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Abstract

Introduction: Cardiovascular diseases represent a global health burden, with
vascular dysfunction and chronic low-grade inflammation recognised as key
pathological drivers. Published evidence highlights the crucial regulatory role of
perivascular adipose tissue (PVAT) in maintaining vascular homeostasis.
Dysfunctional PVAT with has been implicated in the development of vascular
disease. Within this context, sphingosine kinase 1 (SphK1) and its bioactive lipid
product, sphingosine-1-phosphate (S1P), is noted as a modulator of vascular tone
and inflammation. Furthermore, AMP-activated protein kinase (AMPK) an enzyme
which promotes cellular energy homeostasis, serves as a vascular function
regulator. The interplay between AMPK signalling and the SphK1/S1P axis within
PVAT represents a promising therapeutic target for ameliorating vascular
dysfunction. This thesis investigates the functional interactions between AMPK,
SphK1/S1P signalling within cultured adipocytes and aortic PVAT, advancing
understanding of vascular biology in the hope of identifying novel therapeutic

strategies for cardiovascular and metabolic diseases.

Methods and Materials: This chapter outlines the experimental methodologies
and analytical techniques used to investigate the interplay between AMP-
activated protein kinase (AMPK) and sphingosine-1-phosphate (S1P) in the
regulation of adipose tissue, with a particular emphasis on the role of PVAT. Wild-
type (WT) and AMPKa1 knockout (KO) mice were employed as experimental
models. Vascular function was assessed using wire myography to measure
relaxation responses of thoracic aortic rings following exposure to S1P, AMPK
activators (AICAR, A-769662, and Compound 991), and their combinations. The
contribution of PVAT-derived mediators was investigated by comparing vascular
responses in rings with and without intact PVAT. Adipokine secretion was analysed
using a proteome-based mouse adipokine array, while nitric oxide (NO) production
was quantified using a Sievers 280 NO analyser. Quantitative real-time PCR and
western blotting were used to assess gene and protein expression in PVAT, mouse
embryonic  fibroblasts (MEFs), and 3T3-L1 adipocytes. Additionally,
immunofluorescence microscopy was employed to examine the localisation of

sphingosine kinase 1 (SphK1). All experiments were conducted under standardised
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laboratory conditions, and data were analysed using appropriate statistical

methods to ensure accuracy, reproducibility, and scientific validity.

Results: Chapter 3 explore the regulatory relationship between AMPK and SphK1
during adipocyte differentiation and in PVAT. Using 3T3-L1 adipocyte cells, mouse
embryonic fibroblast (MEF) cells which lack AMPK, and mouse abdominal and
thoracic PVAT, SphK1 expression was assessed in adipocytes and in cells lacking
AMPK. SphK1 protein levels notably increased during adipocyte differentiation,
highlighting a possible role in adipogenesis. In AMPKa1/a2 knockout MEFs,
increased SphK1 protein levels were observed without corresponding changes in
MRNA expression. Furthermore, tissue-specific differences were noted in PVAT,

with distinct regulatory patterns observed between thoracic and abdominal PVAT.

Chpter4 examine the roles of S1P and AMPK activation, using the activator AICAR,
in modulating vascular function through PVAT in mouse thoracic aortic rings. S1P
alone showed no vasorelaxant effects, while AICAR caused a significant vascular
relaxation. S1P and AICAR combined substantially augmented this relaxation,
particularly in endothelium-denuded aortic rings containing PVAT. This effect was
significantly reduced in AMPKa1 knockout mice, suggesting a critical role for the
AMPKa1 subunit. Further experiments suggest that increased secretion of PVAT-
derived adiponectin and nitric oxide could be potential mechanisms. S1PR1, a
vascular-expressed receptor for S1P was identified as a key mediator of these
effects. Findings highlight the complex interplay between S1P signalling, AMPK

activation, and PVAT-derived factors in vascular regulation.

Chapter 5 investigate the impact of S1P and different AMPK activators, namely
Compound 991 (C991), and A-769662, on vascular relaxation mediated by PVAT in
mouse thoracic aortic rings. As in Chapter 4, S1P alone showed no vasorelaxation
effects, while each AMPK activator induced significant relaxation, particularly in
PVAT-containing vessels. However, combined treatments with S1P and either C991
or A-769662 resulted in non-significant enhanced vascular relaxation, highlighting
that the mechanism of AMPK activation may be crucial for this enhancement of

relaxation.

Discussion: Chapter 3 demonstrated that AMPKa1/a2 knockout (KO) leads to
elevated SphK1 protein expression in MEFs without corresponding changes in mRNA

levels, indicating post-transcriptional regulation. This deficiency also enhances
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ERK1/2 and JNK signalling, consistent with a shift toward a pro-inflammatory
phenotype. Importantly, SphK1 was selectively upregulated in thoracic PVAT of
AMPKa1 KO mice, but not in abdominal PVAT, underscoring a depot-specific
regulatory role of AMPK.

Chapter 4 demonstrated that while S1P alone exerts limited vasorelaxant effects,
its combination with AICAR, an AMPK activator, significantly enhances PVAT-
mediated vascular relaxation through nitric oxide and adiponectin pathways.
Chapter 5 explored the effects of direct AMPK activators, A-769662 and Compound
991, confirming their ability to induce vascular relaxation, although without the
synergistic enhancement observed with AICAR and S1P. The pivotal role of AMPK
signalling in integrating metabolic and inflammatory pathways is underscored and

its potential as a therapeutic target for vascular dysfunction highlighted.

Conclusion: This thesis provides novel insights into the regulatory interplay
between sphingosine-1-phosphate (S1P) signalling, AMPK activation via AICAR, and
the functional role of perivascular adipose tissue (PVAT) in modulating vascular
relaxation in the mouse thoracic aorta. The combination of AICAR and S1P
enhanced vasorelaxation, highlighting the importance of indirect AMPK activation
in promoting PVAT-derived adiponectin and nitric oxide. The selective
upregulation of SphK1 in AMPK-deficient tissues suggests a shift toward a pro-
inflammatory phenotype. These findings identify the SphK1/S1P-AMPK axis as a

potential target for improving vascular health.
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Chapter1 - Introduction



1.1 Cardiovascular disease

Cardiovascular disease refers collectively to disorders that impact the heart and
blood vessels, including conditions such as coronary heart disease,
cerebrovascular disease, and peripheral arterial disease. The World Health
Organization (WHO) reported in 2021 that cardiovascular disease was responsible
for approximately 32% of global deaths in 2019, with heart attacks and strokes
accounting for 85% of these fatalities. In the United States alone, heart disease
led to the deaths of around 695,000 individuals in 2021, representing roughly one
in every five deaths (Tsao et al., 2023). Furthermore, an estimated seven million
individuals in the United Kingdom are currently living with cardiovascular diseases,
which are recognized as the leading cause of mortality in the country. Key
contributing factors to the development of cardiovascular disease include:
hypertension, smoking, elevated cholesterol levels, diabetes, and obesity
(Robinson, 2021).

WHO Organization (2000), defines obesity as an abnormal or excessive
accumulation of adipose tissue to an extent that may negatively impact health.
Since the 1980s, the prevalence of obesity has risen significantly across most
countries and is now regarded as a global pandemic, responsible for over 2.8
million deaths annually (Boutari and Mantzoros, 2022). Obesity is a critical risk
factor for cardiovascular disease and is closely associated with other risk factors,
such as hypertension, hyperlipidaemia, insulin resistance and its closely-

associated condition type 2 diabetes (T2D) (Powell-Wiley, Poirier et al. 2021).

1.2 Cardiovascular system anatomy

The cardiovascular system, also known as the circulatory system, is responsible
for transporting oxygenated blood from the lungs, hormones from endocrine
glands, nutrients from the digestive system, and metabolic waste products from
cells to various body systems. Additionally, it plays a crucial role in regulating
body temperature. The circulatory system comprises three main components: the
heart, blood, and blood vessels, the latter of which includes arteries, veins,
arterioles, and capillaries. The heart, a muscular organ located in the chest cavity,

is essential for ensuring an adequate supply of oxygenated blood to end organs



and tissues through the vascular network. Blood vessels facilitate the transport of
oxygen-rich blood and essential nutrients from the heart to the rest of the body
via the systemic circulation, before returning deoxygenated blood back to the
heart, where it is then directed to the lungs through the pulmonary circulation for

reoxygenation (Matienzo and Bordoni 2020).

The walls of blood vessels are composed of three distinct layers: the tunica intima,
tunica media, and tunica adventitia. The tunica intima, the innermost layer, is
comprised of a single layer of endothelial cells (ECs), which provide a smooth
surface, enhancing blood flow, supported by an elastic lamina. Surrounding this
layer, the tunica media, or middle layer, consists primarily of vascular smooth
muscle cells (VSMCs) and elastic fibres, which play a vital part in the regulation
of vascular tone and blood pressure. The outermost layer, the tunica adventitia
(or tunica externa), is composed of two sub-layers: the adventitia compacta, a
layer containing collagen fibres and fibroblast cells, and the perivascular adipose
tissue (PVAT), which is found surrounding most blood vessels. All of these support
the structural integrity and functionality of the blood vessels (Daly, 2019) (Figure
1-1).

Perivascular adipose tissue l Ricica cdiciiia
Perivascular nerve bed

External elastic lamina
Tunica media
Smooth muscle cells

Internal elastic lamina I 5 2
Tunica intima
Endothelium

Figure 1-1: The structure of the vascular wall

This figure shows the three distinct layers: the tunica intima, tunica media, and tunica
adventitia (tunica externa) (Daly, 2019).



1.2.1 Endothelium layer

The endothelium is a single layer of cells that lines the interior surface of blood
vessels, serving as a critical interface between the vascular wall and circulating
blood. This endothelial layer performs numerous essential functions that
contribute to overall cardiovascular health and the maintenance of vascular
homeostasis. Endothelial cells play a fundamental role in several physiological
processes, including: acting as a structural barrier between blood vessels and
surrounding tissues; mediating inflammatory and immune responses; regulating
blood clotting and anticoagulation; facilitating metabolic activities; promoting
angiogenesis; and controlling vascular tone (Kriger-Genge, Blocki et al. 2019).
Additionally, the endothelium synthesizes and releases various bioactive
molecules, such as nitric oxide (NO), which exerts vasodilatory effects that are
crucial for regulating blood flow and blood pressure, thereby ensuring proper
perfusion of organs and tissues (Deanfield, Halcox and Rabelink 2007). Endothelial
cells also produce endothelin, a peptide which assists in the regulation of blood

pressure and flow by causing blood vessels to constrict.

1.2.2 Vascular smooth muscle layer

Vascular smooth muscle cells (VSMCs) are essential components of the blood vessel
wall and play a crucial role in regulating vascular tone, vessel diameter, and
overall haemodynamic stability. By mediating contraction and relaxation, VSMCs
directly influence blood flow and blood pressure. These cells respond to various
physiological stimuli, including hormones such as angiotensin II, and
neurotransmitters like noradrenaline, by actively contracting. This
vasoconstriction leads to a reduction in vessel diameter, thereby increasing blood
pressure and vascular resistance. Conversely, VSMCs relax in response to
vasodilatory signals, such as NO released by endothelial cells, which diffuses into
VSMCs and stimulates the production of cyclic guanosine monophosphate (cGMP),
ultimately promoting muscle relaxation (Wilson, 2011, Walford and Loscalzo,
2003).

In addition to their role in vascular tone regulation, VSMCs contribute to vascular
homeostasis by prompting the vascular wall to contract, thereby regulating the

size of the blood vessels. Intracellular calcium levels, which are crucial for smooth



muscle contraction, are regulated through voltage-gated calcium channels. The
opening of these channels facilitates calcium ion (Ca?*) influx, triggering
contraction, whereas the activation of potassium (K*) channels leads to K* efflux,
hyperpolarizing the cell membrane and subsequently closing calcium channels.
This reduction in intracellular calcium concentration results in smooth muscle

relaxation.

VSMCs also have a significant part to play in vascular repair and adaptation under
pathological conditions such as chronically raised blood pressure. In response to
vascular injury, they exhibit phenotypic plasticity, transitioning from a contractile
phenotype to a proliferative and migratory state, as well as adopting a
myofibroblast-like phenotype to aid in tissue remodelling and repair (Chen et al.,
2023b).

1.2.3 Adventitia and Perivascular adipose tissue

Perivascular adipose tissue forms the outer connective tissue layer that envelops
most blood vessels. Its function is analogous to that of the serosa, which serves as
a protective tissue layer surrounding many body organs. A detailed examination

of the structure and function of PVAT will be provided in Section 1.4.

1.3 Adipose tissue

Adipose tissue (AT) primarily consists of adipocytes, alongside various other cell
types such as endothelial cells, fibroblasts, pericytes, preadipocytes, and multiple
immune cell types, such as macrophages, T cells, B cells, mast cells, and others.
These non-adipocyte cellular components collectively form the stromal vascular
fraction (SVF) of AT (Richard et al., 2020). AT plays a crucial role in endocrine
signalling by secreting a diverse range of bioactive molecules, known as
adipocytokines. These adipocytokines act as circulating hormones that facilitate
inter-organ communication and contribute to the regulation of key physiological
processes, including energy homeostasis, lipid and glucose metabolism,
reproductive function, and immune response (CoelhoOliveira and Fernandes,
2013, Koenen et al., 2021). Adipose tissue has three main types: white adipose
tissue (WAT), brown adipose tissue (BAT), and beige (brite) adipose tissue, each

with distinct functions, phenotypes, and anatomical distributions (Li et al., 2022;



Stanek et al., 2021). BAT is primarily involved in non-shivering thermogenesis,
generating heat through mitochondrial uncoupling protein 1 (UCP-1), which is
essential for maintaining body temperature (Koenen et al., 2021). WAT, on the
other hand, serves as the main site for energy storage, endocrine signalling, and
insulin sensitivity, making up the largest proportion of AT in mammals, including
humans (Koenen et al., 2021). Beige AT, interspersed within WAT, exhibits
thermogenic properties similar to BAT but at a lower capacity (Richard et al.,
2020; Li et al., 2022).

AT is further categorized into visceral and subcutaneous depots. Visceral AT,
which surrounds internal organs, is highly metabolically active and linked to
metabolic diseases, whereas subcutaneous AT acts as a buffering system for excess
nutrient storage (LeeDesprés and Koh, 2013). Historically, AT was considered a
passive energy reservoir; however, recent studies have established its role as a
major endocrine organ, secreting adipokines, cytokines, and chemokines that

influence systemic metabolism and organ functions (Qi et al., 2018).

In obesity, WAT undergoes pathological expansion, predominantly through
adipocyte hypertrophy, which can lead to local hypoxia and increased infiltration
of immune cells. This dysfunctional state promotes the secretion of pro-
inflammatory cytokines including IL-6, TNF-a, and MCP-1. For example, TNF-a has
been shown to decrease eNOS expression/activity by approximately ~50%, thereby
impairing endothelial function (Kwaifa et al., 2020; Dschietzig et al., 2012). These
inflammatory mediators contribute to insulin resistance, cardiovascular diseases
(CVDs), and metabolic syndrome (Koenen et al., 2021). Dysfunctional WAT also
promotes endothelial dysfunction and atherosclerosis by impairing vascular
homeostasis (Kwaifa et al., 2020). Visceral WAT, which may account for up to 10%
of total body fat mass, contributes disproportionately to circulating free fatty
acids, further driving metabolic and vascular dysfunction (van Dam et al., 2017).
For instance, in obesity, WAT can become inflamed and release excessive pro-
inflammatory cytokines like TNF-a, which inhibits eNOS, the enzyme responsible
for NO production in blood vessels. Consequently, NO levels are reduced, leading
to endothelial dysfunction and impaired vasodilation. In contrast, BAT helps
regulate lipid metabolism by taking up and oxidizing lipids for heat production.

Cold exposure for 24 h reduces plasma triglyceride (TG) concentrations by 43%,



while BAT uptake of TG-derived activity increases by 139-150% and retention rises
by 168-464% compared with controls (Khedoe et al., 2015). Similarly, BAT
activation lowers plasma triglycerides by about 54% and total cholesterol by 25%,
resulting in a 43% reduction in atherosclerotic lesion area in APOE*3-Leiden.CETP

mice (Berbée et al., 2015).

The distribution of WAT and BAT varies, based on genetics, age, sex, and
environmental factors such as diet, exercise, and temperature. In humans,
subcutaneous WAT accounts for up to 80% of body fat, while intra-abdominal WAT
represents 10-20% in men and 5-8% in women (lbrahim, 2010, Berryman and List,
2017). In mice, BAT is most prominent in the interscapular region and is commonly
used as a model for BAT studies (Lidell et al., 2013).

1.4 Perivascular adipose tissue (PVAT)

Perivascular adipose tissue is a specialized form of adipose tissue that encases the
majority of systemic blood vessels, including the aorta and major arteries such as
the carotid, coronary, and mesenteric vessels (Kim et al., 2020). PVAT is
increasingly recognized as an integral component of the vascular wall, actively
contributing to vascular homeostasis through the secretion of adipokines and other
bioactive molecules (Szasz and Webb, 2012). These include adiponectin, leptin,
cytokines, reactive oxygen species (such as superoxide and hydrogen peroxide
(H202), as well as hydrogen sulphide (H2S) and nitric oxide, which are key
signalling molecules involved in various physiological and metabolic processes
(Almabrouk et al., 2017). Nitric oxide is among several vasoactive substances
secreted by PVAT to regulate vascular function through both endothelium-

dependent and endothelium-independent mechanisms.

The released NO can diffuse into the endothelium and influence vascular tone, an
important interaction in the maintenance of vascular homeostasis. NO from PVAT
is able to improve endothelial function as it promotes vasodilation and reduces
oxidative stress. However, in pathological conditions such as obesity or
inflammation, PVAT's ability to produce NO may be impaired, contributing to
endothelial dysfunction (Lynch et al., 2013, Greenstein et al., 2009, Xia et al.,
2016, Hwej et al., 2024). This highlights the critical role of NO in promoting the



vasorelaxant effects associated with PVAT. The synthesis of NO is facilitated by
three distinct isoforms of nitric oxide synthase (NOS): endothelial NOS (eNOS) and
neuronal NOS (nNOS), both of which are calcium-dependent, as well as inducible
NOS (iNOS), which typically operates independently of calcium signalling

(Forstermann and Sessa, 2012).

Previous research has highlighted the role of PVAT in modulating vascular
function, particularly in attenuating vascular contraction across various vascular
beds, including coronary vessels (Aghamohammadzadeh et al., 2013) and rat
mesenteric arteries (Verlohren et al., 2004). The composition of PVAT varies
depending on the anatomical location, consisting of white adipocytes, brown
adipocytes, or a combination of both (Gao et al., 2007; Cinti, 2011; Fitzgibbons
etal., 2011).

The regulatory function of PVAT in vascular tone is significantly compromised
under pathological conditions such as obesity and atherosclerosis, leading to
vascular dysfunction (Szasz and Webb 2012; Chang et al., 2020). Alterations in the
secretory profile of PVAT have been observed in hypertension, obesity, and other
cardiovascular diseases, disrupting the balance between its anti-contractile and
pro-contractile effects, which further contributes to vascular impairment
(RamirezO'Malley and Ho, 2017).

Additionally, PVAT exhibits considerable heterogeneity, even within the same
blood vessel. In rats, PVAT surrounding the abdominal aorta primarily resembles
white adipose tissue, with larger adipocytes and markedly lower expression of
thermogenic genes, whereas PVAT around the thoracic aorta displays a brown
adipose-like phenotype characterized by ~3-fold higher UCP-1 expression and
increased mitochondrial content (Padilla et al., 2013). Similar regional differences
have been noted in rodents more broadly, with thoracic PVAT exhibiting BAT-like
features and abdominal PVAT more WAT-like, suggesting region-specific functional

roles in vascular homeostasis (Brown et al., 2014).



1.4.1 Role of PVAT in vascular tone regulation

Historically, PVAT was primarily regarded as a structural component that provided
mechanical support to blood vessels and protected them from adjacent tissues.
Consequently, it was frequently removed in vascular research due to concerns that
it might impede the diffusion of exogenous substances. As a result, its functional
significance remained largely overlooked for many years. However, emerging
clinical and experimental evidence has established that PVAT plays a crucial role
in maintaining vascular homeostasis through paracrine interactions with blood
vessels (Lian and Gollasch, 2016; Chang et al., 2020). Through engagement with
vascular smooth muscle cells and endothelial cells, PVAT secretes a diverse array
of vasoactive molecules that regulate vascular tone by modulating vasodilation

and vasoconstriction (Kim et al., 2020).

The paracrine influence of PVAT was first documented in 1991, when Soltis and
Cassis reported that PVAT-intact rat aortic rings exhibited a diminished contractile
response to norepinephrine. This effect was attributed to norepinephrine uptake
by PVAT, which is characterized by a dense sympathetic innervation (Soltis and
Cassis, 1991). Subsequent research by Lohn et al. (2002) further demonstrated
that PVAT attenuates vasoconstriction induced by angiotensin Il, serotonin, and
phenylephrine. Their findings indicated that this anticontractile effect is
mediated through the activation of potassium channels and tyrosine kinase in
VSMCs, rather than through nitric oxide-dependent pathways. This led to the
identification of PVAT-derived relaxing factors (PVRFs), which include
adiponectin, leptin, omentin, NO, angiotensin 1-7, hydrogen sulphide, hydrogen
peroxide, prostacyclin, and methyl palmitate (Fésis et al., 2007; Lee et al., 2009;
Victorio et al., 2016).

Conversely, PVAT also secretes perivascular adipose tissue-derived contracting
factors (PVCFs), such as superoxide anion, tumour necrosis factor-q,
prostaglandins, catecholamines, chemerin, and thromboxane A2 (Gao et al., 2006;
Mendizabal et al., 2013; Meyer et al., 2013). Certain mediators, including
hydrogen peroxide, leptin, hydrogen sulphide, and prostanoids, exhibit dual
vasorelaxant and vasoconstrictive properties, with their effects being influenced

by variables such as concentration, vascular region, contractile state, pathological
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conditions, and species-specific factors (Hayabuchi et al., 1998; Gao and Lee,
2001; Cacanyiova et al., 2019).

Overall, the current body of literature suggests that healthy PVAT predominantly
exerts an anticontractile influence on vascular function. However, the ultimate
regulatory outcome is determined by the balance between its vasodilatory and
vasoconstrictive factors, highlighting its complex and dynamic role in vascular
physiology (Meyer et al., 2013).

1.4.2 Mechanisms underlying the anti-contractile effect of PVAT

The paracrine vasorelaxant effects of perivascular adipose tissue (PVAT)-derived
relaxing factors have been extensively studied. However, understanding of the
precise mechanisms underlying their influence on vascular function remains
incomplete (Agabiti-Rosei et al., 2018) although it is widely accepted that PVAT
regulates vascular tone through two primary pathways: endothelium-dependent

and endothelium-independent.

1.4.2.1 Endothelium dependent mechanisms

The vascular endothelium plays a fundamental role in modulating vascular tone
by releasing vasoactive factors, including vasodilators such as NO, prostacyclin
(PGIl2), and endothelium-derived hyperpolarizing factor (EDHF), as well as
vasoconstrictors such as thromboxane Az (TXA:2) and endothelin-1 (ET-1) (Khaddaj
Mallat et al., 2017; Shimokawa and Godo, 2020). NO, one of the most potent
endothelium-derived vasodilators, activates soluble guanylate cyclase (sGC) in
vascular smooth muscle cells, leading to increased cyclic GMP levels and activation
of intracellular signalling pathways that induce vascular relaxation (Kim et al.,

2020). The production of NO is mediated by endothelial nitric oxide synthase.

PVAT’s anticontractile effects may be attributed to its ability to release NO or
other PVRFs, such as adiponectin, leptin, and angiotensin-(1-7). These mediators
contribute to both endothelium-dependent and endothelium-independent
vasorelaxation, thereby playing a critical role in the regulation of vascular tone
(Gao et al., 2007; Lee et al., 2009; Galvez-Prieto et al., 2012; Lynch et al., 2013;
Victorio et al., 2016; Sena et al., 2017). The PVRFs could potentially diffuse

through the adventitia, media and internal elastic lamina through various
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mechanisms, such as paracrine signalling, matrix remodelling, cell migration, or

possibly vasa vasorum pathways.

Additionally, PVRFs may indirectly induce VSMC relaxation by stimulating
endothelial NO production, leading to the activation of ATP-sensitive and voltage-
gated potassium (K*) channels in a calcium-dependent manner (Dubrovska et al.,
2004; Lee et al., 2009). This interplay between PVAT-derived factors and
endothelial signalling pathways highlights the complexity of PVAT-mediated

vascular regulation.

1.4.2.2 Endothelium-Independent Mechanisms

PVAT also exerts direct effects on VSMCs, as evidenced by its ability to induce
vasorelaxation in endothelium-denuded blood vessels. Studies indicate that PVAT
from different vascular regions, such as the thoracic aorta, abdominal aorta, and
mesenteric artery, modulates vascular tone through activation of specific
potassium channels in VSMCs. However, the precise K* channel subtypes involved

differ, according to vessel type and species.

Lohn et al. (2002) demonstrated that in the thoracic aorta of Sprague-Dawley rats,
PVAT-induced vasorelaxation in response to serotonin is mediated by ATP-
sensitive K* (Katp) channels and tyrosine kinase activation in a calcium-dependent,
endothelium-independent manner. In contrast, subsequent research by Gao et al.
(2007) in the thoracic aorta of Wistar rats found that PVAT-mediated relaxation is
primarily facilitated by calcium-activated K* (Kca) channels rather than Karp or
delayed rectifier K* (Kv) channels. Their findings further suggest that PVAT-
derived relaxation involves H202-induced activation of sGC, leading to smooth

muscle relaxation.

Further studies have identified variations in the types of K* channels responsible
for PVAT-mediated vasorelaxation across different vascular beds and species. For
instance, delayed rectifier K* (Kv) channels contribute to PVAT-induced relaxation
in the mesenteric arteries of Sprague-Dawley rats (Verlohren et al., 2004; Fésiis
et al., 2007), whereas voltage-dependent K* channels mediate this effect in the
thoracic aorta of Wistar Kyoto rats (Lee et al., 2011). Additionally, Kca channels

have been implicated in PVAT-induced relaxation in human internal thoracic
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arteries (Gao et al., 2005). In mouse mesenteric arteries, adiponectin-induced
vasorelaxation has been linked to the activation of delayed rectifier K* (Kr) and
large-conductance calcium-activated K* (BKca) channels (Fésiis et al., 2007; Lynch
et al., 2013). The variability in K* channel activation suggests that the regulatory
mechanisms of PVAT-derived relaxation are highly context-dependent, influenced

by vascular bed-specific characteristics and interspecies differences.

1.5 Sphingolipid System

Sphingolipids represent a very important group of cellular lipids that are
increasingly recognized for their role in metabolic disorders, including obesity and
type 2 diabetes (T2D). These lipids influence various physiological processes
through their bioactive metabolites, such as ceramide, sphingosine,
sphingomyelin, and sphingosine-1-phosphate (51P). Among these, ceramide and
S1P have been identified as key regulators of inflammatory pathways within
adipose tissue. Their involvement in adipose inflammation is mediated through
the stimulation of adipocytes and immune cells, leading to the secretion of pro-
inflammatory cytokines and chemokines. This inflammatory response has been
associated with the progression of metabolic syndromes, further underscoring the
significance of sphingolipids in metabolic dysfunction (FangPyne and Pyne, 2019,
Kang et al., 2013).

1.5.1 Sphingosine 1 Phosphate overview

Sphingosine-1-phosphate is a biologically active metabolite derived from
sphingosine, first identified in 1990 as a key regulator of cell growth (Olivera and
Spiegel, 1993). This lipid signalling molecule is synthesized by a variety of cell
types, including erythrocytes, platelets, endothelial cells, and adipocytes (Ito et
al., 2013, Thuy et al., 2014, MendelsonEvans and Hla, 2014). Functioning as a
crucial mediator in multiple cellular processes, S1P is integral to both normal
physiological functions and pathological conditions. Its involvement in
cardiovascular health is considerable, as it influences vascular integrity, immune

cell trafficking, and inflammatory responses (Thuy et al., 2014).
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1.5.1.1 Sphingosine-1-phosphate synthesis and degradation

The formation of S1P is a complex multi-step process that begins with the
production of ceramide, a key intermediate in sphingolipid metabolism. Ceramide
synthesis occurs through three distinct pathways (Figure 1-2): de novo
biosynthesis, sphingomyelin metabolism, and direct conversion from sphingosine
via ceramide synthase (CerS). The de novo pathway begins in the endoplasmic
reticulum, where serine and palmitoyl-CoA undergo condensation through the
enzyme serine palmitoyltransferase (SPT), leading to the formation of 3-
ketodihydrosphingosine. This intermediate is then reduced by 3-
ketodihydrosphingosine reductase (3KDHR) to produce dihydrosphingosine, which
is subsequently acetylated by ceramide synthases (CerS) to generate
dihydroceramide. The final step in ceramide synthesis involves dihydroceramide
desaturase (DES), which introduces a double bond to form ceramide (Pulkoski-
GrossDonaldson and Obeid, 2015, Pyne and Pyne, 2000). Once formed, ceramide
can be further metabolized into sphingosine through the catalytic activity of
ceramidase. Sphingosine is then phosphorylated, or subjected to enzymatic
conversion, by sphingosine kinase, resulting in the formation of S1P
(MendelsonEvans and Hla, 2014, Gandy and Obeid, 2013). The degradation of S1P
is mediated by two distinct pathways: it can either be metabolised and irreversibly
split by S1P lyase (S1PL) into phosphoethanolamine and hexadecanal, ensuring
sphingolipid balance and cellular signalling regulation, or it can be recycled back
into sphingosine through dephosphorylation by S1P phosphatases (51PP) (Pulkoski-
GrossDonaldson and Obeid, 2015, Pyne and Pyne, 2000). Beyond its metabolic
transformations, S1P plays a crucial role as a bioactive lipid mediator. It functions
both extracellularly, through interactions with S1P receptors, and intracellularly,
where it acts as a second messenger regulating various signalling pathways within

cellular compartments (Spiegel and Milstien, 2003).
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Figure 1-2: Overview of Sphingosine-1-Phosphate (S1P) synthesis and metabolism.

Ceramide can be generated through three primary pathways: (1) hydrolysis of sphingomyelin
by the enzyme sphingomyelinase; (2) the de novo biosynthetic pathway, which begins with
palmitoyl-CoA and serine and proceeds through a series of enzymatic reactions involving
serine palmitoyltransferase (SPT), 3-ketodihydrosphingosine reductase (3-KDHR), ceramide
synthases (CerS), and dihydroceramide desaturase (DES); and (3) the salvage pathway, in
which sphingosine is reconverted to ceramide by ceramide synthases (CerS). Sphingosine
can also be phosphorylated by sphingosine kinase to form sphingosine-1-phosphate (S1P),
a bioactive lipid mediator. S1P is further degraded by sphingosine-1-phosphate lyase (S1PL)
into phosphoethanolamine and hexadecanal, completing its catabolic pathway.

1.5.1.2 Sphingosine-1 phosphate transporter

S1P is actively transported across cell membranes by specific transporter proteins
that play essential roles in its physiological and pathological functions. Two major
classes of S1P transporters have been identified: spinster homolog 2 (Spns2) and
the ATP-binding cassette (ABC) transporters. Spns2, a member of the major
facilitator superfamily (MFS), is a non-ATP-dependent transporter and the first
identified S1P transporter in mammals (Chen et al., 2023a). It is primarily located
in the plasma membrane and is responsible for the cellular export of S1P.
Overexpression of Spns2 in various models, including zebrafish and mammalian
cells, has been shown to enhance S1P secretion (Kawahara et al., 2009), while its

deletion or downregulation markedly reduces extracellular S1P release and lowers
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circulating S1P concentrations. For example, endothelial Spns2 deletion reduced
plasma S1P to ~54% of control (0.39 + 0.03 pM in controls vs 0.21 + 0.01 pM in
Spns2-/- mice; Fukuhara et al., 2012). Consistent with reduced extracellular S1P,
plasma from Spns2-deficient mice induces less S1PR1 internalization in a GFP-
tagged S1PR1 reporter assay, indicating diminished receptor engagement (Nijnik
et al., 2012). In parallel, ABC transporters, such as ABCA1 and ABCC1, have also
been implicated in S1P export in various cell types including astrocytes (Sato et
al., 2007), mast cells (Mitra et al., 2006), and adipocytes (Theodoulou and Kerr,
2015). Inhibition or silencing of these transporters results in a reduction of
extracellular S1P, although some studies have shown inconsistent effects following
their overexpression or knockout, indicating possible cell-type-specific roles or
compensatory mechanisms (Hisano et al., 2011). Once secreted, S1P circulates in
the bloodstream predominantly bound to carrier proteins, including high-density
lipoprotein (HDL), low-density lipoprotein (LDL), very-low-density lipoprotein
(VLDL), and albumin. Approximately 50% of plasma S1P is associated with HDL,
particularly via binding to apolipoprotein M (ApoM), which serves as a chaperone,
stabilising S1P and regulating its bioavailability (JozefczukGuzik and Siedlinski,
2020). This transport system ensures tight control over extracellular S1P levels,

which is crucial for maintaining vascular homeostasis and immune cell trafficking.

1.5.1.3 Sphingosine-1 phosphate receptors

Sphingosine-1-phosphate receptors belong to the G-protein-coupled receptor
(GPCR) family and include five subtypes: S1PR1, S1PR2, S1PR3, S1PR4, and S1PR5,
each composed of approximately 400 amino acids (O'Sullivan and Dev, 2013).
These receptors share a conserved structural framework characterized by seven
transmembrane a-helices spanning the lipid bilayer, creating a polar internal
tunnel. The N-terminal region and three extracellular loops extend outward, while
the C-terminal region and three intracellular loops are oriented towards the
cytoplasm (Pulkoski-GrossDonaldson and Obeid, 2015, Spiegel and Milstien, 2003).
The expression of S1P receptors varies across different tissues. STPR1, S1PR2, and
S1PR3 are predominantly found in the cardiovascular system, exhibiting distinct
distribution patterns among major cardiovascular cell types and adipose cells
(Cannavo et al, 2017). In contrast, S1PR4 is primarily expressed in lymphoid

tissues, while S1PR5 is predominantly expressed in the central nervous system,
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particularly in oligodendrocytes, but has also been detected in peripheral tissues.
Upon S1P binding, these receptors initiate intracellular signalling by activating
specific G-protein subunits, including Gi, Gq, and G12/13, which regulate diverse
downstream signalling pathways (O'Sullivan and Dev, 2013, LiXu and Testai, 2016,
Spiegel and Milstien, 2003, Jun et al., 2006, Mastrandrea, 2013). Each receptor
subtype is linked to distinct G-protein interactions, leading to unique functional

outcomes in different physiological contexts (Figure 1-3).

S1PR4

Identified in 1990 in human umbilical vein endothelial cells (HUVECs (O'Sullivan
and Dev, 2013)), S1PR1 was the first member of the EDG family of GPCRs to be
characterized (Hla and Maciag, 1990, YohNoriko and Naotoshi, 2002). It is broadly
expressed across various cell types, including endothelial cells, vascular smooth
muscle cells, fibroblasts, epithelial cells, and adipocytes (Goetzl et al., 2004,
Karuppuchamy et al., 2017, Mastrandrea, 2013). S1PR1 receptor signalling is
primarily mediated through its interaction with Gi proteins (Gonda et al., 1999,
Okamoto et al., 1998, YohNoriko and Naotoshi, 2002). Upon activation, S1PR1
triggers a range of intracellular responses, including the inhibition of adenylyl
cyclase, activation of phospholipase C (PLC), and mobilization of intracellular Caz*
(Okamoto et al., 1998, Kluk and Hla, 2002). Additionally, S1PR1 signalling engages
key pathways such as Ras-ERK and phosphatidylinositol 3-kinase (PI3K), which are

critical for regulating various cellular processes (O'Sullivan and Dev, 2013).

S1PR;

Initially identified in a rat aortic cDNA library, S1PR2 was discovered during
research on vascular signalling pathways (Okazaki et al., 1993, YohNoriko and
Naotoshi, 2002). S1P has been reported to have a high affinity for S1PR; (Gonda
et al., 1999). This receptor is widely distributed across various tissues, including
the lung, heart, brain, kidney, spleen, adrenal glands, and adipose tissue (Ishii et
al., 2001, Mastrandrea, 2013).
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S1PR3

Originally discovered in a human genomic library during studies on cannabinoid
receptors, S1PR3 shares approximately 50% sequence similarity with S1PR1 and
S1PR2. It is widely distributed across various tissues and organs, including the lung,
heart, stomach, brain, thymus, kidney, adrenal glands, spleen, and adipose tissue
(Kluk and Hla, 2002). Additionally, S1PR3 signalling is associated with the
activation of Ras and extracellular signal-regulated kinases (ERK), highlighting its
role in regulating various cellular functions such as cell proliferation, migration,

inflammation, and vascular tone (Sanchez and Hla, 2004).
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Figure 1-3 The S1P-S1PRs signalling pathways.

This figure depicts the signalling cascades initiated by sphingosine-1-phosphate receptors
(S1PRs), specifically S1PR1, S1PR2, and S1PR3. Each receptor engages distinct intracellular
pathways, modulating a wide range of cellular responses and physiological processes.
Abbreviations: Sphingosine 1 Phosphate (S1P), Sphingosine 1 Phosphate receptor (S1PR),
Mitogen-Activated Protein Kinases (MAPKs), Nuclear factor-KB (NF-KB), Phosphoinositide 3-
kinase/ protein kinase B (PI3K)/Akt, Phospholipase C (PLC), inositol trisphosphate (IP3).
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1.5.1.4 Sphingosine 1 Phosphate agonists and antagonists

S1P receptors exhibit specificity for their natural ligands, S1P and dihydro-S1P
(Contoslshii and Chun, 2000). In addition to these endogenous ligands, several
synthetic small-molecule agonists have been developed for experimental
research. Among these, SEW2871 selectively targets S1PR1 (Sanna et al., 2004),
CYM5478 acts as a potent and selective S1PR2 agonist (Herr et al., 2016), and
CYM5541 is designed specifically for S1PR3 activation (Jo et al., 2012).

Selective antagonists have also been identified for blocking S1P receptor activity.
S1PR1 is inhibited by W146 (Sanna et al., 2006), while JTE-013 serves as a highly
selective antagonist for S1PR2 (Salomone and Waeber, 2011, Pitman et al., 2022).
The activity of STPR3 can be suppressed using BML-241 (CAY10444) (Salomone and
Waeber, 2011) (Table 1-1).

Table 1-1 Agonists and antagonists of the sphingosine-1-phosphate receptors and their
activity across S1IPR1-S1PR5

Ligand Role S1PR1 S1PR2 S1PR3 S1PR4 S1PR5
SEW2871 S1PR1- ECso = 20.7 nM No activation No activation No activation No activation
selective <10 pM <10 pM <10 yM <10 uM
agonist
CYM5478 S1PR2- <25% efficacy; ECso = 119 nM | <25% efficacy; | <25% efficacy; | <25% efficacy;
selective >10x weaker vs >10x weaker >10x weaker >10x weaker
agonist S1PR2
CYM5541 S1PR3- No activation No activation ECso = 72-132 No activation No activation
selective up to >10 pM up to >50 upM nM up to >50 pM up to >25 pM
agonist
W146 S1PR1- Ki = 77 nM No effect < 10 | No effect < 10 Not reported No effect < 10
selective UM UM UM
antagonist
JTE-013 S1PR2- No antagonism ICs0=17 + 6 No antagonism | ICso = 237 nM Not reported
selective <10 yM nM <10 pM
antagonist
CAY10444 S1PR3- No antagonism | No antagonism ICs0o = 4.6 yM | No antagonism | No antagonism
selective <10 yM <10 pM <10 yM <10 yM
antagonist

Fingolimod (FTY720) was the first S1P receptor modulator approved for clinical
use in the treatment of multiple sclerosis (MS). As a prodrug, FTY720 undergoes

phosphorylation, primarily by sphingosine kinase 2 (SphK2), to form phospho-
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FTY720, which activates all S1P receptors except S1PR2. This activation leads to
receptor internalization and degradation, thereby modulating immune responses
(Brinkmann et al., 2010). Siponimod is a second-generation S1P receptor
modulator with high selectivity for STPR1 and S1PR5. Although it initially acts as
an agonist at S1PR1, sustained receptor engagement leads to receptor
internalisation and degradation, resulting in functional antagonism. This
mechanism underlies its immunomodulatory effect and forms the basis for its FDA

approval in 2019 for the treatment of multiple sclerosis (Coyle et al., 2024).

1.6 Sphingosine Kinases

Sphingosine kinase is a key enzyme responsible for the synthesis of sphingosine-1-
phosphate. Two isoforms, SphK1 and SphK2, have been identified, each encoded
by distinct genes located on different chromosomes—SphK1 on chromosome 17 and
SphK2 on chromosome 19 (Cannavo et al., 2017). Despite their structural
similarities, an important distinction lies in the additional regions present in SphK2
at both the N-terminal and central regions, extending its amino acid sequence by
approximately 250 residues (JozefczukGuzik and Siedlinski, 2020). Both isoforms
contain a C-terminal region (CTR), an N-terminal region (NTR), an ATP-binding
site, and a sphingosine recognition domain. Both SphK1 and SphK2 are expressed
across the range of human tissues, but their expression levels vary. SphK1 is
predominantly found in the heart, spleen, lungs, and leukocytes, whereas SphK2
is primarily expressed in the liver (Venkataraman et al., 2006). Three variants of
SphK1 have been identified in humans: SphK1a and SphK1b (both 51 kDa) and
SphK1c, which has a molecular weight between 42.5 kDa and 51 kDa. In contrast,
SphK2 has two known isoforms, SphK2a and SphK2b. Additionally, several
alternative splice variants of both SphK isoforms have been identified in rodents,
differing mainly at the N-terminal region (Alemany et al., 2007). The subcellular
localization of SphK isoforms also differs significantly. SphK1 is primarily found in
the cytoplasm but can translocate to the plasma membrane upon activation. In
contrast, SphK2 is mainly localized to the endoplasmic reticulum and has also been

associated with mitochondrial compartments (Cannavo et al., 2017).
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1.6.1 Regulation of Sphingosine kinase1 (SphK1)

The regulation of Sphingosine Kinase 1 occurs at multiple levels, including
transcriptional, post-transcriptional, and post-translational modifications,

influencing its expression, localization, and activity within cells (Figure 1-4).

1.6.1.1 Transcriptional Regulation

Several transcription factors control SphK1 gene expression. Specificity Protein 1
(Sp1) plays a critical role in the regulation of certain processes in cells, including
growth, differentiation, apoptosis, immune response and others. It is crucial in
upregulating SphK1 in response to nerve growth factor (NGF) in PC12 cells (Sobue
et al., 2005). Activator Protein 1 (AP-1) regulates gene expression in response to
various stimuli, such as cytokines, growth factors, stress, and infections, and plays
a crucial role in cellular processes like differentiation, proliferation, and
apoptosis. AP-1 mediates transcriptional activation in glioblastoma cells following
IL-18 stimulation (Paugh et al., 2009). Additionally, Sp1 and AP-2 binding sites in
the SphK1 promoter facilitate its upregulation in neuroblastoma cells upon
exposure to glial-derived neurotrophic factor (Murakami et al., 2007).
Transcription factors of the AP-2 family (AP-2a to AP-2¢) regulate gene expression
in both developmental-stage and adult tissues and are implicated in metabolic
disorders. In the context of obesity, where expanding adipose tissue often
becomes hypoxic, transcriptional responses involving hypoxia-inducible factors
(HIFs) and AP-2 may alter lipid signalling pathways. Specifically, HIF-2a has been
shown to regulate SphK1 expression, with its knockdown reducing SphK1 levels in
hypoxic glioma cells (Anelli et al., 2008). Other transcriptional regulators include
LIM-domain-only protein 2 (LMO2) (Matrone et al., 2017) and E2F family members
E2F1 and E2F7 (Hazar-Rethinam et al., 2015).

1.6.1.2 Post-Transcriptional Regulation

MicroRNAs (miRNAs) contribute to the negative regulation of SphK1 by either
degrading its mRNA or inhibiting its translation (KimHan and Siomi, 2009). For
instance, miR-124 enhances SphK1 mRNA degradation in ovarian cancer cells
(Zhang et al., 2013), while miR-506 inhibits its translation in hepatocellular

carcinoma (Lu et al., 2015). Recent studies have identified additional miRNAs,
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such as miR-3677 in osteosarcoma (Yao et al., 2020) and miRNA-6862 in neural

cells that downregulate SphK1 expression (Xue et al., 2021).

1.6.1.3 Post-Translational Regulation

SphK1 activity and intracellular localisation are tightly regulated by
phosphorylation and protein-protein interactions. Phosphorylation at Ser225 is a
critical modification that promotes the translocation of SphK1 to the plasma
membrane, positioning the enzyme near S1P transporters. This spatial
arrangement facilitates the efficient synthesis and export of S1P, thereby enabling
autocrine and paracrine activation of S1P receptors. Pro-inflammatory stimuli,
including TNF-a, IL-18, and LPS, have been shown to enhance SphK1 activity by
promoting Ser225 phosphorylation and subsequent membrane translocation
(Pitson et al., 2003, Billich et al., 2005, Lee et al., 2019). However, alternative
pathways, independent of Ser225 phosphorylation, can also regulate SphK1, such
as Gg-mediated translocation in response to muscarinic receptor activation and
bradykinin signalling (ter Braak et al., 2009, Bruno et al., 2018). Additionally,
CIB1, a calcium-binding protein, facilitates SphK1 membrane translocation to the

plasma membrane in Hela cells (Jarman et al., 2010).

1.6.1.4 Protein-Protein Interactions

SphK1 activity is further regulated by interactions with various proteins, which
can either enhance or inhibit its functioning. Activation is promoted by binding to
Src family protein tyrosine kinases (PTKs), &-Catenin in hippocampal cells (Fujita
et al., 2004). Moreover, Filamin A in melanoma cells (Maceyka et al., 2008), and
TRAF2 in HEK293T cells (Xia et al., 2002). Conversely, inhibitory interactions have
been reported with proteins such as SKIP (SphK1 Interacting Protein 1) in HEK cells
(Lacana et al., 2002), PECAM-1 in HEK293 cells (Fukuda et al., 2004), and FHL2 in
cardiomyocytes (Sun et al., 2006).
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Figure 1-4 Schematic overview of the transcriptional, post-transcriptional, and post-
translational regulation of SphK1.

SphK1 expression is regulated at multiple levels. Transcriptionally, factors such as Sp1, AP-
1, AP-2, HIF-1a, E2F1, E2F2, and LMO2 modulate its promoter activity. Post-transcriptionally,
non-coding RNAs including miR-124, miR-506, miR-3677, and miR-6862 suppress its
translation. Post-translationally, SphK1 is activated by phosphorylation in response to
inflammatory stimuli like IL-1B and TNF-a, and its membrane translocation is promoted by
CIB1. At the plasma membrane, SphK1 converts sphingosine to S1P, which is exported to act
on S1P receptors. Protein—protein interactions further fine-tune its enzymatic activity.

1.6.2 Regulation of Sphingosine kinase2 (SphK2)

Compared to SphK1, the regulation of SphK2 remains less extensively studied.
However, similarly to SphK1, its enzymatic activity can be rapidly enhanced in
response to various external stimuli. Pro-inflammatory cytokines such as TNF-a
and IL-1B, as well as growth factors like EGF, have been shown to activate SphK2
(MastrandreaSessanna and Laychock, 2005). Given the structural similarities
between SphK1 and SphK2, it is not surprising that both isoforms share common
activation mechanisms. SphK2 activation is mediated through phosphorylation by
ERK1/2, a mechanism also observed in SphK1. However, while SphK1
phosphorylation occurs at Ser225, SphK2 is phosphorylated at distinct sites,
specifically Ser351 and Thr578, further highlighting differences in their regulatory
control (Hait et al., 2007).
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1.6.3 Sphingosine Kinases inhibitors

The search for effective inhibitors targeting SphK1 and SphK2 has been an area of
significant research interest. Initial inhibitors, such as L-threodihydrosphingosine
(DHS), N,N-dimethylsphingosine (DMS), and N,N,N-trimethylsphingosine (TMS),
were among the first compounds identified. However, their broad activity profile
led to off-target effects, as they also inhibited other kinases, including protein
kinase C (PKC) and ceramide synthase (Pitman and Pitson, 2010). To enhance
selectivity, a series of non-lipidic small molecules, including SKI-I, SKI-II, SKI-III,
and SKI-IV, were synthesized. These compounds effectively lower S1P levels and
are widely used as non-selective inhibitors of SphKs (French et al., 2003). Further
progress in this field resulted in the development of selective SphK1 inhibitors
such as PF543, VPC96091, SK1-I (BML258), and compound 82 (Bu et al., 2021).
Among these, PF543 has emerged as the most extensively used SphK1 inhibitor, as
it promotes SphK1 proteasomal degradation, leading to a reduction in S1P levels
(Byun et al., 2013). Its role in modulating S1P concentrations has been validated
in various cellular and animal models (Yi et al., 2023, Schnute et al., 2012). For
SphK2 inhibition, several selective inhibitors have been identified, including (R)-
FTY720-Ome (ROME), ABC294640, SG-12, K145, SKI-Il, and trans-12a (Neubauer
and Pitson, 2013). Among these, ROME functions as a competitive inhibitor with
high specificity for SphK2, showing no inhibitory effect on SphK1, even at elevated
concentrations (Lim et al., 2011). Studies have demonstrated that ROME
effectively decreases both SphK2 expression and S1P levels in prostate cancer cells
(Watson et al., 2013).

1.7 The role of Sphingosine Kinase/Sphingosine 1
Phosphate in vascular tone regulation

Vascular tone is dynamically regulated by various circulating mediators that
induce either vasoconstriction or vasodilation. Among these, S1P has emerged as
a critical endogenous modulator of vascular function. The effects of S1P on
vascular tone are mediated through both endothelium-dependent and
endothelium-independent mechanisms, involving distinct receptor subtypes and

signalling pathways.
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Endothelium-Dependent Regulation

S1P plays a vital role in maintaining vascular homeostasis by enhancing endothelial
barrier integrity and promoting vasodilation, primarily via S1PR1 activation; it
binds to S1PR1, which is primarily responsible for barrier enhancement, and the
interaction stabilizes endothelial junctions and reduces vascular leakage.
Experimental studies have demonstrated that S1P stimulates endothelial nitric
oxide synthase activation through signalling cascades involving calcium-sensitive
and PI3K/Akt pathways. The engagement of STPR1 and S1PR3 on endothelial cells
leads to eNOS phosphorylation and subsequent nitric oxide production, a key
mediator of vasorelaxation. This effect has been observed in various models,
including rat aortic rings and coronary arteries, where S1P-induced vasodilation
was mediated by eNOS-dependent NO release (Alganga et al., 2019, Mair et al.,
2010). Furthermore, S1PR3 activation has been implicated in vasodilation within
the mouse aorta in response to FTY720, an S1P analogue, through an Akt-
dependent eNOS phosphorylation mechanism (Tolle et al., 2005). Additionally,
intracellular S1P has been found to regulate eNOS expression by interacting with
heat shock protein 90 (hsp90) (Roviezzo et al., 2006), a chaperone protein

essential for eNOS enzymatic activity and NO production (Brouet et al., 2001).

Endothelium-Independent Regulation

In vascular smooth muscle cells, S1P primarily induces vasoconstriction through
activation of S1PR2, with lower contributions from S1PR1 and S1PR3
(AlewijnsePeters and Michel, 2004). S1P-mediated vasoconstriction occurs via two
primary mechanisms: (1) increased intracellular calcium (Ca?*) levels resulting
from K* channel depolarization, through the following mechanisms: inhibiting
voltage - gated K* channels, which leads to a lower potassium efflux; stimulating
an influx of calcium into vascular smooth muscle cells; activation of Rho Kinase.
This leads to the activation of myosin light chain kinase (MLCK) and smooth muscle
contraction, and (2) Ca?* sensitization via the G12/13-RhoA-Rho kinase pathway,
which enhances contractility independent of direct Ca?* influx (Hemmings, 2006,

Hemmings et al., 2006).

Rho Kinase Activation: S1P activates Rho kinase, which sensitizes the contractile

machinery to calcium, enhancing vasoconstriction. The effects of S1P on vascular
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constriction also vary depending on receptor distribution in different vascular
beds. In rat cerebral arteries, vasoconstriction is mediated through S1PR2 and
S1PR3, which induce Rho-kinase-dependent Ca?* release from the sarcoplasmic
reticulum. However, the aortic response to S1P is significantly lower, likely due
to the reduced expression of S1PR2 and S1PR3 in this vessel type (Coussin et al.,
2002). Additionally, S1P can promote vasoconstriction by stimulating L-type Ca?*
channels, leading to extracellular Ca?* influx and contraction (Bischoff et al.,
2000). Other pathways, including the phosphorylation of p38 MAPK and ERK1/2,
also contribute to S1P-induced VSMC contraction (Hemmings, 2006). Notably,
intracellular S1P can independently modulate vascular tone by activating store-
operated calcium entry (SOCE) channels, which facilitate calcium influx into

VSMCs and contribute to vasoconstriction (El-Shewy et al., 2018).

1.7.1 Role of Sphingosine Kinase/Sphingosine-1-Phosphate in
adipose tissue function

Sphingosine kinases and their bioactive product, sphingosine-1-phosphate, play a
crucial role in adipose tissue function and metabolism. These signalling molecules
are involved in various cellular processes, including adipogenesis, lipid
metabolism, and inflammatory responses within adipose depots. SphK1 and SphK2
are widely expressed in different adipose tissue types, including subcutaneous
adipose tissue (SAT), epididymal white adipose tissue (EWAT) (Zhang et al., 2014,
Kitada et al., 2016), and brown adipose tissue (BAT) (Morishige et al., 2023), as
well as in cultured 3T3-L1 adipocytes (Hashimotolgarashi and Kosaka, 2009, Kitada
et al., 2016), Similarly, S1P receptors (51PR1, S1PR2, and S1PR3) are detected in
3T3-L1 adipocytes (Mastrandrea, 2013, Lee et al., 2017), differentiated rat white
adipocytes (Jun et al., 2006), epididymal adipose tissue (EAT), and inguinal SAT
(Chakrabarty et al., 2022). Additionally, studies indicate that S1P concentrations
are elevated in obesity, with increased levels detected in the adipose tissue of

both obese humans and animal models (Samad et al., 2006, Guitton et al., 2020).

1.7.2 Role of Sphingosine Kinase/Sphingosine-1-Phosphate in
adipogenesis and lipid metabolism

Extensive research has explored the involvement of sphingolipid signalling

components, including SphK1, SphK2, and S1P receptors, in adipogenesis and lipid
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metabolism. Studies have shown that SphK1 and SphK2 activity increases during
adipocyte differentiation, leading to enhanced S1P production. For instance, in
3T3-L1 adipocytes, the activation of SphKs during adipogenesis correlates with
increased lipid droplet accumulation and the upregulation of adipogenic markers
(Hashimotolgarashi and Kosaka, 2009). Pharmacological or genetic inhibition of
SphK1 significantly reduces lipid accumulation, suggesting its essential role in
adipocyte maturation. Similarly, another study reported that inhibiting SphK1 with
SPHK-I2 suppressed lipid droplet formation in mature adipocytes (Mastrandrea,
2013). While SphK1 activation appears to promote adipogenesis, the role of S1PR
activation in adipocyte differentiation is more complex. Studies indicate that S1P
can inhibit adipogenesis, as treatment of 3T3-L1 preadipocytes with S1P
suppresses differentiation and lipid accumulation. This inhibition is associated
with the downregulation of key transcriptional regulators, including PPARYy,
C/EBPa, and adiponectin (Moon et al., 2014). Consistently, pharmacological or
genetic inhibition of S1PR2 enhances adipogenesis and lipid accumulation,
alongside increased expression of adipogenic transcription factors (MoonJeong and
Park, 2015, JeongMoon and Park, 2015). Furthermore, mice deficient in S1P lyase,
an enzyme responsible for S1P degradation, exhibited reduced adiposity compared
to wild-type controls, suggesting that S1P metabolism plays a regulatory role in
fat storage (Bektas et al., 2010).

1.7.3 Role of Sphingosine Kinase/Sphingosine-1-Phosphate in
adipose tissue inflammation

SphK1 and SphK2 and their bioactive lipid product, S1P, play a pivotal role in the
regulation of adipose tissue inflammation, particularly in the context of obesity.
Evidence from both human (Ito et al., 2013, Nojiri et al., 2014) and animal studies
(Wang et al., 2014) indicates that SphK1 expression is significantly upregulated in
obese models, correlating with elevated S1P levels in both adipose tissue and

systemic circulation (Hashimotolgarashi and Kosaka, 2009).

The pro-inflammatory role of SphK1 in adipose tissue has been demonstrated
through its ability to induce the production of inflammatory cytokines, including
TNF-q, IL-6, and IL-1B. In contrast, genetic deletion of SphK1 results in an increase

in anti-inflammatory adipocytokines such as IL-10 and adiponectin, indicating a
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potential protective effect against inflammation (Wang et al., 2014).
Furthermore, SphK1 inhibition has been shown to mitigate LPS-induced
inflammation, reinforcing its role as a key modulator of inflammatory responses
in adipose tissue (TousFerrer-Lorente and Badimon, 2014). S1P, synthesized by
both SphK1 and SphK2, further contributes to adipose tissue inflammation by
promoting cytokine secretion in adipocytes. Among S1P receptors, S1PR2 has been
identified as a major driver of inflammation, as its genetic deletion or
pharmacological inhibition attenuates inflammatory responses in adipose tissue
(Kitada et al., 2016, Asano et al., 2023). Conversely, STPR1 activation appears to
exert anti-inflammatory effects, reducing TNF-a expression and macrophage
infiltration (Asano et al., 2023), highlighting the differential roles of S1P receptor

subtypes in adipose tissue homeostasis.

Chronic inflammation within adipose tissue is closely linked to insulin resistance
and metabolic dysfunction. SphK1/51P signalling has been shown to worsen insulin
resistance and impair glucose metabolism, as evidenced by studies demonstrating
that SphK1-deficient mice exhibit improved insulin sensitivity and glucose
tolerance following a high-fat diet (Olefsky and Glass, 2010, Wang et al., 2014,
Osborn and Olefsky, 2012). Moreover, the inhibition or genetic deletion of S1PR2
enhances metabolic function by reducing inflammation and improving insulin

sensitivity (Kitada et al., 2016).

1.8 AMP-activated protein kinase (AMPK)

1.8.1 AMPK background

AMP-activated protein kinase (AMPK) is a central regulator of cellular energy
homeostasis, functioning as a downstream component of a protein kinase cascade
that senses intracellular energy levels and governs both cellular and systemic
metabolism (Salt and Hardie, 2017). Its activation is triggered by an increase in
AMP or ADP relative to ATP, which occurs in response to metabolic stressors such
as hypoxia, nutrient deprivation, or ischaemia (Hardie, 2011, Carling, 2017). Upon
activation, AMPK stimulates ATP-generating pathways, including fatty acid

oxidation, while concurrently inhibiting ATP-consuming processes such as
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lipogenesis, cholesterol synthesis, protein synthesis, and gluconeogenesis,

ensuring cellular energy balance (Carling, 2017; Palmer and Salt, 2021).

Structurally, AMPK is a heterotrimeric complex comprising a catalytic a-subunit
and two regulatory B- and y-subunits, with multiple isoforms (a1, a2, B1, B2, y1,
Y2, and y3) that enable tissue-specific functional diversity (Hardie, 2011). In the
endothelium and adipose tissue, AMPK predominantly exists in its al isoform,

whereas skeletal and cardiac muscles primarily express a2 (Salt and Hardie, 2017).

The a-subunit features an N-terminal catalytic serine/threonine kinase domain,
containing a highly conserved Thr172 residue, which is critical for AMPK
activation, while its C-terminal region interacts with the B-subunit (Salt and
Hardie, 2017). The B-subunit functions as a scaffold, linking the y-subunit and the
C-terminal domain of the a-subunit, while also containing a carbohydrate-binding
module (CBM)/glycogen-binding domain (GBD), which allows AMPK to interact
with glycogen (Carling, 2017; Juszczak et al., 2020). Meanwhile, the y-subunit
contains four cystathionine-B-synthase (CBS) motifs, which facilitate the binding
of adenine nucleotides (AMP, ADP, and ATP), playing a crucial role in AMPK's

allosteric regulation (RossJensen and Hardie, 2016) (Figure 1-5).
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Figure 1-5: AMPK a, 3, and y subunits.

The AMPKa subunit contains an N-terminal serine/threonine kinase domain, which is
phosphorylated at Thr172 for activation, regulated by an autoinhibitory domain (AID) and
negatively modulated via Ser 485/491 phosphorylation. The B subunit functions as a scaffold,
interacting with the a and y subunits through its B-CTD and binding glycogen via its CBD.
The y subunit contains four CBS domains, which bind ATP, AMP, and ADP, with AMP binding
inducing allosteric activation, stabilizing the AMPK complex, and enhancing phosphorylation
by upstream kinases, ensuring energy balance and metabolic regulation (Juszczak et al.,
2020).
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The activation of AMPK is primarily driven by AMP and ADP binding to CBS domains
of the y-subunit, which induces a conformational change that enhances Thr172
phosphorylation by upstream kinases, leading to a 100-fold increase in AMPK
activity (Towler and Hardie, 2007; Carling, 2017). Simultaneously, AMP binding
inhibits the dephosphorylation of Thr172 by protein phosphatases, further
sustaining AMPK activation (Davies et al., 1995; Salt & Hardie, 2017). Beyond
allosteric activation by AMP, AMPK can also be activated through direct
phosphorylation at Thr172 by upstream kinases, primarily liver kinase B1 (LKB1)
and Ca?*/calmodulin-dependent protein kinase kinase 2 (CaMKK2) (Shaw et al.,
2004; Hawley et al., 2005; Woods et al., 2005). LKB1-mediated activation occurs
in response to low-energy conditions, such as exercise and starvation (Herzig and
Shaw, 2018), whereas CaMKK2-dependent activation is triggered by intracellular
Ca?* flux, which can be induced by endothelial-acting hormones such as thrombin
and vascular endothelial growth factor (VEGF) (Stahmann et al., 2010; Hardie,
2018). Given its fundamental role in metabolic regulation, AMPK is targeted by
numerous pharmacological agents, natural compounds, and hormones. Some of
these agents, including metformin and thiazolidinediones, are already clinically
utilized in the treatment of type 2 diabetes (T2D), highlighting AMPK’s therapeutic

potential in metabolic diseases.

1.8.2 Pharmacological AMPK activators

A diverse range of compounds with distinct structures have been developed to
experimentally activate AMPK, with a variety of different mechanisms of action.
One class of AMPK activators consists of prodrugs that undergo intracellular
conversion into AMP analogues through cellular enzymatic processes. A well-
established compound in this category is AICAR (5-aminoimidazole-4-carboxamide
ribonucleoside), an adenosine analogue that enters cells via adenosine
transporters and is subsequently phosphorylated by adenosine kinase to produce
ZMP, an AMP mimetic (Hardie, 2016). By binding to the same regulatory sites as
AMP, ZMP mimics AMP's effects on AMPK activation without altering adenine
nucleotide ratios, although it is less potent than AMP itself (Hardie, 2016; Salt &
Hardie, 2017). AICAR has been extensively utilized for AMPK activation in intact
cells, tissues, and animal models, yet its limited specificity and off-target effects

have been reported (Kopietz et al., 2021; Ahwazi et al., 2021). Another prodrug-
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based AMPK activator, Compound 13 (C13), follows a mechanism similar to AICAR.
Once inside the cell, C13 is processed by cellular esterases into Compound 2 (C2),
an AMP analogue that has been shown to activate AMPK more effectively than AMP
or ZMP (Goémez-Galeno et al., 2010; Salt & Hardie, 2017).

Beyond AMP analogue-based regulation, recent advances have led to the
development of allosteric AMPK activators that directly bind to AMPK at specific
regulatory sites. Among these are A769662, a thienopyridone compound, and 991,
a benzimidazole derivative (Cool et al., 2006; Calabrese et al., 2014). Both
compounds activate AMPK by binding to the allosteric drug and metabolite (ADaM)
site, a regulatory pocket situated between the B-CBM and the N-lobe on the a
subunit (Xiao et al., 2013). Notably, these allosteric activators display selectivity
for AMPK complexes containing the B1 isoform rather than B2, influencing their
potential application in tissue-specific AMPK modulation (Xiao et al., 2013). The
preferential activation of B1-containing AMPK complexes by A769662 was further
validated by studies showing that its effects are abolished by an S108A mutation
in B1, which prevents phosphorylation at this residue (Willows et al., 2017).
Similarly, 991 also exhibits a degree of selectivity for B1-containing AMPK
complexes, though its activity is reduced rather than abolished when B1 carries
the S108A mutation compared to wild-type B1 AMPK (Willows et al., 2017).

1.8.3 Vascular effect of AMPK

Extensive research has identified AMPK as a key regulatory enzyme in the vascular
system, playing a crucial role in modulating endothelial function and governing
vascular smooth muscle cell activity to maintain vascular homeostasis and

haemodynamic stability.

1.8.3.1 Role of AMPK in the vascular endothelium

AMPK is a key regulator of endothelial function, particularly in vascular tone
modulation, NO production, and endothelial protection. Both AMPKa1 and AMPKa2
isoforms are expressed in endothelial cells, with AMPKa1 being the dominant form
(Morrow et al., 2003; Goirand et al., 2007). However, AMPKa2 also plays an

essential role in maintaining endothelial integrity, as its deletion has been
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associated with increased oxidative stress and endothelial dysfunction (Wang et
al., 2010).

The activation of endothelial AMPK is triggered by various physiological stressors,
including hypoxia, low glucose levels, shear stress, and hormonal stimulation from
factors such as adiponectin and angiotensin Il (Nagata et al., 2003; Ouchi et al.,
2004; Zhang et al., 2006; Chen et al., 2009; Wang et al., 2012; Salt & Hardie,
2017). Additionally, AMPK activation can be induced by several pharmacological
agents, such as metformin (Hattori et al., 2006), thiazolidinediones (Boyle et al.,
2008), SGLT2 inhibitors (Mancini et al., 2018), statins (Sun et al., 2006), and
fenofibrate (Murakami et al., 2006).

One of AMPK’s key roles in the vascular endothelium is its regulation of eNOS
phosphorylation and nitric oxide production, a function it shares with the PI3K/Akt
pathway. While these are distinct signalling routes, some evidence suggests
potential crosstalk between AMPK and PI3K/Akt in modulating endothelial
function (Rodriguez et al., 2021). AMPK facilitates the phosphorylation of eNOS at
Ser1177, thereby enhancing NO synthesis and promoting vasodilation (Morrow et
al., 2003; Cheng et al., 2007; Reihill et al., 2007; Rossoni et al., 2011).
Pharmacological AMPK activators, such as AICAR, metformin, and adiponectin,
have been shown to increase eNOS activity and NO bioavailability, contributing to
endothelium-dependent relaxation in both human and animal models (Ford and
Rush, 2011; Dolinsky et al., 2013; Chen et al., 2019).

Beyond its role in vasodilation, AMPK has anti-inflammatory, anti-atherogenic, and
cytoprotective effects. It mitigates oxidative stress, inflammation, endothelial
apoptosis, and ER stress, while simultaneously enhancing angiogenesis and
endothelial cell survival (Colombo and Moncada, 2009; Jansen et al., 2020; Kim et
al., 2010; Dong et al., 2010; Nagata et al., 2003). Through NF-kB signalling
inhibition, AMPK suppresses the expression of pro-inflammatory cytokines (TNF-a)
and adhesion molecules (ICAM-1, VCAM-1, and E-selectin), all of which play a
crucial role in endothelial dysfunction and the progression of atherosclerosis
(Hattori et al., 2006; Ewart et al., 2008; Katerelos et al., 2010). Moreover, AMPK
activation by canagliflozin has been observed to inhibit IL-1B-stimulated pro-

inflammatory chemokine secretion in human endothelial cells, further highlighting
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its anti-inflammatory properties and contribution to vascular homeostasis (Mancini
et al., 2018).

1.8.3.2 Role of AMPK in the vascular smooth muscle cells

AMPK is a key regulator of VSMC function, influencing vasoconstriction and
vasodilation in response to various physiological and pathological stimuli.
Dysfunction of AMPK in VSMCs has been linked to vascular diseases such as
hypertension and atherosclerosis. Both AMPKa1 and a2 isoforms are expressed in
VSMCs, with a1l being predominant, while B1 is the main regulatory subunit
contributing to AMPK activity (Goirand et al., 2007; Rodriguez et al., 2021).

AMPK plays a crucial role in endothelium-independent vasodilation. Studies have
demonstrated that AMPK activation using AICAR induces potent relaxation in the
mouse aorta, independent of endothelium and eNOS (Goirand et al., 2007;
Almabrouk et al., 2017). Similarly, A769662-induced AMPK activation in mouse
mesenteric arteries promotes vasodilation by reducing intracellular calcium levels
through SERCA activation and BKca channel stimulation (Schneider et al., 2015).
In human and rat renal resistance arteries, AMPK-induced relaxation occurs via
both endothelium-dependent (NO and IKca channel activation) and endothelium-

independent (SERCA activation) mechanisms (Rodriguez et al., 2020).

In addition to promoting vasodilation, AMPK inhibits VSMC contraction by
phosphorylating and rendering myosin light chain kinase (MLCK) inactive, thereby
reducing myosin light chain phosphorylation and attenuating vasoconstriction
(Horman et al., 2008). Furthermore, acetylcholine (Lee & Choi, 2013) and ROS
(e.g., H202) (Zhang et al., 2008a) have been shown to induce endothelium-
independent vascular relaxation via an AMPK-LKB1-dependent pathway, which

inhibits MLCK and reduces contractility.

1.8.4 Role of AMPK in perivascular adipose tissue

Perivascular adipose tissue has emerged as an active regulator of vascular
function, exerting paracrine effects on both vascular smooth muscle cells and
endothelial cells. AMPK is expressed not only in VSMCs and ECs but also in PVAT,
where its activation plays a crucial role in the ability of PVAT to regulate vascular

contractility and homeostasis. While AMPK’s functions in ECs and VSMCs have been
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extensively studied (Ewart et al., 2008; Bijland et al., 2013; Mancini et al., 2017),

its role in PVAT regulation remains less explored.

A previous study from our laboratory demonstrated that global deletion of AMPKa1
significantly impaired the anticontractile function of PVAT in endothelium-
denuded mouse aortic vessels, suggesting that AMPK is essential for PVAT-
mediated vasoregulation (Almabrouk et al., 2014). AMPK has also been implicated
in regulating adiponectin production and secretion, a key vasoprotective
adipokine released by PVAT (Lihn et al., 2004; Giri et al., 2006). This was further
supported by findings that AMPKa1 knockout mice exhibited reduced adiponectin
secretion from PVAT, leading to impaired vascular relaxation. Moreover,
exogenous addition of adiponectin restored vasorelaxation in both knockout and
wild-type aortic rings without PVAT (Almabrouk et al., 2017).

Dysregulation of AMPK activity in PVAT has been linked to inflammation and
adipokine imbalance, particularly under conditions of metabolic stress. For
instance, palmitic acid (PA) treatment of rat PVAT led to reduced AMPK activity,
an increase in NF-kB phosphorylation, and dysregulated adipokine expression (Sun
et al., 2014; Chen et al., 2016; Ma et al., 2017). However, pre-treatment with
AMPK activators, including metformin, AICAR, salicylate, resveratrol, diosgenin,
and methotrexate, reversed these effects by suppressing NF-kB activation,
reducing pro-inflammatory cytokine expression, and enhancing adiponectin and
PPARYy levels (Sun et al., 2014; Chen et al., 2016; Ma et al., 2017). Additionally,
conditioned medium (CM) from PA-stimulated PVAT impaired endothelium-
dependent vasodilation, but this effect was reversed following AMPK activation,
further emphasizing its protective role in PVAT function (Sun et al., 2014; Chen et
al., 2016; Ma et al., 2017).

Obesity, a major risk factor for cardiovascular diseases such as hypertension,
atherosclerosis, and coronary artery disease, is associated with increased PVAT
mass, structural alterations, and functional impairment (Stanek et al., 2021).
AMPK has been identified as a protective mechanism against obesity-induced PVAT
dysfunction. Studies from our laboratory revealed that high-fat diet (HFD) induces
inflammatory infiltration in PVAT, reduces AMPK phosphorylation, decreases
adiponectin secretion, and attenuates PVAT’s anticontractile function (Almabrouk
et al., 2018). Furthermore, studies in HFD-fed rats demonstrated that PVAT
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dysfunction was associated with increased IKKB activation, reduced AMPK
phosphorylation, and elevated serum TNF-a levels, while adiponectin levels were
significantly decreased (Chen et al., 2016). However, AMPK activation using
diosgenin effectively reversed these effects, highlighting AMPK’s potential as a
therapeutic target for counteracting obesity-induced PVAT dysfunction (Chen et
al., 2016).



35

1.9 Hypothesis and Aim

Perivascular adipose tissue (PVAT) plays a vital role in supporting vascular function
by releasing vasorelaxant mediators, notably adiponectin and nitric oxide (NO),
which are essential for regulating vascular tone and mitigating vascular
dysfunction. The synthesis and availability of these mediators are tightly
controlled by intracellular metabolic regulators, particularly AMP-activated
protein kinase (AMPK), which facilitates adiponectin secretion and stimulates NO
production, thereby contributing to the anti-contractile properties of PVAT.
Sphingosine-1-phosphate (S1P), a bioactive lipid mediator, also influences
vascular tone by modulating the production of adiponectin and NO; however, the
specific mechanisms underlying its action within PVAT remain incompletely
understood. This study hypothesises that the combined presence of S1P and AMPK
activation within PVAT enhances vasorelaxation through the increased release of
adiponectin and NO. It is further proposed that this vasodilatory effect is
diminished in the absence of AMPKa1, underscoring its essential role in mediating
the actions of S1P within PVAT.

The specific aims of this study are:

1. To investigate the expression and role of sphingosine kinase1 (SphK1)/S1P

signalling pathways in wild-type (WT) and AMPKa1 knockout (KO) mice.

2. To evaluate whether AMPK activation (using AICAR) and S1P receptor
stimulation (S1PR1-3), as well as the combination of S1P with AICAR,
promote vasorelaxation in aortic rings from WT and AMPKa1 KO mice, and
to assess the contribution of PVAT-derived adipokines including NO and
adiponectin using conditioned media and targeted pharmacological

approaches.

3. To examine the vascular effects of direct AMPK activators (C991 and A-
769662), both independently and in combination with S1P in WT and
AMPKa1 KO mice, to further define the role of AMPK and S1P in PVAT-

mediated vascular regulation.
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2.1 Materials

2.1.1 Animal model

Wild-type (Sv129-WT) male and female mice aged between 12-20 weeks were initially
purchased from Harlan Laboratories (Oxon, UK) and global AMPKa1 knock-out (KO)
mice were generously provided by Benoit Viollet (Institut Cochin, Paris, France).
Three genotypes were used: Wild-type, heterozygous and AMPKa1 knock-out (KO). All
mice were bred in-house and maintained together under identical conditions, being
housed and fed a standard chow diet in the Central Research Facility (CRF) at the
University of Glasgow. All experimental procedures were carried out in accordance
with the United Kingdom Home Office Legislation under the Animals (Scientific
Procedure) Act 1986 (project license PP1756142 which was approved by the Glasgow
University Animal Welfare and Ethical Review Board) and guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals used for

scientific purposes.

2.1.2 List of cells and suppliers

3T3-L1 preadipocytes were originally purchased from American Type Culture
Collection, (Manassas, VI, USA) and kindly supplied by Prof. G. W. Gould (University
of Strathclyde, Glasgow, UK).

Wild type and AMPK a1/a2 (AMPK-/-) double knockout mouse embryonic fibroblasts
(MEFs) were a kind gift from Dr. Benoit Viollet, Institute Cochin, Paris, France
(Laderoute et al., 2006).

2.1.3 List of materials and suppliers

Tocris Bioscience, Bristol, UK

Sphingosine 1 Phosphate (#1370)
SEW2871 (#2284)
CYM5541 (#4897)
JTE 013 (#2392)

W146 (#3602)



Troglitazone (#3114)

Cayman Chemical, USA

CYM 5478 (#29024)
CAY10444 (#CAY10005033)

Sigma-Aldrich Ltd, Gillingham, Dorset, UK

Phenylephrine (#P6126)

Acetylcholine (#A6625)

Dexamethasone
3-Isobutyl-1-methylxanthine (IBMX) (#15879)
Porcine Insulin (#15523)

L-NAME (#N5751)

Abcam, Cambridge, UK
A769662 (#ab120335)

AOBIOUS Inc., Gloucester, MA, USA
Compound 991 (#AOB8150).

Toronto Research Chemicals Inc, Ontario, Canada

AICAR (5-aminoimidazole-4-carboxamide-1-beta-4-ribofuranoside) (#A611700)

Fisher Scientific UK Ltd, Loughborough, Leicestershire, UK

Bovine serum albumin (BSA)(#PB1600-100)
NuPAGE™ LDS Sample Buffer (4X) (#NP0007)
Pierce™ BCA Protein Assay Kits (#23277)

Invitrogen (GIBCO Life Technologies Ltd), Paisley, UK

Dulbecco’s modified Eagles media (DMEM), high glucose
Dulbecco’s modified Eagles media (DMEM)+GlutaMAX
Foetal calf serum (FCS) (USA origin)

Foetal calf serum (FCS) (EU origin)
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Newborn calf serum (NCS)

Phosphate buffered saline (PBS)
Penicillin/streptomycin

DNA Gel Stain (#S33102)

Trypsin

Corning tissue culture T75/T150 flasks

New England Biolabs Inc, UK

Blue Prestained Protein Standard, Broad Range (11-250 kDa) (#P7719S)

VWR International Ltd, Lutterworth, Leicestershire, UK

Falcon tissue culture 10 cm diameter dishes
Falcon tissue culture 6 well plates

Anachem, Luton, UK

DNAreleasy

Invitrogen (Life Technologies Ltd), Paisley, UK
SYBR™ Safe DNA Gel Stain (#533102)

Premier International Foods, Cheshire, UK

Dried skimmed milk.

VECTOR Laboratory (2BScientific)

VECTASHIELD® Antifade Mounting Medium with DAPI (#H-1200)

Severn Biotech Ltd, Kidderminster, Hereford, UK

Acrylamide:Bisacrylamide (37.5:1; 30% (w/v) Acrylamide) (#20-2100-10)

R&D SYSTEMS a Biotechne brand, Abingdon, UK

Mouse Adipokine Array Kit (#ARY013)



2.1.4 List of primary and secondary antibodies for
immunoblotting

2.1.4.1 Primary antibodies for Western blotting

The primary antibodies used for immunoblotting are listed in table 2-1. All antibodies
were prepared in TBST with 5% (w/v) BSA. These antibodies were applied to

nitrocellulose membranes that had been blocked with TBS containing 5% (w/v) milk

powder.

Table 2-1 The primary antibodies used for immunoblotting

40

Antibody Source(Catalouge.N) Species | Dilution

phospho-ACC Cell Signalling Technology, Rabbit 1:1000

(579) Hertfordshire, UK, (#3661)

ACC Cell Signalling Technology, Rabbit | 1:1000
Hertfordshire, UK, (#3662)

Phospho-AMPK | Cell Signalling Technology, Rabbit 1:1000

(T172) Hertfordshire, UK, (#2531)

AMPKa Cell Signalling Technology, Rabbit 1:1000
Hertfordshire, UK, (#2532)

SphK1 Santa Cruz (sc-365401) Mouse 1:500

ERK 1/2 Cell Signalling Technology(#9102) Rabbit 1:1000

JNK Cell Signalling Technology(#9252) Rabbit 1:1000

B-actin Cell Signalling Technology, UK, (#4970) | Rabbit 1:1000

2.1.4.2 Secondary antibodies for Western blotting

The secondary antibody as described in table 2-2 was applied to all blots and

incubated for 1 hour at room temperature.
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Table 2-2 The secondary antibodies used for immunoblotting

Conjugate Epitope | species | Dilution | Source(Catalouge.N)

IRDye® Rabbit | Donkey | 1:10000 | LI-COR Biosciences, USA (# 926-
800CW 32213)

IRDye® Rabbit | Donkey | 1:10000 | LI-COR Biosciences, USA (# 926-
680CW 68073)

IRDye® Mouse | Donkey | 1:10000 | LI-COR Biosciences, USA (# 926-
800CW 32212)

IRDye® Mouse | Donkey | 1:10000 | LI-COR Biosciences, USA (# 925-
680CW 68072)

2.2 Methods

2.2.1 Genotyping from mouse ear notches
2.2.1.1 DNA extraction and polymerase chain reaction (PCR)

Ear notches were numbered and collected from the CRF building at the University
of Glasgow when the mice were 6 weeks old. These notches were then stored in
ear notch tubes at -20°C. DNA extraction was then performed from the ear
notches of both male and female WT and AMPKa1 knock-out (KO) mice.

Ear notches were then transferred to PCR tubes and 10ul of DNAreleasy (Anachem
LS02, UK) was added to lyse the ear notch tissues. All samples were then incubated
for 7 minutes on a thermocycler under the following conditions: initial
denaturation 75°C for 5 minutes, followed by denaturation at 96°C for 2 minutes
and then held at 20°C. The DNA concentration was subsequently diluted by adding
90ul of Nuclease-free water into each sample. This stock DNA was stored at 4°C

until used for polymerase chain reaction (PCR).

The PCR technique was employed to amplify both wild-type (Sv129-WT) and global
AMPKa1 knock-out (KO) genes. The experiment involved two main steps: PCR
amplification and gel electrophoresis. Each PCR tube was filled with a total
volume of 25.3 pl of the following: 13.75ul of GoTaq (Promega M5122, UK), 8.45ul
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of distilled water, and 0.55pul of each of the forward and reverse primers of WT
and AMPKa1 KO. Subsequently, 2ul of prepared DNA from each mouse was added

to PCR tubes. The sequences of the primers are shown in table 2-3.

The PCR tubes were then placed in a PCR machine which was programmed as
follows: 95°C for 5 minutes to allow initial DNA denaturation. This was followed
by further denaturation at 95°C for 30 seconds, annealing at 58°C for 40 seconds
and extension at 72°C for 10 minutes. This cycle of denaturing, annealing and

extension was repeated 40 times.

Table 2-3 List of DNA primers in genotyping process.
All forward and reverse primers were purchased from ThermoFisher.

Primer Type Sequence (5’-3’) Annealing | Product
temp. size (bp)
Forward
primer | AGCCGACTTTGGTAAAGGATG 64.0
Wild Reverse
TyPe | hrimer | CCCACTTTCCATTTTCTCCA 63.7 A%%r(fx
Forward

primer | GGGCTGCAGGAATTCGATATCAA 69.8

Knockout
Reverse

primer | CCTTCCTGAAATGACTTCTA 58.9 Approx

500

2.2.1.2 Agarose gel electrophoresis

A 2% (w/v) agarose gel was then prepared by dissolving 1g of agarose
(ThermoFisher, UK) in 50ml Tris-Acetate-EDTA (TAE) buffer. The mixture was
heated in a microwave on high power for two minutes until the agarose was
completely dissolved. To this solution, 5ul of SYBR Safe DNA stain (Invitrogen, UK)
was then added and subsequently the solution was poured into a casting tray with

combs in place and allowed to set for 30 minutes at room temperature.
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Subsequently, the gel was then transferred into the electrophoresis tank and
covered with TAE buffer. A volume of 6 uL of DNA ladder (Promega G2101, UK)
was loaded into the first well, followed by loading 10 uL of each sample into
individual, separate wells for electrophoretic analysis. The gel was then subjected
to electrophoresis at 100V for 30 minutes using a Flowgen powerpack (Bio-Rad,

UK) at room temperature.

Finally, the DNA bands were visualised and photographed using UV light (Bio-Rad,

UK) and images were analysed using QuantityOne software (Figure 2-1).

Het WT KO

DNA marker,500bp —— “--------- NeNNeEy b L 4——— Wild-type DNA primer

- -

Het WT KO
DNA marker,500bp ——

ECTTULICIR L DI RE 1T T T T
FRCRERNNE BRI NNENS sas

+—— AMPKa1 KO DNA primer

Figure 2-1: The genotyping of Wild-Type (WT) and AMPKa1 Knockout (KO) mice.

Mice genotyping was conducted by analyzing PCR-amplified products derived from ear notch
samples. The DNA fragments were separated using gel electrophoresis, with a DNA ladder
placed on the left side of the agarose gel for reference. The upper portion of the gel displayed
the PCR products generated using primers that target wild-type (WT) alleles, while the lower
portion exhibited the products from primers specific to AMPKa1 KO alleles. The gel indicated
examples of heterozygous (Het), wild-type (WT), and knockout (KO) genotypes.

2.2.2 Wire myography
2.2.2.1 Isolation and dissection of thoracic aorta mice

Wild-type (Sv129-WT) and global AMPKa1 knockout (KO) mice were euthanized by
gradually increasing the concentration of CO: within a closed chamber, in

accordance with ethical guidelines. Immediately following euthanasia, the heart
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and thoracic aorta were carefully excised and transferred into cold physiological
salt solution (PSS) composed of 119 mM NaCl, 25 mM NaHCOs, 4.7 mM KCL, 1.2 mM
KH2PO4, 1 mM MgSO4, 11 mM glucose, and 2.5mM CaClz, to preserve tissue
integrity for further experimentation. The entire heart and thoracic aorta were
then carefully isolated and placed in a Petri dish containing cold PSS to maintain
tissue viability for subsequent procedures. Thoracic aortae were then dissected,
and, in some experiments, they were cleaned of the surrounding perivascular
adipose tissues (PVAT), while other segments were left with intact PVAT (Figure 2-
2). The vessels were then cut into 1-2 mm rings using fine dissecting scissors under
a binocular microscope for subsequent aortic functional studies. Endothelium
removal was carried out by gently rubbing the intimal surface of the rings with

forceps, while in some segments, the endothelium was left intact.

Figure 2-2: Representative images of mouse thoracic aorta mounted in a small-vessel wire
myograph.

Two-millimetre aortic rings were threaded onto two stainless-steel wires and mounted
between a force transducer (for isometric tension recording) and an adjustable micrometer
jaw (for setting passive tension). Changes in vessel tone were recorded continuously via the
LabChart software. (A) Thoracic aorta with PVAT removed. (B) Thoracic aorta with intact
PVAT.

2.2.2.2 Mounting the tissue

The aortic rings were mounted in a four-channel wire myograph (Danish Myo
Technology, Denmark) (Figure 2-3). Vessels were gassed with a mixture of 95% O,
5% CO; at 37 °C in 5 ml of PSS, allowing for equilibration for 30 mins. The rings
were then stretched stepwise, in approximately 2mN steps with 5-minute intervals
between each stretch until reaching the optimal tension of 9.81 mN. Viability of

vessels was confirmed by two successive additions of 5 ml high-potassium
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physiological salt solution (KPSS; composition in mM: NaCl 62.5, KCl 62.5, NaHCO3
25, KH2PO4 1.2, MgS04 1.2, CaClz 2.5, glucose 11.1). In KPSS, the elevated K*
concentration is achieved by isotonic replacement of NaCl with KCl to maintain
overall ionic balance and osmolarity. All rings were then constricted using
phenylephrine (PE) at a concentration of 1 upM until the vessel reached a consistent
level of contraction. The vessels were then tested with 3 pM of the endothelium-
dependent vasodilator acetylcholine (ACh) in order to check the function of the
endothelium. Arelaxation to acetylcholine (ACh) < 20% was indicative of successful
endothelial removal and relaxation to acetylcholine (ACh) > 50% was indicative of
an intact endothelial layer (Furchgott and Zawadzki, 1980; Forstermann et al.,
1986; Wu and Bohr, 1990; Buchwalow et al., 2008; Ewart et al., 2017; Alganga et
al., 2019; Hwej et al., 2024).

The effects of Sphingosine-1-Phosphate (51P) and selective S1P receptor agonists
including SEW2871 (S1PR1 agonist, Tocris Bioscience, UK), CYM5541 (S1PR3
agonist, Tocris Bioscience, UK), and CYM5478 (S1PR3 agonist, Cayman Chemical,
USA) as well as AMPK activators such as AICAR (Toronto Research Chemicals,
Canada), A769662 (Abcam, Cambridge, UK), and Compound 991 (AOBIOUS Inc.,
Gloucester, MA, USA), were assessed on vascular reactivity. Experiments were
conducted using aortic rings pre-contracted with phenylephrine (1 uM), followed

by the construction of cumulative concentration-response curves (Table 2-4).

Table 2-4 List of drugs and stock concentrations used

Drugs Stock concentration Diluent
S1P 1 mM PBS
SEW2871 10 mM Ethanol
CYM5478 1 mM DMSO
CYM5541 10 mM Ethanol
W146 10 mM NaOH
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JTEO13 10 mM Ethanol
CAY 10444 10 mM DMSO
AICAR 100 mM PBS
C991 10 mM DMSO
A769662 100 mM DMSO
L-NAME 100 mM d.H:0

For S1P and its receptor agonists, concentrations ranging from 3x107° to 3x107¢ M
were applied at 15-minute intervals consistent with protocols routinely used in
our laboratory and overlapping with previously published wire-myograph studies,
which typically apply S1P in the low nanomolar to micromolar range (Salomone et
al., 2008; Alganga et al.,2017). For the indirect AMPK activator AICAR, cumulative
concentrations ranging from 5x1074 to 2x1073 M were administered at similar
intervals. This range was adapted from protocols previously established in our
laboratory (1x10™# to 2x1073 M) and modified here to enhance vascular
responsiveness and enable direct comparison with S1P co-application
experiments. The direct AMPK activators A-769662 and C991 were applied
cumulatively over 1x107¢ to 5x107* M consistent with dose-response protocols

previously employed in our laboratory (Ewart et al., 2017).

In addition, the combined effects of S1P or S1P receptor agonists with AMPK
activators were evaluated to determine potential synergistic or additive
interactions on vascular tone. Concentration-response curves were generated in
aortic rings both with and without PVAT, to assess the specific contribution of PVAT-

derived factors to these responses.
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Figure 2-3: The components of the wire myograph.

(a) the DMT multi-chamber 620M Wire Myograph, (b) a myograph unit equipped with a force
transducer on the left and a micrometre on the right, (c) a detailed view of the jaws, screws,
wires, and a mounted vessel segment, (d) an organ bath unit featuring jaws and a mounted
vessel segment adapted from Danish Myo Technology, (Denmark Aarhus Denmark).

2.2.3 Mouse Adipokine Array (Proteome Profile)

Adipokine expression profiling was conducted using the Mouse Adipokine Array
(Proteome Profiler, ARY013, R&D Systems, a Bio-Techne brand, UK), capable of
detecting 38 adipokines in duplicate on a nitrocellulose membrane, following the

manufacturer’s instructions.

PVAT samples were freshly isolated and incubated in cold PSS under different
treatment conditions: control (PSS only), S1P (10 uM), AICAR (2 mM), or a combination
of S1P (10 pM) and AICAR (2 mM). Incubations were carried out for 4 hours prior to
further analysis. After treatment, the conditioned PSS media were collected,

centrifuged to remove debris, and stored at -80 °C until analysis.

Prior to loading, membranes were incubated with blocking buffer for 60 minutes on
a rocking platform shaker at room temperature. Each 1 mL sample of conditioned PSS
was mixed with 0.5 mL array buffer and 15 pL mouse adipokine detection antibody
cocktail, and the mixture was incubated at room temperature for 60 minutes. After
aspirating the blocking buffer from the membranes, the sample-antibody mixture was
added and incubated overnight at 2-8 °C with gentle rocking.
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Following incubation, membranes were washed twice with washing buffer to
eliminate unbound materials. Membranes were then incubated with 2 mL of IRDye
800CW Streptavidin (diluted 1:2000) for 30 minutes at room temperature. Membrane
images were captured using an Odyssey Imaging System (LI-COR, USA), and the signal
intensity for each adipokine was quantified using Image Studio software (LI-COR,
USA).

The resulting data were imported into Microsoft Excel, normalized to internal positive
controls provided on the membrane, and further analyzed statistically using
GraphPad Prism 8.0 software (GraphPad, California, USA).

2.2.4 Nitric oxide (NO) assay

The thoracic aortic PVAT of WT mice was gathered and weighed. These tissues were
then subsequently immersed in 1 ml of oxygenated physiological buffer solution (NaCl
119 mM, NaHCO3 25 mM, KCL 4.7 mM, KH2PO4 1.2 mM, MgS04 1 mM, glucose 11 mM,
and CaCl; 2.5 mM) and incubated under various treatment conditions: untreated
control, S1P (S1P, 10 uM), AICAR (2 mM), and a combination of S1P and AICAR at 37°C
for a duration of 4 hours in the myograph chamber. 100 pL of the conditioned media,
which contained substances released from the PVAT was collected. Subsequently, 400
hUL of methanol (v/v) was added to the collected media, and the mixture was
centrifuged at 13.000xg at 4°C for 20 minutes. The resulting supernatant was then
collected and stored at -80°C for subsequent analysis of nitric oxide (NO) content
utilising a Sievers 280 NO analyser. The NO analyzer determines the amount of NO
produced by the tissues by measuring the concentration of nitrite (NO27), which forms
from the reaction between NO released from the tissues and the dissolved oxygen in
the conditioned medium. To prepare the equipment, a reducing agent solution was
prepared by mixing 5 mL of glacial acetic acid with 50 mg of sodium iodide (Nal)
dissolved in 1.5 mL of deionized water. This solution was added to the purge vessel
and flushed with nitrogen (N2) gas for 30 minutes to remove any trace of NO2~. After
purging, the purge vessel was sealed, and the reducing agent was refluxed under a
nitrogen atmosphere. Before each experiment, a standard curve for NO2~ was
constructed using a 100 mM sodium nitrite (NaNO2) standard solution. Serial dilutions
of 50 uM, 10 uM, 1 uM, and 100 nM were prepared and injected into the purge vessel
using an Exmire microsyringe (ITO Corporation, Japan). This standard curve served as

a reference for quantifying the nitrite levels in the samples. Following the calculation
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of the standard curve, supernatant samples from WT thoracic PVAT mice were
injected into the purge vessel. To ensure accurate measurements, injections were
made at one-minute intervals, allowing the output curve to return to baseline
between each sample. The output, measured in millivolts (mV), was then correlated
with the NO2™ concentration in the sample by referencing the previously constructed

NO;~ standard curve.

2.2.5 Cell culture procedure
2.2.5.1 Cell culture plastic ware

Mouse embryonic fibroblasts (MEFs) and 3T3-L1 preadipocytes were obtained from
the American Type Culture Collection (ATCC, USA). MEFs were cultured in Corning T75
flasks and 6-well plates, while 3T3-L1 cells were maintained in Corning T75 flasks,

Falcon 10 cm dishes, and 6-well plates, under standard cell culture conditions.

2.2.5.2 Recovery of cryopreserved cell stock from liquid nitrogen

Cryogenic vials containing frozen cell stocks were retrieved from liquid nitrogen
storage and rapidly thawed in a 37 °C water bath. Once thawed, the cell suspension
was transferred under sterile conditions into a T75 flask containing pre-warmed
Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin, previously equilibrated to 37 °C in an
atmosphere of 10% (v/v) CO2. The cells were incubated overnight at 37 °C in a
humidified incubator with 10% (v/v) CO:.

The following day, the culture medium was aspirated to remove any residual
cryoprotective agents and non-viable cells, and replaced with fresh, pre-warmed

complete medium to support optimal cell recovery and growth.

2.2.5.3 MEFs and 3T3-1L cells culture growth media

Mouse embryonic fibroblasts (MEFs) were grown in Dulbecco's Modified Eagle Medium
(DMEM) that was enriched with 10% (v/v) fetal calf serum (FCS) and 100 U/mL (w/v)
of penicillin and streptomycin. The cells were cultured at 37°C in a humidified
environment containing 10% (v/v) CO2, with the culture medium being refreshed

every 48 hours.
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3T3-L1 cells were cultured as fibroblasts (passage 3-7) in T75 flasks using DMEM
supplemented with 10% (v/v) newborn calf serum (NCS) and 100 U/mL (w/v) of
penicillin and streptomycin. The cells were maintained at 37°C in a humidified
atmosphere containing 10% (v/v) CO., with the medium being replaced every 48

hours.

2.2.5.4 3T3-L1 preadipocytes differentiation protocol

To induce the differentiation of 3T3-L1 preadipocytes into mature adipocytes, a
specialized DMEM medium containing 10% (v/v) fetal calf serum (FCS) and an
adipogenic cocktail was utilized. The cocktail comprised 0.5 mM IBMX, 0.25 pM
dexamethasone, 1 ug/mL insulin, and 5 pM troglitazone. Before use, the medium was
filter-sterilized using a 0.2 pm filter. After three days, the medium was switched to
DMEM containing 10% (v/v) fetal calf serum (FCS), 5 pM troglitazone, and 1 pg/mL
insulin. The cells were then incubated in this new medium for an additional three
days. Following this period, the medium was aspirated and replaced with DMEM
supplemented with 10% (v/v) FCS. Adipocytes were utilized for experimentation
between 8-12-days post-differentiation. Throughout all procedures, the cells were

maintained in a humidified environment at 37°C with 10% (v/v) COa.

2.2.5.5 Passaging of MEFs and 3T3-L1 cells

When cells cultured in T75 flasks reached approximately 80% confluence, the growth
medium was discarded, and the cells were briefly rinsed with 10 mL of pre-warmed
sterile phosphate-buffered saline (PBS) to remove residual serum and debris.
Following rinsing, 3 mL of sterile 0.05% (w/v) trypsin-EDTA solution was added to each
flask, and the cells were incubated at 37 °C in an atmosphere of 10% (v/v) CO2 until
complete detachment was observed under the microscope. To neutralize the trypsin,
an appropriate volume of pre-warmed DMEM growth medium supplemented with 10%
fetal bovine serum (FBS) was added. The resulting cell suspension was collected and

aliquoted for downstream applications.

For reseeding, cells were typically plated at a density of 5 x 104 to 1 x 10> cells per
well (for 6-well plates) or adjusted appropriately depending on the experimental

requirements.
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2.2.6 Analysis of protein expression in PVAT, MEFs and 3T3-L1
cells

2.2.6.1 Preparation of lysates from mouse PVAT

Wild type (Sv129) and AMPKa1 knockout mice were euthanized using CO2. The
thoracic and abdominal PVAT from these mice was quickly excised and snap-frozen in
liquid nitrogen. The tissues were then homogenized in four volumes of lysis buffer
using hand-held disposable pestles and tubes (Sigma) at 4°C. Following
homogenization, the samples were kept on ice for 30 minutes. The lysates were
subsequently centrifuged at 21,910 x g for 15 minutes at 4°C. The resulting

supernatants were collected and stored at -20°C.

2.2.6.2 Preparation of lysates from MEFs and 3T3-L1 cells

Cells being cultured in 6-well plates were initially washed and then incubated in
serum-free DMEM for 2 hours at 37°C. This was followed by a 1-hour incubation at
37°Cin 1 ml of Krebs-Ringer Phosphate (KRP) buffer, which consisted of 119 mM NaCl,
5 mM NaHCOs, 4.7 mM KCL, 1.3 mM CaClz, 1.2 mM MgS0O4, 1.2 mM NaH;PO4, 5 mM
glucose, and 0.1% (w/v) bovine serum albumin. Test substances were subsequently
introduced to the wells for varying durations at 37°C. After the incubation, the
medium was discarded, and 0.1-0.2 ml of ice-cold lysis buffer was added. The cells
were then scraped into microcentrifuge tubes. The cell extracts were then
centrifuged at 21,910 x g for 15 minutes at 4°C. The resulting supernatants were

stored at -20°C until further use.

2.2.6.3 Bicinchoninic acid (BCA) method

The protein concentration of cell and tissue lysates was measured using the
bicinchoninic acid (BCA) assay. To begin, a working reagent (WR) was prepared by
combining BCA Reagent A and BCA Reagent B in a 50:1 ratio. In a 96-well plate,
duplicate samples of bovine serum albumin (BSA) standards were prepared in the
following concentrations: 0 pg, 0.025 pg, 0.125 pg, 0.25 pg, 0.5 pg, 0.75 ug, 1.0 ug,
1.5 pg, and 2 ug, each adjusted to a final volume of 10 pyL with distilled water.
Similarly, 2 pL of each lysate sample, in duplicate, was added to the wells and brought
up to 10 pL with distilled water. Subsequently, 200 pL of the working reagent was

added to all wells containing either the samples or the BSA standards. The plate was
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then covered and incubated at 37°C for 15 minutes. Absorbance was read at 570 nm

using a plate reader.

2.2.6.4 Separation of protein by SDS-PAGE and western blotting

Equal amounts of protein lysate, as determined by the BCA assay, were resolved
using SDS-PAGE. The SDS-PAGE was conducted with 1.5 mm thick vertical slab gels
containing 10% acrylamide. These slab gels were prepared using Bio-Rad Mini-
Protean Ill gel units, featuring a stacking gel approximately 2 cm deep. The lysates
were mixed with 4X complete sample buffer in a 3:1 ratio and then heated to 95°C
for 5 minutes in a heating block prior to SDS-PAGE separation. Pre-stained broad-
range protein markers (10-250 kDa) were used as standards. Electrophoresis was
carried out using the Bio-Rad Protean Ill system at a constant voltage of 80 V for
the stacking gel and up to 150 V for the separating gel until the tracking dye
reached the bottom and good resolution of the molecular mass markers was

achieved.

The gel was subsequently transferred onto a nitrocellulose membrane using an
iBlot 2 gel transfer device set at 20 V for 7 minutes (ThermoFisher, UK). The
membrane was then incubated with shaking at room temperature for one hour in
a blocking buffer, prepared by dissolving 5% (w/v) dried skimmed milk powder
(Marvel, UK) in Tris-buffered saline (TBS). The purpose of the blocking buffer was
to prevent non-specific background bands. The blot was washed three times for
15 minutes each with TBS (50 mM Tris-Cl, pH 7.6, and 150 mM NacCl).

Following the washes, the membranes were incubated overnight at 4°C with a
primary antibody diluted in TBST (Table 2-1). The next day, the membrane was
washed again three times for 15 minutes each with TBS. Subsequently, the
secondary antibody (Table 2-2) was added, and the membrane was shaken for one

hour at room temperature, followed by additional washes with TBS.

2.2.6.5 Protein expression quantification

Densitometric quantification of band intensity was performed using Image Studio Lite
software (LI-COR).
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2.2.7 Gene analysis
2.2.7.1 RNA Extraction from MEF Cells

Wild-type (WT) and AMPKa1/a2 knockout (KO) mouse embryonic fibroblast (MEF) cells
were cultured in 6-well plates using Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS) and incubated at 37 °C in a
humidified atmosphere containing 10% CO2. Upon reaching the desired confluence,
the medium was aspirated, and the cells were gently washed twice with cold

phosphate-buffered saline (PBS) to remove any residual serum or media components.

Total RNA was extracted using the Qiagen RNeasy Mini Kit (Qiagen, Germany),
following the manufacturer’s protocol. All steps were performed at room
temperature unless otherwise specified. A volume of 350 pL of RLT lysis buffer was
added directly to each well, and the lysate was collected using a cell scraper. The
lysate was transferred to a RNeasy spin column, then centrifuged at 17,000 x g for 2

minutes to homogenize.

Next, an equal volume of 70% (v/v) ethanol was added to each lysate and mixed
gently by pipetting. The resulting mixture was applied to a new RNeasy spin column
and centrifuged at full speed for 1 minute. After discarding the flow-through, 700 puL
of RW1 wash buffer was added to the column and centrifuged for 30 seconds at full
speed. Following another flow-through removal, 500 pL of RPE buffer was added and
centrifuged for 30 seconds, then repeated with another 500 uyL RPE wash for 2
minutes. To remove residual buffer, the columns were transferred to fresh 2 mL

collection tubes and centrifuged for 3 minutes at full speed.

Finally, the columns were transferred to new 1.5 mL RNase-free microcentrifuge
tubes, and RNAwas eluted in 30 pL of RNase-free water by centrifugation at full speed
for 1 minute. RNA purity and concentration were assessed using a NanoDrop
spectrophotometer, measuring absorbance at 260 nm and 280 nm. The A260/A280
ratio was used as an indicator of RNA quality, and only samples within acceptable
purity thresholds were retained. All RNA samples were stored at -80 °C until further

use.
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2.2.7.2 RNA Extraction from PVAT

Thoracic aortic perivascular adipose tissue (PVAT) was isolated from wild-type (WT)
and AMPKa1 knockout (KO) mice and immersed in physiological salt solution (PSS) for
30 minutes at 37 °C. Total RNA was extracted using the RNeasy Lipid Tissue Mini Kit
(Qiagen, Germany), following the centrifugation-based protocol recommended by the

manufacturer.

Briefly, PVAT samples were transferred into 2 mL RNase-free collection tubes
containing two stainless steel beads (5 mm diameter), and 1 mL of QlAzol lysis reagent
was added. Tissues were then homogenized using a Tissuelyser LT system (Qiagen)
for 5 minutes. The homogenates were incubated at room temperature (15-25 °C) for

5 minutes to allow complete dissociation.

Following homogenization, 200 pL of chloroform was added to each sample, and the
tubes were shaken vigorously for 15 seconds. After standing for 2-3 minutes at room
temperature, samples were centrifuged at 12,000 x g for 15 minutes at 4 °C, resulting
in phase separation. The upper aqueous phase, containing the RNA, was carefully
transferred to a new tube and mixed with an equal volume of 70% ethanol, followed

by thorough vortexing.

The mixture was then applied to an RNeasy Mini spin column placed in a 2 mL
collection tube and centrifuged at 8,000 x g for 15 seconds at room temperature. The
column was subsequently washed with 350puL of Buffer RW1, followed by
centrifugation at 8,000 x g for 15 seconds. To eliminate genomic DNA contamination,
80 uL of DNase | solution was added directly onto the spin column membrane, and

the column was incubated at room temperature for 15 minutes.

Next, the column was washed again with 350 pL of Buffer RW1 and centrifuged. After
discarding the flow-through, 500 pL of Buffer RPE was added and centrifuged for 15
seconds at 8,000 x g, followed by a second wash with another 500 pL of Buffer RPE,
centrifuged for 2 minutes. To remove residual buffer, the column was placed in a

fresh 2 mL collection tube and centrifuged to ensure complete drying.

Finally, the spin column was transferred to a 1.5 mL RNase-free microcentrifuge tube,
and 30 pyL of RNase-free water was applied directly to the membrane to elute the

RNA. The column was centrifuged at 8,000 x g for 1 minute to collect the eluate. RNA
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concentration and purity were assessed using a NanoDrop™ 1000 spectrophotometer,

and the samples were stored at -80 °C until further analysis.

2.2.7.3 cDNA Synthesis via Reverse Transcription

Total RNA extracted from MEF cells and PVAT was reverse transcribed into
complementary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Thermo Fisher Scientific, USA), following the manufacturer’s
protocol. For each 20 pL reaction, 1 ug of DNase I-treated RNA was diluted to 10 pL
with RNase-free water, placed in 0.5 mL PCR tubes, and kept on ice. The reverse
transcription mix—comprising 2 pL of 10x RT buffer, 0.8 pL of 25x ANTP mix (100 mM),
2 pL of 10x RT random primers, 1 pL of Multiscribe Reverse Transcriptase, and 4.2 pL
of RNase-free water—was added to each tube, vortexed, and centrifuged at
17,000 x g for 15 seconds. The tubes were placed in a thermal cycler and subjected
to the following cycling conditions: 25 °C for 10 min, 37 °C for 120 min, 85 °C for
5min, and then held at 4 °C. Synthesised cDNA was stored at -80 °C for later use.

2.2.7.4 Quantitative Real-Time PCR (qPCR)

Quantitative real-time PCR (qPCR) was performed to assess the expression of
target genes using TagMan probes and TagMan Universal PCR Master Mix (Thermo
Fisher Scientific). Each 10 pL reaction in a 384-well plate contained 2 pL of cDNA,
1 uL of the specific TagMan gene expression assay (Table 2-5), 2 yL of nuclease-
free water, and 5 puL of master mix. All reactions were prepared in triplicate,
sealed with optical adhesive film, centrifuged at 2,000 xg for 5 minutes, and
analysed using the QuantStudio™ 7 Flex Real-Time PCR System. The thermal
profile included an initial denaturation at 95 °C for 10 minutes, followed by 40
cycles of 95 °C for 15seconds and 60 °C for 1 minute, and a final extension at
55°C for 80 cycles. Expression data were analysed using the QuantStudio™
software and normalised to TATA box binding protein (TBP) mRNA, with relative

expression levels calculated using the AACt method (Rao et al., 2013).
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Table 2-5 TagMan probes

TagMan probe name Species Assay ID
Sphingosine kinase 1(SphK1) Mouse MmO00448841_g1
TATA box binding protein (Tbp) Mouse MmO01277042_m1

2.2.8 Immunofluorescence (IF)

Immunofluorescence was performed to visualize the presence of the enzyme
sphingosine kinase in cultured cells under the microscope. MEF cells were grown
on 6 well plates containing sterilised 13 mm diameter glass coverslips. Coverslips
of MEF cells were washed with cold PBS and fixed in 4% (w/v) paraformaldehyde
(Santa Cruz, USA) for 20 minutes at room temperature. The coverslips were then
washed three times in PBS and incubated in quenching buffer (50 mM NH4Cl in
PBS) for 10 minutes, washed again three times in PBS before incubating them in
permeabilization buffer (0.1% (w/v) Triton X-100 in PBS) for 20 min. After washing
three times in PBS, they were blocked in immunofluorescence (IF) buffer (PBS
containing 0.1% (v/v) donkey serum) for 30 minutes. MEFs were then incubated at
room temperature overnight in permeabilization media (PBS containing 2% (w/v)
BSA, 0.1% (w/v) saponin, 20 mmol/L glycine). SphK1 primary antibody (Santa Cruz,
sc-365401, dilution 1:100) was prepared in IF buffer, then added to the coverslips
and these were then incubated overnight at room temperature. Next day, the
coverslips were then washed in IF buffer three times and further incubated in
Alexa Fluor® 594-conjugated anti-mouse IgG secondary antibody (diluted in IF
buffer (1:100), Invitrogen) for 1 hour at room temperature. Cells were then triple
washed three times with PBS. The coverslips were then incubated overnight in
VECTASHILD Antifade mounting Medium with DAPI (Vector Laboratories) to stain
the nuclei. The slides were then visualised by utilising a Ziess LSM 880 confocal

microscope equipped with a 63x oil immersion objective lens.
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2.2.9 Statistical analysis

All data are presented as a relative change (mean + SEM) from the control baseline
or normalized to the reference group for each experiment, as specified. Statistical
analyses were conducted using Prism software (GraphPad Software). Depending on
the requirements of the experiment, Student’s t-tests, and one or two-way ANOVA
(with Tukey’s multiple comparison tests, respectively) were performed. A p-value
<0.05 was considered statistically significant. In this study, N refers to the number of

independent experiments from which tissues or cells were obtained.
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Chapter 3 —Characterisation of Sphingosine
Kinase1 (SphK1) Expression in Mouse Adipose &
Perivascular Adipose Tissues (PVAT)- Effect of
AMPKa1 Knockout (KO)
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3.1 Introduction

Sphingosine kinases (SphKs) are lipid kinases responsible for catalysing the
phosphorylation of sphingosine to produce sphingosine-1-phosphate (S1P),
representing one of the primary enzymatic pathways for S1P biosynthesis
(Wattenberg et al, 2006). SphKs exist in two isoforms, SphK1 and SphK2, both of
which catalyse the conversion of sphingosine into S1P. This phosphorylated lipid
acts as a multifunctional signalling molecule implicated in key cellular processes,
including cell proliferation, migration, and survival (Cannavo et al, 2017). SphK1
is closely associated with assisting cell survival, proliferation, and inflammation,
whereas SphK2 associates more with apoptosis, mitochondrial function, and

epigenetic regulation (Alkafaas, 2024).

Recent studies have highlighted the complex role of SphK1 in adipogenesis,
inflammation, and insulin sensitivity, positioning it as a potential therapeutic
target for metabolic disorders (Anderson et al, 2020). In particular, SphK1
expression is significantly upregulated during adipocyte differentiation. A study
using 3T3-L1 cells revealed a 37.6-fold increase in SphK1 expression, along with a
6.6-fold increase in SphK2 expression, as the cells differentiated into adipocytes
(Hashimoto et al, 2009). Additionally, inhibition of SphK1 attenuates adipocyte
differentiation, suggesting its importance in adipogenesis (Mastrandrea, 2013).
S1P produced by SphK1 mediates its effects through G protein-coupled receptors
(GPCR), which regulate key cellular functions. GPCRs are widespread on
eukaryotic cells, including adipocytes. During adipocyte differentiation, the
expression levels of GPCRs can undergo significant change; to illustrate, some are
upregulated or downregulated depending on what stage of differentiation has
been reached and also on the type of adipocyte, i.e., whether white, brown or
beige (Im et al., 2021). However, the role of SphK1 in adipose tissue appears to
be context-dependent (Chun et al, 2002). For instance, Under physiological
conditions, SphK1 contributes to adipocyte homeostasis, as evidenced by findings
that adipocyte-specific deletion of SphK1 leads to marked adipocyte hypertrophy
and dysregulation of genes involved in lipid metabolism and mature adipocyte
function (Lambert, 2021). However, in the context of obesity, SphK1 expression is
significantly upregulated in adipose tissue from both diet-induced obese mice and

obese individuals with type 2 diabetes (Wang et al, 2014). This paradoxical
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increase suggests that while SphK1 is necessary for normal adipocyte
development, its overactivation during metabolic stress may contribute to adipose
tissue dysfunction and inflammation (Chun et al., 2002), highlighting a potentially

dual role depending on metabolic context.

SphK1 has also been implicated in adipose tissue inflammation and insulin
resistance. Studies have shown that the genetic deletion or pharmacological
inhibition of SphK1 in obese mouse models reduces adipose tissue macrophage
infiltration, lowers the expression of pro-inflammatory cytokines, and improves
insulin sensitivity (Ross et al, 2013; Wang et al, 2014). These findings suggest that
SphK1 may be a critical mediator of obesity-related inflammation and metabolic

dysfunction.

AMPK is a heterotrimeric serine/threonine kinase that acts as a cellular energy
sensor, regulating various metabolic pathways to maintain energy balance
(Hardie, 2011). Structurally, AMPK consists of three subunits: a catalytic alpha
subunit, and regulatory beta and gamma subunits. These subunits form different
isoforms that are expressed across a variety of tissues (Hawley et al, 1996). All
cell types express AMPK in one form or another, but the AMPKa1 isoform has a
vital function in the regulation of cellular energy metabolism and is notably active
in cells where energy demand is not constant, such as adipocytes, muscle cells,
liver cells and others. AMPKa1, predominantly expressed in mouse tissues (Yang
et al, 2010) and human endothelial cells (Schulz et al, 2005), plays a key anti-
inflammatory role by protecting endothelial cells from inflammatory stimuli (Salt
& Palmer, 2012). This is done through several mechanisms, such as inhibiting NF-
KB signalling, thereby reducing the expression of pro-inflammatory genes (Zhang
et al., 2011), and modulating cytokine production, thus lowering inflammatory

responses (Mancini and Salt, 2018).

In a previous study, our laboratory conducted research on the impact of a high-
fat diet (HFD) on wild-type (WT) and AMPKa1 knockout (KO) mice, focusing on
perivascular adipose tissue (PVAT). The findings indicate that in mice lacking
AMPKa1, there was an increased infiltration of macrophages into PVAT, present
even in the absence of HFD. Feeding wild-type mice HFD led to increased
inflammatory cell infiltration of the PVAT and the conclusion was that deletion of
the AMPK isoform phenocopies some of the effects of HFD in the PVAT (Almabrouk
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et al, 2018). This underscores the critical role of AMPKa1l in modulating
inflammation and maintaining PVAT homeostasis, particularly under metabolic
stress caused by HFD. In obesity, adipose tissue inflammation is often associated
with elevated levels of pro-inflammatory cytokines such as tumour necrosis factor-
alpha (TNF-a), interleukin-1 beta (IL-18), and interleukin-6 (IL-6) (Lee et al,
2009). These cytokines drive chronic inflammation by activating key signalling
pathways, including nuclear factor kappa B (NF-kB) and mitogen-activated protein
kinases (MAPKs) (Salt & Palmer, 2012). Notably, SphK1 and its product S1P, are
central to the activation of several signalling pathways, including the MAPK
pathways (ERK, p38, JNK), and the AKT pathway (Kluk & Hla, 2002). The interplay
between these signalling cascades and both AMPK and SphK1 signalling suggests a
complex regulatory network in adipose tissue homeostasis. Elucidating the
interplay between these signalling cascades could provide a more comprehensive
understanding of adipose tissue biology and perhaps ultimately identify

therapeutic targets in cardiometabolic disease.

3.2 Aim and Objectives

Although AMPK is a central regulator of adipose tissue metabolism, its influence
on SphK1 expression and associated signalling pathways is not well defined. This
chapter seeks to characterise the regulatory role of AMPK in modulating SphK1
expression and downstream signalling in both adipose tissue and cultured

adipocyte cells. The specific objectives are as follows:

1. To characterize the expression profile of SphK1 throughout the process of

3T3-IL adipocyte differentiation.

2. To investigate the effects of deficiency of both AMPKa1 and a2 on SphK1
expression at both the mRNA and protein levels in Mouse Embryonic
Fibroblast (MEF) cells.

3. To evaluate the consequences of AMPKa1 and a2 knockout on the activation
of ERK1/2 and JNK signalling pathways in MEF cells, with an emphasis on

their potential interaction with SphK1 expression.

4, To explore the effects of global AMPKa1 deficiency on SphK1 expression in

PVAT from mouse abdominal and thoracic aorta.
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3.3 Results

3.3.1 Sphingosine Kinase1 (SphK1) protein level in 3T3-1L
adipocytes during differentiation

This experiment was designed to confirm the expression of SphK1 in an adipose
tissue-derived cell line and to investigate how its expression changes during the
differentiation of preadipocytes into mature adipocytes. The differentiation
process, which is induced using a standard chemical induction cocktail, is
described in detail in the Methods chapter. Cells were harvested and lysed to
produce protein samples at distinct time points: day 0, day 3, day 6, and day 8.
The samples were analysed for protein content and subjected to immunoblotting
analysis to assess SphK1 expression throughout the adipogenic process. The results
demonstrated a pronounced, time-dependent increase in SphK1 protein levels,
with peak expression observed on day 8, where it was significantly elevated
(***P<0.001) compared to day 0 and also to day 3 (**P<0.01). A significant increase
(*P<0.05) in SphK1 levels was also observed between days 6 and 8 (Figure 3-1).
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Figure 3-1: Expression of Sphingosine Kinase 1 (SphK1) during 3T3-L1 adipogenesis.

Preadipocytes from the 3T3-L1 cell line were induced to differentiate into mature adipocytes
using the protocol described in the Methods section (Section 2.2.5.4). Cell lysates were
collected at specific time points during the differentiation process (day 0, 3, 6 and 8) and
resolved by SDS-PAGE, followed by immunoblotting, using specific antibodies against
SphK1. Panels (A) and (B) represent a quantitative graph and a representative
immunoblotting image respectively, illustrating the temporal changes in SphK1 protein
expression throughout the adipogenic process. SphK1 protein levels were normalized to the
level of B-actin for an accurate comparison. The data shown represent the mean + SEM of 4
independent experiments. Statistical significance was assessed using one-way ANOVA
followed by a Tukey test, with significance levels indicated by asterisks (*P < 0.05, **P < 0.01,
***P < 0.001).
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3.3.2 Investigation of Sphingosine Kinase 1 (SphK1) gene and
protein expression in AMPKa1, a2 Knockout Mouse
Embryonic Fibroblast (MEF) Cells

Based on the observed increase in SphK1 expression during adipogenesis, between
day 3 and day 8 (Figure 3-1), it was essential to further investigate the regulatory
mechanisms that influence SphK1 expression in cells. To gain a deeper
understanding of this regulation, the role of AMPK in modulating SphK1 expression
was examined. In order to do this, a comparison was made between SphK1 gene
and protein expression in WT MEF cells and AMPKa1 & a2 KO MEF cells.

MRNA was extracted from WT and KO MEF cells and subsequently analyzed by
quantitative PCR (qPCR), as detailed in the methodology section. The analysis of
SphK1 gene expression revealed no statistically significant difference between
AMPKa1 & a2 KO MEFs and WT controls.

The protein levels of SphK1 in WT and KO MEF cells were analyzed through Western
blotting, as described in the methodology section. The presence of AMPK activity
was confirmed by examining the phosphorylation status of its substrate, ACC at
Ser79, which was also used to validate the genotype of the cells. Consistent with
expectations, the phosphorylation of ACC (pACC) was significantly higher in WT
cells and almost absent in AMPKa1 & a2 KO cells (**P<0.01), indicating virtually no
AMPK activity in KO cells. Notably, SphK1 protein expression was significantly
elevated in KO cells compared to WT cells (**P<0.01) (Figure 3-2).
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Figure 3-2: Gene and protein expression of SphK1 in MEF cells.

Wild-type (WT) and AMPKa1 & a2 knockout (KO) MEF cells were cultured, and cell lysates
were extracted for analysis. Panel (A) displays SphK1 mRNA expression, quantified by qPCR
and normalized to TATA-box binding protein (TBP) expression, with no significant differences
observed (N=3). Panel (B) presents analysis of ACC phosphorylation at Ser79 (pACC S79),
assessed by Western blotting of cell lysates and normalized to total ACC levels, revealing a
significant reduction in pACC levels in KO cells compared to WT cells (**P < 0.01, N=6). Panel
(C) illustrates SphK1 protein expression, analyzed by immunoblotting and normalized to $-
actin levels, showing a significant increase in SphK1 protein in KO cells compared to WT
control (**P < 0.01, N=6). Panel (D) representative immunoblotting images. All data are
expressed as the mean * SEM, with statistical significance determined via an unpaired t-test.
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3.3.3 Visualization of Sphingosine Kinase 1 (SphK1) via
Immunofluorescence in Wild-Type and AMPKa1/a2
Knockout Mouse Embryonic Fibroblasts (MEF) Cells

The elevation of SphK1 protein expression in AMPKa1 & a2 KO MEFs compared to
WT MEFs (Figure 3-2) was further investigated using immunofluorescence analysis
followed by confocal microscopy. In this experimental setup, WT and AMPKa1/a2
KO MEF cells were cultured on coverslips and subsequently incubated with a
primary antibody specific to SphK1, followed by incubation with an Alexa Fluor®
594-conjugated anti-mouse IgG secondary antibody. They were then processed
according to the detailed immunofluorescence protocol described in the Methods

section.

In line with the findings from SphK1 protein expression, confocal microscopy
revealed a markedly higher expression of SphK1 in AMPKa1 & a2 KO cells compared
to WT cells. The fluorescence intensity corresponding to SphK1 was significantly
elevated in the KO MEFs, providing a clear visualization of this upregulation.
Statistical validation of these results demonstrated a highly statistically significant
difference in SphK1 expression between the KO and WT MEF cells (****P<0.001)
(Figure 3-3).
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Figure 3-3: Immunofluorescence confocal microscopy of SphK1 in MEF cells.

Wild-type (WT) and AMPKa1 & a2 MEF cells were cultured to investigate the expression levels
of SphK1. To visualize the localization and expression of SphK1, coverslips containing MEF
cells were incubated with specific SphK1 antibodies and analyzed using immunofluorescence
confocal microscopy. Panel (A) gives representative confocal micrographs showing SphK1
immunofluorescence in WT and AMPKa1/a2 KO MEF cells. DAPI was used to stain cell nuclei.
The images reveal increased fluorescence intensity observed in AMPKa1/a2 KO cells,
consistent with elevated SphK1 protein levels. Images were acquired using a Zeiss LSM
confocal microscope at 63x magnification. Scale bar = 20 ym. Panel (B) graphically
summarises data from five independent experiments, with 22 cells analyzed in each group
(****P < 0.001). The results are expressed as the mean * SEM, and statistical significance was
determined using a one-way ANOVA (Tukey test).
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3.3.4 Effect of AMPKa1/a2 Knockout Mouse Embryonic
Fibroblasts (MEF) Cells on ERK1/2 Protein Levels

Given that SphK1 protein levels were significantly elevated in AMPKa1 & a2 KO
cells compared to WT cells (Figure 3-2), it would be important to explore how the
absence of AMPKa1 & a2 further affects SphK1 function. Since ERK activation is
necessary for SphK1 activation, which in turn increases S1P levels (Pitson et al,
2003), we next investigated the role of AMPK in modulating ERK1/2 protein levels.
Specifically, we compared ERK1/2 protein levels between WT and AMPKa1/a2 KO
MEF cells.

Western blot analysis on both WT and AMPKa1/a2 KO MEF cells was used to assess
ERK1/2 protein levels, as detailed in the methodology section. The results showed
that ERK1/2 activation was significantly higher in AMPKa1/a2 KO cells compared
to0 WT cells (****P<0.001). These findings are consistent with the observed
increase in SphK1 expression in KO cells, and support the interconnected roles of
AMPK, ERK1/2, and SphK1 in cellular signalling pathways in adipocytes (Figure 3-
4).
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Figure 3-4: Protein levels of ERK1/2 in MEF cells.
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Wild-type (WT) and AMPKa1/a2 knockout (KO) MEF cells were cultured, and cell lysates were
collected for subsequent analysis. Panel (A) presents the levels of ERK1/2 protein, which
were assessed by immunoblotting and normalized to B-actin levels. The results indicate a
significant increase in ERK1/2 protein in KO cells compared to WT controls (****P < 0.001,
N=6). Panel (B) displays representative immunoblotting images. Data are presented as the
mean * SEM, with statistical significance determined using Prism Software via an unpaired t-

test.
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3.3.5 Effect of AMPKa1/a2 Knockout in Mouse Embryonic
Fibroblasts (MEF) cells on JNK protein levels

Given the significant elevation of SphK1 and ERK1/2 protein levels in AMPKa1/a2
KO cells compared to WT cells (Figure 3-2 and Figure 3-4), a further exploration
of the impact of AMPKa1/a2 deficiency on other inflammatory pathways was
merited. AMPK is known to exhibit protective, anti-inflammatory effects in
endothelial cells when exposed to inflammatory factors (He et al, 2015). Reduced
AMPK activity has been associated with increased inflammation in adipose tissues
(Almabrouk et al, 2018). To understand the role of AMPK in modulating other
inflammatory pathways such as MAPK, we investigated the expression of JNK
protein levels in WT and KO MEF cells.

Western blot analysis was performed on lysates from both WT and AMPKa1/a2 KO
MEF cells, as described in the methodology section. The results revealed that JNK
activation was significantly higher in AMPKa1/a2 KO cells compared to WT cells
(**P<0.01). These findings align with the observed increases in SphK1 and ERK1/2
expression in KO cells and suggest a broader impact of AMPK deficiency on MAPK

signalling pathways (Figure 3-5).
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Figure 3-5: Protein levels of JNK in MEF cells.

Wild-type (WT) and AMPKa1/a2 knockout (KO) MEF cells were cultured, and cell lysates were
prepared for analysis. Panel (A) shows the JNK protein levels, which were measured by
immunoblotting and normalized to B-actin levels. The results demonstrate a significant
increase in JNK protein levels in KO cells compared to WT controls (**P < 0.01, N=6). Panel
(B) provides representative images of the immunoblots. Data are expressed as the mean *
SEM, with statistical significance assessed using an unpaired t-test.



73

3.3.6 Expression of Sphingosine Kinase 1 (SphK1) Gene and
Protein in abdominal aortic PVAT of Mice.

To assess if the changes observed in SphK1 protein levels in KO MEF cells were also
present in a more physiologically representative tissue and the role that AMPK
plays in nay effects seen, we then studied SphK1 expression in mouse perivascular
adipose tissue (PVAT). Specifically, we compared the expression of the SphK1 gene
and protein in the abdominal aortic PVAT of WT and AMPKa1 KO mice.

MRNA was extracted from the abdominal PVAT of WT and AMPKa1 KO mice, and
quantitative PCR (qPCR) was performed as described in the methodology section.
The analysis revealed no statistically significant difference in SphK1 gene

expression between AMPKa1 KO mice and WT controls.

Additionally, the protein expression of SphK1 in the abdominal PVAT of WT and
AMPKa1 KO mice was assessed via Western blotting, following the procedures
detailed in the methodology section. The activity of AMPK in abdominal PVAT was
verified by examining the phosphorylation of AMPK at Thr172, which confirmed
the genotype of the PVAT samples. As expected, the phosphorylation of AMPK
(PAMPK) was significantly higher in WT PVAT than in AMPKa1 KO PVAT (*P<0.05).
However, similar to the gPCR results, there was no statistically significant
difference in SphK1 protein expression levels between AMPKa1l KO and WT
abdominal PVAT (Figure 3-6).
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Figure 3-6: Gene and protein expression of SphK1 in abdominal aortic PVAT of mice.

Wild-type (WT) and AMPKa1 knockout (KO) perivascular adipose tissue (PVAT) was isolated
from the abdominal aortic region of mice, and lysates were prepared for further analysis.
Panel (A) depicts the expression of SphK1 mRNA, as quantified by qPCR, with normalization
to TATA-box binding protein (TBP) expression. The results indicate no significant differences
between the WT and KO groups (N=3). Panel (B) shows the analysis of AMPK phosphorylation
at Thr172 (pAMPK Thr172), which was evaluated via Western blotting of cell lysates and
normalized to total AMPK levels. The findings demonstrate a significant reduction in pAMPK
levels in KO PVAT compared to WT (*P < 0.05, N=3). Panel (C) presents the analysis of SphK1
protein expression, which was assessed by immunoblotting and normalized to B-actin levels.
As with the mRNA results, no significant differences were observed between the genotypes
(N=4). Panel (D) provides representative images from the immunoblotting experiments. All
data are expressed as the mean * SEM, with statistical significance determined using an
unpaired t-test.
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3.3.7 Gene and Protein Expression of Sphingosine Kinase1
(SphK1) in Thoracic Aortic PVAT of AMPKa1 Deficient
Mice

Since there is a difference in the brown to white adipose ratio between abdominal
and thoracic aortic PVAT, we decided to repeat the gene and protein experiments

using samples of PVAT from WT and KO mouse thoracic aorta.

RNA was extracted from the thoracic PVAT of WT and AMPKa1 KO mice, and
quantitative PCR (gPCR) was conducted as outlined in the methodology section.
The analysis revealed no statistically significant difference in SphK1 gene

expression between the AMPKa1 KO mice and WT controls.

Protein levels of SphK1 in the thoracic PVAT of WT and AMPKa1 KO mice were
evaluated through Western blotting, following the procedures described in the
methodology section. The activation of AMPK by phosphorylation at Thr172, was
used to confirm the genotype of the PVAT samples. As anticipated, the
phosphorylation of AMPK (pAMPK) was significantly higher in WT PVAT compared
to AMPKa1 KO PVAT (*P<0.05).

In contrast to the abdominal aortic PVAT where there was no difference in SphK1
protein expression, KO thoracic aortic PVAT showed a significantly higher SphK1
protein expression (**P<0.01) (Figure 3-7). This is in agreement with what was
found in the MEF cells when AMPKa1/a2 was deleted (Figure 3-2).
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Figure 3-7: Gene and protein expression of SphK1 and pAMPK in thoracic aortic PVAT of
mice.

Wild-type (WT) and AMPKa1 knockout (KO) perivascular adipose tissue (PVAT) was isolated
from the thoracic aorta of mice, and lysates were prepared for analysis. Panel (A) shows
SphK1 mRNA expression, quantified by qPCR and normalized to TATA-box binding protein
(TBP) levels. The results indicate no significant differences between WT and KO PVAT mice
(N=3). Panel (B) presents the analysis of AMPK phosphorylation at Thr172 (pAMPK Thr172),
assessed by Western blotting of cell lysates and normalized to total AMPK levels. A
significant reduction in pAMPK levels was observed in KO PVAT compared to WT PVAT (*P
< 0.05, N=3). Panel (C) illustrates SphK1 protein expression, analyzed by immunoblotting and
normalized to B-actin levels. The results demonstrate a significant increase in SphK1 protein
levels in KO PVAT compared to WT PVAT samples (**P < 0.01, N=4). Panel (D) provides
representative immunoblotting images. All data are expressed as the mean * SEM, with
statistical significance determined using Prism Software via an unpaired t-test.
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3.4 Discussion

The results presented in this chapter indicate that SphK1 protein levels increased
significantly during differentiation of 3T3 adipocytes, peaking at day 8 (Figure 3-
1). In terms of the involvement of AMPK, the data showed that in AMPKa1/a2
knockout (KO) MEF cells, SphK1 protein expression was significantly higher
compared to wild-type (WT) cells, despite no difference in gene expression (Figure
3-2). Furthermore, in KO MEF cells the fluorescence intensity associated with
SphK1 was significantly increased and appeared to show a cytoplasmic
distribution. This finding further confirms the upregulation of SphK1 in the
absence of AMPKa1/a2 (Figure 3-3). Similarly, ERK1/2 and JNK activation were
significantly elevated in AMPKa1/a2 KO MEF cells (Figure 3-4 and 3-5). Using
mouse perivascular adipose tissue (PVAT), the relationship between SphK1 and
AMPK was found to be tissue specific. Abdominal PVAT showed no significant
differences in SphK1 gene or protein expression between AMPKa1 KO and WT mice
(Figure 3-6) while in thoracic PVAT, SphK1 protein levels were significantly higher
in AMPKa1 KO mice compared to WT, despite no difference in gene expression
(Figure 3-7). These findings provide important insights into the complex
relationship between AMPK and sphingosine kinase 1 across various cellular and
tissue contexts, with potential implications for the regulation of adipose tissue
function and inflammation. This would include processes such as adipocyte
differentiation and inflammatory signalling pathway modulation within adipose
tissue. These findings contribute to a deeper understanding of the crosstalk
between these key metabolic regulators and raises key questions about the role
that these pathways play in PVAT and adipose function, which will be further

investigated in subsequent chapters.

During adipogenesis, a time-dependent increase in SphK1 protein levels was
observed, aligning with the findings of Hashimoto et al,.(2009) who reported a
progressive induction of SphK1 protein expression in 3T3-L1 cells during
differentiation. In their study, SphK1 protein levels began to rise noticeably from
day 3 and reached a peak around day 8. This pattern aligns with the present
findings, in which SphK1 protein expression reached its highest level by day 8,
which was the final time point assessed. This selection was based on the well-

established completion of 3T3-L1 adipocyte differentiation at this stage, as
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reported by Hashimoto et al. (2009). Further supporting the role of SphK1 as a key
mediator of adipocyte maturation and metabolic function. This suggests that
SphK1 plays a fundamental role in regulating the developmental processes
necessary for fully functional adipocytes, contributing to lipid storage and
metabolic activity (Mastrandrea, 2013). To further explore the role of SphK1 in
adipogenesis, future studies could employ pharmacological inhibitors or siRNA-
mediated knockdown of SphK1 during the differentiation of preadipocytes. The
effects on adipocyte development could be assessed by examining the expression
of key adipogenic markers, such as PPARy, C/EBPa, and aP2, in addition to
evaluating lipid droplet formation. These strategies would help determine
whether SphK1 is required at the initiation of differentiation, during its
progression, or throughout the entire process. Moreover, these data could provide
valuable insights into the signalling pathways through which SphK1 regulates
adipocyte differentiation. These findings reinforce the significance of SphK1 in
adipogenesis, pointing to its potential as a target for modulating adipocyte
differentiation and metabolic health in the context of obesity and related

diseases.

Regarding AMPK regulation of SphK1 in MEF cells, one of the study’s key
observations is the substantial increase in SphK1 protein levels in AMPKa1/a2 KO
MEFs, despite unchanged SphK1 gene expression. This finding suggests a post-
transcriptional regulatory mechanism by which AMPK modulates SphK1, possibly
influencing its protein stability or translation efficiency (Wang et al, 2014). The
discrepancy between protein and mRNA levels highlights the importance of post-
transcriptional modifications in SphK1 regulation, a crucial aspect that
necessitates further investigation. To further investigate the post-transcriptional
regulation of SphK1 by AMPK, future studies could employ cycloheximide, a well-
established protein synthesis inhibitor, to measure the degradation rate of SphK1
protein in WT and AMPK-deficient MEF cells. If SphK1 degrades more slowly in the
knockout cells, this would suggest that AMPK plays a role in promoting its turnover.
In addition, to explore whether AMPK affects SphK1 at the level of translation,
methods such as polysome profiling or ribosome footprinting could be used to
assess the efficiency of SphK1 mRNA translation. Together, these approaches
would help clarify whether AMPK regulates SphK1 expression by influencing

protein degradation, translation, or both, thereby providing deeper insight into
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the mechanisms involved. Understanding this regulatory layer is essential for fully
elucidating AMPK’s influence on SphK1 and its broader role in adipocyte function

and metabolism.

The simultaneous upregulation of SphK1, ERK1/2, and JNK observed in AMPKa1/a2
KO MEF cells provides strong evidence of a regulatory crosstalk between AMPK and
MAPK signalling pathways. The activation of ERK1/2, which is required for SphK1
activation (Pitson et al, 2003), highlights the interconnected nature of these
pathways, suggesting that AMPK may exert control over SphK1 through MAPK
signalling. Furthermore, the increased activation of JNK in AMPK-deficient cells
points to a pro-inflammatory state, consistent with AMPK’s well-documented anti-
inflammatory effects (Salt & Palmer, 2012). This result supports the hypothesis
that SphK1 may contribute to inflammatory signalling in the absence of AMPK,
potentially through enhanced MAPK pathway activation.

A key finding of this study is the tissue-specific regulation of SphK1 by AMPK in
PVAT. In AMPKa1 KO mice, SphK1 protein expression was significantly elevated in
thoracic PVAT, while it remained unchanged in abdominal PVAT. This difference
likely reflects the distinct metabolic and inflammatory characteristics of these
depots. Thoracic PVAT shares several features with brown adipose tissue (BAT),
including high mitochondrial density and thermogenic capacity (Fitzgibbons et al.,
2011). BAT-like adipose depots are highly metabolically active and rely on AMPK
signalling to maintain mitochondrial function, regulate adipogenic transcription
factors, and suppress inflammatory responses (Wang et al., 2021). Supporting this,
Yang et al. (2016) demonstrated that AMPKa1 ablation in neonatal mice led to
reduced BAT mass, decreased UCP1 expression, and lower mitochondrial content,
highlighting the importance of AMPKa1 in BAT development and functionality. In
contrast, abdominal PVAT more closely resembles white adipose tissue (WAT),
which is primarily involved in lipid storage and exhibits a different metabolic
profile (Szasz and Webb, 2012). The absence of AMPKa1 in thoracic PVAT appears
to compromise its anti-inflammatory regulatory function, resulting in the
upregulation of sphingosine kinase 1 (SphK1), a kinase known to promote pro-
inflammatory signalling. This aligns with the findings of Gabriel et al. (2017), who
reported that SphK1 expression is elevated in adipose tissue macrophages and

contributes to inflammation, particularly under lipotoxic conditions. Supporting
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this notion, Almabrouk et al. (2018) demonstrated increased infiltration of
inflammatory cells in the thoracic PVAT of AMPKa1 knockout mice, further
indicating a shift toward a pro-inflammatory phenotype in the absence of AMPKa1.
Collectively, these findings suggest that AMPKa1 deficiency disrupts PVAT
homeostasis, potentially through enhanced SphK1 expression and activation of
downstream mitogen-activated protein kinase (MAPK) pathways, including ERK1/2
and JNK, both of which were upregulated in the present study. The observed post-
transcriptional regulation of SphK1 in thoracic PVAT, similar to that seen in MEF
cells, further emphasizes the complexity of this regulatory mechanism,
underscoring the need to consider depot-specific factors when studying adipose

tissue biology.
Implications and Future Directions

This study highlights the depot-specific role of AMPK in regulating SphK1
expression and inflammatory pathways within perivascular adipose tissue. The
selective increase of SphK1 in thoracic PVAT following AMPKa1 deletion suggests
that AMPK is essential for maintaining an anti-inflammatory state in metabolically
active fat depots. These findings point to AMPK-SphK1 signalling as a potential
target for preventing PVAT dysfunction and its contribution to vascular
inflammation in metabolic disease. The pro-inflammatory state is associated with
elevated levels of SphK1, ERK1/2, and JNK in AMPK-deficient conditions. In this
study, AMPKa1 deficiency was associated with elevated levels of SphK1, ERK1/2,
and JNK, indicating a pro-inflammatory state in perivascular adipose tissue
(PVAT). These findings are consistent with those of Almabrouk et al. (2014), who
reported that AMPKa1 knockout mice exhibited increased macrophage infiltration,
reduced adiponectin secretion, and loss of the anticontractile function of PVAT.
These alterations suggest a protective role of AMPK in maintaining PVAT function
and suppressing vascular inflammation. Similarly, in human studies, reduced AMPK
activity in the visceral adipose tissue of morbidly obese individuals has been linked
with increased inflammatory signalling and insulin resistance, emphasising AMPK’s
relevance in metabolic disease (Gauthier et al., 2011). Furthermore, Mancini and
colleagues highlighted the anti-inflammatory role of AMPK, showing that its
activation suppresses pro-inflammatory signalling pathways such as NF-kB and JNK

in adipose tissue, ultimately reducing cytokine-mediated inflammation (Bijland,
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Mancini, and Salt, 2013). Collectively, these findings reinforce the idea that AMPK
plays a central role in controlling inflammation in adipose tissues and suggest that
therapeutic strategies targeting AMPK-SphK1-MAPK signalling may help counteract

inflammation and dysfunction in obesity-related vascular and metabolic disorders.

Future experiments should aim to clarify the link between AMPK, SphK1, and
inflammation at both the gene and protein levels. One approach would be to treat
adipose-derived cells or cultured PVAT explants with pharmacological AMPK
activators (such as AICAR or A-769662) or inhibitors (such as Compound C) and
measure changes in SphK1 mRNA and protein expression using quantitative PCR
and Western blotting. Similarly, using SphK1-specific inhibitors (e.g., SKI-1I) could
help assess whether blocking SphK1 reverses inflammation-related changes
downstream of AMPK deficiency. Levels of key inflammatory markers such as TNF-
a, IL-6, and IL-1B could be assessed in parallel by qPCR and ELISA to establish
functional links between AMPK activity, SphK1 regulation, and inflammation.
Together, these experiments would provide a clearer understanding of how AMPK
modulates SphK1 expression and its contribution to inflammatory responses in

adipose tissue.

3.5 Conclusion

This study has revealed complex regulatory interactions between AMPK and SphK1
that are dependent on adipose tissue depot location. These findings suggest that
AMPK plays a critical role in maintaining the functional and inflammatory balance
of perivascular adipose tissue (PVAT), particularly in thoracic regions. The data
highlight the importance of considering depot-specific differences in adipose
tissue biology and underscore the involvement of AMPK, SphK1, and MAPK
pathways in regulating adipose tissue homeostasis. These regulatory mechanisms
are likely to have significant implications for metabolic health and the
development of obesity-related disorders. Notably, differences observed between
wild-type and AMPKa1 knockout mice were more prominent in thoracic PVAT
compared to abdominal PVAT, guiding the direction of subsequent investigations.
Building on these findings, the next chapter will focus specifically on thoracic
aorta to assess PVAT and its regulation of vascular function using wire myography.

These experiments will examine the effect of AMPK activation via AICAR on
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endothelial and vascular smooth muscle cell function in thoracic aortic rings.
Additionally, the study will investigate whether SphK1 and its product, S1P, affect

AMPK activation under these experimental conditions.
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Chapter 4 - Investigating the Effect of
Sphingosine-1-Phosphate (S1P) and the AMPK
Activator AICAR on Perivascular Adipose Tissue
(PVAT) Function
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4.1 Introduction

The cardiovascular system transports oxygen and nutrients via the heart and an
extensive network of blood vessels composed of the endothelium, vascular smooth
muscle, and adventitia (Aaronson et al., 2020; Chaudhry et al., 2022). Surrounding
these layers, perivascular adipose tissue (PVAT) is increasingly recognised as an
active endocrine organ, not just structural support, playing a key role in vascular
tone and inflammation (Touyz et al., 2018; Chang et al., 2020). PVAT influences
the underlying vasculature through paracrine signalling, releasing bioactive
molecules including adipokines, reactive oxygen species (ROS), nitric oxide (NO),
and hydrogen sulfide (H2S) (Szasz & Webb, 2012). In healthy states, PVAT-derived
adiponectin and NO help maintain vascular homeostasis by promoting vasodilation
and reducing oxidative stress (Xia & Li, 2017; Chen et al., 2003). However, in
pathological conditions such as obesity, diabetes, and hypertension, PVAT
becomes inflamed and secretes vasoconstrictors and pro-inflammatory cytokines,
contributing to vascular dysfunction (Ketonen et al., 2010; Zou et al., 2016; Qi et
al., 2018).

Sphingosine-1-phosphate (S1P) is a bioactive lipid that modulates vascular
function via binding to five G protein-coupled receptors (S1PR1-S1PR5), which are
differentially expressed on endothelial cells, vascular smooth muscle cells
(VSMCs), and immune cells (Chun et al., 2002; Peters & Alewijnse, 2007). In the
cardiovascular system, S1PR1, S1PR2, and S1PR3 are the predominant subtypes
with distinct cellular distributions and roles (Constantinescu et al., 2022; Wang et
al., 2023). For instance, S1PR1 is largely found in cardiomyocytes, S1PR3 in cardiac
fibroblasts, and S1PR2 in both cell types (Cannavo et al., 2017). S1P signalling
modulates endothelial barrier integrity (Wilkerson and Argraves, 2014),
angiogenesis (ArgravesWilkerson and Argraves, 2010), immune cell trafficking
(Cartier and Hla, 2019), and vascular tone (lgarashi and Michel, 2009). S1P
signalling can mediate both vasoconstriction and vasodilation, depending on the
receptor subtype, vascular bed, and other signalling mediators (WaeberBlondeau
and Salomone, 2004). Additionally, S1P influences the secretion of PVAT-derived
factors, such as adipokines and NO, which are crucial for maintaining vascular

homeostasis (Dantaslgarashi and Michel, 2003).
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Numerous selective small-molecule agonists have been developed to study S1P
receptor subtype-specific functions in vascular biology. SEW2871 selectively
targets S1PR1, while CYM54 and CYM55 are used to activate S1PR2 and S1PR3,
respectively. These pharmacological tools facilitate the dissection of receptor-
specific signalling pathways involved in S1P-mediated vascular responses. Further
details on their specificity and mechanisms are discussed in Section 1.5.1.3 of the

general introduction.

AMPK contributes to aortic relaxation by phosphorylating AMPKa1 in vascular
smooth muscle, a process regulated by upstream kinases such as liver kinase B1
(LKB1) and Ca?*/calmodulin-dependent protein kinase kinase 2 (CaMKK2), which
respond to shifts in cellular energy status. Importantly, smooth muscle contraction
and relaxation are closely linked to the phosphorylation state of the myosin
regulatory light chain (MLC) (Goirand et al., 2007). Studies with AMPKa1 knockout
(KO) mice have demonstrated that vascular relaxation responses are significantly
reduced, underscoring the pivotal role of this isoform in AMPK-mediated vascular
effects (Almabrouk et al., 2017). The absence of AMPKa1l disrupts eNOS
phosphorylation and NO production, thereby impairing vasodilation (Hwej et al.,
2024). Additionally, In AMPKa1 knockout mice, PVAT generates significantly lower
levels of adiponectin compared to WT mice, highlighting the essential role of
AMPKa1 in regulating adiponectin production within adipose tissue (Almabrouk et
al., 2017).

A variety of structurally diverse compounds have been utilized in experiments to
activate AMPK. One class of AMPK activators comprises prodrugs that are
metabolized within cells to produce an AMP analogue through enzymatic
conversion. A prominent compound in this class is AICAR, an adenosine analogue.
In human aortic smooth muscle cells and isolated rabbit aortae, treatment with
AICAR has been shown to induce phosphorylation of AMPK and acetyl-CoA
carboxylase, a key downstream target of AMPK, thus inhibiting growth factor-
induced cell proliferation (Ilgata et al., 2005). Complementing these findings,
Abdulgader and Kennedy (2020) demonstrated that AICAR enhances nitric oxide
(NO) production in PVAT in a rabbit model. Their study revealed that PVAT
incubated with AICAR generated significantly higher levels of NO compared to
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untreated controls, suggesting that AICAR-induced AMPK activation in PVAT

contributes to NO-mediated modulation of vascular function.

Despite the growing recognition of PVAT, S1P, and AMPK as critical modulators of
vascular tone, their interactions together remain poorly understood. This study
aims to elucidate the mechanisms by which S1P and AICAR, individually and in
combination, influence vascular relaxation in thoracic aortic rings, with a focus
on the roles of PVAT, AMPKa1, NO, and adiponectin. By examining these
interactions, the study will provide functional insights into PVAT-mediated
vascular regulation and help identify potential therapeutic targets for
cardiovascular diseases. More specifically, the regulatory roles of AMPKa1 and
AMPKa2 can be more clearly defined. This would have a number of benefits. First,
regarding tissue-specific functions, the two isoforms are mainly expressed in
different tissues, and a clearer knowledge of their roles may help in the design of
strategies for specific tissues. Also, dysregulation of AMPK isoforms has been
associated with various diseases, which include diabetes, cancer, and
cardiovascular disorders. A deeper understanding of the distinct roles they play
might give insight into disease mechanisms and potential treatments. Finally, in
terms of therapeutic targeting, it may be possible to improve the development of

better targeted therapies by selectively inhibiting AMPKa1 or AMPKaz2.
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4.2 Aim and Objectives

The main aim is to investigate the underlying mechanisms of the effects of S1P
and AICAR on vascular relaxation, with a specific focus on the roles of PVAT,
AMPKa1, NO, and adiponectin. Objectives are:

1. To evaluate the individual effects of S1P and AICAR on vascular relaxation
in thoracic aortic rings from both wild-type (WT) and AMPKa1 knockout (KO)
mice, under endothelium-intact and denuded conditions, and in the
presence or absence of PVAT.

2. To determine the combined effects of S1P and AICAR on vascular relaxation
in WT and AMPKa1 KO thoracic aortic rings, with an emphasis on the
contribution of PVAT to the observed responses.

3. To assess the role of S1P receptor subtypes (S1PR1, S1PR2, and S1PR3) in
mediating vascular relaxation using receptor-specific agonists and
antagonists.

4. To analyse the role of NO in the effects observed and measure NO
production by PVAT.

5. To examine the effects of S1P and AICAR on the secretion of PVAT-derived
adipokines, including adiponectin, and to determine their contribution to
vascular relaxation.

6. To compare vascular responses between WT and AMPKa1 KO mice and
elucidate the role of AMPKa1 in modulating the effects of S1P, AICAR, and
PVAT.
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4.3 Results

4.3.1 Vascular relaxation induced by combined S1P and AICAR
in WT aortic rings with intact PVAT.

To investigate the effects of sphingolipids and AMPK on vascular function in the
mouse aorta, thoracic aortic rings with intact PVAT were isolated from WT mice
and subsequently denuded of endothelium. The rings were then mounted on a
wire myograph, and all rings exhibited a stable baseline tone, contraction in
response to both additions of 5 ml KPSS, a robust contraction to phenylephrine (1
HUM), and showed no acetylcholine-evoked relaxation (3 pM), confirming effective
endothelial removal. Pre-contraction with 1 pM phenylephrine was established as
outlined in the methods section, cumulative concentration-response curves were
constructed to S1P and to the AMPK activator AICAR, followed by a protocol in
which S1P and AICAR were applied together to evaluate any augmentation of

relaxation (Figure 4-1A).

Cumulative addition of S1P alone (3x10° to 3x10¢ M) did not produce a significant
relaxation in rings-containing PVAT. The maximum relaxation observed was 6.5
4.2% (n=6) in S1P-treated rings compared to 1.5 + 1.5% (n=6) in untreated, time-

control rings (Figure 4-1B).

In a separate set of rings, AICAR (5x10* to 2x103 M) was added to the
endothelium-denuded aortic rings-containing PVAT. AICAR caused a significant
relaxation, with a maximum of 40.3 * 6.4% (n=6) observed in treated rings

compared to 1.5 + 1.5% (n=6) in untreated, time-control rings (Figure 4-1C).

In a further set of experiments, rings were treated with a combination of S1P
(3x10 to 3x10¢ M) and AICAR (5x10* to 2x103 M) added simultaneously. The
combination caused an augmented relaxation compared to that seen to AICAR
alone. The maximum relaxation observed with the combination treatment was
72.6 + 6.4% (n=6), which was significantly greater than the relaxation induced by
AICAR alone (40.3 + 6.5%, n=6) (Figure 4-1D).
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Figure 4-1: Functional assessment of endothelium-denuded thoracic aortic rings with PVAT
in Wild-Type (WT) mice.

(A) Representative experimental trace from WT endothelium-denuded aortic mice rings with
intact PVAT. After KPSS verification of contractile integrity, rings were pre-contracted with
phenylephrine (1 pM); absence of acetylcholine-induced relaxation (3 pM) confirmed
successful denudation. Cumulative additions of S1P (3x107° to 3x107° M), AICAR (5%x107* to
2x107* M), and S1P + AICAR were then applied on a stable PE tone. (B) Relaxation responses
to sphingosine-1-phosphate (S1P) were examined at concentrations ranging from 3x107° to
3x107° M and compared to those of untreated (control) PVAT-containing aortic rings (n=6). (C)
Relaxation responses to the AMP-activated protein kinase (AMPK) activator AICAR were
assessed at concentrations ranging from 5x107™* to 2x10™ M and compared with the
responses of untreated PVAT-containing aortic rings (n=6). (D) The impact of combined
treatment with S1P and AICAR on the concentration-response curves were evaluated in
PVAT-containing aortic rings, and results compared to those obtained with AICAR treatment
alone (n=6). Statistical analysis was performed using two-way ANOVA, followed by Tukey’s
post hoc test with ****P < 0.001.
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4.3.2 Relaxation to a combination of S1P and AICAR is not
augmented in Wild-type (WT) aortic rings with intact
endothelium and PVAT.

Based on the augmented relaxation in denuded thoracic aortic rings containing
PVAT to a combination of S1P and AICAR (Figure 4-1D), the experiments were
repeated in endothelium-intact thoracic aortic rings. As with the experiments in
4.3.1 (above), rings were mounted on a wire myograph and pre-contracted with 1

KM phenylephrine.

Cumulative concentration-response curves to S1P (3x10° to 3x10¢ M) were
constructed in endothelium-intact aortic rings. S1P alone did not induce
significant relaxation, the maximum relaxation observed being 11 + 9% (n=5) in

S1P-treated rings compared to 2.2 + 1.4% (n=5) in untreated rings (Figure 4-2A).

AICAR (5%10 to 2x10-3 M) alone in endothelium-intact aortic rings containing PVAT
induced significant relaxation, with a maximum relaxation of 42.4 + 1.4% (n=5) in

treated rings compared to 2.2 + 1.4% (n=5) in untreated rings (Figure 4-2B).

When rings were treated with a combination of S1P (3x10° to 3x10°¢ M) and AICAR
(5%10“ to 2x10°3 M), there was no significant increase in relaxation compared to
AICAR alone. The maximum relaxation observed with the combination treatment
was 28 + 6.2% (n=6), comparable to that induced by AICAR alone (42.4 + 1.4%, n=5)
(Figure 4-2C).

The combination of S1P (3x10° to 3x10¢ M) and AICAR (5x104 to 2x103 M)
significantly augmented relaxation in endothelium-denuded PVAT-containing rings
compared to endothelium-intact PVAT rings. The maximum relaxation observed
with the combination treatment in endothelium-denuded rings was 72.6 + 6.4%
(n=6), which was notably higher than that induced by the same treatment in
endothelium-intact PVAT rings (34.5 + 7.6%, n=6) (Figure 4-2D).
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Figure 4-2: Functional assessment of endothelium-intact thoracic aortic rings with PVAT in
Wild-Type mice.

(A)Relaxation responses to sphingosine-1-phosphate (S1P) were evaluated at concentrations
ranging from 3x107° to 3x10~% M. These results were compared to untreated PVAT-containing
aortic rings (n=5). (B) The relaxation responses to the AMP-activated protein kinase (AMPK)
activator AICAR were measured over a concentration range of 5x107* to 2x107* M. Data were
compared with untreated PVAT-containing aortic rings (n=5). (C) The combined effects of S1P
and AICAR on concentration-response curves were analyzed in PVAT-containing aortic rings
(n=6). The results were compared to those observed with AICAR treatment alone in aortic
rings with PVAT. (D) The combined effects of S1P and AICAR on concentration—-response
curves were analyzed in PVAT-containing aortic rings from endothelium-intact mice and
compared to those from endothelium-denuded mice (n=6). Statistical analyses were
conducted using two-way ANOVA followed by Tukey’s post hoc test with ****P < 0.001.
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4.3.3 Vascular relaxation to the combination of S1P and AICAR
is attenuated in WT denuded thoracic rings without PVAT

Building upon the observed augmented relaxation to a combination of AICAR and
S1P in denuded thoracic aortic rings containing perivascular adipose tissue (PVAT),
(Figure 4-1D), the next stage was to study endothelium-denuded thoracic aortic
rings in the absence of PVAT. WT rings with PVAT removed were mounted on a
wire myograph and pre-contracted with 1 pyM phenylephrine, following the

protocol detailed in the methods section.

Cumulative concentration-response curves to S1P (3x10° to 3x10¢ M) were applied
to endothelium-denuded aortic rings without PVAT. S1P alone did not result in any
significant relaxation in these rings. The maximum relaxation observed was 3.5 +
3.5% (n=4) in S1P-treated rings compared to 3.5 + 3.5% (n=4) in untreated control
rings (Figure 4-3A).

Separately, AICAR (5x104 to 2x10-3 M) significantly enhanced relaxation in these
rings, with a maximum relaxation of 50 + 8.3% (n=4) observed in treated rings

compared to 3.5 + 3.5% (n=4) in untreated rings (Figure 4-3B).

Treating rings with a combination of S1P (3x10° to 3x10¢ M) and AICAR (5x10* to
2x10-3 M) did not produce any significant additional relaxation compared to AICAR
alone. The maximum relaxation observed with the combination treatment was
28.8 + 5.8% (n=6), which was actually significantly reduced compared to AICAR
alone (50 + 8.3%, n=4) (Figure 4-3C). This may suggest that S1P inhibits the action
or AICAR in this case. Interestingly, the combination of S1P and AICAR induced
significantly greater relaxation in endothelium-denuded PVAT-containing rings
compared to endothelium-denuded rings in the absence of PVAT. The maximum
relaxation observed with the combination treatment in endothelium-denuded
PVAT-containing rings was (72.7 = 6.4%, n=6), which notably exceeded the
relaxation seen in endothelium-denuded rings without PVAT (28.8 + 5.8%, n=6)
(Figure 4-3D).
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Figure 4-3: Functional assessment of endothelium-denuded thoracic aortic rings without
PVAT in Wild-Type mice.

(A)Relaxation responses to sphingosine-1-phosphate (S1P) were assessed across a
concentration range of 3x10™° to 3x107® M. These results were compared to untreated
endothelium-denuded aortic rings without PVAT (n=4). (B) Relaxation responses to AMPK
activator AICAR were measured at concentrations ranging from 5x107* to 2x107* M. Data were
compared to untreated endothelium-denuded aortic rings without PVAT (n=4). (C) The
combined effects of S1P and AICAR on concentration—-response curves were analyzed in
aortic rings lacking PVAT. These results were compared to those obtained with AICAR
treatment alone in aortic rings without PVAT (n=6). (D) The combined effects of S1P and
AICAR on concentration-response curves were assessed in endothelium-denuded aortic
rings containing PVAT (n=6) and compared to those in endothelium-denuded aortic rings
without PVAT (n=6). Statistical analyses were performed using two-way ANOVA followed by
Tukey’s post hoc test with **P < 0.01 and ****P < 0.001 considered statistically significant.
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4.3.4 Effect of AMPKa1 subunit knockout on vascular
relaxation to the combination of S1P+AICAR in thoracic
PVAT rings

The next stage of the study was to further investigate vascular function in
endothelium-denuded thoracic aortic rings derived from AMPKa1 knockout (KO)
mice, this time in the presence of PVAT. Following the methods described in detail
earlier, the rings were mounted on a wire myograph and pre-contracted with 1 uyM

phenylephrine.

Cumulative concentration-response curves for S1P (ranging from 3x10° to 3x106
M) were generated in endothelium-denuded aortic rings with PVAT. S1P alone
failed to produce significant relaxation in these rings. The maximum relaxation
observed in S1P-treated rings was 4.2 + 2.6% (n=5), compared to 0.6 + 0.6% (n=5)

in untreated control rings (Figure 4-4A).

AICAR (at concentrations from 5x104 to 2x103 M) was applied to a different set of
aortic rings where relaxation was observed with a maximum of 39.4 + 6.1% (n=5).
This was significantly higher than the 0.6 + 0.6% (n=5) which was observed in

untreated, control rings (Figure 4-4B).

Applying a combination of S1P (3x10° to 3x10¢ M) and AICAR (5x104 to 2x10-3 M)
did not lead to any significant additional relaxation beyond that induced by AICAR
alone. The maximum relaxation observed with the combination treatment was
37.6 + 3.9% (n=5), compared to 39.4 + 6.1% (n=5) in AICAR alone rings (Figure 4-
4C).

This lack of augmented relaxation to the combination of AICAR and S1P was on
contrast to what has been observed in WT aortic rings with intact PVAT and
denuded endothelium. The maximum relaxation observed in the AMPKa1 KO PVAT-
containing rings with the combination treatment was 37.6 + 3.9% (n=5), while the
WT PVAT-containing rings exhibited relaxation levels of 67.4 + 10.1% (n=5) (Figure
4-3D).
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Figure 4-4: Functional evaluation of endothelium-denuded thoracic aortic rings with
perivascular adipose tissue in AMPKa1 KO mice.

(A)Relaxation responses to sphingosine-1-phosphate (S1P) were evaluated at concentrations
ranging from 3x107° to 3x10™® M. These responses were compared to those of untreated
(control) PVAT-containing aortic rings (n=5). (B) Relaxation responses to AMPK activator
AICAR were assessed over a concentration range of 5%x107™ to 2x1072 M. These were compared
to the responses of untreated PVAT-containing aortic rings (n=5). (C) The effects of combined
treatment with S1P and AICAR on the concentration-response curves were analyzed in PVAT-
containing aortic rings from AMPKa1 KO mice. Results were compared to those obtained with
AICAR treatment alone in PVAT-containing aortic rings (n=5). (D) The combined effects of
S1P and AICAR on the concentration-response curves in PVAT-containing aortic rings from
AMPKa1 KO mice were compared to those observed with the same treatment in PVAT-
containing aortic rings from WT mice (n=5). Statistical analyses were performed using two-
way ANOVA followed by Tukey’s post hoc test with **P < 0.01 and ****P < 0.001.
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4.3.5 Effect of S1PR1 agonists (SEW2871) and antagonists
(W146) and AICAR on vascular smooth muscle wild-type
thoracic PVAT rings

Vasorelaxation was observed in endothelium-denuded thoracic aortic rings with
intact PVAT from wild-type (WT) mice following treatment with the combination
of sphingosine-1-phosphate (S1P) and AICAR (Figure 4-1D). In contrast, no
significant relaxation was observed in endothelium-intact rings, AMPKa1 knockout

(KO) PVAT rings, or in denuded rings lacking PVAT under the same conditions.

To investigate whether S1P acts through specific S1P receptors to mediate this
response, selective pharmacological agents were used. The S1PR1 agonist
SEW2871 and antagonist W146 were applied alongside AICAR in WT PVAT rings to
assess the contribution of S1PR1 to the observed vasorelaxation. This approach
aimed to determine whether S1PR1 activation is required for the effect, and
whether receptor blockade could uncover any receptor-specific contributions not
evident from S1P alone. Thoracic aortic rings with intact PVAT were isolated from
WT mice and then subjected to endothelial removal prior to mounting in the wire
myograph. The rings were pre-contracted with 1 pM phenylephrine as described

previously.

Cumulative concentration-response curves were generated for SEW2871, a
selective S1PR1 agonist, at concentrations ranging from 3x10° to 3x10¢ M, in
endothelium-denuded rings with PVAT. However, SEW2871 did not induce
significant relaxation, effecting a maximum response of only 2.6 + 2.6% (n=5),
compared to 4.2 + 3.3% (n=5) in untreated control rings (Figure 4-5A). However,
when SEW2871 was combined with AICAR (5x10“ to 2x103 M), the treatment
significantly enhanced relaxation (in the rings with PVAT) compared to AICAR
alone. The maximum relaxation observed with the combination was 69.2 + 7.7%
(n=5), compared to 41 + 8% (n=5) in rings treated solely with AICAR (Figure 4-5B).

In separate rings, W146, an S1PR1 antagonist, was pre-incubated at a
concentration of 10 pM for 15 minutes in endothelium-denuded rings with PVAT.
Pre-treatment with W146 markedly attenuated relaxation in response to the
combination of S1P and AICAR. The maximum relaxation in the presence of W146
was significantly reduced to 38.6 + 5.7% (n=5), compared to 70.8 + 8.1% (n=5) in
rings treated with the combination of S1P and AICAR (Figure 4-5C).
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Figure 4-5: Functional assessment of SEW2871, a selective S1PR1 agonist, in endothelium-
denuded thoracic aortic rings with PVAT in Wild-Type (WT) mice.

(A) A selective agonist of sphingosine-1-phosphate receptor1 (SEW2871), relaxation
responses were measured across a concentration range of 3x107° to 3x10™® M. These
responses were compared with those from untreated PVAT-containing aortic rings (n=5). (B)
The combined effects of SEW2871 and AICAR were assessed by analysing concentration—
response curves. SEW2871 was applied at concentrations from 3x107° to 3x107¢ M, while
AICAR was used at concentrations ranging from 5x107* to 2x107* M. The combined responses
were compared to those elicited by AICAR treatment alone in PVAT-containing rings (n=5).
(C) The role of S1PR1 in mediating the combined effects of S1P and AICAR was investigated
by pre-treating PVAT-containing aortic rings with W146, a selective S1PR1 antagonist (10 pM).
The influence of W146 on concentration-response curves for the combined treatment with
S1P and AICAR was analyzed. Results were compared with those obtained from S1P and
AICAR treatment in the absence of W146 (n=5). All data were analysed using two-way ANOVA
followed by Tukey’s post hoc test with ***P < 0.001 and ****P < 0.001.
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4.3.6 Effect of S1PR2 agonists (CYM5478) and antagonists
(JTE013) combined with AICAR on vascular smooth
muscle in WT thoracic aorta

To further investigate the effects of S1P receptor agonists and antagonists in
conjunction with AICAR, experiments were performed using endothelium-denuded
thoracic aortic rings obtained from WT mice in the presence of PVAT. Rings were

pre-contracted with 1 yM phenylephrine following established protocols.

Cumulative concentration-response curves were generated for CYM5478 at
concentrations ranging from 3x10° to 3x10¢ M. CYM5478 in isolation did not
produce any significant evidence of relaxation, with a maximum relaxation of 5.6
+ 2.2% (n=5), compared to 2.6 + 2.6% (n=5) in untreated control rings (Figure 4-
6A). However, when applied in combination with AICAR (5x10# to 2x103 M), a
significantly enhanced relaxation was observed when compared to AICAR alone.
The maximum relaxation achieved with the combination treatment was 56.8 +
5.4% (n=5), compared to 41 + 8% (n=5) in rings treated only with AICAR (Figure 4-
6B).

In a separate set of rings, JTEO13, a selective S1PR2 antagonist, was pre-incubated
at a concentration of 10 pM for 15 minutes in endothelium-denuded aortic rings
with PVAT. Pre-incubation with JTEO13 significantly reduced the relaxation
response to the combined treatment of S1P and AICAR. In the presence of JTE013,
the maximum relaxation was reduced to 46.4 + 5.2% (n=5), compared to 70.8 +
8.1% (n=5) observed in rings treated with the combination of S1P and AICAR
without the antagonist (Figure 4-6C).
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Figure 4-6: Functional evaluation of CYM5478, a selective S1PR2 agonist, in endothelium-
denuded thoracic aortic rings with PVAT in Wild-Type (WT) mice.

(A) CYM5478, a selective S1PR2 agonist, was tested for its ability to induce relaxation in
PVAT-containing aortic rings. Responses were evaluated at concentrations ranging from
3x107° to 3x107° M and compared to the responses of untreated rings containing PVAT (n=5).
(B) The interaction between CYM5478 and AICAR was explored by examining their combined
effects on concentration—-response curves. CYM5478 was tested at concentrations of 3x107°
to 3x107¢ M, while AICAR was applied at concentrations ranging from 5x107™* to 2x107% M.
These combined effects were compared to those observed with AICAR alone in PVAT-
containing aortic rings (n=5). (C) To investigate the role of S1PR2 in mediating the effects of
S1P and AICAR, PVAT-containing aortic rings were pre-treated with JTE013 (10 uM), a
selective S1PR2 antagonist. The impact of this pre-treatment on the concentration-response
curves to the combination of S1P and AICAR was evaluated. Results were compared to those
from rings treated with S1P and AICAR without JTE013 pre-treatment (n=5). Statistical
analysis was performed using two-way ANOVA, followed by Tukey’s post hoc test with **P <
0.01.
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4.3.7 Effect of S1PR3 agonists (CYM5541) and antagonists
(CAY10444) in combination with AICAR on vascular
smooth muscle in WT thoracic aorta.

Cumulative concentration-response curves were also generated for CYM5541, a
selective S1PR3 agonist, at concentrations ranging from 3x107° to 3x107¢ M in
endothelium-denuded rings with PVAT. CYM5541 alone did not produce significant
relaxation, with a maximum response of 5.6 + 2.2% (n=5), compared to 2.6 + 2.6%
(n=5) in untreated control rings (Figure 4-7A). However, when combined with
AICAR (5x104 to 2x1073 M), a significant enhancement in relaxation was compared
to AICAR treatment alone. The maximum relaxation achieved with the
combination was also 55 + 5.9% (n=5), compared to 45.8 + 6.1% (n=5) in rings
treated solely with AICAR (Figure 4-7B).

In separate rings, CAY10444, a selective S1PR3 antagonist, was pre-incubated at
a concentration of 10 yM for 15 minutes in endothelium-denuded rings with PVAT.
Pre-treatment with CAY10444 significantly reduced the relaxation response to the
combination of S1P and AICAR. The maximum relaxation in the presence of
CAY10444 was markedly attenuated to 51.4 + 4.9% (n=5), compared to 70.8 + 8.1%
(n=5) observed in rings treated with the combination of S1P and AICAR alone
(Figure 4-7C).
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Figure 4-7: Functional assessment of CYM5541, a selective S1PR3 agonist, in endothelium-
denuded thoracic aortic rings with PVAT in Wild-Type (WT) mice.

(A) A selective S1PR3 agonist, were assessed in PVAT-containing aortic rings at
concentrations ranging from 3x107° to 3x107¢ M. The resulting responses were compared with
untreated PVAT-containing rings (n=5) to determine the specific effect of CYM5541. (B) To
explore the combined effects of CYM5541 and AICAR, concentration—response curves were
generated using CYM5541 at concentrations of 3x107° to 3x107¢ M in conjunction with AICAR
at concentrations ranging from 5x10™ to 2x10™* M. The relaxation responses from this
combined treatment were compared with those observed from AICAR treatment alone in
PVAT-containing aortic rings (n=5). (C) Rings were pre-treated with CAY10444 (10 uM), a
selective S1PR3 antagonist. The effects of this pre-treatment on the concentration-response
curves for the combination of S1P and AICAR were analyzed and compared to responses
from rings treated with S1P and AICAR in the absence of CAY10444 (n=5). Statistical analyses
were performed using two-way ANOVA followed by Tukey’s post hoc test with *P < 0.05.
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4.3.8 Mouse adipokine array (proteome profile)

We previously observed enhanced relaxation in response to AICAR in PVAT-
containing rings from WT mice and the data presented here shows that this effect
is also seen to a combination of sphingosine-1-phosphate (S1P) and the AMPK
activator AICAR (refer to Figure 4-1D). Notably, this effect was absent in aortic
rings lacking PVAT (refer to Figure 4-3C). To further investigate, the secretion of
adipokines and the presence of these adipokine within the thoracic aortic PVAT
from WT mice was examined. Conditioned media were analyzed using the
Proteome Profiler Adipokine Array from R&D Systems, a tool described in detail in

the methods section that enables the detection of 38 different adipokines.

As shown in Figure 4.8, analysis of conditioned media PVAT samples revealed that
treatment with the combination of S1P and AICAR slightly increased the levels of
several adipokines in WT mice. These included adiponectin (Acrp30/AdipoQ),
dipeptidyl peptidase-4 (CD26/DPP4), insulin-like growth factor binding protein-3
(IGFBP-3), IGFBP-6, and lipocalin-2 (NGAL).
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Figure 4-8: Adipokine profiling of thoracic PVAT-conditioned media following S1P and AICAR
treatments in Wild-Type mice.

Thoracic PVAT isolated from WT mice was incubated in 1 mL of physiological saline solution
(PSS) at 37°C under continuous oxygenation. Conditioned media were collected from thoracic
aortic PVAT of WT mice after exposure to various treatments, including untreated control,
sphingosine-1-phosphate (S1P, 1 mM), AICAR (2 mM), and a combination of S1P and AICAR.
The incubation period for all treatments was 4 hours. Adipokine levels in the conditioned
media were analyzed using the Proteome Profiler Mouse Adipokine Array kit, which contains
antibodies for 38 mouse adipokines and adipokine-related proteins, presented in duplicate.
Panel (A)- representative arrays showing chemiluminescent reaction spots on the
membranes of the adipokine profiler. Panel (B) illustrates the comparative levels of
adipokines released by WT PVAT (n=3).
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4.3.9 Effect of S1P and AICAR in combination on nitric oxide
(NO) production in wild-type (WT) thoracic PVAT

To evaluate whether generation of NO by PVAT could be involved in the
augmented relaxation responses observed, this was measured following combined
application of S1P and AICAR to WT thoracic aortic PYAT. The PVAT was incubated
under different treatments, including an untreated control, S1P (10 pM), AICAR (2
mM), and a combination of S1P and AICAR for a duration of four hours. NO levels
in the conditioned media were quantified using a Sievers 280 NO analyzer, as

outlined in the methods section.

The findings, illustrated in Figure 4-9, demonstrate that the combination of S1P
and AICAR significantly enhanced NO synthesis by PVAT. In contrast, neither S1P
nor AICAR alone produced a significant effect on NO levels when compared to the
untreated control. This indicates an interaction between S1P and AICAR which

seem to enhance NO from the PVAT.
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Figure 4-9: Combined effects of S1P and AICAR on nitric oxide production in thoracic aortic
PVAT of Wild-Type mice.

Thoracic PVAT from wild-type (WT) mice was incubated in physiological saline solution (PSS)
at 37°C with continuous oxygenation. The tissue was then treated under four conditions, as
shown on the figure. Results are expressed as the mean * SEM for NO production (nmol
NO/mg PVAT/hour, n=6). Statistical significance was determined by one-way ANOVA, with *P
<0.05.
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4.3.10 Effect of NO inhibitor (L-NAME) on combination of S1P
and AICAR in WT denuded thoracic PVAT

Building on the enhanced NO production in response to the combination of S1P
and AICAR, (Figure 4-9), further investigations were conducted to examine the
effects of this combination on vascular function. A deficiency of AMPKa1 disrupts
the phosphorylation of endothelial nitric oxide synthase (eNOS) and impairs nitric
oxide (NO) production in PVAT, leading to a reduction in vasodilation (Hwej et al.,
2024). This experiment used endothelium-denuded WT thoracic aortic in the
presence of PVAT. The objective was to evaluate the impact of combination of
S1P with AICAR on PVAT-derived NO and its impact on relaxation using the NO
inhibitor L-NAME.

Following the previously detailed methods, thoracic aortic rings were mounted on
a wire myograph and pre-contracted with phenylephrine (1 pM). The rings were
then treated with combination of S1P (3x10° to 3x10°¢ M) and AICAR (5x10“ to
2x103 M). The combination of S1P and AICAR significantly enhanced relaxation,
the maximum relaxation observed with the combination treatment was 71 + 7.4%
(n=5), which was considerably higher than the relaxation in untreated control rings
3.2 + 3.2% (n=5) (Figure 4-10A).

Endothelium-denuded rings with PVAT were pre-incubated with the NO inhibitor
L-NAME (200 pM). Pre-treatment with L-NAME significantly attenuated the
relaxation response to the combination of S1P and AICAR. The maximum relaxation
in the presence of L-NAME was reduced to 27 + 3.5% (n=5), compared to 71 + 7.4%
(n=5) in rings treated with the combination of S1P and AICAR (Figure 4-10B). These
findings highlight the role of NO synthesis in mediating the relaxation effects
induced by the combination of S1P and AICAR.
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Figure 4-10: Relaxation to S1P and AICAR and the role of Nitric Oxide (NO) in endothelium-
denuded mouse thoracic aortic rings with PVAT.

(A)S1P was tested at concentrations ranging from 3x107° to 3x10™¢ M, while AICAR was
applied at concentrations between 5x10™* and 2x10™° M. The responses observed from the
combination of S1P and AICAR were compared to those of untreated control vessels with
intact PVAT (n=5). (B) Aortic rings were pre-treated with the NO inhibitor L-NAME (200 pM).
The effect of L-NAME pre-treatment on the concentration-response curves to the combined
application of S1P and AICAR was compared to responses in rings treated with S1P and
AICAR alone, without L-NAME pre-treatment (n=5). All results are presented as mean + SEM.
Statistical significance was assessed using two-way ANOVA followed by Tukey’s post hoc
test, with ****P < 0.001.
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4.4 Discussion

This study explored the effects of S1P and the AMPK activator AICAR on vascular
relaxation in thoracic aortic rings, with a particular focus on the roles of
perivascular adipose tissue, AMPKa1, nitric oxide, and adiponectin. The findings
revealed that S1P and agonist of S1P receptors alone did not induce relaxation,
whereas AICAR did induce significant relaxation, particularly in aortic rings
containing PVAT. Notably, the combined treatment with S1P and AICAR resulted
in augmented relaxation, more pronounced in endothelium-denuded rings with
PVAT (Figure 4-1) compared to those without (Figure 4-3), highlighting the critical

role of PVAT in mediating these effects.

In figure 4-9, the data suggests that addition of S1P to PVAT induces as much
production of NO as AICAR does; yet S1P does not cause relaxation of the aortic
rings. This paradox could be explained because, while both stimulate the
production of NO, they activate different pathways and also interact differently

with vascular cells.

The enhanced relaxation observed with the combined treatment was significantly
diminished in AMPKa1 knockout (KO) mice (Figure 4-4), underscoring the essential
role of AMPKa1 in this interaction. Nitric oxide production was identified as a key
mediator, as the NO synthase inhibitor L-NAME markedly attenuated the
relaxation responses (Figure 4-10). Further analysis of PVAT-derived factors
indicated a slight increase in adiponectin secretion in response to S1P and AICAR
(Figure 4-9), linking this adipokine to the observed vascular effects, however the
effects of adiponectin would need to be investigated more fully in functional

experiments.

The enhanced vasorelaxation induced by the combined treatment of S1P and
AICAR was markedly attenuated in vessels with intact endothelium compared to
endothelium-denuded aortic rings (Figure 4-2), indicating that these agents could
exert vasorelaxant effects directly on vascular smooth muscle cells (VSMCs)
independent of endothelial influence. This observation aligns with findings that
AICAR induces endothelium-independent vasorelaxation through activation of
AMPK in VSMCs, leading to smooth muscle relaxation without reliance on intact
endothelium (Goirand et al., 2007). Highlighting potential roles of AICAR in

modulating vascular function independently of the endothelium.
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In this study, a pharmacological approach was employed using selective agonists
and antagonists to investigate the receptor-specific effects of S1P on vascular

relaxation (Table 4-1).

Table 4-1 Semi-quantitative assessment of vasorelaxation in mouse thoracic aorta in
response to S1P receptor agonists, AICAR, and their co-application; plus signs indicate
degree of qualitative relaxation.

Mouse PVAT | ET | S1PR agonists | AICAR S1PR agonists
+
AICAR
WT Yes No - ++ +4++
S1P
WT Yes Yes - ++ +
S1P
WT No No - ++ +
S1P
AMPKa1 Yes No - ++ ++
KO S1P
WT Yes No - ++ +++
SEW2871
WT Yes No - ++ +4++
CYM5478
WT Yes No - ++ +++
CYM5541

SEW2871 and W146 were used as a selective S1PR1 agonist and antagonist,
respectively (Figure 4-5); CYM5478 and JTEO13 targeted S1PR2 as agonist and
antagonist (Figure 4-6); and CYM5541 and CAY10444 were employed as selective
agonist and antagonist for S1PR3 (Figure 4-7). This strategy aimed to assess
whether activation of specific S1P receptors is necessary for the observed effects

and whether receptor blockade could reveal receptor-dependent mechanisms that
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may not be evident with S1P treatment alone. Receptor-specific studies
implicated S1PR1 as a potent mediator of vasorelaxation, while S1PR2 and S1PR3
exhibited less pronounced effects when combined with AICAR. Inhibition of these
receptors reduced the relaxation responses, further supporting their involvement.
Overall, these findings highlight the interplay between S1P signalling, AMPK

activation, PVAT-derived factors, and NO in regulating vascular relaxation.

The findings of this study indicate that S1P alone does not induce significant
relaxation in thoracic aortic rings under most experimental conditions,
underscoring its limited role as an independent vasorelaxant. This aligns with the
established understanding that S1P exerts its effects through the activation of
sphingosine-1-phosphate receptors (S1PR1-S1PR5), with each receptor subtype
contributing uniquely to vascular tone regulation (Chun et al., 2002). The weak or
absent relaxation responses observed in this study suggest that the effects of S1P
are mediated by a balance between vasodilatory and vasoconstrictive pathways,
where certain receptor subtypes may favour vasoconstriction, thereby limiting the
vasorelaxant potential of S1P. This interpretation is supported by evidence that
S1P signalling can mediate both vasoconstriction and vasodilation, depending on
the specific receptor subtype activated, the vascular bed involved, and
interactions with other signalling mediators (WaeberBlondeau and Salomone,
2004). For example, S1PR1 is often associated with vasodilation through its role in
enhancing endothelial nitric oxide synthase activity and promoting nitric oxide
production. Conversely, S1PR2 and S1PR3 are more commonly linked to
vasoconstrictive effects, potentially through pathways that counteract S1PR1-
mediated vasodilation (Katunaric et al., 2022). The findings of this study are
consistent with existing literature, confirming that S1P alone is not a potent
independent vasodilator. S1P binds to STPR1 on endothelial cells. Once activated,
S1PR1 triggers intracellular signalling pathways that lead to the activation of
eNOS, which catalyses the production of NO from L-arginine. NO then diffuses into
the surrounding VSMC, which leads to relaxation of the smooth muscle and
subsequent vasodilation. On the other hand, S1PR2 primarily signals through the
Ga12/13 and Gaq pathways, leading to the activation of Rho kinase, which
encourages smooth muscle tissues to contract. S1PR3, in a similar way to S1PR2,
also utilizes the Gaq and Ga12/13 pathways. But can also activate the Gai

pathway, reducing cyclic AMP levels and enhancing calcium signalling in VSMC,
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thus contributing to vasoconstriction. Given these observations, further
investigation into S1P alone is unlikely to yield significant new insights. Instead,
future research should prioritize selective targeting of S1PR1 or combination
therapies that enhance its vasorelaxant effects, such as co-activation with AMPK

using agents like AICAR.

In contrast, AICAR - a pharmacological activator of AMPK - consistently induced
significant relaxation in thoracic aortic rings, particularly in those containing
perivascular adipose tissue (PVAT). This finding is consistent with the established
role of AMPK as a key regulator of vascular homeostasis. AMPK activation enhances
the activity of endothelial nitric oxide synthase, leading to increased nitric oxide
production, which serves as a critical mediator of vascular relaxation.
Additionally, it also plays a crucial role in maintaining vascular homeostasis (Ewart
and Kennedy, 2011). AICAR, an adenosine analogue, is transported into cells via
adenosine transporters and phosphorylated by adenosine kinase to generate ZMP,
an AMP mimetic (Hardie, 2016). This ability to activate AMPK has made AICAR a
tool of choice in studies involving intact cells, tissues, and animal models.
However, despite its broad utility, AICAR exhibits limited specificity and has been
associated with several off-target effects, as reported in recent studies (Kopietz
et al., 2021; Ahwazi et al., 2021a, 2021b).

The effectiveness of AICAR in inducing vascular relaxation has been supported by
evidence from studies on human aortic smooth muscle cells and isolated rabbit
aortas. AICAR treatment induces the phosphorylation of AMPK and its downstream
target, acetyl-CoA carboxylase, leading to the inhibition of growth factor-induced
cell proliferation (lgata et al., 2005). Furthermore, AICAR-induced activation of
AMPK within PVAT has been shown to stimulate nitric oxide (NO) release, thereby
contributing to the regulation of vascular function via NO-dependent pathways
(Abdulgader & Kennedy, 2020). These findings highlight the dominant role of AMPK
signalling in promoting vascular relaxation, particularly in the context of NO-
mediated pathways. The stronger relaxation responses to AICAR compared to S1P
alone underscore the critical contribution of AMPK activation in this experimental

setting.
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The differential effects of S1P and AICAR on vascular relaxation highlight their
distinct roles in vascular biology. While S1P primarily functions through receptor-
mediated pathways, AMPK exerts its effects by directly modulating cellular
metabolism, enhancing NO production, and reducing oxidative stress. These
findings emphasize the importance of metabolic signalling in promoting vascular
relaxation and suggest that S1P may require interactions with other pathways,
such as AMPK or PVAT-derived factors, to exert significant vasorelaxant effects.
One noticeable finding of this study is the enhanced relaxation observed in
endothelium-denuded aortic rings containing PVAT when treated with a
combination of S1P and selective agonists for its receptors, including S1PR1,
S1PR2, and S1PR3, alongside AICAR. This enhancement was greater than the
relaxation induced by AICAR alone, suggesting an interaction between S1P
signalling and AMPK activation in the presence of PVAT. Importantly, this
augmented relaxation was absent in PVAT-free rings, highlighting the critical role
of PVAT in mediating the combined effects of S1P and AICAR.

PVAT is well-established as a source of various bioactive molecules, including
adipokines and gaseous mediators such as nitric oxide and hydrogen sulfide (H2S).
These factors contribute to vascular relaxation by modulating the function of
endothelial and smooth muscle cells. In this study, the combined treatment with
S1P and AICAR likely enhanced the secretion of vasorelaxant factors from PVAT,
thereby amplifying the relaxation response. Adiponectin, a key anti-inflammatory
and vasoprotective adipokine secreted predominantly by PVAT, emerges as a
potential mediator of this effect. Adiponectin is known to activate eNOS, leading
to increase NO production, which is essential for vascular relaxation (Chen et al.,
2003). Furthermore, adiponectin reduces oxidative stress in the vascular wall,
further contributing to its vasoprotective effects. The observed augmentation of
relaxation in thoracic aortic rings containing PVAT may reflect a positive feedback
mechanism. In this model, the combined activation of PVAT by S1P and AICAR
could stimulate adiponectin secretion, which, in turn, enhances NO synthesis and
amplifies the relaxation response. The significant reduction in relaxation observed
following treatment with NOS inhibitor L-NAME provides strong evidence that NO
serves as a primary mediator of the vascular effects induced by S1P and AICAR.
This finding underscores the important role of NO in facilitating vascular

relaxation in response to these stimuli. The inhibition of this pathway by L-NAME
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further confirms the value of NO in mediating the synergistic effects of S1P and
AICAR on vascular function. This study reinforces the importance of the NO
pathway as a key downstream effector in the context of S1P- and AICAR-mediated
vascular relaxation. Previous studies have demonstrated that S1P influences the
secretion of PVAT-derived factors, such as adipokines and NO, highlighting its role
in modulating vascular function through paracrine signalling (Kwon et al., 2001).
Additionally, PVAT surrounds blood vessels and exerts paracrine effects through
the release of bioactive molecules such as adipokines, reactive oxygen species
(ROS), and gaseous mediators like NO and H2S (Szasz and Webb, 2012). The
interplay of these factors creates a vascular microenvironment conducive to
relaxation, particularly under conditions of combined S1P and AICAR stimulation.
The interplay is complex, but may be outlined as follows: anti-inflammatory
adipokines, such as adiponectin, encourage more NO to be produced, which
promotes vasodilation. Excessive ROS acts to lower NO bioavailability, which can
result in dysfunction in the endothelial cells. H2S counteracts oxidative stress and
supports NO-mediated relaxation. The result of this complex network is enhanced

relaxation and vascular homeostasis.

These findings underscore the critical role of PVAT-derived factors, such as
adiponectin, in mediating vascular relaxation through NO-dependent mechanisms.
They also highlight the effects of S1P and AICAR in enhancing PVAT function and
promoting vascular homeostasis. This research adds to the growing body of
evidence supporting the importance of PVAT as a modulator of vascular tone and

its potential as a target for therapeutic interventions in cardiovascular diseases.

Interestingly, the absence of augmented relaxation in AMPKa1 knockout (KO) mice
strongly suggests that AMPK activation is essential for the interplay between S1P
and PVAT in modulating vascular tone. AMPK is required for the downstream
effects of PVAT-derived factors, including NO production and the reduction of
oxidative stress. Without AMPK signalling, as in AMPKa1 KO mice, these critical
processes are impaired, resulting in diminished relaxation responses. Both AMPKa1
and a2 isoforms are expressed in arterial smooth muscle cells, although their
relative abundance varies between different arteries (Rubin et al., 2005; Evans et
al., 2006). Importantly, AMPKa1l is the predominant isoform responsible for

inducing vascular relaxation. Studies have demonstrated that AMPK induces aortic
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ring relaxation through the direct activation of AMPKa1 in smooth muscle cells
(Goirand et al., 2007). Research involving AMPKa1 KO mice has shown significantly
reduced vascular relaxation responses, emphasizing the critical role of this
isoform in AMPK-mediated vascular effects (Almabrouk et al., 2017). The absence
of AMPKa1 disrupts eNOS phosphorylation and NO production also by the PVAT
itself, impairing vasodilation (Hwej et al., 2024). Additionally, other PVAT-derived
factors, such as adiponectin, are less effective in promoting relaxation in vessels
from AMPKa1 KO mice. This finding highlights the essential role of AMPKa1 in
facilitating the interaction between PVAT and the vascular wall, emphasizing its
importance in maintaining vascular homeostasis (Almabrouk et al., 2017). The role
of AMPKa1 is further supported by the observation that the vasorelaxant effects
of AICAR, a pharmacological activator of AMPK, are completely abolished in
AMPKa1-deficient mice but remain intact in a2-deficient mice. This evidence
strongly suggests the dominant role of the AMPKa1 isoform in mediating vascular
relaxation responses (Goirand et al., 2007). The interplay between S1P, AMPK,
adiponectin, and NO underscores the importance of PVAT in modulating vascular
function. By enhancing adiponectin secretion and amplifying its NO effects, the
combination of S1P and AICAR creates a positive feedback loop that promotes

vascular relaxation.

Implications and Future Directions

The findings of this study have significant implications for our understanding of
vascular biology and the treatment of cardiovascular diseases. The interplay
between S1P, AMPK activation and perivascular adipose tissue highlights a
complex regulatory network that governs vascular relaxation through the
secretion of NO and adipokines like adiponectin. These results suggest that
targeting PVAT and AMPK pathways could provide new therapeutic strategies for
mitigating disease with a component of vascular dysfunction. Therapeutic
strategies targeting PVAT and AMPK activation, including pharmacological AMPK
activators such as AICAR or selective modulation of S1PR to enhance NO and
adiponectin secretion, could represent innovative approaches for improving
endothelial function and alleviating vascular dysfunction, particularly in the

context of metabolic and cardiovascular diseases. Future experiments will aim to
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elucidate the mechanisms by which S1P and AMPK activation regulate vascular

relaxation, with a particular focus on the role of PVAT-derived factors.

In vivo studies could be conducted using WT and AMPKa1 KO mice treated with
the combination of S1P and AICAR, with PVAT-conditioned media from these mice
being analyzed to determine adiponectin concentrations using an ELISA. To further
investigate the role of adiponectin in PVAT-mediated vascular relaxation,
endothelium-denuded thoracic aortic rings from both WT and AMPKa1 KO mice,
with and without PVAT, could be incubated with an AdipoR1 receptor blocker
peptide. Following incubation, dose-response curves to S1P and AICAR would
assess the extent of vascular relaxation and determine the specific contribution
of adiponectin signalling through AdipoR1. Additionally, adiponectin knockout
mice could be used to assess whether the absence of adiponectin alters S1P and
AICAR-induced vasorelaxation. Vascular function could also be assessed in
abdominal and mesenteric rings, both with and without PVAT, to compare vascular
responses across different vascular beds. Furthermore, an interesting future
direction would be testing sequence dependence by holding S1P at a single low
(minimally active) concentration and constructing a cumulative concentration-
response curve to AICAR, and vice versa. This approach could clarify whether the
order of activation alters the magnitude of vasorelaxation, potentially revealing
priming effects or synergistic interactions between these signalling pathways. To
examine the impact of metabolic disorders, high-fat diet (HFD)-induced obese
mice could be used to evaluate how obesity affects PVAT function, AMPK
activation, and vascular relaxation. These studies would provide critical insights
into the interplay between S1P signalling, AMPK activation, and PVAT-derived
adipokines in regulating vascular function under physiological and pathological
conditions. Given the established role of hydrogen sulfide (H2S) in vascular
function, its potential contribution to S1P and AMPK-induced vasorelaxation would
also be interesting to study. H2S levels in PVAT-conditioned media treated with
S1P and AICAR can be quantified using gas chromatography-mass spectrometry
(GC-MS) and colorimetric assays to determine whether these treatments influence
H2S production and pharmacological inhibition of H2S production can be achieved
using DL-propargylglycine (PAG), a cystathionine y-lyase (CSE) inhibitor, to
evaluate its effect on vascular relaxation. Furthermore, studies using CSE

knockout (KO) mice would clarify the endogenous role of H2S in S1P and AMPK-
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induced vascular effects, providing deeper insights into its contribution to PVAT-

mediated vasoregulation.

Future work could also employ in vitro studies using 3T3-L1 adipocytes, WT and
AMPKa1&a2 KO MEFs to examine the molecular mechanisms involved. Cells would
be treated with S1P and AICAR, and adipokine secretion assessed using ELISA and
Western blot analysis, while qPCR and immunoblotting used to analyse the
expression of S1P receptors (S1PR1, S1PR2, and S1PR3) and AMPK signalling
components. Furthermore, conditioned media from treated with S1P and AICAR
could be applied to vascular smooth muscle cells (VSMCs) to examine their effects

on vasorelaxation.

4.5 Conclusion

This study provides novel insights into the mechanisms by which S1P and AICAR
regulate vascular relaxation, emphasizing the complex interplay between
perivascular adipose tissue (PVAT), AMPKa1, nitric oxide (NO), and adiponectin.
The findings establish PVAT as an active regulator of vascular function, rather than
a passive structural component, primarily through its secretion of vasoprotective
adipokines and enhancement of NO production. The significant attenuation of
these effects in AMPKa1 knockout (KO) mice highlights AMPK signalling as a key
mediator of PVAT-induced vasorelaxation. This study extends our understanding
of PVAT as a metabolic regulator of vascular tone, suggesting that targeting PVAT -
derived signalling and AMPK activation could serve as a potential therapeutic
strategy for vascular dysfunction in cardiovascular diseases. Beyond reinforcing
the vasodilatory role of adiponectin and NO, this study opens new research
directions into other PVAT-derived mediators, such as hydrogen sulfide (H2S),
which may also contribute to S1P and AMPK-induced vascular effects.
Furthermore, the differential responses observed in AMPKa1 KO mice suggest the
possibility of isoform-specific functions of AMPK, warranting further investigation
into AMPKa2 and its compensatory mechanisms in vascular homeostasis. However,
certain limitations should be considered. While this study establishes a functional
relationship between PVAT, AMPK activation, and vascular relaxation, the precise
molecular mechanisms and downstream signalling pathways require further

validation through targeted gene knockdown and pharmacological inhibition.
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Additionally, the reliance on in vitro wire myography, although valuable for
mechanistic studies, does not fully capture the systemic vascular responses in
physiological and pathological conditions. Future research should extend these
findings to in vivo disease models to assess their clinical significance. Overall, this
study presents PVAT as an active metabolic contributor to vascular function,
shifting the perspective from a structural support role to a dynamic regulator of
vascular homeostasis. These findings highlight the potential of PVAT-targeted
therapies and AMPK modulation in developing novel interventions for metabolic

and cardiovascular diseases.



126

Chapter 5 - How Sphingsine-1-Phosphate (S1P)
and AMPK activators-compound 991 and
A769662 affect perivascular adipose tissue

functions
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5.1 Introduction

In Chapter 4, it was shown that a combination of S1P and the AMPK activator
AICAR, induced significantly enhanced vascular relaxation in endothelium-
denuded thoracic aortic rings containing PVAT compared to each agent
individually. These findings emphasize the critical role of AMPK activation in
regulating vascular smooth muscle function and highlight the importance of PVAT-
derived factors in facilitating relaxation responses. Notably, the presence of PVAT
amplified the effects of both S1P, which had no significant vasorelaxant effects
when administered alone, and AICAR, illustrating its dynamic role as an active
endocrine tissue. PVAT releases key adipokines, such as adiponectin, and
vasorelaxant mediators, including nitric oxide. These PVAT-derived factors are
fundamental to the regulation of vascular tone and play a crucial role in
maintaining vascular homeostasis under physiological conditions (Queiroz and
Sena, 2024).

The findings further underscored the pivotal role of AMPK activation in modulating
PVAT functionality. The augmented relaxation observed when S1P and AICAR were
combined in PVAT-containing vascular rings was significantly diminished in
AMPKa1 knockout (KO) mice, highlighting the essential function of AMPKa1, the
principal catalytic subunit of AMPK in vascular tissues. These results provide a
foundation for future research aimed at exploring the impact of various AMPK

activators on vascular function in relation to PVAT.

Building on these findings, the experiments presented in this chapter investigate
the effects of two other AMPK activators, namely Compound 991 and A-769662, in
thoracic aortic rings containing PVAT, both individually and in combination with
S1P. These two AMPK activators differ significantly from AICAR in terms of their
mechanisms of activation (Sanders et al., 2007). AICAR, an adenosine analogue, is
transported into cells via adenosine transporters and subsequently phosphorylated
by adenosine kinase to become ZMP, an AMP mimetic (Merrill et al., 1997; Gao et
al., 2018). Unlike traditional activators, AICAR activates AMPK without altering
adenine nucleotide ratios, that is ADP/ATP or AMP/ATP. However, ZMP can also
modulate other metabolic enzymes that are allosterically regulated by AMP,
leading to potential off-target effects (RenaHardie and Pearson, 2017). In
contrast, A769662 is a direct allosteric activator of AMPK that targets the AMPK
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isoforms containing the B1 subunit. The drug binds to the subunit between the B-
CBM and the N-lobe on the a subunit, known as the allosteric drug and metabolite
(ADaM) site. This interaction also inhibits the dephosphorylation of Thr172 by
protein phosphatases, thus keeping the enzyme activated. Similarly, Compound
991 (C991) is another direct allosteric activator of AMPK (Willows et al., 2017).
Like A769662, C991 binds to the ADaM site but demonstrates activity in both
AMPKB1- and AMPKB2-containing complexes, with a stronger preference for B1
(Xiao et al., 2013). These distinct mechanisms of AMPK activation offer a valuable
opportunity to investigate the specific effects of various activation pathways on

vascular relaxation, particularly in the presence of PVAT.

The motivation for investigating C991 and A-769662 arises from the need to
determine whether the previously observed effects of S1P and AICAR are specific
and dependent on the mode of AMPK activation or represent a broader interaction
between S1P signalling and AMPK pathways. The roles of both activators in
regulating nitric oxide (NO) production and oxidative stress in cultured endothelial
cells have not been extensively investigated, and current understanding remains
limited (Strembitska et al., 2018). By comparing the effects of C991 and A-769662
with those of AICAR, this study seeks to clarify whether variations in AMPK
activation mechanisms lead to differences in vascular relaxation responses,

particularly in the context of S1P signalling and PVAT.

Chapter 4 highlighted that the effects of S1P and AICAR were partly associated
with a slight increase in adiponectin secretion and a significant enhancement of
NO from PVAT. This observation suggests that AMPK activation may condition PVAT
to release vasoprotective factors, thereby amplifying the vasorelaxant effects of
S1P. However, it remains uncertain whether this priming effect is unique to AICAR
or can be achieved with other AMPK activators, such as C991 and A-769662. To
address this question, the current study examines the combined effects of S1P and

these activators on vascular relaxation in thoracic aortic rings containing PVAT.

This chapter further explores the role of AMPKa1 in mediating vascular relaxation
responses by utilizing thoracic aortic rings from AMPKa1 knockout mice. The global
absence of AMPKa1 in these mice offers a valuable model to distinguish between
AMPK-dependent and AMPK-independent mechanisms underlying vascular
relaxation. In Chapter 4, the combination of S1P and AICAR resulted in enhanced

relaxation, which was markedly reduced in AMPKa1 KO mice, underscoring the
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critical role of this isoform in AMPK-mediated effects. Building on these findings,
the current study examines whether the compounds C991 and A-769662 exhibit
similar AMPKa1 dependency in their effects on vascular relaxation. By comparing
responses in wild-type and AMPKa1 KO mice, this research aims to elucidate the
extent to which AMPKa1 contributes to the interplay between S1P signalling and

PVAT-mediated vascular effects.

In summary, the findings presented in Chapter 4 are extended in this chapter
through an exploration of the effects of two additional AMPK activators, C991 and
A-769662, on vascular relaxation in thoracic aortic rings with PVAT. By comparing
these results with those observed using AICAR, the study seeks to elucidate how
distinct mechanisms of AMPK activation influence S1P-mediated vascular effects

and PVAT-driven vascular responses.

5.2 Aim and Objectives

The primary aim of this chapter is to investigate the role of AMPK activators C991
and A-769662 in modulating vascular relaxation in thoracic aortic rings with intact
PVAT, both individually and in combination with S1P. The aim is to determine how
different mechanisms of AMPK activation influence vascular function, particularly

in the context of PVAT-derived factors and AMPKa1 signalling. Objectives include:

1. To evaluate the effects of S1P and C991 on vascular relaxation in WT
endothelium-denuded thoracic aortic rings with PVAT and in AMPKa1 KO

thoracic aortic rings with PVAT.

2. To evaluate the effects of S1P and A-769662 (A76) on vascular relaxation in
WT endothelium-denuded thoracic aortic rings with PVAT and in AMPKa1
KO thoracic aortic rings with PVAT.
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5.3 Results

5.3.1 Effect of the combination of S1P and Compound 991
(C991) on vascular smooth muscle relaxation in wild-type
(WT) thoracic rings with intact PVAT

Chapter 4 reported enhanced relaxation in denuded thoracic aortic rings
containing perivascular adipose tissue (PVAT) when treated with a combination of
sphingosine-1-phosphate (51P) and the AMPK activator AICAR (Figure 4-1D). To
further explore the roles of sphingolipids and AMPK in vascular function, the AMPK
activator C991 was utilized. Thoracic aortic rings with intact PVAT were isolated
from wild-type (WT) mice, and the endothelium was removed before use. These
rings were mounted on a wire myograph and pre-contracted using 1 pM
phenylephrine, following the protocol detailed in the methods section.
Subsequently, the effects of S1P and C991 on vascular function were assessed in
rings with intact PVAT.

Cumulative concentration-response curves for S1P alone (3x10° to 3x10¢ M) were
generated in endothelium-denuded aortic rings with PVAT. S1P alone did not
induce significant relaxation in these rings, with maximum relaxation recorded at
8.3 £ 2.4% (n=5) in S1P-treated rings compared to 6.8 + 1.6% (n=5) in untreated
controls (Figure 5-1A).

In separate rings, C991 (1x10° to 5x10* M) was administered. C991 treatment
induced a significant relaxation, with a maximum relaxation of 36.4 + 9.9% (n=5)
observed in treated rings, compared to 6.8 + 1.6% (n=5) in untreated controls
(Figure 5-1B).

A combination of S1P (3x10° to 3x10¢ M) and C991 (1x10° to 5x10* M) was
applied, but there was no augmented relaxation beyond the effect of C991 alone.
The maximum relaxation observed with the combination treatment was 34.8 +
7.7% (n=6), comparable to that achieved with C991 alone (36.4 + 9.9%, n=5)
(Figure 5-1C).
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Figure 5-1: Functional assessment of relaxation in endothelium-denuded thoracic aortic
rings with PVAT from wild-type (WT) mice.

(A)Sphingosine-1-phosphate (S1P) were investigated over a range of concentrations (3x107°
to 3x107¢ M). These data were compared with the responses of time control PVAT-containing
aortic rings (n=5). (B) The effects of the AMPK activator C991 were evaluated at
concentrations between 1x107¢ and 5x10™* M. Results were compared to the untreated PVAT-
containing aortic rings (n=5). (C) The combined effects of S1P and C991 on the concentration—
response curves were assessed in PVAT-containing aortic rings. These responses were
compared to those observed with C991 treatment alone (n=6). All results are expressed as
mean * SEM. Statistical comparisons were performed using two-way ANOVA followed by
Tukey’s post hoc test, ****P < 0.001 vs control.
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5.3.2 Effect of the combination of S1P plus Compound 991
(C991) on vascular smooth muscle relaxation in AMPKa1
KO thoracic rings with intact PVAT

Vascular function in endothelium-denuded thoracic aortic rings derived from
global AMPKa1l KO mice in the presence of PVAT was examined. The primary
objective was to assess the effects of S1P and the AMPK activator C991 on vascular
relaxation in these tissues. Following the previously described methodology, the
aortic rings were mounted on a wire myograph and pre-contracted with 1 pM

phenylephrine.

Cumulative concentration-response curves were generated for S1P (3x10° to 3x10
6 M) in endothelium-denuded aortic rings containing PVAT. S1P alone did not
induce significant relaxation in the KO rings, with the maximum relaxation
recorded at 9 + 1% (n=5), compared to 4.8 + 2.2% (n=5) in untreated control rings
(Figure 5-2A).

In separate rings, C991 caused a significant degree of vascular relaxation in these
rings, achieving a maximum relaxation of 41.3 + 1.4% (n=4), substantially greater
than the 4.8 + 2.2% (n=5) observed in untreated controls (Figure 5-2B).

When a combination of S1P (3x10° to 3x10¢ M) and C991 (1x10 to 5x104 M) was
applied to AMPKa1 KO aortic rings with PVAT, no additional relaxation was
observed beyond that produced by C991 alone. The maximum relaxation achieved
with the combination treatment was 37.4 + 3.8% (n=5), similar in magnitude to
the response to C991 alone (41.3 + 1.4%, n=4) (Figure 5-2C).

When comparing the relaxation responses in WT and KO aortic rings, it was
observed that there was no difference in the maximum relaxation observed
following combination treatment with S1P and C991 where the value was 37.4 +
3.8% (n=5) in KO mice compared to 34.8 + 7.7% in WT mice (n=6; (Figure 5-2D).
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Figure 5-2: Functional evaluation of endothelium-denuded thoracic aortic rings with PVAT in
AMPKa1 knockout (KO) mice.

(A) Sphingosine-1-phosphate (S1P)-induced relaxation was analyzed across a concentration
range of 3x107 to 3x107° M. Results were compared with those obtained from untreated PVAT-
containing aortic rings (n=5). (B) The impact of the AMPK activator C991 on vascular
relaxation was assessed at concentrations ranging from 1x107¢ to 5x10™* M. These results
were compared to those observed in untreated PVAT-containing aortic rings (n=4). (C) The
combined effects of S1P and C991 on relaxation responses were evaluated. Comparisons
were made with data from PVAT-containing rings treated with C991 alone (n=5). (D) The
combined effects of C991 and AICAR on relaxation responses in PVAT-containing aortic rings
from AMPKa1 KO mice (n=5) were compared with the corresponding responses in PVAT-
containing aortic rings from wild-type (WT) mice (n=6). All results are presented as mean *
SEM. Statistical analyses were performed using two-way ANOVA, followed by Tukey’s post
hoc test. ****P < 0.001 vs. control.
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5.3.3 Effect of the combination of S1P plus A769662 on
vascular smooth muscle relaxation in wild-type thoracic
aortic rings with intact PVAT

The combination of S1P and the AMPK activator C991 did not enhance relaxation
in denuded thoracic aortic rings containing PVAT in either WT mice (Figure 5-1C)
or AMPKa1 KO mice (Figure 5-2C). To investigate if the lack of effect was specific
to C991 or shared with other allosteric AMPK modulators, additional experiments
were conducted using the AMPK activator A769662 on mouse aortic tissues.
Denuded thoracic aortic rings with intact PVAT were isolated from WT mice,
mounted on a wire myograph, and pre-contracted with 1 uyM phenylephrine, as
described in the methods section. The effects of S1P and A769662 on vascular

function were subsequently assessed in the presence of PVAT.

Cumulative concentration-response curves for S1P alone (3x10° to 3x10¢ M) were
constructed using endothelium-denuded aortic rings with PVAT. S1P on its own did
not produce significant relaxation in these rings, with a maximum relaxation of
8.3 + 2.4% (n=4) observed in S1P-treated rings compared to 6.8 + 1.6% (n=4) in

untreated controls (Figure 5-3A).

In another set of rings, A769662 (1x10° to 5x104 M) was added and induced a
significant degree of relaxation, achieving a maximum relaxation of 20.6 + 6.8%

(n=3), compared to 6.8 + 1.6% (n=4) in untreated rings (Figure 5-3B).

Finally, the effect of a combined treatment with S1P (3x10° to 3x10¢ M) and
A769662 (1x10¢ to 5x10* M) was evaluated. However, the combination did not
provide any augmentation of relaxation beyond that observed with A769662 alone.
The maximum relaxation recorded with the combination treatment was 21.8 +
6.6% (n=4), comparable to the relaxation achieved with A769662 alone (20.6 +
6.8%, n=3) (Figure 5-3C).
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Figure 5-3: Functional evaluation of endothelium-denuded thoracic aortic rings with PVAT in
wild-type (WT) mice.

A) The vasorelaxation effects of sphingosine-1-phosphate (S1P) were assessed over a
concentration range of 3x107° to 3x107¢ M. These responses were compared to those of a time
control PVAT-containing aortic rings (n=4). (B) The impact of the AMPK activator A769662 on
vascular relaxation was evaluated at concentrations ranging from 1x107¢ to 5x107* M. Results
were analysed in comparison to untreated PVAT-containing aortic rings (n=3). (C) The effects
of S1P and A769662 on vascular relaxation were explored by assessing the concentration—
response curves. These data were compared to the relaxation responses observed with
A769662 alone (n=4). All results are presented as mean * SEM. Statistical significance was
evaluated using two-way ANOVA followed by Tukey’s post hoc test. ****P< 0.01 vs control.
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5.3.4 Effect of a combination of S1P plus A-769662 on
relaxation in aortic rings from AMPKa1 KO mice with
intact PVAT

To investigate the role of AMPK in mediating relaxation in endothelium-denuded
thoracic aortic rings, tissue from global AMPKa1 KO mice with the PVAT left intact
was studied. In these experiments, the effects of S1P and the AMPK activator A-
769662 were studied alone and in combination. Using the previously described
methodology, the aortic rings were mounted on a wire myograph and pre-

contracted with 1 pM phenylephrine.

Cumulative concentration-response curves for S1P (3x10° to 3x10¢ M) were
generated in endothelium-denuded aortic rings containing PVAT. S1P alone did not
induce any significant relaxation in AMPKa1 KO rings, with a maximum relaxation
of 9 + 1% (n=5), compared to 4.8 + 2.2% (n=4) in untreated control rings (Figure 5-
4A).

In a separate set of rings, A-769662 (1x10°¢ to 5x10* M) was applied to
endothelium-denuded aortic rings with PVAT. A-769662 treatment induced a
significant degree of relaxation, achieving a maximum relaxation of 20 + 5.3%
(n=4), markedly higher than the 4.8 + 2.2% (n=4) observed in untreated control
rings (Figure 5-4B).

When the combination of S1P (3x10° to 3x10¢ M) and A-769662 (1x10° to 5x10*
M) was applied to AMPKa1 KO aortic rings with PVAT, no additional relaxation was
observed beyond that produced by A-769662 alone. The maximum relaxation
recorded for the combination treatment was 21.8 + 2.1% (n=4), consistent with
the response to A-769662 alone (20 + 5.3%, n=4) (Figure 5-4C).

When comparing the relaxation responses in WT and KO aortic rings, it was
observed that there was no difference in the maximum relaxation observed
following combination treatment with S1P and A-769662. The maximum relaxation
observed with the combination treatment remained at 21.8 + 2.1% (n=4),
comparable to the relaxation observed in WT endothelium-denuded rings with
PVAT under similar conditions (21.8 + 6.6%, n=4) (Figure 5-4D).
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Figure 5-4: Functional evaluation of endothelium-denuded thoracic aortic rings with PVAT in
AMPKa1 knockout (KO) mice.

(A) The vasorelaxation responses to sphingosine-1-phosphate (S1P) were evaluated across
a concentration range of 3x107° to 3x107® M. These data were compared to the relaxation
responses observed in a time control PVAT-containing aortic rings (n=5). (B) The effects of
the AMPK activator A769662 on vascular relaxation were analyzed over a concentration range
of 1x107° to 5%x107* M. Results were compared with those obtained in untreated PVAT-
containing aortic rings (n=4). (C) The effects of S1P and A769662 on relaxation responses
were examined. These responses were compared to those of PVAT-containing aortic rings
treated with A769662 alone (n=4). (D) The combined relaxation effects of A769662 and AICAR
were compared between PVAT-containing aortic rings from AMPKa1 KO mice (n=4) and wild-
type (WT) mice (n=4). All results are expressed as mean * SEM. Statistical significance was
assessed using two-way ANOVA followed by Tukey’s post hoc test, **P < 0.01 vs. control.
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5.4 Discussion

Chapter 5 explored the effects of S1P in combination with two AMPK activators,
C991 and A-769662, on vascular relaxation in thoracic aortic rings from wild-type
and AMPKa1 knockout mice. The findings demonstrated that both AMPK activators,
C991 and A-769662, induced a significant vascular relaxation in WT and AMPKa1
KO rings. While these results suggest that AMPK activation facilitates vascular
relaxation, the persistence of this effect in AMPKa1-deficient mice implies the
involvement of alternative AMPK isoforms or compensatory mechanisms.
Therefore, although AMPKa1 plays a contributory role, it may not be solely
responsible for the vasorelaxation observed. Notably, the combination of S1P with
either C991 or A-769662 did not result in further relaxation beyond that achieved
by the AMPK activator alone, indicating a lack of synergistic or additive effects.
This contrasts with the enhanced relaxation observed when S1P was combined
with AICAR, which may be due to differences in the mechanism of AMPK
activation. This can be explained because AICAR activates AMPK indirectly, but
C991 and A-769662 are direct AMPK activators. By using these agents in
combination, such as S1P with AICAR, there be a synergistic effect that more
effectively activates AMPK, leading to increase NO production from PVAT, thereby

promoting vascular relaxation.

The lack of enhanced relaxation in the combined treatments such as S1P with A-
769662 or S1P with C991 suggests that S1P and AMPK activators likely engage
convergent signalling pathways, with both influencing nitric oxide. Some evidence
suggests that S1P can influence VSMC and other tissues through its receptors,
potentially modulating NO-related pathways. In a similar way, AMPK activators
may have indirect effects on NO production in non-endothelial tissues (Igarash and
Michel, 2009). The almost absent vasorelaxation observed with S1P alone further
supports the possibility that S1P’s role in vascular relaxation may be secondary or

modulatory rather than primary.

Chapter 4 demonstrated that the combination of S1P and the AMPK activator
AICAR induced a significantly augmented vascular relaxation in endothelium-
denuded thoracic aortic rings containing PVAT. The relaxation response to the

combined treatment was notably greater than that achieved by AICAR alone,
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suggesting an interaction between S1P and AICAR in the presence of PVAT (see
Chapter 4). This effect was attributed to the enhanced secretion of PVAT-derived
factors such as adiponectin and increased NO production, both of which are known
to contribute to vasorelaxation. To understand why the interaction was so
effective, it is useful to note that S1P interacts with its receptors (S1PR1-S1PR5)
on different kinds of cells, including adipocytes and endothelial cells. This may
stimulate pathways that encourage adipokines like adiponectin to be released and
enhance the production of NO. AICAR indirectly activates AMPK, a key regulator
of cellular energy homeostasis, which in turn stimulates NO production from PVAT,
thereby enhancing vascular NO availability. Furthermore, it encourages the
secretion of anti-inflammatory adipokines (e.g., adiponectin) from PVAT. These
individual effects may operate synergistically, with amplified effects through their
targeting of pathways that are different, but complementary. S1P’s signalling,
mediated by its receptors, and AICAR’s activation of AMPK might combine to speed
the production of PVAT-derived factors and NO, with greater effect together than
individually. The augmented relaxation in Chapter 4 highlights a context-
dependent interaction between S1P and AMPK activators, mediated by the
presence of PVAT and, crucially AMPKa1 because the effect was lost in KO mouse

rings.

In contrast, the findings in Chapter 5 revealed no additive effects between S1P
and the AMPK activators C991 and A-769662. This discrepancy may stem from
differences in the mechanisms of AMPK activation. These two AMPK activators
exhibit distinct activation mechanisms compared to AICAR (Sanders et al., 2007).
AICAR, an adenosine analogue, is phosphorylated intracellularly to form ZMP, an
AMP mimetic that activates AMPK without significantly altering cellular ADP/ATP
or AMP/ATP ratios (Merrill et al., 1997; Hardie & Pearson, 2017). However, ZMP is
not exclusively selective for AMPK. It can also interact with a range of AMP-
sensitive enzymes and signalling pathways independent of AMPK activation.
Notably, ZMP has been shown to affect the activity of metabolic enzymes such as
glycogen phosphorylase and fructose-1,6-bisphosphatase, as well as other key
regulators of cellular metabolism (Corton et al., 1995; Merrill et al., 1997). In
vascular smooth muscle cells (VSMCs), these off-target interactions may alter
metabolic activity and cellular responses in ways that are unrelated to AMPK

signalling.
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In contrast, A769662 and Compound 991 are direct allosteric AMPK activators
targeting the ADaM site between the B-CBM and the N-lobe on the a subunit,
enhancing AMPK activity and inhibiting Thr172 dephosphorylation (Xiao et al.,
2013). A769662 is specific to the AMPKB1 isoform, while C991 shows activity in
both B1- and B2-containing complexes, with a preference for B1 (Cool et al., 2006;
Xiao et al., 2013; Willows et al., 2017) (Figure 5-5).
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Figure 5-5: Mechanisms of AMPK regulation by pharmacological activators.

AMP-activated protein kinase (AMPK) is a heterotrimeric complex composed of a catalytic a-
subunit and regulatory - and y-subunits. The y-subunit contains cystathionine B-synthase
(CBS) motifs that bind AMP and ADP, promoting allosteric activation and facilitating
phosphorylation of the a-subunit at threonine 172 (Thr172) by the upstream kinase LKB1. This
phosphorylation is essential for full AMPK activation. Conversely, ATP binding to the CBS
sites inhibits AMPK activity. AICAR, an AMP analog, is metabolized intracellularly to ZMP,
which mimics AMP by binding to the CBS motifs and activating AMPK. Additionally, AMPKa
can be phosphorylated at Thr172 by Ca*/calmodulin-dependent protein kinase kinase 2
(CaMKK2), independent of AMP levels, in response to elevated intracellular calcium.
Synthetic activators such as A-769662 and compound 991 bind to the allosteric drug and
metabolite (ADaM) site located between the B-subunit’s carbohydrate-binding module and the
a-subunit’s kinase domain, thereby directly activating AMPK independently of cellular energy
status.

AICAR, an AMP analog, activates AMPK by mimicking cellular energy stress and has
been shown to enhance adiponectin expression, improve NO-mediated vascular

function, and promote insulin sensitivity in peripheral tissues (Lihn et al., 2004;
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Davis et al., 2006). These effects may help explain the more pronounced
vasorelaxation observed with AICAR in this study compared to direct AMPK
activators, highlighting the importance of activation mechanism in modulating

PVAT-derived signalling and vascular responses.

In contrast to AICAR, A-769662 is a direct AMPK activator that binds to the B1-
subunit at the ADaM site. However, it has been reported to inhibit insulin-
stimulated glucose uptake in adipocytes through an AMPK-independent
mechanism, leading to impaired insulin signaling (Kopietz et al., 2021). This
disruption may have downstream consequences on adipokine regulation,
particularly adiponectin. Adiponectin has been shown to promote adipocyte
differentiation and enhance insulin-stimulated glucose uptake by upregulating
GLUT4 gene expression and facilitating its translocation to the plasma membrane,
thereby improving insulin sensitivity and lipid accumulation (Fu et al., 2005). In
addition to its metabolic functions, PVAT-derived adiponectin and nitric oxide
(NO) play important roles in vascular regulation by exerting direct vasorelaxant
effects on vascular smooth muscle cells (VSMCs), independent of the endothelium.
Adiponectin, in particular, has been recognised not only for its metabolic functions
but also for its vascular actions. As demonstrated by Juttner et al. (2024), both
adiponectin and NO serve as key mediators in modulating vascular tone through
their direct influence on VSMCs. Therefore, the impairment of insulin signaling
and glucose uptake caused by A-769662 may reduce adiponectin release by PVAT,
potentially diminishing its ability to promote nitric oxide (NO) production and
relax vascular smooth cells via hyperpolarisation. This could account for why
relaxation to A-769662 was lower than with AICAR. In the context of perivascular
adipose tissue (PVAT), where adiponectin contributes to the anticontractile
phenotype, a reduction in its secretion could blunt PVAT’s regulatory effect on
vascular tone. This suggests that while A-769662 effectively activates AMPK, its
off-target interference with insulin signaling may inadvertently impair key
adipocyte-derived mediators like adiponectin, which are essential for maintaining
endothelial function and vascular health. Consequently, this could limit the
therapeutic utility of A-769662 in conditions such as metabolic syndrome and
cardiovascular disease, where both improved insulin sensitivity and vascular

function are desired.
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C991, another direct AMPK activator with greater potency than A-769662, also
targets the ADaM site and shares the B-subunit binding interface. Adiponectin, a
key adipokine involved in metabolic regulation, enhances insulin sensitivity and,
together with nitric oxide (NO), directly promotes vasorelaxation in vascular
smooth muscle cells (VSMCs), contributing to the regulation of vascular tone
independently of endothelial involvement. However, the specific role of C991 in
modulating adiponectin expression and nitric oxide (NO) production remains

underexplored.

The findings from Chapters 4 and 5 collectively reinforce our understanding of the
intricate interplay between S1P, AMPK activators, and PVAT in regulating vascular
relaxation. While S1P and AICAR demonstrate an augmented relaxation,
particularly in the presence of PVAT, the addition of S1P to C991 or A-769662 does
not enhance the vasodilation induced by these AMPK activators alone. This could
be down to potential differences in their mechanisms of action and their target
pathways. S1P primarily acts through its specific receptors to influence cellular
signalling. However, C991 and A-769662 are direct AMPK activators. It is possible
that the different pathways may not always synergise effectively, depending on
the context, which could tend to limit the accumulated effects. Furthermore, the
effects of S1P and the AMPK activators might overlap when affecting targets
downstream (for example, adiponectin and NO production). This could result in
redundancy, again limiting any potential additional effects. Finally, the effects of
these compounds might be influenced by factors such as the cell type,
experimental conditions, or the presence of other regulatory factors. This
indicates that the specific pathways of AMPK activation and the influence of PVAT -

derived factors play a critical role in shaping the vascular response.

Implications and Future Plans

The dynamics between S1P, AMPK activators C991 and A769662, and perivascular
adipose tissue (PVAT) in regulating vascular relaxation are complex. S1P alone
failed to show significant vasorelaxant effects in any experiments, while AMPK
activation induced a significant relaxation, particularly in PVAT-containing
endothelium-denuded aortic rings. This emphasises the critical role of AMPK in

mediating vascular tone, likely through increased production of PVAT-derived
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vasorelaxant factors such as adiponectin and nitric oxide. However, the inability
of S1P to augment the effects of some AMPK activators suggests a receptor-
mediated, context-specific role for S1P signalling that is less reliant on PVAT-
derived factors. Furthermore, the different pathways used may not always be
conducive to synergies, and there may be competition between the two, leading
to redundancy. The comparable responses between wild-type and AMPKa1
knockout tissues suggest that while AMPKa1 contributes specifically to certain
vascular signalling pathways, other AMPK isoforms or compensatory mechanisms

may partially offset its absence to maintain vascular relaxation.

Future experiments should aim to clarify the specific mechanisms by which C991
and A-769662 mediate vascular relaxation. Given that the combination of C991 or
A-769662 with S1P did not enhance relaxation beyond the effect of the AMPK
activators alone, further research is needed to determine whether these
compounds fully saturate AMPK-mediated vasorelaxation pathways. In vitro
studies could focus on optimizing dose-response curves using wire myography in
WT and AMPKa1 KO mice. In vitro experiments utilizing vascular smooth muscle
cells (VSMCs) and endothelial cells could be used to investigate whether these
activators differentially regulate downstream AMPK targets, such as eNOS
activation and oxidative stress reduction, using techniques including Western blot,
gPCR, and live-cell metabolic assays. Additionally, MEF cells with KO of both
AMPKa1l and AMPKa2 could be employed to determine isoform-specific
contributions of AMPK to vascular relaxation. Furthermore, RNA sequencing and
proteomic analysis of PVAT-conditioned media from mice treated with C991, A-
769662, and S1P could be used to assess whether these activators influence PVAT-
derived adipokine secretion, such as adiponectin and hydrogen sulfide (H2S), in an
AMPK-dependent manner. Collectively, these experiments would provide a
comprehensive understanding of AMPK activator-induced vascular relaxation and
help identify additional signaling pathways regulated by C991, A-769662, and S1P
beyond AMPK activation.
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5.5 Conclusion

This study underscores the critical role of AMPK activation in vascular relaxation,
demonstrating that C991 and A-769662 induce significant relaxation responses
especially in rings with intact PVAT. In contrast, S1P alone had no direct effect on
vascular tone, and its combination with these two AMPK activators did not yield
synergistic relaxation. These findings refine our understanding of AMPK’s role in
vascular homeostasis, reinforcing its therapeutic potential in conditions
associated with vascular dysfunction. Notably, the preserved relaxation responses
in AMPKa1l knockout (KO) tissues indicate that other AMPK isoforms may
compensate for the loss of AMPKa1 and sustain vascular function. This highlights
the need for further investigation into the potential contributions of other AMPK
isoforms or other compensatory signalling pathways in mediating vascular
relaxation. Additionally, given the central role of PVAT in AMPK-mediated
vasorelaxation, future research should aim to identify key PVAT-derived
mediators, such as nitric oxide (NO) and hydrogen sulfide (H:S), which may
enhance the vasoprotective effects of AMPK activation. Further studies should
evaluate whether chronic AMPK activation using C991 or A-769662 can improve
endothelial function, restore vascular tone, and mitigate cardiovascular risk. By
uncovering unexpected relaxation responses in AMPKa1l KO tissues, this study
opens new avenues for research into alternative AMPK isoforms and non-canonical
vasorelaxation mechanisms, paving the way for the development of targeted

therapeutic interventions for vascular disorders.
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Chapter 6 - General discussion
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6.1 Summary and General discussion

The interplay between metabolic regulation, adipose tissue biology, and vascular
function is increasingly recognised as a critical determinant in the development
of cardiovascular and metabolic diseases. This thesis systematically examined
these interactions, with a particular focus on the role of AMPK and SphK1 in
adipose tissues, and the contribution of PVAT to vascular function. Through a
series of experimental approaches involving genetic models and pharmacological
interventions, the work presented here delineates how AMPK activation or
deficiency modulates SphK1 expression, inflammatory signalling, and vascular
relaxation. These findings advance current understanding of the functional
heterogeneity of adipose tissue and its impact on vascular health and provide
further support for developing novel therapeutic strategies targeting AMPK-

dependent mechanisms in future.

Chapter 3 investigated the regulatory relationship between AMP-activated protein
kinase and SphK1 in adipose tissue and adipocyte-derived cell models. The findings
reveal a complex interaction between metabolic and inflammatory signalling
pathways, which appears to differ depending on the location of the specific

adipose depot.

SphK1 protein expression was found to increase progressively during the
differentiation of 3T3-L1 preadipocytes into mature adipocytes, reaching a peak
in fully differentiated cells. This observation supports earlier studies that
identified SphK1 as a promoter of adipogenesis by enhancing lipid accumulation
and supporting adipocyte maturation (Hashimoto et al., 2009). The results
suggest, therefore, that SphK1 is not simply a marker of differentiation. Instead,
it can be understood to make an active contribution to the regulation of adipocyte

function.

Deletion of AMPKa1l and a2 in mouse embryonic fibroblast cells resulted in
significantly increased SphK1 protein levels without a corresponding increase in
SphK1 mRNA, suggesting that AMPK may regulate SphK1 through post-
transcriptional mechanisms such as modulation of protein stability or translation.
This is consistent with the broader role of AMPK in regulating energy balance and
post-translational signalling in cells (Hardie, 2014). Moreover, AMPK deficiency

was associated with increased activation of ERK1/2 and JNK pathways, both of
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which are critical mediators of inflammation (Kyriakis and Avruch, 2012). These
findings suggest that AMPK normally acts to suppress SphK1 expression and limit
activation of pro-inflammatory signalling cascades, emphasising its anti-

inflammatory role.

Analyses of fat from mice revealed a depot-specific pattern of SphK1 regulation.
In abdominal perivascular adipose tissue (PVAT), no significant differences in
SphK1 expression were detected between wild-type and AMPKa1 knockout mice.
However, in thoracic PVAT, SphK1 protein expression was significantly elevated in
AMPKa1-deficient mice. This observation highlights the functional differences
between thoracic and abdominal PVAT. Thoracic PVAT shares characteristics with
brown adipose tissue (BAT), including a high mitochondrial content and greater
metabolic activity (Fitzgibbons et al., 2011). It is likely that BAT-like thoracic
PVAT is more reliant on AMPK signalling to maintain its anti-inflammatory and
metabolic functions, whereas WAT-like abdominal PVAT may be less dependent
on AMPK activity.

The upregulation of SphK1 in thoracic PVAT under AMPK-deficient conditions may
contribute to the development of local inflammation and metabolic dysfunction,
which are important contributors to vascular disease. Previous studies have shown
that PVAT inflammation impairs its normal protective effects on vascular tone and
promotes vascular stiffness (Greenstein et al., 2009). Thus, loss of AMPK activity
and the resulting increase in SphK1 may represent an important mechanism linking

adipose tissue inflammation to vascular pathology.

Overall, these findings suggest that AMPK plays a critical role in regulating SphK1
expression and inflammatory signalling in adipose tissues, particularly in
metabolically active depots such as thoracic PVAT. The results provide important
insights into depot-specific differences in adipose tissue biology and suggest that
targeting the AMPK-SphK1-MAPK signalling axis may offer a novel therapeutic

approach for metabolic and vascular diseases.

Chapter4 provides novel insights into the regulatory interplay between
sphingosine-1-phosphate (S1P) signalling, AMPK activation via AICAR, and the
functional role of PVAT in modulating vascular relaxation in mouse thoracic aorta.
The primary findings reveal that while S1P alone exhibits limited vasorelaxant

properties, its combination with AICAR significantly enhances vascular relaxation,
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particularly in the presence of PVAT. These findings emphasize the complexity of
vascular regulation and the critical involvement of PVAT-derived factors, notably

adiponectin and nitric oxide.

The limited vasorelaxant effect of S1P when used alone supports previous
observations that S1P can mediate both vasodilation and vasoconstriction
depending on receptor subtype activation and vascular bed context (Waeber et
al., 2004; Chun et al., 2002). Specifically, S1PR1 activation has been associated
with vasodilation through NO production (Wilkerson and Argraves, 2014), whereas
S1PR2 and S1PR3 are often linked with vasoconstrictive pathways (Katunaric et
al., 2022). This dual role may explain why S1P alone did not robustly induce

relaxation in this study.

Importantly, the augmented relaxation observed with the combination of S1P and
AICAR suggests a synergistic interaction between S1P receptor signalling and AMPK
metabolic pathways. Activation of AMPK, particularly through the a1 subunit, has
been shown to enhance endothelial nitric oxide synthase (eNOS) activity, promote
NO production, and facilitate vascular relaxation (Goirand et al., 2007; Davis et
al., 2006). AICAR, an AMP analogue, effectively activates AMPK by mimicking
cellular energy deprivation and has been previously reported to promote vascular

relaxation through NO-dependent mechanisms (Igata et al., 2005; Hardie, 2016).

PVAT emerged as a crucial modulator in this study, amplifying the relaxation
response to the S1P and AICAR combination. PVAT is increasingly recognized as an
active endocrine organ, capable of secreting adipokines such as adiponectin and
anti-inflammatory mediators such as NO (Szasz and Webb, 2012; Xia and Li, 2017).
The enhancement of NO production in PVAT in response to S1P and AICAR, and the
attenuation of relaxation by the NOS inhibitor L-NAME, strongly suggest that NO is

a principal mediator of the observed vasorelaxation.

Furthermore, adiponectin, a key PVAT-derived adipokine, may significantly
contribute to the relaxation responses observed. Adiponectin has been
demonstrated to activate AMPK and enhance NO bioavailability, providing
vasoprotective effects (Chen et al., 2003; Almabrouk et al., 2017). The slight
increase in adiponectin secretion following S1P and AICAR treatment reinforces
the hypothesis that PVAT-derived factors are central to mediating vascular

relaxation.
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Experiments with selective S1P receptor agonists and antagonists identified S1PR1
as a major contributor to the augmented relaxation, aligning with studies showing
S1PR1-mediated enhancement of eNOS activity and NO production (Wang et al.,
2023; Constantinescu et al., 2022). Antagonism of STPR1 with W146 significantly
reduced relaxation responses, further confirming the importance of S1PR1

signalling in this process.

The use of AMPKa1 KO mice provided critical mechanistic insights, as the absence
of AMPKa1 abolished the enhanced relaxation response to the S1P and AICAR
combination. These findings are consistent with previous studies emphasizing the
dominance of the AMPKa1 isoform in vascular smooth muscle cells and its key role
in maintaining vascular tone (Evans et al., 2005; Almabrouk et al., 2017). AMPKa1
KO mice exhibit impaired eNOS phosphorylation and reduced NO production,
leading to vascular dysfunction (Hwej et al., 2024). Moreover, the differential
responses observed in rings with and without PVAT highlight the indispensable role
of PVAT in modulating vascular tone. PVAT-derived adipokines and NO act locally
to promote vasodilation and modulate vascular smooth muscle responsiveness to

other vasoactive stimuli (Szasz and Webb, 2012).

In summary, this study extends the current understanding of vascular biology by
demonstrating that the combination of S1P and AMPK activation promotes vascular
relaxation primarily through PVAT-mediated NO production and adiponectin
signalling. The findings emphasize the therapeutic potential of targeting PVAT-
AMPK signalling pathways to improve vascular function, particularly in conditions
associated with endothelial dysfunction, such as obesity, diabetes, and
hypertension (Ketonen et al., 2010; Qi et al., 2018).

Further research is warranted to elucidate the detailed molecular mechanisms
underlying S1P and AMPK crosstalk within PVAT and to explore the therapeutic

potential of modulating these pathways in cardiovascular disease models.

Chapter5 expanded upon previous findings by evaluating the effects of AMPK
activators A-769662 and Compound 991 (C991) on vascular function, with a
specific focus on thoracic aortic rings containing PVAT. The outcomes were
compared to those observed with AICAR, an indirect AMPK activator. Notably,

while co-treatment with S1P and AICAR significantly enhanced vascular relaxation,
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the combination of S1P with either A-769662 or C991 did not result in further

relaxation beyond that induced by the AMPK activators alone.

A-769662 and C991 are recognized as direct allosteric AMPK activators, interacting
at the allosteric drug and metabolite (ADaM) site to increase AMPK activity
(Sanders et al., 2007; Xiao et al., 2013). By contrast, AICAR functions as an AMP
mimetic, indirectly activating AMPK through intracellular accumulation of ZMP
(Hardie, 2016). These mechanistic distinctions likely underpin the differing

vascular responses observed in this study.

Both A-769662 and C991 induced significant relaxation in PVAT-containing aortic
rings, affirming the vasorelaxant potential of AMPK activation. However, the
absence of augmented relaxation upon co-treatment with S1P suggests that direct
AMPK activation may engage a distinct mechanism or converge on a shared
downstream pathway with S1P, thereby limiting any additive or synergistic effect.
In contrast, the enhanced relaxation seen with S1P and AICAR co-treatment
implies a broader interaction between S1P signalling and AICAR-mediated
pathways, potentially engaging additional downstream mechanisms beyond

canonical AMPK activation.

This distinction may relate to AICAR’s lack of specificity and its ability to influence
multiple AMP-sensitive pathways (Kopietz et al., 2021; Ahwazi et al., 2021a;
Ahwazi et al., 2021b). AICAR is metabolised intracellularly to ZMP, an AMP mimetic
capable of activating not only AMPK but also a variety of other AMP-sensitive
enzymes, such as glycogen phosphorylase and fructose-1,6-bisphosphatase (Corton
et al., 1995; Merrill et al., 1997). These off-target interactions may influence
cellular metabolism and functional responses through AMPK-independent

pathways.

The critical role of PVAT-derived factors in mediating vasorelaxation is reinforced
by these findings. Adipokines, notably adiponectin, and NO contribute
significantly to vascular homeostasis by promoting vasodilation and reducing
oxidative stress (Chen et al., 2003; Szasz and Webb, 2012). The results suggest
that while direct AMPK activators such as A-769662 and C991 efficiently stimulate
PVAT to release vasorelaxant factors, the indirect activator AICAR may

additionally synergize with S1P signalling to amplify these effects.
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The attenuation of relaxation responses in AMPKa1l KO mice across all
experimental conditions further underscores the pivotal role of the AMPKat
isoform in regulating PVAT function and vascular tone, consistent with previous
reports (Almabrouk et al., 2017; Hwej et al., 2024).

In conclusion, although all three AMPK activators; AICAR, A-769662, and C991
promote vascular relaxation in PVAT-containing thoracic aortic rings, only AICAR
demonstrates a synergistic enhancement when combined with S1P. This highlights
critical differences in the cellular mechanisms engaged by direct versus indirect
AMPK activation and suggests that AICAR’s broader intracellular effects may
confer unique therapeutic advantages in modulating PVAT function and vascular

relaxation.

6.2 Limitations

Chpter3 provides meaningful insights, but several methodological limitations
must be acknowledged. First, the use of MEF cells and isolated mouse PVAT tissues
may not fully capture the complexity and integrated metabolic responses of whole
organisms. Bearing in mind the complex interactions that have been seen to
operate in the moderation of vascular function, it cannot be ruled out that
differences may prove to be significant. Secondly, our findings of increased
protein expression without corresponding mRNA changes strongly suggest post-
transcriptional regulation, but the specific mechanisms (e.g., protein degradation
rates or translation initiation) remain unidentified. Addressing this would require
detailed investigations such as cycloheximide chase assays or polysome
fractionation studies and may be suited to follow-up studies. Lastly, our study did
not measure the direct functional impact of altered SphK1 expression on
metabolic or inflammatory processes in cells or tissues, leaving open questions
regarding the physiological relevance of observed changes. Future research
focused on these aspects would significantly enhance our understanding of AMPK

and SphK1 interactions.

In Chapter4, several limitations must be acknowledged in interpreting the results.
Firstly, the study relied primarily on ex vivo thoracic aortic ring preparations,
which, while informative for mechanistic understanding, may not fully reflect in
vivo vascular responses. Insights obtained through the ex vivo experiments need

to be compared to results found using in vivo studies. Such further validation
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would provide additional physiological relevance and signal different responses,
which would need investigation, or support the findings made ex vitro. Secondly,
although selective receptor agonists and antagonists were employed to dissect S1P
receptor involvement, the specific downstream signalling pathways remain to be
fully elucidated. Additional molecular analyses could clarify these mechanisms.
Lastly, the AMPK activator AICAR, despite its well-characterized use, has known
off-target effects that may influence the observed outcomes (Hardie, 2016).
Future studies employing more selective AMPK activators could help confirm the

specificity of AMPK-mediated effects observed in this study.

Chapter5 mainly investigated the effects of the AMPK activators A-769662 and
Compound 991 on vascular relaxation. Although important findings were made,

there are several limitations that should be considered.

First, both A-769662 and Compound 991 activate AMPK through direct binding to
the enzyme, but they might not fully reflect the natural activation of AMPK that
happens during metabolic stress in the body. Also, while these compounds are
selective, they can sometimes affect other cellular pathways, which could

influence the results.

Second, while vascular relaxation was clearly induced with A-769662 and
Compound 991, the exact molecular mechanisms responsible for the relaxation
were not fully studied in this chapter. Important factors like nitric oxide release,
adiponectin levels, or oxidative stress markers were not directly measured after

treatment with these activators.

Third, the experiments were only carried out on thoracic aortic rings with PVAT
from mice. Blood vessels from other parts of the body might respond differently,

and the results might not be the same in other types of arteries.
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6.3 Conclusion

In summary, this thesis provides new insights into the regulatory interplay
between AMPK, SphK1, and perivascular adipose tissue (PVAT) in the modulation
of vascular tone. A key novel finding of this work is the synergistic enhancement
of vascular relaxation observed for the first time with the combined treatment of
AICAR and sphingosine-1-phosphate (S1P). This effect appears to be mediated by
PVAT-derived factors, particularly nitric oxide (NO) and adiponectin, underscoring
the importance of indirect AMPK activation in facilitating adipose-vascular
signalling. In contrast, direct AMPK activators, such as A-769662 and Compound
991, induced vasorelaxation independently but lacked the synergistic interaction
observed with AICAR, indicating distinct underlying mechanisms. Furthermore, the
upregulation of SphK1 expression in AMPK-deficient PVAT and associated pro-
inflammatory signalling suggest a critical role for AMPK in restraining vascular
inflammation and maintaining adipose tissue homeostasis. Collectively, the work
presented highlights the central role of AMPK and S1P in maintaining vascular and
adipose tissue homeostasis and suggests that therapeutic strategies aimed at
enhancing AMPK signalling may offer promising avenues for the treatment of
vascular and metabolic disorders. Moreover, studies in human volunteers
demonstrate that AICAR is pharmacologically active in vivo, acutely stimulating
skeletal muscle glucose uptake and modulating relevant signalling pathways,
thereby underscoring the clinical relevance of indirect AMPK activation
(Cuthbertson et al., 2007; Babraj et al., 2009).
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Appendices

Table 7-1 Contractile responses (mean * SEM) to KPSS and phenylephrine under varying ET
(*¥) and PVAT (*) conditions.

WT | AMPKa1 | PVAT | ET | KPSS (mN) | PE (mN) Number of

KO experiments
+ s + - 85+0.4 | 8.2+0.5 6
+ + + 6.4+0.4 5.4+0.4 6
+ 5.3+0.3 5.1+0.5 6
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