysiological mechanisms of aortic remodelling. Genes involved in inflammation
and endothelial activation are upregulated during the early stages of the acute inflammatory
response but can stabilise as inflammation resolves. Despite the resolution of inflammation,
genes involved in arterial remodelling remain upregulated and may impact haemodynamic
and flow properties of the aorta. Chronic exposure to inflammation resulted in increased
aortic stiffness and reduced contractile properties of the aorta, which may have been as a
result of chronic upregulation of the NF-xB pathway. Taken together, these results suggest
that inflammation independently results in pathological remodelling of the aorta, which may
be initiated in the early stages of inflammation and, in the long-term, could result in

substantial functional changes of the aorta.
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CHAPTER 1

INTRODUCTION



Despite the advancements in its treatment and management, cardiovascular disease (CVD)
remains the leading cause of death globally, claiming nearly 18 million lives each year
(WHO, 2019). It is suggest that by 2030, this annual death toll could rise to approximately 24
million (Chen et al., 2018). In the general population, traditional risk factors such as age,
hypertension, metabolic syndrome, physical inactivity, tobacco use, and excessive use of
alcohol are well-established contributors to CVD (Guembe et al., 2020). However, these
factors alone do not account for the prevalence of cardiovascular events. It is now well
recognised that several non-traditional risk factors contribute to the development of CVD.
One such risk factor that has gained significant attention in recent years is systemic
inflammation (Alfaddagh et al., 2020; Chen et al., 2018).

Indeed, patients with acute and chronic inflammatory conditions have a higher prevalence of
cardiovascular events compared to the general population (Chen et al., 2018; Mozos et al.,
2017). The vascular system, given its role in circulation and mediating inflammatory
responses, has gained considerable attention in the context of inflammation-induced CVD
(Zanoli et al., 2020). Indeed, the aorta is the main conduit of oxygenated blood but also serves
as a pressure reservoir and regulator of vascular tone (Leloup et al., 2019). Disturbances to its
structure and/or function can significantly compromise circulation and the regulation of blood
pressure (BP), and hence cardiovascular health (Camaséo and Mantovani, 2021). Therefore, it
is not surprising that remodelling and stiffening of the central elastic vessels have become an
important area of research (Lyle and Raaz, 2017; Shirwany and Zou, 2010). While it is known
that arterial remodelling and stiffening are hallmarks of vascular ageing, several factors have
been identified which accelerate these processes. Importantly, inflammation remains at the

core of many arterial remodelling processes (Chen et al., 2018).

Endothelial activation marks one of the earliest events in inflammation-induced
vasculopathies. During the inflammatory response, pro-inflammatory mediators trigger the
activation of endothelial cells (Cyr et al., 2020). Endothelial cell activation is characterised by
the increased expression of genes for adhesion molecules that recruit leukocytes to the vessel
wall, and, through a series of events, facilitate their entry into the subendothelial space (Kaur
et al., 2022). Ultimately, these processes exacerbate inflammation within the vasculature and

contribute to endothelial dysfunction.

The term endothelial dysfunction has been widely used in the context of CVD and describes

the changes in vasoregulation caused by a decreased bioavailability of nitric oxide (NO)



(Flavahan, 1995; Little et al., 2021). However, endothelial dysfunction has several far-
reaching consequences, including the remodelling of the underlying vascular smooth muscle
cells (VSMC), which contributes to arteriosclerosis, as well as plaque formation, which drives
atherosclerosis (Jaminon et al., 2019). In this regard, inflammation-induced endothelial
dysfunction may cause VSMCs to switch from a contractile to a synthetic phenotype,
characterised by increased proliferation, migration into the intimal space, and extracellular
matrix (ECM) protein production (Lemarié et al., 2010). Extracellular matrix proteins,
particularly matrix metalloproteinases (MMP), promote the degradation of structural proteins
such as collagen and elastin, both of which are essential to aortic vessel integrity. In this
regard, vascular remodelling involves four key processes, namely, inflammation; endothelial
activation and dysfunction; proliferative and migratory activity of VSMCs; and ECM
reorganisation (Wang et al., 2023). Given that arterial remodelling is a significant predictor of
CVD, understanding the molecular mechanisms underlying its processes is important for the

prevention, treatment and management of inflammation-induced CVD.

In response to antigen exposure, the immune system is activated, leading to the production of
pro-inflammatory cytokines (Page et al., 2022). While the acute inflammatory response serves
a protective role against the antigen, it may also have adverse effects on the vessel. Moreover,
in the event that the acute inflammatory process does not subside, it may result in chronic
immune activation and hence chronic systemic inflammation (Pahwa et al., 2023). In this
regard, chronic inflammation has been shown to affect several vascular remodelling
processes. However, it remains unclear whether acute or chronic inflammation, with differing
exposure durations, has distinct effects on the regulatory processes underlying vascular
changes. Indeed, one of the regulatory pathways that have been implicated in inflammation-
induced vascular dysfunction is the nuclear factor kappa B (NF-xB) pathway (Cheng et al.,
2023). NF-xB is a well-described regulator of inflammation and is typically upregulated
during acute inflammation. NF-xB plays a critical role in regulating inflammatory responses
through negative feedback mechanisms, thereby promoting resolution (Christian et al., 2016).
However, when persistently stimulated over different durations, the NF-kB pathway may alter
its activation patterns, potentially disrupting resolution processes and leading to sustained
vascular effects. In this regard, understanding the role of NF-kB signalling in different states
of inflammation, and its influence on vascular remodelling, presents a novel area of
investigation (Christian et al., 2016; Liu et al., 2017; Yu et al., 2020). Improving our

understanding of the molecular changes associated with vessel remodelling in different



exposure conditions of inflammation is important for effectively managing vascular disease,

and the prevention of cardiovascular events.

This dissertation is structured into 5 chapters. Following this introductory chapter, chapter 2
provides a concise literature review, wherein the main reasons for conducting this study are
highlighted. Chapter 3 outlines the study design and methods used. The results are presented
in chapter 4, and chapter 5 interprets the main findings in the context of the literature.



CHAPTER 2

LITERATURE REVIEW



2.1 Blood vessels and their roles in vascular physiology

The heart and blood vessels constitute the cardiovascular system, which modulates the vital
physiological function to maintain adequate oxygen supply to organs and tissues (Gundu Hr,
2016). Besides the heart’s pumping capacity, the structural and functional properties of blood
vessels are vitally important for maintaining adequate cardiovascular function (Sun et al.,
2020). The vascular tree starts with the aorta, a single, large artery that progressively divides
into smaller arteries and arterioles before reaching capillaries. Capillaries then converge onto
veins, which return deoxygenated blood back to the heart (Camasdo and Mantovani, 2021).
Therefore, dysfunction of the large- and medium-sized arteries results in reduced blood flow,
thereby increasing the risk for CVD. In this regard, maintaining arterial health is crucial for

overall cardiovascular well-being.

Structurally, arteries are organised into three distinct layers, including the adventitial layer,
the medial layer, and the intimal layer (Camasdo and Mantovani, 2021). The outer adventitial
layer is composed of loose connective tissue and fibroblasts, which maintain structural
integrity of the vessel (Lyle and Raaz, 2017). The medial layer is largely composed of
circumferentially-oriented VSMCs. Under physiological conditions, the VSMCs are
responsible for vessel contraction and dilation, and hence regulate blood flow to tissues
(Jaminon et al., 2019). However, when exposed to prolonged physiological stress, VSMCs
exhibit plasticity and can change phenotypes, which impact BP and flow. The intimal layer or
endothelium, made up of endothelial cells, has been well understood for its role as a semi-
permeable barrier separating the blood and tissues (Flavahan, 1995; Little et al., 2021).
However, the endothelium has several other functions that are central to vascular physiology
(Figure 2.1). Dysfunction of the endothelium has gained significant interest in the context of
cardiovascular disease in the last two decades (Liao, 2013; Medina-Leyte et al., 2021; Xu et
al., 2021).
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Figure 2.1 Essential roles of the endothelium in vascular physiology. Created with BioRender.com.

Although most arteries comprise of these three layers, significant variation exists among the
composition of these layers in large-, medium-, and small-sized arteries. Therefore, the
molecular, biomechanical, morphological, and contractile properties of the arteries are
tailored to their physiological requirements and according to their location in the arterial tree
(Leloup et al., 2019). It is important to consider the location and composition of arteries in
order to understand the outcomes of different vascular diseases. An in-depth discussion of the
structural and functional properties of all vessels are beyond the scope of this dissertation.
Therefore, the present study will focus on the unique properties of the aorta and its
contribution to CVD.

2.2 The aorta and its role in cardiovascular physiology and pathophysiology

With each ventricular contraction, the aorta receives the blood ejected and acts as an elastic
reservoir to store contractile energy during systole. During diastole, the aorta recoils and
releases the stored energy, thereby dampening the pressure changes during pulsatile flow
(Leloup et al., 2019). The aortic vessel is primarily composed of collagen and elastin.
Collagen fibres offer tensile strength, preventing excessive stretching of the aorta under
pressure, while elastin allows the expansion and recoil (Camasdo and Mantovani, 2021). In

this regard, collagen and elastin enable compliance and elasticity of the aortic vessel, thereby



providing a biomechanical buffering system referred to as its Windkessel effect (Lyle and
Raaz, 2017).

Stiffening of the aorta is considered a significant risk for CVD (Bonarjee, 2018). Indeed,
arteriosclerosis is a condition characterised by the thickening and stiffening of the arterial
wall, and is considered and independent risk factor for cardiovascular events including heart
failure and stroke (Evans et al., 2022). Several risk factors and pathological features may
result in stiffening of the aorta, and hence a loss of the Windkessel properties (Schiffrin,
2020). With increased aortic stiffness, the forward-propagated pressure wave is amplified,
causing it to travel faster down the aortic tree. This results in an early return of the reflected
wave, which elevates systolic BP and decreases diastolic BP (Mozos et al., 2017; Shirwany
and Zou, 2010). The increase in pulse pressure imposes detrimental effects on the workload of
the heart as it increases the left ventricular afterload, ultimately leading to left ventricular
hypertrophy, impaired coronary perfusion, and hence a risk of heart failure (Lyle and Raaz,
2017; Schiffrin, 2020).

2.2.1 Non-invasive measurement of aortic stiffness

It is well accepted that invasive pressure and haemodynamic measures are most reflective of
aortic stiffness; however, this is not feasible in most studies. Therefore, the use of non-
invasive measures of aortic stiffness has received attention as a predictor of CVD. One of the
most frequently used methods for determining aortic stiffness is carotid-femoral pulse wave
velocity (cfPWV), as measured by applanation tonometry. Indeed, measurement of cfPWV
with applanation tonometry has been considered the gold standard for measuring arterial
stiffness non-invasively, due to its strong associations with CVD in humans (Hofmann et al.,
2014; Song et al., 2009). However, measuring cfPWV using applanation tonometry is limited
in its applicability in animal models. Although applanation tonometry devices for animal
studies have been developed, the procedure requires considerable operator training.
Furthermore, using applanation tonometry on animals is subjected to variability in
physiological systems, size, as well as motion artifacts (Hofmann et al., 2014). Therefore, the

validity of this technique in animal models has been contested.

Recently, echo-tracking has emerged as another non-invasive method for measuring arterial
stiffness (Zhang et al., 2015). Echo-tracking utilises ultrasound to assess mechanical
properties of the arterial wall in real time, allowing for precise measurement of mechanical

properties and stiffness parameters (Lindesay et al., 2016). Pulse wave velocity (PWV) and

8



stiffness parameter 3, obtained by echo-tracking, are measures of aortic stiffness that are
commonly measured in the assessment of hypertensive disorders (Lindesay et al., 2019, 2018,
2016). The measurement of these parameters also holds clinical relevance, as both PWV and
stiffness parameter B have been associated with cardiovascular events (Kim and Kim, 2019;
Morioka et al., 2021; Wallace et al., 2007). In this regard, the measurement of aortic stiffness
using echo-tracking has become a valuable tool in both research and clinical settings, as it can
provide insights into early stages of vascular disease, predict cardiovascular events, and guide
interventions. Echo-tracking has been successfully used in several models of hypertension-
induced vascular dysfunction; however, its relevance and application in other models of
vessel dysfunction are currently uncertain. Indeed, studying the functional outcomes of aortic
stiffening is necessary to gain an understanding of its underlying mechanisms. Therefore,
using the LPS rat model in the study of aortic stiffening provides valuable insight into the

effects of inflammation on vascular pathophysiology.

2.3 Inflammation-induced endothelial activation as an early predictor of aortic

stiffening

As summarised in Figure 2.1, the endothelium plays a vital role in vascular homeostasis as it
regulates several functions within the vasculature (Liao, 2013; Medina-Leyte et al., 2021; Xu
et al., 2021). Endothelial cells are responsive to vasoactive substances that regulate its
functions. The regulation of vascular tone, mediated through the release of vasoactive
compounds, is a critical function of the endothelium as this ultimately influences BP and flow
dynamics (Oh, 2018). Vasoactive compounds include vasodilators such as NO, bradykinin,
and endothelium-derived hyperpolarizing factor; and vasoconstrictors such as endothelin and
thromboxane (Matjuda et al., 2021). A well-controlled balance between vasoconstriction and
vasodilation is required to maintain optimal perfusion. Therefore, it is not surprising that
vasoactive substance release is tightly controlled. Endothelial nitric oxide synthase (eNOS)
plays a critical role in regulating and maintaining a healthy vasculature, and hence,
cardiovascular function. Under normal physiological conditions, eNOS reacts with L-arginine
and cofactors to synthesise NO, which diffuses into the underlying VSMCs. Guanylate
cyclase converts GTP to cGMP, resulting in calcium removal, subsequent relaxation of the
VSMCs, and hence vasodilation (Theofilis et al., 2021). Indeed, the function of the

endothelium is closely linked to contraction and relaxation of VSMCs.



However, being the innermost layer of the blood vessel, several circulating factors and
biomarkers can disrupt the physiological function of the endothelium. Although traditional
risk factors such as hypertension, hyperglycaemia, and dyslipidaemia may impact endothelial
function, it has been suggested that increased circulating inflammatory markers, such as
tumour necrosis factor alpha (TNF-a), interleukin (IL)-13 and IL-6, are the main driving
factors for disrupting endothelial function (Zhang, 2022).

Inflammatory cytokines simulate endothelial cells to express specific receptors including
selectins, intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1
(VCAM-1), which facilitate the recruitment and rolling of leukocytes along the endothelium
(Singh et al., 2023). Circulating cytokines also induce the expression of integrins on leukocyte
surfaces, which facilitate firm adhesion between the recruited immune cells and endothelial
adhesion molecules (Evans et al., 2022; Medina-Leyte et al., 2021). Moreover, inflammatory
processes stimulate the release of bradykinin, which disrupts endothelial tight junctions
(Medina-Leyte et al., 2021). Therefore, the expression of adhesion molecules, recruitment of
leukocytes, and increased vascular permeability enables the infiltration of immune cells into
the subendothelial space. Moreover, as endothelial cells become activated, they undergo
morphological and functional modifications that increase the expression of pro-inflammatory
signals and exacerbate inflammation within the vasculature (Liao, 2013; Theofilis et al.,
2021). In this regard, endothelial activation is considered the initial event leading to
endothelial dysfunction (Zhang, 2022).

During endothelial activation, eNOS may become dysfunctional, producing reactive oxygen
species (ROS) rather than NO. Reactive oxygen species damage cellular components,
including structural lipids and proteins, thereby exacerbating endothelial damage. In response,
antioxidant defence enzymes, such as superoxide dismutase-2 (SOD-2), play a critical role in
maintaining endothelial health by neutralising superoxide radicals (Cyr et al., 2020).
However, during inflammation, elevated ROS stimulate the production of ROS-generating
enzymes, creating a feed-forward loop that amplifies oxidative stress. The accumulation of
ROS promotes eNOS uncoupling, which further reduces NO production (Cyr et al., 2020). In
this regard, pro-inflammatory cytokines and oxidative stress decrease NO bioavailability and
vasodilatory responses within the vasculature (Liao, 2013). This impaired vasoactive function
of the endothelium, which results in decreased vasodilation and tissue perfusion, has been

termed endothelial dysfunction. The term endothelial dysfunction was introduced more than
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25 years ago, and is widely used in the context of CVD to describe the structural and
functional changes of vascular cells (Flavahan, 1995; Little et al., 2021; Sun et al., 2020).

Indeed, endothelial activation and dysfunction are considered independent predictors of
cardiovascular events including atherosclerosis, coronary artery disease, carotid artery
disease, and peripheral artery disease (Singh et al., 2023; Zhang, 2022). However, this
dissertation will focus on the contribution of endothelial dysfunction to the development of
aortic remodelling and arteriosclerosis. Endothelial dysfunction has been shown to exacerbate
inflammation within the vasculature, promoting ECM degradation and VSMC proliferation in
response to injury. In this regard, unresolved inflammation and endothelial dysfunction have
been considered hallmarks of vascular remodelling. The cellular and molecular events from
inflammation to vascular remodelling have been summarised in Figure 2.2 and will be briefly

highlighted in the subsequent sections.
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Figure 2.2 The processes involved in inflammation-induced endothelial activation and dysfunction,
and its consequences for arterial remodelling and aortic stiffness. Systemic inflammation promotes the
upregulation of adhesion molecules which attract leukocytes to the vessel wall. Within the subendothelial
space, activated macrophages are involved in a series of processes which ultimately contribute to CVS
complications such as arterial stiffness and hypertension. Created with BioRender.com.

2.4 The role of vascular smooth muscle cell proliferation in aortic remodelling

Being the largest, elastic artery with a highly-developed medial layer of VSMCs, it is no
surprise that the aorta is vulnerable to inflammation-induced remodelling (McCormick et al.,
2007). As described in section 2.3, VSMCs are dependent on NO for the dilation of the vessel
walls; therefore, under normal physiological conditions, VSMCs retain their contractile

phenotype and function as regulators of vessel diameter (Sorokin et al., 2020). In the presence
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of physiological stress such as inflammation, VSMCs shift to what has been termed a
“synthetic phenotype”, which stimulates both proliferation and migration (Jaminon et al.,
2019; Lemarié et al., 2010). Proliferation and migration of VSMCs are necessary processes
during tissue repair; however, if proliferating or migrating VSMCs fail to switch back to their

contractile phenotype, pathologic remodelling is induced (Louis and Zahradka, 2010).

As part of the proliferation process, VSMCs produce MMPs, which are strongly implicated in
aortic remodelling (Simdes et al., 2022; Wang and Khalil, 2018). Under normal physiological
conditions, MMPs are involved in tissue remodelling and wound repair, with their activities
tightly regulated by tissue inhibitors (Wang and Khalil, 2018). MMPs also share a significant
relationship with angiogenic factors such as vascular endothelial growth factor (VEGF), as
tissue remodelling must be counteracted by the formation of new blood vessels (Dabravolski
et al.,, 2022; Horecka et al., 2021). Despite these regulatory relationships, inflammation
increases MMP production and decreases the activity of their inhibitors, thereby disrupting
ECM synthesis and degradation patterns (Cabral-Pacheco et al., 2020; Tan et al., 2007).
Increased MMP activity results in the degradation of collagen and elastin, which reduces the
compliance of the ECM. Subsequently, the production of collagen is stimulated; however,
MMPs can upregulate expression of different collagen variants, or promote abnormal cross-
linking of the collagen fibres (Becirovic-Agic et al., 2021; Yabluchanskiy et al., 2013). This
results in disorganised collagen networks and compromised aortic integrity (Myasoedova et
al., 2018). Consequently, increased production of MMPs contribute to arteriosclerosis , which
contributes to vascular disease (Han et al., 2019; Humphrey, 2021).

Although several different MMPs have been implicated in vascular remodelling, MMP-2,
MMP-3, and MMP-9 are considered to be the most prominent proteinases in vessel
remodelling (Galis and Kbhatri, 2002; Myasoedova et al., 2018). Notably, MMP-9 is
considered to be central in aortic wall remodelling during vascular diseases. A large body of
research in humans, in vitro, and in vivo models have shown that inflammatory mediators are
able to upregulate MMP-9 in the aorta or aortic tissue (Table 2.1). However, many of these
studies assessed vascular remodelling in the setting of atherosclerosis, aneurysms, and aortic
dissection. Therefore, the role of MMP-9 in inflammation-induced aortic remodelling,

independent of haemodynamic changes, is currently uncertain.
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Table 2.1 Summary of studies showing increased MMP-9 production in the aorta or aortic tissue of different vascular conditions

Study Model Inflammatory mediators Reference

Animal, rat Vasculitis TNF-a, IL-1pB, IL-6, CRP (Thakur and Mehta, 2024)
Animal, rat Atherosclerosis TNF-a, IL-6, CRP, NO (Sabry et al., 2021)
Human Varicose vein VEGF (Horecka et al., 2021)

In vitro, HUVECs

Human

Human

Animal, rabbit

Animal, mouse

In vitro, cultured VSMCs

Human

Animal, rat
In vitro, HASMCs
In vitro, cultured VSMCs

Atherosclerosis

Abdominal aortic aneurysm
Coronary artery disease
Atherosclerosis

Aortic dissection
Hypertension

Vasculitis

Aortic dissection
Atherosclerosis

Myocardial infarction

IL-1B, IL-6, MCP-1, CXCL-1
Histological inflammatory infiltrate
None measured

Histological inflammatory infiltrate
Histological inflammatory infiltrate
IL-1B, NLRP3

TNF-a, IL-1B, IL-6, 1L-17, IL-21, IFN- vy
TNF-q, IL-1B

None measured

IL-1a

(Meng et al., 2021)
(Ducas et al., 2020)

(Mogharrabi et al., 2020)
(Chen et al., 2020)

(Li et al., 2020)

(Han et al., 2019)

(Watanabe et al., 2018)
(Hu et al., 2018)

(Lietal., 2012)
(Bond, 2001)

CRP, C-reactive protein; CXCL-1, CXC motif chemokine ligand-1; HASMCs, human aortic smooth muscle cells; HUVECs, human umbilical vein endothelial cells;
IFN-y, interferon-gamma; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; NLRP3, nucleotide-binding domain, leucine-rich-containing family, pyrin
domain-containing-3; NO, nitric oxide; TNF-a, tumour necrosis factor alpha; VEGF, vascular endothelial growth factor.
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Indeed, several studies have investigated remodelling in different vascular conditions,
revealing that inflammation often remains at the core of their pathophysiology. However, the
intracellular pathways central to the regulation of these processes are currently under
investigation. In this regard, inflammation drives several cellular consequences via activation
of the NF-kB pathway. Morcover, upregulation of the NF-kB pathway has also been
suggested to suppress immune responses via negative feedback regulation (Bottero et al.,
2003; Christian et al., 2016). Nevertheless, the process of regulating inflammation is complex
and may be influenced by a variety of factors, including the stimulus for inflammation and
time of exposure. Therefore, understanding the regulation of inflammation via the NF-xB
pathway in different inflammatory conditions is critical for the management of vascular

dysfunction and remodelling.
2.5 The role of the NF-kB pathway in vascular pathophysiology

NF-kB represents a family of inducible transcription factors described as “molecular
switches” controlling inflammation and oxidative stress, and has been considered one of the
main regulators of vascular remodelling (Liu et al., 2017; McCormick et al., 2007). NF-xB
was first described in 1986 and has since been recognised for its broad roles in cellular
processes such as cell proliferation, differentiation, immune responses, and inflammation
(Liu et al.,, 2022; Sen and Baltimore, 1986). While some have studied NF-xB for its
dichotomous roles, many have investigated the pathologic effects of uncontrolled NF-xB

activation, especially in the regulation of inflammation (Liu et al., 2022; Yu et al., 2020).

Transcription factors of the NF-kB family are divided into two classes: p65/RelA, RelB, and
c-Rel; and p50/p105 and p52/p100. In resting, unstimulated cells, NF-xB exists as a p65/p50
heterodimer bound to its inhibitory protein, inhibitor of NF-xB (IxB) (Cheng et al., 2023).
The activation of NF-kB may occur through one of two pathways, namely, the canonical or
non-canonical pathway. The canonical pathway is activated in response to a diversity of
external stimuli, such as pro-inflammatory mediators, microbial pathogen-associated
molecular patterns (PAMPs), and damage-associated molecular patterns (DAMPs) (Yu et al.,
2020). Following receptor binding, IkB kinase (IKK) complexes are stimulated to
phosphorylate IkB units, triggering their polyubiquitination and subsequent degradation
(Cheng et al., 2023; Christian et al., 2016). Activated NF-«B dimers are then liberated, which
translocate into the nucleus to initiate target gene transcription. Recognition sites for NF-xB
have been located on the promoter regions of genes encoding pro-inflammatory cytokines,
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growth factors, cell adhesion molecules, and several ECM proteins (Sharif et al., 2007; Wu
and Schmid-Schonbein, 2011; Yu et al., 2020). In this regard, NF-xB modulates the
activation of both endothelial cells (Sardi et al., 2002) and VSMCs (Yang et al., 2017), and
have been linked to altered vessel structure and function.

Activation of the non-canonical pathway occurs following interaction with only a few
specific TNF receptor superfamily ligands, such as CD40, LTBR, BAFFR, and RANK (Liu
et al.,, 2017). Differing from the canonical pathway, the activation of the non-canonical
pathway relies on the processing of the p100 precursor protein rather than IkB degradation
(Liu et al., 2017). Additionally, the main kinase involved in the non-canonical pathway is the
NF-kB-inducing kinase, which interacts with the IKK complex for the processing of p100 to
p52 (Christian et al., 2016). Functionally, inflammatory and immune responses are typically
driven by the canonical NF-kB pathway. In this regard, the non-canonical pathway is less
frequently described and considered an additional signalling axis that works in conjunction
with the canonical pathway (Liu et al., 2017). Nevertheless, both the canonical and non-
canonical NF-kB pathways have been implicated in the regulation of inflammation-induced

vascular dysfunction.
2.5.1 Regulation of the NF-«B pathway in different states of inflammation

Similar to many other physiological systems, the NF-kB pathway is believed to be regulated
by negative feedback (Christian et al., 2016). During acute inflammation, innate immune
cells respond to PAMPs and DAMPs via their pattern recognition receptors and upregulate
the genes involved in endothelial activation (Theofilis et al., 2021; Zanoli et al., 2020).
Consequently, the canonical NF-xB pathway is rapidly but transiently activated to produce an
inflammatory response and clear the inflammatory insult. Once tissue repair has been
achieved, NF-kB and IkB, in a negative feedback manner, inhibit their transcription (Bottero
etal., 2003; Yu et al., 2020), thereby suppressing further inflammation (Roy and Singh, 2021;
Sansbury and Spite, 2016). However, in certain instances, this negative feedback mechanism
may fail to resolve the upregulation of the pathways, which could result in chronic

inflammation.

Chronic inflammation may occur as a result of failure to eliminate the agent causing acute
inflammation; defects in the cells responsible for regulating inflammation; autoimmune
diseases; and/or increases in biochemical inducers of inflammation and ROS (Pahwa et al.,

2023). Consequently, the persistent stimuli for the production of inflammatory mediators and
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ROS lead to a chronic inflammatory state, which promotes feed-forward mechanisms of
vascular remodelling and collateral tissue damage. In this regard, chronic inflammation has
been strongly implicated in the structural and functional changes of vascular cells, and hence
vascular dysfunction (Evans et al., 2022).

Although the activation of NF-kB is crucial for initiating immune and inflammatory
responses, when dysregulated, it may result in vascular pathologies. While it is accepted that
NF-kB-driven inflammation induces endothelial activation and vascular remodelling (Yang et
al., 2017), the regulation of the this pathway and the time course of the different remodelling
processes in the vasculature are poorly understood. Furthermore, measuring NF-«xB activation
via its subunits or inhibitory counterparts remains challenging, especially during chronic
inflammatory conditions because of interactions between different molecular pathways. To
address this, researchers have explored potential markers associated with the NF-xB pathway
during prolonged periods of inflammation. One notable marker is the kinin B1 receptor
(Couture et al., 2014). Given that bradykinin functions as a vasoactive compound within the
endothelium, Kkinin receptors have received attention in vascular pathology (Calixto et al.,
2004)(Passos et al., 2004). Since its discovery, several studies have demonstrated the link
between NF-kB and the kinin B1 receptor upregulation in different tissues (Couture et al.,
2014; Ni et al., 1998; Passos et al., 2004; Sardi et al., 2002). However, the regulation of the
kinin B1 receptor in different inflammatory conditions and aortic pathology has not been

reported.

Taken together, NF-xB drives aortic remodelling, however, the monitoring of its activation
and regulation in different inflammatory conditions proves to be complex. Considering the
global burden of inflammation-induced CVDs, there is a need to explore the molecular
markers associated with NF-kB activation, and their regulation in varying exposures to
inflammation. Further investigation into these aspects may not only enhance our
understanding of NF-kB dynamics but also unveil potential therapeutic targets for

cardiovascular health.
2.6 The LPS model of inflammation

Investigating the nuances of inflammation in the development of aortic dysfunction in
humans are complicated, as the relationship between inflammation and aortic stiffness may
be confounded by comorbid medical conditions such as hypertension, diabetes, and the use of

therapeutic agents (Ain et al., 2021). Additionally, access to human aortic tissue is limited,

16



further complicating the ability to study these interactions in a controlled environment. In this
regard, using an in vivo animal model offers the advantage of independently assessing the
role of inflammation in the development of aortic dysfunction, while minimising confounding
factors. Although several animal models of inflammation have been described in the
literature, the lipopolysaccharides (LPS) model is one of the most widely studies models of
systemic inflammation. LPS composed of lipids, polysaccharides, and O-antigen comprises
the outer membrane of gram-negative bacteria and is a well-established antigen that results in
the activation of the innate immune system (Page et al., 2022; Rafiyan et al., 2023).
Intraperitoneal administration of LPS incites a strong immune response via key inflammatory
pathways, and is hence a favourable model for the induction of acute (Daci et al., 2020) and
chronic (Lew et al., 2014; Rafiyan et al., 2023) inflammation in rat models (Ramirez et al.,
2019). Moreover, it is well known that LPS activates the local immune response via the NF-
kB pathway; hence, using different study designs of inducing inflammation with LPS may
improve our understanding of the regulation of this pathway, and its contribution to vascular

dysfunction, independent of confounding factors.
2.7 Problem statement

Inflammation plays a critical role in vascular pathologies, which may present as a
determinant for the development of CVD. Vascular cells are well-suited to maintain vessel
contractility; however, during inflammation, endothelial cells and VSMCs undergo functional
changes which may predispose to CVD. The aorta is a principal target of inflammation-
induced endothelial activation and subsequent vascular remodelling, which together
contribute to vessel wall stiffness and compromised aortic function. Despite this, research
that focuses on aortic stiffening governed by systemic inflammation is limited, as majority of
studies have focused on the effects of ageing and hypertension. It has been established that
the NF-xB pathway is upregulated during inflammation and plays a significant role in the
pathways that promote aortic stiffening. However, the regulation of NF-«xB signalling during
different stages of inflammation, independent of confounding factors, remains unclear. In this
regard, it is essential to define the sequence of initial pro-inflammatory activation and
subsequent dysfunction of the vasculature across various conditions of inflammation. This
could provide valuable insight to better understand the cellular and molecular mechanisms of
aortic inflammation, and identify potential strategies to better manage inflammation-induced

aortic dysfunction.
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28 Aim

The aim of this study is to assess the molecular mechanisms underlying aortic functional

changes in acute and chronic inflammation in Sprague-Dawley rats.

28.1

Objectives

The specific objectives are to determine the effects of acute and chronic inflammation on

1.
2.

aortic stiffness using ultrasonography and echo-tracking software.

the degree of systemic inflammation by measuring serum concentrations of IL-1 and
IL-6 using en yme-linked immunosorbent assay (ELISA).

aortic tissue gene expression of markers of inflammation (TNF-a and IL-6) and
oxidative stress (superoxide dismutase-2, SOD-2) using real-time reverse transcription
polymerase chain reaction (RT-PCR).

aortic tissue gene expression of markers of endothelial activation (VCAM-1) and
aortic remodelling (MMP-9 and VEGFA) using RT-PCR.

the activation of the NF-kB pathway by measuring the genes that code for IkB
(NFKBIA) and kinin B1 receptor (BDKRBL1) in aortic tissue using RT-PCR.

the association between inflammatory genes, markers of vascular function, and

stiffness parameters.
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CHAPTER 3

METHODS
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3.1 Animals

Fifty-six, three-month-old male Sprague-Dawley rats were obtained from the Wits Research
Animal Facility and formed a part of this study. Sprague-Dawley rats are commonly used in
animal research due to their availability, ease of access, and cost-effectiveness, making them
an ideal choice for a variety of experimental studies. All rats were individually housed in
cages at optimal housing temperature (~25°C) and a 12-hour light-dark cycle, with free
access to standard rat chow and drinking water for the duration of the study. All
measurements and experimental procedures were approved by the Animal Research Ethics
Committee of the University of the Witwatersrand (AREC clearance numbers: 2021/04/06/C
and 2022/05/03/C).

3.2 Study design

All rats were habituated for two weeks, during which they were weighed and acclimatised to
restrainers. Baseline measurements of body mass and BP were recorded for each rat.
Following the habituation period, the rats were assigned to their respective groups. To assess
the impact of systemic inflammation on aortic function over different time periods, this study
deployed three different experimental protocols. A summary of the study design is shown in
Figure 3.1.

In the first experimental protocol, rats (n=16) were assigned to a 24-hour acute inflammation
group (24H), as part of a larger study which investigated the effects of systemic inflammation
on cardiac function. The control (n=6) and experimental (n=10) rats in the 24H group were
injected intraperitoneally with saline (0.1 mL) or LPS (10 mg.kg™), respectively, and were
terminated after 24 hours. Using this protocol, four rats succumbed to the effects of LPS and
were excluded from the data analysis. Due to the high mortality rate, the concentration of

LPS was reduced for the subsequent studies.

For the subsequent study, 40 rats were randomly assigned to either a one-week acute
inflammation (1W) or four-week chronic inflammation (4W) group. The control (n=10) and
experimental (n=10) rats in the 1W group were injected intraperitoneally with and saline (0.1
mL) and LPS (1 mg.kg™), respectively, and terminated after one week. The control (n=10)
and experimental (n=10) rats in the 4W group were injected intraperitoneally with saline (0.1
mL) and LPS (1 mg.kg?), respectively, once a week for four consecutive weeks and
terminated seven days after the final injection. Following LPS administration (in all groups),

rats received injections of Tramazac for the treatment of pain, without altering the degree of
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inflammation. Additionally, rats were monitored for sickness behaviour during habituation
and following each administration of LPS (Appendix B). During the study period, two rats
from the 1W group and one rat from the 4W group succumbed to the effects of LPS and were
excluded from the data analysis. The final numbers of rats included in the respective studies

are shown in Figure 3.1.

Prior to termination, all rats were anaesthetised using isoflurane (5% for induction and 2.5%
for maintenance) via 100% oxygen mask inhalation. Under anaesthesia, abdominal aortic
stiffness measurements were obtained using a high-resolution (10 MHz) ultrasound probe,
coupled with an ultrasound system (Affiniti CVx, Philips Africa (Pty) Ltd., Amsterdam,
Netherlands). All rats were exsanguinated by cardiac puncture. Whole blood samples were
collected in purple (EDTA) and red top tubes, centrifuged (3000 rpm, 15 minutes, 24°C), and
plasma and serum were aliquoted and stored at -80°C until further analysis. Aortae were
excised and stored in RNAlater® (Sigma-Aldrich, Inc., St. Louis, Missouri, USA) at -80°C

until further analysis.

Acute 24H Acute IW Chronic 4W
Saline 0.1 mL Saline 0.1 mL Saline 0.1 mL
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Figure 3.1 Diagram of the study design and methods used. Control and experimental rats received
intraperitoneal administration of saline or LPS, respectively, and according to their timelines of exposure.
Termination procedures (shown in the red box) included ultrasound measures of aortic stiffhess; serum
sample collection for analyses of circulating inflammatory markers; and aortic tissue excision for gene
expression analyses of inflammatory and vascular function markers. Created using BioRender.com.
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3.3 Blood pressure

Blood pressure was measured in conscious rats, once a week, using a non-invasive, tail cuff
blood pressure amplifier (BIOPAC Systems, Inc., Santa Barbara, CA, USA). Prior to
measurement, the tail was placed on a heating pad for five minutes to maintain
normothermia. The rats were positioned in plastic restrainers with adjustable restriction
panels, and systolic and diastolic BP were measured according to standard principles
(Mogane et al., 2019). To minimise stress-induced changes in BP, all rats were acclimatised

to restrainers during the habituation period, as well as prior to each measurement.
3.4 Echo-tracking measurement of aortic function

Prior to termination, the abdominal region was shaved, and anaesthetised rats were placed on
a heating pad in the supine position for transabdominal greyscale ultrasonography to be
performed by a single experienced operator. In brief, a longitudinal view of the abdominal
aorta was obtained approximately two centimetres distal to the iliac artery. The ultrasound
device has a factory-fitted vessel wall echo-tracking mode that assesses vessel diameter and
dynamic changes in diameter during the cardiac cycle. After selecting the B/M (grey-scale
imaging with motion) mode, the sampling gate was positioned within the vessel. The
ultrasonic beam was placed vertically on the artery wall, to obtain the maximum inner
diameter (mm) of the vessel during systole and diastole, and to improve the quality of the
images produced. For approximately twelve cardiac cycles, waveforms representing
variations in arterial diameter were captured (Zhang et al., 2015). During the ultrasound
examination, tail cuff BP was measured according to standard principles (Mogane et al.,
2019).

From the captured images, systole and diastole were determined using the electrocardiogram
trace. Systolic diameter (Ds; Figure 3.2 A), diastolic diameter (Dd; Figure 3.2 B), maximum
flow velocity (Vmax; Figure 3.2 C), and velocity time integral (VTI; Figure 3.2 C) of the
abdominal aortae were measured on three stable waveforms. All measurements were
performed three times, and the average of the three measures was used in the calculation of
stiffness parameters and mechanical properties. Using the diameters and calculated radii, the
systolic areas (As) and diastolic areas (Ad) of the abdominal aortae were calculated as
nxradius®. Stiffness parameters (pulse wave velocity, PWV; stiffness parameter B) and
mechanical properties (arterial compliance, AC; distensibility coefficient, DC) of the

abdominal aortae were computed according to previously published methods, as outlined in
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Table 3.1. At termination, anaesthesia was found to significantly reduce the BP of the rats,
potentially underestimating the true extent of aortic stiffness (YYang et al., 2014). Therefore,
the BP measurement in conscious rats taken 24 hours prior to termination day was used for

all calculations.
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Figure 3.2 Echo-tracking of the abdominal aorta. Echo-tracking measurements of the aortic lumen
diameter during systole (A), aortic lumen diameter during diastole (B), and aortic flow velocity curves (C)
on three stable waveforms. All measurements were performed three times, and the average of the three
measures was used in the calculation of stiffness parameters and mechanical properties.

Table 3.1 Equations computed for stiffness parameters and mechanical properties of
the abdominal aortae

Parameter Unit Formula Reference

Pulse wave velocity m.s V(PP/p)x(A/AA) (Mesin et al., 2022)
Stiffness parameter 3 None In (SBP/DBP)/[(Ds-Dd)/Dd]  (Zhang et al., 2015)
Arterial compliance cm.mmHg? 7 (Ds?>~Dd?)/(4xPP) (Zhang et al., 2015)
Distensibility coefficient 10%/kPa (2xADxDd)+(AD?)/PPxDd?  (Debasso et al., 2004)

In=natural algorithm, SBP=systolic blood pressure, DBP=diastolic blood pressure, PP=pulse pressure
(SBP-DBP), Ds=systolic diameter, Dd=diastolic diameter, AD=delta diameter (Ds—Dd), As=systolic area,
Ad=diastolic area, A=mean area, and p=density of blood (1051 kg/m?3).

3.5 Circulating inflammatory marker concentrations

Serum concentrations of IL-1B and IL-6 were measured, in duplicate, by solid-phase
sandwich ELISA (Elabscience Biotechnology Co. Ltd., Houston, Texas, USA), according to
the manufacturer’s instructions. The detection ranges of IL-1 and IL-6 kits were 31.25-2000
pg/mL and 12.5-800 pg/mL, respectively. The coefficient of variation was <10% for both
kits.
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Briefly, standards or samples were added to each well (100 pL) and incubated for 90 minutes
at 37°C. Following incubation, the liquid was discarded, a biotinylated detection antibody
working solution was added (100 pL/well), and the plate was incubated for one hour at 37°C.
The plate was then washed three times with the supplied wash buffer (350 pL/well).
Thereafter, horseradish peroxidase conjugate working solution was added (100 pL/well), and
the plate was incubated for 30 minutes at 37°C. The plate was then washed five times,
followed by the addition of substrate reagent (90 pL/well, in dark environment) and
incubation for 15 minutes at 37°C. Following incubation, the reaction was terminated with
the addition of the supplied stop solution (50 pL/well, in dark environment). The plate was
read at 450 nm using a Multiskan™ FC microplate photometer (Thermo Fisher Scientific,
Life Technologies, Waltham, USA).

3.6 mMRNA expression of markers of inflammation, oxidative stress, endothelial

activation, aortic remodelling, and NF-kB pathway activation in aortic tissues
3.6.1 RNA extraction and cDNA synthesis

Rat aortic tissues were homogenised by sonication and total RNA was extracted using an
illustra™ RNAspin Mini RNA Isolation Kit, according to the manufacturer’s instructions
(GE Healthcare, Buckinghamshire, UK). Reverse transcription was performed to produce
cDNA from the isolated RNA (4 pL) using SuperScript™ IV VILO™ cDNA synthesis
master mix (16 pL, Thermo Fisher Scientific, Life Technologies, Waltham, USA). The
reaction plate was incubated at 25°C for ten minutes, followed by incubation at 42°C for 60
minutes, and enzyme inactivation at 85°C for five minutes in a T100™ thermal cycler
(BioRad, California, USA). The production of cDNA was confirmed using a NanoDrop One®
spectrophotometer (Thermo Fisher Scientific, Life Technologies, Waltham, USA).

3.6.2 Determination of a stable reference gene for mRNA expression in aortic tissue

Three reference genes, beta-actin (ACTB, TagMan™ assay ID: Rn00667869 m1),
glyceraldehyde-3-phosphate  dehydrogenase ~ (GAPDH, TagMan™  assay  ID:
Rn01775763 _gl), and hypoxanthine-guanine phosphoribosyltransferase 1 (HPRTL,
TagMan™ assay ID: Rn01527838 g1) were selected based on available literature (Kim et al.,
2014) and recommendations made by the manufacturer (Thermo Fisher Scientific, Life
Technologies, Waltham, USA). Each reference gene was evaluated using cDNA samples
from each of the representative rat groups (total n=12). IL-6 (TagMan™ assay ID:

Rn01410330_m1) was used as the target probe with each reference gene. Each reaction
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contained TagMan™ advanced PCR master mix (5 pL), the reference probe ACTB, GAPDH,
or HPRT1 (0,25 pL), the target probe IL-6 (0,5 pL), and RNase-free water (3,25 pL,
Machery-Nagel GmbH & Co. KG, Diren, Germany) to make up a final reaction volume of
10 pL. Cycling conditions consisted of an initial hold at 50°C for two minutes, a hot start
hold at 95°C for ten minutes, followed by 40 cycles at 95°C for 15 seconds, and 60°C for one
minute using a QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific, Life
Technologies, Waltham, USA).

The difference in cycle threshold values (ACt) was calculated by subtracting the Ct value for
the reference gene from the Ct value of the target gene for each sample. The AACt values
were then calculated by subtracting the ACt value for each sample from the mean of the ACt
values determined for samples from the control animals that did not receive LPS, within the
same PCR plate. The fold-change in relative gene expression was calculated as 224t (Livak
and Schmittgen, 2001).

RefFinder software (RefFinder RRID:SCR_000472) was used to select the most stable
reference gene, as determined using algorithms that factor the standard deviation across the
experimental groups (Figure 3.3 A). The software tool uses a single data input to compute
multiple algorithms equivalent to the most popular stability testing programmes available,
which include BestKeeper, NormFinder, geNorm, and the comparative ACt method (Xie et
al., 2023). The data was also analysed using BestKeeper software (Figure 3.3 B), which
calculates the stability of the candidate genes based on the geometric mean, crossing point
(Ct value), standard deviation of the Ct values, coefficient of variance, correlation coefficient,
and p value (Zhou et al., 2018). From the results, both software tools showed that ACTB was
the most stable reference gene in rat aortic tissue and was used for the remainder of the gene

expression assays in the present study.
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Figure 3.3 Cumulative results for gene stability using RefFinder software (A) and BestKeeper software
(B) between three candidate reference genes.

3.6.3 Comparative mRNA expression using RT-PCR

Comparative gene expression of TNF-a (TagMan™ assay ID: Rn99999017 m1), IL-6
(TagMan™ assay ID: Rn01410330_m1), SOD-2 (TagMan™ assay ID: Rn00690588 g1),
VCAM-1 (TagMan™ assay ID: Rn00563627_ml1), MMP-9 (TagMan™ assay ID:
Rn00579162_m1), VEGFA (TagMan™ assay ID: Rn01511602_m1), NFKBIA (TagMan™
assay ID: Rn01473658 g1), and BDKRB1 (TagMan™ assay ID: Rn02064589 s1) was
assessed in duplex reactions with ACTB, according to the same methodological procedures as
described in section 3.6.2. When results for individual rats were outside the detection range

of the PCR assay in duplicate plates, these data points were excluded from the analysis.
3.7 Statistical analysis

Statistical analyses were performed using SAS Software, version 9.4 (SAS Institute Inc.,
Cary, NC, USA) and graphs were generated using GraphPad Prism, version 10 (GraphPad
Software Inc., San Diego, CA, USA). An a priori sample size calculation using a two-way
analysis of variance (ANOVA), with an alpha of 0.05 and 80% power, indicated that a total

of 52 rats would be adequate to detect statistical differences (G*Power, version 3.1.9.2).

All variables were tested for normality using the Shapiro-Wilk test. All PCR results were
square root transformed to improve normality, prior to statistical analyses. Data are expressed
as the mean * standard deviation (SD). Changes in body mass and BP from baseline to

termination and between groups were determined using a two-way repeated measure
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ANOVA, followed by a Tukey post hoc test. Differences in echo-tracking measures and
molecular markers between control and LPS rats in each study were determined by two-way
ANOVA, followed by Tukey post hoc tests.

As the main objective of this study was to assess differences in outcome variables at each
time point, under different experimental conditions, group differences are graphically
presented per study (exposure time). However, results were analysed using a two-way
ANOVA with time (24H, 1W, or 4W) and treatment (saline or LPS) as the main effects,

rather than multiple t-tests to avoid a Type I error.

Differences in circulating inflammatory markers concentrations between control and LPS rats
in each study were determined by unpaired Student’s t-tests. In this case, a two way-ANOVA
was not appropriate as the inflammatory marker concentrations for the acute 24H study was
determined on different ELISA kits, which were not comparable to the 1W and 4W groups.
Considering the effects of LPS-induced sickness behaviour on body mass and BP, and its
contribution to the outcome variables in this study, comparisons between control and LPS
rats in each study were subsequently adjusted for body mass and/or BP, as appropriate.
Pearson's correlations were conducted to assess the relationship between mRNA expression
of molecular markers and echo-tracking measures of aortic stiffness in both LPS-treated and

untreated groups. Results were considered statistically significant if p<0.05.
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CHAPTER 4

RESULTS
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4.1 Body mass and blood pressure

At baseline, there were no differences in body mass, SBP, or DBP between LPS-treated and -
untreated rats in all groups (all p>0.05; Table 4.1). In the 24H group, there were no
differences in body mass (p=0.99), SBP (p=0.99), or DBP (p=0.99) between LPS-treated and
-untreated rats at termination (Table 4.1). When adjusting for body mass, group differences
for BP were materially unaltered. In the 1W group, body mass was decreased in the LPS rats
compared to control rats at termination (p=0.02; Table 4.1). In the LPS-treated rats, SBP was
increased at termination compared to baseline (p=0.04). However, neither SBP (p=0.99) nor
DBP (p=0.12) were different between control and LPS rats at termination (Table 4.1). When
adjusting for body mass, the results were materially unaltered. In the 4W group, body mass
was increased in the control rats at termination compared to baseline (p=0.002). At
termination, body mass was lower in the LPS rats compared to control rats (p=0.01; Table
4.1). Termination SBP was increased in the LPS-treated rats compared to control rats
(p=0.0006; Table 4.1) and compared to baseline (p<0.0001). DBP was not different between
LPS-treated and -untreated rats (p=0.10; Table 4.1). When adjusting for body mass in the 4W

group, group differences for BP were materially unaltered.
4.2 Serum concentrations of circulating inflammatory markers

In the 24H group, circulating concentrations of both IL-1pB (p=0.02) and IL-6 (p=0.03) were
increased in the LPS-treated rats compared to control rats (Table 4.1). In the 1W group,
circulating concentrations of IL-1p (p=0.03), but not IL-6 (p=0.97), was increased in the
LPS-treated rats compared to control rats (Table 4.1). In the 4W group, IL-1p (p=0.01) and
IL-6 (p=0.0005) concentrations were increased in the LPS-treated rats compared to control
rats (Table 4.1).
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Table 4.1 Body weight, BP, and circulating inflammatory marker concentrations in rats exposed to saline (control) and LPS for

different durations

24H 1w 4W

Control LPS p* Control LPS p* Control LPS p*
n 6 6 10 8 10 9
Baseline
Body mass () 570.0 £ 36.0 564.5 + 34.1 099 437.3+344 411.1+1838 0.88 367.3+40.3 338.2+333 0.76
SBP (mmHg) 120+ 1 120+ 2 0.99 127+ 4 123+5 0.95 125+ 2 123+3 0.63
DBP (mmHg) 792 792 0.99 86+6 81+7 0.80 855 855 0.99
Termination
Body mass (Q) 575.7+31.8  555.0+36.8 099 446.8+350 387.6x221 0.02 433.1£36.91 3748+332 0.01
SBP (mmHg) 118 +2 118+ 0 0.99 131+9 134 + 15¢ 0.99 126 +7 140 £ 77 0.0006
DBP (mmHg) 81+3 78+1 0.99 808 89+9 0.12 81+6 83+9 0.10
Inflammatory markers
IL-1B (pg/mL) 87.22+6.18 323.09+188.77 0.02 74.79+4.00 80.74+6.46 0.03 68.60 + 3.27 7554+7.81 0.01
IL-6 (pg/mL) 7391+181 102.10+12.05 0.03 14.85+0.98 14.83+1.03 0.97 12.37 £ 0.98 15.92+2.00 0.0005

Data are presented as mean = SD. Changes in body mass and BP over time and between groups were determined using a two-way repeated measure ANOVA. Group
differences in inflammatory markers in each group (24H, 1W, and 4W) were determine by unpaired Student’s t-test. p* values represent the difference between LPS
and respective control group with significant p values shown in bold. T p<0.05 vs baseline. p<0.05 was considered statistically significant. 24H, acute 24-hour group;
1W, acute one-week group; 4W, chronic four-week group; LPS, lipopolysaccharide; SPB, systolic blood pressure; DBP, diastolic blood pressure; IL-1p, interleukin
1; IL-6, interleukin 6.
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4.3 Echo-tracking measures of aortic stiffness

There were significant differences in all echo-tracking parameters between the groups (model
p<0.05 for all), with significant time and treatment effects across all experimental protocols
(p<0.05 for all).

In the 24H group, there were no differences in any of the measures of aortic stiffness between
LPS-treated and -untreated rats (all p>0.05; Table 4.2). In the 1W group, Vmax (p=0.04) and
VTI (p=0.03) were increased, while AC (p=0.04) was decreased in the LPS-treated rats
compared to control rats (Table 4.2). There were no differences in PWV (p=0.73), stiffness
parameter  (p=0.82), or DC (p=1.00) between LPS-treated and -untreated rats (Table 4.2).
When adjusting for MAP, which influences mechanical properties of the aorta, Vmax was no
longer significantly increased (p=0.06). Group differences for all other measures of aortic
stiffness were materially unaltered. VTI was also significantly increased in the 1W LPS
group compared to the 24H (p=0.03) and 4W (p=0.02) LPS groups. In the 4W group, PWV
(p=0.03) and stiffness parameter B (p=0.02) were increased, while DC (p=0.01) was
decreased in the LPS-treated rats compared to control rats (Table 4.2). No changes in Vmax
(p=0.09), VTI (p=0.56), or AC (p=0.22) were observed in the LPS-treated rats compared to
control rats (Table 4.2). When adjusting for MAP, stiffness parameter 3 was no longer
significantly increased in the LPS-treated rats (p=0.07), suggesting a marginal effect of MAP
on this measure of aortic stiffness. Group differences for all other measures of aortic stiffness

were materially unaltered.
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Table 4.2 Echo-tracking measures of aortic stiffness in rats exposed to saline (control) and LPS for different durations

24H 1w 4W
Control LPS p* Control LPS p* Control LPS p*

n 6 6 10 8 10 9

Vmax (m/s) 511+2.83 469+252 079 465+278 7.79+£325 0.04 230%047 3.97 £2.31% 0.09
VTI (cm) 3294 +1865 23.84+1225 0.34 27.32+16.00 49.52+18.90" 0.03 14.29+2.37 2545+1530° 0.56
PWV (m/s) 0.38 +0.08 037+£0.06 078 0.42+0.09 044+012 073 042+0.08 0.50 £ 0.09 0.03
Stiffness parameter 3 2.43+0.39 2.79+0.91 0.40 3.53+1.62 3.73+2.03 0.82 347+151 4.71+1.76 0.02
AC (cm/mmHg) 36.64+£13.89 40.32+554 056 49.04+19.35 30.26+1459 0.04 4185+16.57 3525+11.16 0.22
DC (10%/kPa) 0.008 £ 0.003 0.009+0.004 0.75 0.007+0.003 0.007+0.004 1.00 0.007+0.002 0.005 =+ 0.002 0.01

Data are presented as mean + SD. Group differences were determined by two-way ANOVA followed by a Tukey post hoc test. p* values represent the difference
between LPS and respective control group with significant p values shown in bold. 'p<0.05 vs 24H LPS, #p<0.05 vs 1W LPS. p<0.05 was considered statistically
significant. 24H, acute 24-hour group; 1W, acute one-week group; 4W, chronic four-week group; LPS, lipopolysaccharide; Vmax, maximum flow velocity; VTI,
velocity time integral; PWV, pulse wave velocity; AC, arterial compliance; DC, distensibility coefficient.

32



4.4 Effects of different LPS exposure times on the relative mRNA expression of

markers of inflammation and oxidative stress

Amongst the three different experimental protocols, there were significant differences in the
mRNA expression of TNF-a (F=13.58, p<0.0001) and IL-6 (F=5.87, p=0.0003) with
significant time, treatment, and interaction effects for both models (all p<0.01).

There was no difference in the mRNA expression of SOD-2 (F=1.83, p=0.13). In the 24H
group, the relative mMRNA expression of TNF-a (LPS mean + SD vs control mean + SD: 1.96
+ 0.62 vs 1.02 + 0.20, p<0.0001) and IL-6 (5.86 + 4.72 vs 0.90 £+ 0.18, p<0.0001) were
increased in the LPS-treated rats compared to control rats (Figure 4.1 A). In the 1W group,
there were no differences in the mRNA expression of TNF-a (1.00 £ 0.19 vs 1.02 £ 0.19, p =
0.99) or IL-6 (1.36 £ 0.59 vs 1.02 £ 0.20, p = 0.89) between the LPS-treated and -untreated
rats (Figure 4.1 B). In the 4W group, recurrent LPS administration increased the expression
of IL-6 (1.39 + 0.19 vs 1.01 + 0.15, p=0.04), but not TNF-a (1.17 + 0.21 vs 1.03 + 0.23,
p=0.88), when compared to untreated rats (Figure 4.3 A).
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Figure 4.1 Fold change in the relative mMRNA expression of markers of inflammation and oxidative stress in the 24H (A), 1W (B), and 4W (C) groups. Control
(open symbols) and LPS (filled symbol) data are represented as the mean + SD. The expression of the mRNA targets are reported as the square root of the fold
change, relative to the expression of ACTB, using the 224t method. Differences between control and LPS rats in each group were determined by two-way
ANOVA, followed by a Tukey post hoc test. *p<0.05 vs control. ***p<0.001 vs control. ***p < 0.001 vs control.
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45 Effects of different LPS exposure times on the relative mMRNA expression of

markers of endothelial activation and aortic remodelling

In the overall models, there were significant differences in the mRNA expression of VCAM-1
(F=13.58, p<0.0001) and MMP-9 (F=12.17, p<0.0001) with significant time, treatment, and
interaction effects in both models (all p<0.001). There was no difference in the mRNA
expression of VEGFA (F=1.40, p=0.24).

In the 24H group, the expression of endothelial activation marker, VCAM-1 (2.43 = 0.76 vs
1.01 + 0.16, p<0.0001) and aortic remodelling marker, MMP-9 (5.50 = 3.74 vs 1.01 £ 0.08,
p<0.0001) was increased in the LPS-treated rats compared to control rats (Figure 4.2 A). In
the 1W group, there was an increase in the expression of MMP-9 (1.41 + 0.48 vs 0.98 £ 0.27,
p=0.03) in the LPS-treated rats compared to control rats (Figure 4.2 B), but no difference in
the expression of VCAM-1 (1.06 = 0.22 vs 1.03 + 0.06, p=0.99) between LPS-treated and -
untreated rats. In the 4W group, there were no differences in the expression of VCAM-1 (1.01
+0.20 vs 1.01 £ 0.11, p = 0.99) or MMP-9 (0.90 + 0.17 vs 1.01 + 0.16, p = 0.96) between
LPS-treated and -untreated rats (Figure 4.2 C). These results suggest endothelial activation
and the initiation of aortic remodelling following 24 hours of a single LPS administration, but

not during recurrent LPS administration.
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Figure 4.2 Fold change in the relative mRNA expression of markers of endothelial activation and aortic remodelling in the 24H (A), 1W (B), and 4W (C) groups.
Control (open symbols) and LPS (filled symbol) data are represented as the mean + SD. The expression of the mRNA targets are reported as the square root of the
fold change, relative to the expression of ACTB, using the 2-22¢t method. Differences between control and LPS rats in each group were determined by two-way
ANOVA, followed by a Tukey post hoc test. *p<0.05 vs control. ****p<0.0001 vs control.
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4.6 Effects of different LPS exposure times on the relative mRNA expression of

markers of NF-kB pathway activation

In the overall models, there were significant differences in the mMRNA expression of NFKBIA
(F=2.29, p=0.04) and BDKRB1 (F=3.35, p=0.03) with significant interaction effects in both
models (both p<0.05).

In the 24H group, a single administration of LPS increased the expression of the NF-xB
inhibitor, NFKBIA (1.29 + 0.38 vs 1.01 + 0.14, p=0.04), but not BDKRB1 (1.16 + 0.46 vs
1.02 £ 0.22, p=0.94) compared to control rats (Figure 4.3 A). In the 1W group, there were no
differences in the expression of NFKBIA (1.10 + 0.21 vs 1.01 + 0.14, p=0.99) or BDKRB1
(1.00 £ 0.18 vs 1.01 £ 0.11, p=0.89) between LPS-treated and -untreated rats (Figure 4.3 B).
In the 4W group, recurrent LPS administration increased the expression of BDKRB1 (1.13 +
0.24 vs 0.91 + 0.10, p=0.03), but not NFKBIA (0.97 £ 0.13 vs 1.03 * 0.98, p=0.99), when
compared to the control rats (Figure 4.3 C). Taken together, these results suggest the role of
NFKBIA in the rapid, acute activation of NF-kB, and a possible role of BDKRB1 in activation

of the NF-xkB pathway during chronic inflammation.
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Figure 4.3 Fold change in the relative mMRNA expression of markers NF-xB pathway activation, in the 24H (A), 1W (B), and 4W (C) groups. Control (open
symbols) and LPS (filled symbol) data are represented as the mean £ SD. The expression of the mRNA targets are reported as the square root of the fold change,
relative to the expression of ACTB, using the 2-24¢t method. Differences between control and LPS rats in each group were determined by two-way ANOVA,
followed by a Tukey post hoc test. *p<0.05 vs control.
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4.7 Associations between the expression of genes involved in inflammation and aortic

function under different LPS exposure times

In the 24H group, the increased expression of VCAM-1 and MMP-9 was associated with the
increased expression of inflammatory genes, TNF-a and IL-6 (all p<0.05; Figure 4.4 A and
B). In the 1W group, the expression of VCAM-1 was positively associated with IL-6 (r=0.72,
p=0.0008; Figure 4.4 D). Despite the significant increase in the expression of MMP-9 in the
1W-LPS rats compared to control rats, it was not associated with inflammatory genes, TNF-a
and IL-6 (both p>0.05; Figure 4.4 C and D). In the 4W group, the expression of SOD-2 was
positively associated with TNF-a (r=0.63, p=0.009; Figure 4.4 E). The increased expression
of BDKRBL1 was associated with the increase in inflammatory markers, TNF-a and 1L-6 (both
p<0.05; Figure 4.4 E and F).
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Figure 4.4 Associations between molecular markers of vascular function and markers of inflammation in
control and LPS rats within 24H (A and B), 1W (C and D), and 4W (E and F) groups. All associations
were determined using Pearson’s correlation coefficient. Open symbols represent correlation coefficients
(r values) and error bars represent the 95% confidence intervals (ClI). Significant p values are shown in

bold.
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4.8 Associations between echo-tracking measures of aortic stiffness and the expression

of genes involved in inflammation under different LPS exposure times

In the 24H group, there were no associations between echo-tracking measures of aortic
stiffness and the expression of inflammatory genes, TNF-o and IL-6 (all p>0.05; Figure 4.5 A
and B). In the 1W group, the significant increases in Vmax and VTI in the 1W-LPS rats were
associated with IL-6 (r=0.44, p=0.07 and r=0.51, p=0.04, respectively; Figure 4.5 D), but not
TNF-a (both p>0.05; Figure 4.5 C). Similarly, the significant decrease in AC in the 1W-LPS
rats was more related to IL-6 (r=—0.43, p=0.09; Figure 4.5 D) than TNF-a (r=0.06, p=0.81;
Figure 4.5 C). In the 4W group, Vmax, VTI, PWV, and stiffness parameter  in the 4W-LPS
rats were associated with the increased expression of TNF-a (all p<0.05; Figure 4.5 E), but
not IL-6 (all p>0.05; Figure 4.5 F). The decreased DC was associated with the increased
expression of IL-6 (r=-0.57, p=0.01; Figure 4.5 F). However, when adjusting for the
confounding effect of MAP, only Vmax (r=0.60, p=0.007) and VTI (r =0.58, p=0.01)
remained associated with TNF-a. Taken together, we show that different parameters of aortic
stiffness may be differentially associated with inflammatory markers.
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Figure 4.5 Associations between echo-tracking measures of aortic stiffness and markers of inflammation
in control and LPS rats within 24H (A and B), 1W (C and D), and 4W (E and F) groups. All associations
were determined using Pearson’s correlation coefficient. Open symbols represent correlation coefficients
(r values) and error bars represent the 95% CI. Significant p values are shown in bold.
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CHAPTER 5

DISCUSSION
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Aortic stiffness is a significant predictor of CVD and is strongly associated with systemic
inflammation. Inflammation, whether acute or chronic, can trigger endothelial activation and
dysfunction, leading to vascular remodelling, stiffening, and increased risk for CVD (Lyle
and Raaz, 2017; Zanoli et al., 2020). Although studies have demonstrated the links between
inflammation and aortic stiffness, the effects of different exposure times on the progression of
aortic remodelling remain uncertain. In the present study, we used rat models of acute and
chronic LPS-induced systemic inflammation to investigate the molecular mechanisms of

aortic remodelling and stiffening.

The main findings of this study are that different exposure times to LPS-induced
inflammation resulted in differential functional modifications of the aorta, which were
attributed to specific molecular mechanisms. Intraperitoneal administration of LPS induced a
systemic inflammatory response in all groups, as measured by the levels of circulating IL-13
and/or IL-6. Following 24 hours of acute, high-grade inflammation, VCAM-1 and MMP-9
were positively associated with inflammatory genes, suggesting endothelial activation and the
initiation of vascular remodelling. Despite the resolution of local inflammation within a week
of LPS exposure, persistent upregulation of MMP-9 suggests that an acute bout of
inflammation may initiate changes in vascular remodelling and decrease the vasodilatory
capacity of the aorta. With repeated exposure to LPS, there was an increase in chronic NF-xB
pathway activation and aortic tissue I1L-6 expression, which alters vascular haemodynamics
and corroborates the increased PWV and stiffness parameter [3; and decreased distensibility in
the 4W-LPS rats. These results further align with the increased SBP in this group, indicating
that inflammation-driven aortic stiffness may be an independent risk factor for isolated
systolic hypertension. Taken together, the results from the present study indicate that varying
exposure times to systemic inflammation lead to a differential vessel response, which may
impact aortic function. In this regard, acute inflammation may, independently of BP, initiate

endothelial dysfunction, and cause vessel remodelling if not resolved.

5.1 Acute and chronic administration of LPS influences circulating inflammatory

marker concentrations, body mass, and BP

Similar to previous LPS models in rodents, our results showed increased circulating
concentrations of IL-1p and IL-6 in the 24H-LPS rats (Kudo et al., 2011; Ramirez et al.,
2019; Sofiabadi, 2023; Tiboc Schnell et al., 2021). It is well established that LPS activates

the innate immune system through toll-like receptor-4 (TLR-4) receptors, leading to

44



activation of circulating macrophages that produce and secrete inflammatory cytokines (Chu
et al., 2018; Huang and Kraus, 2016; Tsukamoto et al., 2018). These cytokines play a role in
recruiting further immune cells to neutralise the antigen (Evans et al., 2022; Medina-Leyte et
al., 2021), which will be discussed further in section 5.3. Furthermore, within the first 24
hours after LPS administration, the rats displayed significant sickness behaviour including
lethargy, lack of food consumption, orbital changes, and several other traditional signs of

acute sickness in rats (Appendix B).

Interestingly, seven days after a single LPS administration, the circulating concentration of
IL-6 was no longer different between the LPS-treated and -untreated rats, while IL-1f was
only marginally increased in the LPS-treated rats. This suggests that the immune response
may have resolved during this period, further supported by the resolution of sickness
behaviour after approximately 72 hours. Previous studies have also shown that, with repeated
exposure to LPS, the sickness behaviour dampens towards the final injections (Kurki et al.,
2023). Similarly, human studies have shown that repeated inflammatory insults of LPS
evokes a less pronounced response compared to that created by the primary administration,
suggesting an adaption of the innate immune system (Bongers et al., 2021). Nevertheless,
despite this adaption, both IL-1p and IL-6 concentrations were elevated in the 4W-LPS rats.
This suggests that, although the rats may have developed a tolerance to the LPS, the immune
response remained upregulated in the chronic phase. The consequences of LPS-induced

systemic inflammation in the aortic tissue will be discussed in forthcoming sections.

The effects of LPS-induced inflammation on body mass and BP varied with exposure time. In
the 24H group, there were no differences in body mass and BP between LPS-treated and -
untreated rats, likely due to the short time-frame between the injection and termination. In the
1W group, the LPS-treated rats exhibited lower body mass at termination compared to the
control rats. Indeed, it is well accepted that acute LPS administration activates immune and
endocrine systems that results in sickness behaviour, which can cause a decreased food
intake that may explain the lower body mass (Ramirez et al., 2019). In the 4W group,
although body mass increased from baseline to termination, the LPS-treated rats still had
lower body mass compared to control rats at termination. It has previously been suggested
that chronic inflammation influences digestion, lipid metabolism, and thyroid metabolism,
which may have contributed to the lower body mass (Yang et al., 2022; Zhong et al., 2018).

Nevertheless, it is well accepted that body mass is a significant confounder in arterial
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function and BP studies; hence, the differences in body mass between the groups were

accounted for in subsequent analyses in the present study.

Similar to the body mass, exposure to LPS and systemic inflammation had distinct effects on
BP across the groups. Notably, despite significant changes in sickness behaviour in the 24H-
LPS rats, there were no differences in BP compared to the control rats. Interestingly, in the
1W-LPS rats, DBP was increased, although it did not reach statistical significance, while SBP
was increased in the 4W-LPS rats compared to the respective control rats. Indeed, previous
reports on LPS-induced effects on BP are contrasting (Grylls et al., 2021). In this regard,
some suggest that haemodynamic responses in rat models may occur within hours of acute
LPS administration (Brognara et al., 2019; Gholamnezhad and Fatehi Hassanabad, 2018),
while others have shown that changes in BP occur over time (Wei et al., 2007). Nevertheless,
the present study demonstrates that the duration of inflammatory exposure influences BP
responses, indicating that the mechanisms driving these changes may also vary with exposure

time.
5.2 Changes in aortic function is dependent on the time and exposure to inflammation

In this study, similar to the lack of differences in body mass and BP, there were no changes in
the measures of aortic stiffness within 24 hours of a single LPS administration. Indeed, the
echo-tracking parameters measured in the present study are considered indicators of long-
term arterial functional changes (Lindesay et al., 2019). However, these measures may be
impacted by short-term haemodynamic changes, as the aortic diameters in systole and
diastole are used to calculate most variables. Since the acute LPS exposure did not alter BP in
the present study, this may explain the unchanged echo-tracking measures in the 24H group.
Nevertheless, using echo-tracking in the acute inflammatory phase may not be sensitive to
these haemodynamic changes.

In the IW-LPS rats, Vmax and VTI were increased, while AC was decreased compared to
their control rats. Notably, the aortic diameter during systole and diastole, which were
reduced in the 1W-LPS rats, are used to calculate AC. Hence, the decreased AC suggests a
reduced vasodilatory and/or reservoir capacity in the aorta. Indeed, inflammation has been
shown to decrease systolic and diastolic diameters (Leloup et al., 2019), which could account
for the increased vascular tone in this group. The impaired expansion during systole may also
explain the increased Vmax and VTI, which reflect aortic flow velocity. According to the

Hagen-Poiseuille law, changes in vessel radius significantly affect fluid flow (Schiffrin,
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2020); thus, the total cross-sectional area of the blood vessel impacts the velocity of blood
flow (Chaudhry et al., 2024). Since flow rate is determined by both area and velocity, a
decrease in cross-sectional area necessitates an increase in flow velocity. Additionally,
Laplace’s law indicates that, for a constant wall tension, a decrease in vessel radius requires
an increase in pressure to sustain flow (Humphrey, 2021), which is consistent with the
increase in DBP in the 1W-LPS rats. Vmax and VTI have become useful parameters for the
assessment of fluid dynamics; however, several studies have assessed these parameters in the
context of hypertension, aortic valve diseases, and aortic stenosis (Gonzaga-Costa et al.,
2021; Kebed et al., 2020; Manzo et al., 2023). Therefore, the results from the present study
showed that acute inflammation may independently drive changes in vasodilation and aortic

reservoir function.

During repeated LPS exposure, PWV and stiffness parameter  were increased, while DC
was decreased in the 4W-LPS rats compared to their controls. Several human and animal
studies have shown that markers of arterial stiffness are increased in conditions of chronic
inflammation (Lindesay et al., 2019; Lv et al., 2020). Indeed, PWYV and stiffness parameter f3
are widely-recognised measures of aortic stiffness and are strongly associated with
cardiovascular outcomes (Kim and Kim, 2019; Morioka et al., 2021; Shirwany and Zou,
2010; Spronck et al., 2021; Zhang et al., 2015). In this regard, as the aorta becomes stiffer, its
distensibility decreases, amplifying the forward-propagated pressure wave. This causes an
early return of the reflected wave, which elevates SBP and hence the workload on the heart
(Mozos et al., 2017; Shirwany and Zou, 2010). Taken together, our results indicate that
different mechanisms may contribute to inflammation-induced functional changes in the
aorta. This suggests that the molecular processes underlying these changes may also be
differentially affected based on exposure conditions. In the following section, I will discuss
the molecular mechanisms that may be linked to the various aortic functional changes

observed in this study.

5.3 Endothelial activation and aortic remodelling following acute LPS-induced

inflammation

In the present study, despite no changes in aortic stiffness, a single dose of LPS increased the
aortic tissue mRNA expression of molecular markers associated with inflammation and
endothelial activation after 24 hours. It is well accepted that LPS is recognised by TLR-4

receptors, which are cell surface pattern receptors that play critical roles in immune responses
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(Chen et al., 2018). Within the local tissue, LPS binding to TLR-4 activates associated
adaptor proteins, such as MyD88, which triggers a cascade of events that ultimately lead to
the expression of genes for NF-kB (Tsukamoto et al., 2018). Once activated, NF-xB
stimulates the expression of adhesion molecules on endothelial cells, which facilitates
leukocyte adherence, increases vessel permeability, and allows leukocyte transmigration into
the subendothelial space (Medina-Leyte et al., 2021). Through this mechanism, the
production of inflammatory markers within the aortic tissue is promoted.

In the present study, we showed increases in circulating inflammatory marker concentrations,
which may have contributed to the upregulation of VCAM-1 in the aortic tissue (Chaihongsa
et al., 2021). Indeed, circulating inflammatory markers are the main drivers of endothelial
activation (Chen et al., 2018). As described, VCAM-1 exacerbates inflammatory responses
by facilitating the recruitment and infiltration of immune cells within the vessel. Therefore, in
this study, VCAM-1 expression suggests the rapid activation of endothelial cells within 24
hours of LPS administration. In this regard, we show an upregulation of inflammatory genes,
TNF-a and IL-6, in the aortic tissue, which were strongly associated with VCAM-1 expression
(Cook-Mills et al., 2011; Singh et al., 2023).

In endothelial cells, NF-kB activation has been linked to the increased expression and activity
of VCAM-1 in vitro and in vivo (Chaihongsa et al., 2021; Hajra et al., 2000; Ismawati et al.,
2022; Li et al., 2012; Wu and Schmid-Schénbein, 2011). In addition to endothelial activation,
NF-kB pathway activation has also been implicated in the upregulation of matrix remodelling
markers such as MMP-1, MMP-2, MMP-3, and MMP-9 (Galis and Kbhatri, 2002;
Myasoedova et al., 2018; Raffetto and Khalil, 2008). In the present study, we showed an
increased expression of MMP-9 following 24 hours of LPS administration. These findings are
similar to previous reports that showed increases in MMP-9 driven by inflammation in rat
models (Chen et al., 2020; Hu et al., 2018; Li et al., 2020; Sabry et al., 2021; Thakur and
Mehta, 2024). In the clinical setting, patients with acute myocardial infarction showed a
twofold increase in mMRNA and protein levels of MMP-9 (Yabluchanskiy et al., 2013),

highlighting the relevance of measuring MMP-9 as a marker of cardiovascular events.

While it has been established that LPS regulates MMP-9 production through TLR-4-NF-xB
signalling pathways (Li et al., 2012; Tsukamoto et al., 2018), it has also been reported that
the degranulation of infiltrated leukocytes causes the release of proteinases (Horecka et al.,
2021; Yabluchanskiy et al., 2013). Indeed, we showed a strong association between MMP-9

48



and inflammatory genes, suggesting that the upregulation of MMP-9 could also be a result of
the high-grade inflammatory profile and infiltration of immune cells within the aortae of the
24-LPS rats. Generally, proteinases are well-known for their roles in ECM degradation and
contribution to vessel pathogenesis (Galis and Khatri, 2002). However, in the present setting,
it is unlikely that major ECM changes would have occurred within 24 hours, as shown by the

lack of significant changes in BP and echo-tracking measures.

Interestingly, LPS administration did not influence the mRNA expression of SOD-2 or
VEGFA. SOD-2 is an anti-oxidant marker that is upregulated in response to increased
oxidative stress, to scavenge free radicals (Ighodaro and Akinloye, 2018). Although NF-xB
activation has previously been linked to increased SOD-2 expression (Chen et al., 2017,
Yoon et al., 2018), in the present study, we did not observe similar results. Nevertheless, to
accurately estimate the oxidative stress, both ROS and anti-oxidants should be measured and
compared, to obtain a ratio of the expression of these markers. However, due to the volatile
nature of ROS, this is not possible with real time PCR. Hence, future studies should
determine the ratio between ROS and anti-oxidants to further elucidate the mechanisms of

inflammation-induced vascular dysfunction.

Similarly, previous studies have shown an increased expression of VEGFA in response to
inflammation and NF-kB activation (Angelo and Kurzrock, 2007; Chu et al., 2018; Zhou et
al., 2023). During inflammation, the production of TNF-a in vascular cells activates hypoxia-
inducible factors (HIF) in a NF-kB-dependent manner, giving rise to the TNF-o/NF-
kB/HIF/VEGF signalling cascade in endothelial cells (Jin et al., 2019). VEGF is a marker of
angiogenesis, which is upregulated to counteract vascular remodelling (Dabravolski et al.,
2022). In contrast, despite upregulation of VCAM-1 and MMP-9 in the present study, there
were no differences in VEGFA expression between LPS-treated and -untreated rats.
Nevertheless, a complex relationship exists between proteolytic activity and angiogenic
signalling (Jeong et al., 2021; Wang and Khalil, 2018).

Based on the upregulation of endothelial activation and vascular remodelling genes in the
24H group, it is evident that the NF-xB pathway is central to inflammation-induced
endothelial dysfunction. As with all physiological mechanisms, there must be feedback loops
and regulatory systems to restore tissue homeostasis (Sugimoto et al., 2016). Therefore, in the
human body, all changes in gene expression levels are controlled by transcription factors
(Chekalina et al., 2018; Christian et al., 2016; Fiordelisi et al., 2019). In the present study, we
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investigated the activation of the NF-kB pathway by measuring the expression of NFKBIA
and BDKRB1. NFKBIA is the gene that codes for IxB, which inhibits NF-xB activation
(Bottero et al., 2003). In this regard, following the induction of target genes of NF-kB, it
induces the expression of NFKBIA to create a negative feedback loop. The newly synthesised
IxB proteins drive NF-kB dimers from the nucleus back into the cytosol, thereby repressing
transcriptional activity (Bottero et al., 2003; Yu et al., 2020). In this study, NFKBIA
expression was upregulated 24 hours after LPS administration, suggesting the acute
activation of NF-xB and its inhibitors to suppress the inflammatory response. BDKRBL1 is the
gene that codes for the kinin B1 receptor, which is involved in the long-term regulation of
NF-kB, or in conditions of chronic inflammation. Therefore, it is not surprising that we did

not observe changes in its expression within the first 24 hours.

Taken together, our results showed that endothelial dysfunction and local inflammation was
promoted within 24 hours of a single LPS administration. It is also postulated that these
changes occurred through the activation of NF-«kB, suggesting the acute, rapid activation of
this pathway. Despite these molecular changes, it did not translate into functional changes in
the aorta. Undeniably, molecular markers orchestrate vascular remodelling for a period of
time before contributing to functional changes of the aortic vessel. Therefore, we did not

anticipate functional changes following 24 hours.

5.4 Vascular remodelling following the resolution of inflammation contributes to

changes in aortic function

One week after a single LPS administration, there were no differences in the mRNA
expression of TNF-a, IL-6, SOD-2, VCAM-1, NFKBIA, or BDKRBL in the aortic tissue of
1W-LPS rats compared to controls. Indeed, local inflammatory responses are influenced by
the nature of the initial stimulus, and previous studies have shown that the expression of
molecular markers in tissues are dose-dependent (Khan et al., 2019; Page et al., 2022; Zhang
et al., 2020). Therefore, the absence of inflammatory and endothelial activation markers in
the local tissue may be attributed to the lower dose of LPS administered in the 1W-LPS rats
(1 mg.kg™) compared to the 24H-LPS rats (10 mg.kg™). The lower absolute concentrations of
serum inflammatory markers in the 1W-LPS rats compared to the 24H-LPS rats further
support the notion of dose-dependent effects. Besides the dose response effects, the lack of
upregulation of these inflammatory and endothelial activation markers may also be attributed
to the resolution of the inflammatory process by seven days. Indeed, it has been shown that
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subsets of neutrophils circulate only briefly during acute inflammation, persisting for a few
hours to a couple of days (Bongers et al., 2021). Moreover, it has also previously been shown
that LPS-induced infection in rats typically resolves within 72 hours following exposure, as
evidenced by the absence of sickness behaviour (Kurki et al., 2023). Hence, the lack of tissue

inflammation and endothelial activation are not surprising.

The resolution of inflammation by day seven may be as a result of the regulatory processes of
the NF-xB pathway. As described in section 5.3, NFKBIA was upregulated in the 24H-LPS
rats, indicating that the negative feedback regulators of the NF-xB pathway are upregulated in
the acute response. While NF-kB activity was increased, IkB likely contributed to the
downregulation of the pathway and subsequent resolution of inflammatory processes in the
days following LPS administration. In this regard, the acute inflammatory response is
inherently self-limiting and suppresses the immune system once the antigen is contained (Roy
and Singh, 2021; Sansbury and Spite, 2016; Sugimoto et al., 2016).

Surprisingly, despite the resolution of inflammation and endothelial activation, the expression
of aortic remodelling marker, MMP-9, remained significantly upregulated in the 1W-LPS rats
compared to their controls. Interestingly, MMP-9 expression was not correlated with the
expression of inflammatory genes, suggesting that its upregulation may involve alternative
pathways that promote vascular remodelling. In this regard, although the expression and
activity of MMP-9 has previously been associated with increased NF-«kB activity, in the
present study, its expression may be a part of the resolution process. Indeed, Feehan and
Gilroy (2019) posited that the resolution of inflammation involves the negative regulation of
potent inflammatory mediators. MMPs participate in this resolution process by cleaving
chemokines, which prevents leukocyte chemotaxis and mitigates inflammatory responses
(Feehan and Gilroy, 2019). These findings further substantiate the lack of local inflammatory

response in the 1W-LPS rats.

Alternatively, the upregulation of MMP-9 in the 1W-LPS rats may indicate that the initial
inflammatory event triggers downstream stimulation of aortic remodelling markers, despite
the resolution of inflammation. Matrix metalloproteinase-9 forms part of the gelatinase
family that cleaves collagen type I, 1V, V, VII, X, XI, and XIV; gelatine; elastin; laminin; and
fibronectin (Cabral-Pacheco et al., 2020; Simoes et al., 2022). Collagen, elastin, fibronectin,
and laminin constitute the aortic ECM and provide structural integrity and elasticity to the

aorta (Ma et al., 2018). Due to their thicker and “weave-type” patterned strands, collagen
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types | and 11l play a significant role in providing tensile strength, rigidity, and compliance
(Tan et al., 2007). The aorta also contains a large proportion of elastin, which provides the
main elastic element and is responsible for the aorta’s reservoir function. However, both
collagen and elastin serve as substrates for MMP-9 activity, and are hence subjected to
proteolysis during its upregulation (Bisogni et al., 2020; Zieman et al., 2005). Increases in
MMP-9 expression and activity are associated with abnormal collagen expression,
destruction of elastin, and the development of aortic stiffness (Li et al.,, 2012, 2020;
Myasoedova et al., 2018; Yasmin et al., 2005).

Indeed, MMP-9 activity contributes to ECM degradation, VSMC proliferation and migration,
intimal wall thickening, and ultimately vascular dysfunction (Hu et al., 2018). As a result,
MMP-9 overexpression compromises vessel contractility, and has been positively correlated
with arterial stiffness in clinical settings (Bisogni et al., 2020). In the present study, we
showed a significant reduction in aortic compliance of the 1W-LPS rats, indicated by the
reduced aortic systolic and diastolic diameters. This suggests that the upregulation of MMP-9
in the 1W-LPS rats may have been involved in remodelling of the ECM (Manilall et al.,
2021; Yabluchanskiy et al., 2013), which contributed to increases in vascular tone and
resistance to flow, as evidence by the increase in Vmax and VTI, decrease in AC, and
marginal increase in DBP. Taken together, the results from the present study support the
emerging concept that immune activity does not cease with the resolution of acute
inflammation. These results also hold clinical relevance by suggesting that effective
treatments should aim to not only reduce inflammation, but also address the underlying
pathological processes that persist. Considering the insult on the integrity and function of the
vessel during acute inflammation, it is not surprising that chronic inflammatory conditions
are strongly associated with vascular diseases. However, whether the mechanisms underlying
vessel dysfunction in acute and chronic inflammation share commonalities, will be

highlighted in section below.
5.5 Chronic inflammation induced aortic stiffness and increase in SBP

In the model of repeated exposure to LPS, despite developing a tolerance to the antigen,
similar to the circulating inflammatory markers, aortic tissue mRNA expression of IL-6 was
increased in the 4W-LPS rats. Indeed, it has been shown that the persistent presence of LPS
in circulation can induce local tissue inflammation (Lew et al., 2014; Rafiyan et al., 2023). In
the present study with repeated LPS administration, BDKRBL1, the gene encoding the kinin
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B1 receptor, but not NFKBIA, was upregulated in the 4W-LPS rats. This suggests that, with
repeated exposure to the antigen, there is chronic inflammation that results in the continuous
activation of NF-kB signalling. The upregulation of BDKRBL1 is consistent with its role as a
vasoactive receptor that is typically expressed at low levels under normal conditions, but
markedly upregulated during inflammation (Calixto et al., 2004; Sriramula, 2020). Kinin B1
receptors are upregulated as a compensatory mechanism in inflammatory conditions, to
enhance vasodilation by promoting NO production in endothelial cells (Loiola et al., 2011;
Mesquita et al., 2017) and increasing intracellular calcium in VSMCs (Mathis et al., 1996).
However, chronic activation of kinin B1 receptors can lead to dysregulation of vascular tone,
promoting sustained VSMC contraction, reducing vessel distensibility, and contributing to
arterial stiffness (Haddad and Couture, 2017).

Ni et al. (1998) was the first to show, in rat thoracic aorta VSMCs, that LPS upregulated the
expression of BDKRB1 (Ni et al., 1998). Similarly, others have shown that local
administration of LPS increased the production of TNF-a and IL-1p, promoted the influx of
neutrophils, and activated both NF-xB and the kinin B1 receptor (Passos et al., 2004).
Furthermore, blockade of inflammatory cytokines and NF-kB translocation prevented the
upregulation of BDKRBL1. The aforementioned findings suggest that the upregulation of kinin
B1 receptors may be the result of a downstream effect of long-term NF-«B activation. In line
with these studies, the present study also showed an increase in BDKRB1 expression in aortic
tissue. Moreover, aortic tissue IL-6 mMRNA expression was also increased, which further
indicates chronic NF-kB activity following four weeks of repeated LPS exposure. These
results support previous evidence that the kinin B1 receptor could serve as a marker for
prolonged NF-kB activation.

Interestingly, in the present study, aortic functional changes were more strongly associated
with 1L-6 expression than other inflammatory markers in the acute 1W group. However, in
the chronic 4W group, stiffness parameters were associated with the expression of TNF-a, but
not IL-6. Interleukin-6 is involved in paracrine signalling during chronic inflammation and its
expression is upregulated in stromal cells, including fibroblasts, myofibroblasts, VSMCs, and
endothelial cells (Chu et al., 2018; West, 2019). Although widely recognised for its pro-
inflammatory effects, IL-6 is considered to have pleiotropic roles (Murakami and Hirano,
2011). Indeed, it is well accepted that I1L-6 plays dual roles in cardiovascular health (Fontes et
al.,, 2015). In murine models, genetic deficiency of IL-6 enhanced the formation of

atherosclerotic plaques in aortic vessels, suggesting a protective role of this cytokine (Madan
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et al., 2008). Therefore, the lack of association between IL-6 expression and functional aortic
changes may suggest a possible compensatory or regulatory role of IL-6 in the chronic phase
of LPS exposure. However, the complex role of IL-6 in aortic functional changes warrants

further investigation during short- and long-term inflammation.

Nevertheless, previous studies have highlighted the crucial roles of local inflammation in
mediating haemodynamic changes, such as those seen in isolated systolic hypertension
(Mattace-Raso et al., 2010). Indeed, as the aorta becomes stiffer due to vascular remodelling,
its ability to expand during systole is compromised. The reduction in elasticity limits the
aorta’s capacity to buffer the blood ejected by the heart, causing a rise in SBP (Wallace et al.,
2007). Consistent with previous human studies showing that aortic stiffness contributes to
isolated systolic hypertension (McEniery et al., 2005), our findings of increased PWV and
stiffness parameter B with decreased distensibility further demonstrate the impact of

inflammation and chronic NF-«B signalling on aortic wall stiffening, ultimately altering BP.

Interestingly, despite the upregulation of the NF-xB pathway, we observed no changes in the
expression of TNF-a, SOD-2, VCAM-1, MMP-9, or VEGFA. It has been reported that NF-«B
pathway activity in chronic inflammation is associated with endothelial activation and
vascular remodelling (Cook-Mills et al., 2011; Evans et al., 2022; Singh et al., 2023).
Previous in vitro and in vivo studies have shown relationships between inflammatory
markers, VCAM-1 (Ismawati et al., 2022; Meng et al., 2021; Mokotedi et al., 2019), MMP-9
(Meng et al., 2021; Sabry et al., 2021; Thakur and Mehta, 2024), and VEGF (Dabravolski et
al., 2022; Horecka et al., 2021). However, in our study, although circulating inflammatory
markers were elevated, the absolute concentrations remained modest and may have been
insufficient to induce detectable local responses. Additionally, adaptive mechanisms or
compensatory feedback loops may have been activated, stabilising these markers over time
(Feehan and Gilroy, 2019). The differences in results may also stem from variations in the rat
model of LPS-induced chronic inflammation. While previous studies have used various
methods for the induction of chronic inflammation (Mokotedi et al., 2019; Rafiyan et al.,
2023), we are the first to demonstrate, in the aortic tissue, the molecular changes resulting
from repeated LPS exposure. This suggests that LPS may activate distinct molecular
mechanisms compared to those seen in other models. Therefore, future studies should
investigate the regulatory mechanisms of the various pathways in different inflammatory
models, to improve our understanding of their contribution in chronic inflammation-induced

vascular dysfunction.
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Taken together, these findings underscore that chronic inflammatory signalling, mediated by
kinin Bl receptors, can alter vascular haemodynamics independently of traditional

remodelling processes, driving the increase in SBP.
5.6 Limitations

This study has further limitations. While the in vivo rat model allows us to explore the effects
of changing vascular tone and pressure differences on the aorta, the findings may not fully
translate to human conditions. Additionally, although the various studies were statistically
powered, performing correlation analyses and sensitivity analyses may have reduced the
statistical power. While echo-tracking is a validated technique for measuring aortic stiffness
in animals, it is subject to limitations, including potential inter-observer variability. To
minimise this, a single, experienced operator captured all ultrasound images, while all
measurements were performed by one observer and reviewed by an experienced operator.
Additionally, the technique may show variability depending on the quality of the images
obtained. To address this, we recorded three measurements for each variable on each animal,
using the average value to ensure more reliable results. Although we assessed the expression
of molecular markers in relation to aortic function, the results could have been more
comprehensive if additional markers related to inflammation and vascular remodelling had
been included. The absence of fibrotic markers, for instance, limited our ability to fully
evaluate the extent of arterial remodelling. In this study, we measured the gene expression of
SOD-2 as a marker of the anti-oxidant response to oxidative stress; however, future research
would benefit from assessing more direct markers of oxidative stress, which could better
clarify the role of inflammation in oxidative damage. Lastly, NF-xB subunits and other
molecular markers can undergo post-transcriptional and post-translational modifications,
meaning that mMRNA expression alone may not fully reflect the activation of these pathways.
Future studies should incorporate protein expression analysis to improve the interpretability
of the mRNA data and provide a more complete picture of pathway activation.

5.7 Conclusion

The present study demonstrates that acute inflammation is strongly associated with
endothelial activation and the initiation of aortic remodelling after 24 hours of acute
inflammation. Following one week, a resolution in the inflammatory response was observed;
however, the active remodelling contributed to a momentary response of increased flow

velocity and compromised compliance of the aorta. Clinically, these results underscore the

55



importance of monitoring patients with acute inflammatory conditions for early signs of
compromised aortic function, even after the resolution of the initial inflammatory episode.
Repeated exposure to inflammation resulted in increased aortic stiffness, which may have
been as a result of chronic upregulation of the NF-kB pathway. Therefore, over time, the
degree of inflammation-induced aortic stiffness and increase in SBP may cause profound
functional changes of the aorta. Taken together, the results from the present study offer a
novel component to independently assessing different exposures to inflammation, and

associating them with functional changes of the aorta.

Future directions should focus on exploring therapeutic strategies aimed at reducing
inflammation-induced aortic remodelling and stiffness in individuals at high risk for repeated
inflammatory exposures. Additionally, the role of chronic, low-grade inflammation, common
in metabolic disorders or autoimmune diseases, should be investigated to better understand its
impact on long-term vascular health. Further research should also assess whether
pharmacological modulation of inflammatory pathways can prevent or reverse structural
changes in the aorta, potentially providing new avenues for managing CVD. Therefore,
extending the findings of this study to human research, particularly through non-invasive
imaging and biomarker-based approaches, would validate the clinical relevance of

inflammation-induced arterial remodelling.
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APPENDIX B

Assessment sheet to be used when monitoring animal sickness behaviour during the

habituation period and after LPS administration.

Score

Behavioural observations
Activity

Reluctant to move 1
Lethargy/apathy 2
Persistent immobility 3

Posture
Normal 0
Huddled 1

Breathing
Normal

Laboured
Gasping 2
Grooming

Lack of grooming

Rough coat, nasal discharge
Very rough coat

Orbital tightening

Orbital tightening not present 0
Orbital tightening moderately present
Orbital tightening obviously present 2

Vocalisation

Vocalisation on handling

Vocalisation, tense and nervous on handling
Vocalisation on moving/spontaneous 3
Stool

Normal

Diarrhoea

Blood on bedding
Eating / drinking

Yes

No

Clinical signs

Body weight

Normal <3% weight loss
3-7% weight loss

8-11% weight loss
12-15% weight loss
>15% weight loss for longer than 5 days HEP
Eyes

Bright

Red rimmed
Dim

Nose

Clear
Discharge

—

W B —

—

N | —

N (=IO

—_ o

| 2| 89| —| ©

o [N=o
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Humane Endpoints and Actions:

HEP: humane endpoint implemented. Animals will be humanely killed when the total
assessment score is > 22 for more than 3 consecutive days. In case of severe weight loss
(>15%), the animal will be humanely killed.
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