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Abstract

Nitric oxide (NO) is a key signalling molecule in the cardiovascular, genitourinary,
respiratory, nervous, and gastrointestinal systems. NO is released by the
endothelium of blood vessels and inhibits vascular smooth muscle cell (VSMC)
migration and proliferation, modulates vascular tone and maintains
cardiovascular homeostasis. Several clinical studies have shown that a reduction
of NO bioavailability has a significant role in the development of endothelial

dysfunction and other cardiovascular diseases.

Perivascular adipose tissue (PVAT) is the outer layer of connective tissue that
surrounds most systemic blood vessels, adjacent to the adventitia. Adipose tissue
provides a protective layer of tissue surrounding most of the body organs and, in
the case of PVAT, regulates vascular function by production of many autocrine
and paracrine molecules including adiponectin, prostacyclin and angiotensin 1-7.
AMP-activated protein kinase (AMPK) plays a major role in sensing cellular energy
status and signalling this information back to the mitochondria to modulate their
function according to the energy demands of the cell. Previous work in our
laboratory has demonstrated that the presence of PVAT enhances vascular
relaxation to cromakalim in endothelium-intact thoracic aortic rings from wild

type (WT), but not in mice lacking AMPKa1.

Compared to previous studies which examined the role of AMPK in regulation of
NO release from the endothelium, the current research has focused on the
mechanisms by which AMPK regulates NO production by PVAT and what effect this

has on vascular tone.

In this project experiments were conducted using wild type (WT) and global
AMPKa1 knockout (KO) mice. Thoracic and abdominal aortic PVAT was utilised to
measure the difference in NO production between fat depots. The anti-contractile
effect of PVAT from WT and KO aortic rings was studied using wire myography.
Furthermore, immunoprecipitation was used to measure the Cav-1/eNOS coupling
and immunofluorescence was used to study Cav-1/eNOS colocalization in 3T3-L1

adipocytes.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/homeostasis

iii
The results showed that there was a significant decrease in NO production in
conditioned media derived from both the thoracic and abdominal PVAT from KO
mice compared to WT mice, although the quantities of NO generated by the
abdominal aortic PVAT was much lower. Overall, eNOS activity in WT thoracic
PVAT was significantly increased compared to WT abdominal PVAT suggesting that
changes in eNOS activity could account for the difference in NO production.
Furthermore, in abdominal PVAT, considerably more caveolin-1 (Cav-1), a
negative regulator of eNOS, was detected in both WT and KO mice compared with
thoracic PVAT, which may also limit NO production by abdominal PVAT. Cav-1 was
detected in eNOS immunoprecipitates and levels of Cav-1/eNQOS association were
increased in abdominal PVAT relative to thoracic PVAT of WT mice and the total
Cav-1 levels in abdominal PVAT lysates was increased. Intriguingly, Cav-1/eNOS
association was significantly increased in thoracic PVAT from KO mice compared
with WT mice, which might account for the reduction in NO production in KO
thoracic PVAT compared with WT.

In 3T3-L1 adipocyte adipogenesis, eNOS levels and NO production were
significantly reduced. Incubation of 3T3-L1 preadipocytes or adipocytes with
methyl-B-cyclodextrin (MBCD), which disrupts Cav-1 and therefore leading to a
noticeable reduction in Cav-1/eNOS colocalization and a significant increase in NO
production both in preadipocytes and adipocytes compared with non-treated
cells. Incubation of 3T3-L1 adipocytes with a mutant cell-permeable scaffolding
domain peptide of Cav-1 (CAV-AP) reduced Cav-1/eNOS colocalization compared
with control. In functional experiments, CAV-AP reduced PE-induced contraction

in both WT and KO thoracic aortic rings lacking endothelium.

Overall, the results presented in this thesis demonstrate that AMPKa1 has an
important role in regulating NO production by PVAT, likely through regulating Cav-
1/eNOS binding. Manipulating Cav-1/eNOS binding in adipocytes using scaffolding
mutant peptides without interfering with the other biological effects of
endogenous Cav-1 may have beneficial effects in restoration of NO production

under conditions or diseases associated with impaired NO bioavailability.
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1.1 Cardiovascular system

The cardiovascular system or the circulatory system is responsible for transport of
oxygenated blood from the lungs, hormones from glands of the endocrine system,
nutrients from the digestive system and waste materials from cells throughout the
body systems and also plays an important role in regulating body temperature.
The main components of the circulatory system are the heart, blood and blood
vessels including arteries, veins, arterioles, and capillaries. The heart is a
muscular structure in the chest cavity which plays an important role in maintaining
a sufficient supply of oxygenated blood via the vascular network of the body to
end organs and tissues. The role of the blood vessels is to transport oxygenated
blood and nutrients from the heart via the systemic circulation to the rest of the
body, before returning the blood back to heart and delivering it to the lungs via

the pulmonary circulation (Matienzo and Bordoni, 2023).

The wall of blood vessels consists of three layers: tunica intima, tunica media and
tunica adventitia. The innermost layer of the blood vessel, the tunica intima
consists of a single layer of endothelial cells (ECs) supported by an elastic lamina
while the tunica media beneath is composed of vascular smooth muscle cells
(VSMCs) and elastic fibres responsible for regulating vascular tone. The tunica
adventitia is the outer layer of the vascular wall and contains two layers: 1)
adventitia compacta which is a collagen and fibroblast layer and 2) perivascular

adipose tissue (PVAT) which is present in most blood vessels (Figure 1-1).
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Perivascular adipose tissue

Perivascular
nerve bed

External elastic lamina

Vascular smooth
muscle cells

Internal elastic lamina

Endothelium layer

Figure 1-1: Structure of a blood vessel

The wall of the blood vessel consists of three layers: tunica intima composed of endothelial cells
surrounded by an internal elastic lamina, tunica media composed of vascular smooth muscle cells
surrounded by an external elastic lamina and an external layer, the tunica adventitia which contains
fibroblasts, nerves, blood vessels and PVAT (Daly, 2019).

1.1.1 Endothelium layer

The vascular endothelium refers to a monolayer of cells that line the interior
surface of all vascular beds and lymphatic vessels. ECs separate, metabolically
and mechanically, the inner layer of the vascular wall from the circulating blood
components, forming an interface between circulating blood or lymph in the
lumen and the rest of the vessel wall. ECs are not only a barrier between the
circulation and peripheral tissues, but also actively regulate vascular tone, blood
flow and platelet function (Lerman and Zeiher, 2005, Pi et al., 2018). It is well
defined that the endothelium releases a wide variety of vasoactive molecules
involved in regulating vascular function and tone, cellular adhesion, platelet
aggregation and cell proliferation and angiogenesis. These cells also act as an
active signal transducer that can modify the vessel wall phenotype (Vita and
Keaney, 2002, Deanfield et al., 2007).

1.1.2 Vascular smooth muscle layer

VSMCs and elastic fibres are the major component of the tunica media. This layer

plays an important role in maintaining the integrity of the arterial wall and
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controlling vascular tone and vascular remodelling (Hu et al., 2019). In response
to inflammation, vascular injury, and accumulation of different lipoproteins
during disease progression, VSMCs show noticeable plasticity via a shift in gene
expression to a pro-migratory, pro-proliferative phenotype. Additionally, they can
be involved in helping repair vascular injury (Owens et al., 2004, Cao et al., 2022).
Furthermore, it is well established that Ca?*is the main regulator of VSMC
contraction and the source of this Ca?* can be from outside the cell or via
stimulation of inositol 1,4,5-trisphosphate (IP3) receptors to release intracellular
stores from the sarcoplasmic reticulum. The increase in [Ca?*]i activates Ca?*-
dependent myosin light chain (MLC) phosphorylation that stimulates actin-myosin

interaction, and initiates VSM contraction (Khalil, 2010).

1.1.3 Adventitia (Perivascular adipose tissue)

PVAT is the outer layer of connective tissue that surrounds most of the
vasculature, also called the tunica adventitia. Its role is complementary to that
of the serosa, which also provides a protective layer of tissue surrounding most of
the body organs. PVAT structure and function will be reviewed in more detail in

(section 1.3).

1.2 Adipose tissue

Adipose tissue is widely distributed in mammals and contains either white or
brown adipocytes or a mixture of the two. Although adipocytes are most abundant
in adipose depots, adipose tissue also contains pre-adipocytes, macrophages,
leukocytes, fibroblasts, blood vessels and nerves. Adipose tissue plays an
important role in regulating energy homeostasis and can be classified into three
categories according to the size of the lipid droplet and number of mitochondria:
white adipose tissue (WAT) brown adipose tissue (BAT) and beige adipose tissue
(BeAT) (Lasar et al., 2013, Frontini et al., 2013), (Table 1-1). BAT is found
principally in neonates, although growing evidence suggests that BAT is also found
in adults. BAT can take up lipids to generate heat by uncoupling oxidation of the
mitochondrial electron transportation chain, which promotes the clearance of
plasma lipids and prevents storage of lipids in WAT and other organs (Cannon and
Nedergaard, 2004) . Excess lipid accumulation and dysfunctional WAT can lead to

adipocyte hypertrophy and increased risk of atherosclerosis, while activation of
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BAT may protect against atherosclerosis (Berbée et al., 2015). In addition to the
categorization of adipose tissues by their colour, adipose tissues can be

categorized according to their anatomical locations (Richard et al., 2020) .

1.2.1 White adipose tissue

WAT is the most abundant type of adipose tissue, a primary site for energy storage
and is composed of large adipocytes with more than 90% of their volume occupied
by a single large lipid droplet of triglyceride and a few mitochondria. WAT stores
excess calories as triglyceride in the fed state which undergo lipolysis in the fasted
state to liberate FA and glycerol for ATP production by other tissues and
gluconeogenesis in the liver respectively. WAT plays an important role in secreting
several biologically active proteins including adipokines which have autocrine,
paracrine, and endocrine effects. The paracrine effect adipokines control energy
homeostasis via liberation of fatty acids which can be utilised as fuel for the brain,
muscle, and other tissues during starvation. WAT is the predominant component
of subcutaneous (SWAT) and visceral (VWAT) depots, and gluteofemoral areas in
females (Cinti, 2011). vWAT or abdominal fat located inside the peritoneal cavity
provides a protective lining for some organs such as the stomach, liver, intestines
and kidneys and also has an insulation function to prevent loss of heat through the
skin (Choe et al., 2016, Victorio et al., 2016, Richard et al., 2020).

1.2.2 Brown adipose tissue

BAT is composed of adipocytes that have multiple small lipid droplets and a larger
number of mitochondria than WAT and express a characteristic browning marker,
uncoupling protein 1 (UCP-1), that is responsible for the thermogenic activity of
BAT (Machado et al., 2022). The brown colour of BAT is mainly due to the presence
of the cytochromes in the larger number of mitochondria. BAT has a vital role in
dissipating energy in the form of heat during cold exposure (non-shivering
thermogenesis). BAT is located primarily in perirenal, periovarian,
supraclavicular, neck, and mediastinal regions and surrounds some blood vessels
such as the thoracic aorta (Cinti, 2011, Gil-Ortega et al., 2015, Hildebrand et al.,
2018).
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In addition, “brown-like” adipocytes are another type of WAT which express UCP-
1 and have thermogenic capabilities with a similar phenotype to brown
adipocytes. They are sometimes referred to as: “beige” or “brite’’ adipocytes,
with the only difference distinguishing beige from classical brown adipocytes
being that they are not derived from the same embryonic precursors (Wu et al.,
2012, Park et al., 2014). It is not well understood whether beige adipocytes
develop from white adipocytes through de novo maturation and differentiation of
preadipocytes (Wang et al., 2013), or in response to different endogenous stimuli
(Vitali et al., 2012, Frontini et al., 2013), (Table 1-1).

Table 1-1: Types of adipocytes

Epithelial like antigen-1 (Eval), transmembrane protein 26 (TMEM26), pyruvate dehydrogenase
kinase 4 (Pdk4), early B-cell factor 3 (Ebf3), lipoprotein lipase (LPL), glycerol-3-phosphate
dehydrogenase (G3PDH), developmental transcription factor (Tbx1) and short stature
homeobox 2 (Shox2).

Location Thoracic PVAT, Interscapular, Abdominal PVAT, Inguinal (SWAT), Within inguinal WAT, other
perirenal, paravertebral mesenteric, retroperitoneal, SWAT?
ol perigonadal, omental (VWAT)
ERneliah Heat production (thermogenic) Storage of energy as triglycerides | Adaptive thermogenesis
Autocrine and paracrine activity
Morphology Multilocular/small lipid droplets | Single large lipid droplets l.Jn'iIocuIar large/multiple small
lipid droplets
Mitochondria (+++) (+) Upon stimulation (++)
Markers UCP1, Eval, Pdk4, Ebf3 Resistin, LPL, G3PDH Tmem26, Thx1, Shox2

1.3 Perivascular adipose tissue (PVAT)

PVAT surrounds most systemic blood vessels, with the exception of cerebral blood
vessels and capillaries, and regulates vascular function by the production of many
autocrine and paracrine molecules. Many of these molecules are vasoactive and

include: adiponectin (Boateng et al., 2021), PVAT-derived relaxing factors (PDRF)
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(Lynch et al., 2013), prostacyclin (Chang et al., 2012), gaseous molecules (NO and
H2S) (Szasz and Webb, 2012), and angiotensin 1-7 (Lee et al., 2009).

Previous studies have demonstrated that PVAT attenuates vascular contraction in
multiple vascular beds including coronary vessels (Aghamohammadzadeh et al.,
2012) and rat mesenteric arteries (Verlohren et al., 2004). PVAT is composed of
white or brown adipocytes, or a mixture of both depending on the vascular bed
(Gao et al., 2007, Cinti, 2011, Fitzgibbons et al., 2011). The vasoregulatory
function of PVAT is adversely affected in cases of obesity and atherosclerotic
disease (Szasz and Webb, 2012, Chang et al., 2020). It has been shown that the
secretory profile of PVAT is changed by hypertension, obesity and other
cardiovascular diseases, leading to dysregulation between its anti-contractile and
pro-contractile effects (Ramirez et al., 2017). Heterogeneity of PVAT has been
reported even within the same blood vessel; PVAT around the abdominal aorta is
predominantly white with a small amount of brown adipocytes while PVAT around
the thoracic aorta is mainly composed of brown adipocytes (Padilla et al., 2013,
Brown et al., 2014, Kong et al., 2018).

In 1994 leptin was the first adipokine discovered, and since then more than 600
adipokines have been identified (Taylor, 2021). Adipokines can be categorised
according to their physiological effect as either anti-inflammatory such as
adiponectin and adrenomedullin (Fésiis et al., 2007, Zhu et al., 2008) or pro-
inflammatory such as leptin (Nakagawa et al., 2000, Sahin and Bariskaner, 2007).
Some adipokines including vaspin (Phalitakul et al., 2012) and chemerin have been
suggested to play a positive role in modulating vascular function of the cardiac
circulation (Yamawaki et al., 2012). With some adipocytokines such as visfatin,
which is produced in large quantities within PVAT, the source seems to be the
stromal vascular cells rather than the adipocytes (Stastny et al., 2012). Moreover,
PVAT can also generate cytokines such as interleukin (IL-6), (IL-8), the chemokine
monocyte chemoattractant protein-1 (MCP-1) and plasminogen-activator
inhibitor-1 (Thalmann and Meier, 2007) from cells such as fibroblasts,
macrophages, capillary endothelial cells and T lymphocytes residing in PVAT or
attracted to PVAT in response to inflammatory chemokines released by adipocytes
(Szasz and Webb, 2012).
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1.3.1 Anticontractile action of PVAT

PVAT was previously considered to be a supporting structure with only a role in
the mechanical protection of the underlying blood vessels. It was routinely
removed during blood vessel reactivity studies as it was thought that its existence
might affect vascular reactivity either by metabolising and changing the chemical
properties of some pharmacological agents or obscuring diffusion of the these
agents to the adventitia layer (Oriowo, 2015). In 1991 Soltis and Cassis reported
that thoracic PVAT from male Sprague-Dawley rats significantly attenuated the
contractile response to noradrenaline (Soltis and Cassis, 1991) and since then
many other studies have reported that PVAT is not only a connective tissue
supporting blood vessels but also an endocrine, paracrine and autocrine organ
which releases a wide variety of bioactive and vasoactive molecules. As noted
above, these can regulate metabolic and vascular functions and examples include:
leptin, vascular endothelial growth factor, insulin-like growth factor, tumour
necrosis factor-alpha (TNF-a), resistin, adiponectin, plasminogen activator

substance, angiotensinogen and IL-6 (Szasz and Webb, 2012).

So-called adipocyte-derived relaxing factors (ADRFs) were the first identified
vasoactive molecules released from PVAT which diffuse into the adventitia to
induce a vascular relaxation (Lohn et al., 2002). Lohn and co-workers
demonstrated that transferring bath solution from an artery segment with intact
PVAT into a bath containing a precontracted artery segment lacking PVAT resulted
in a rapid relaxation, suggesting that PVAT releases transferable PVAT-derived
vasorelaxant factor(s). These early findings were subsequently confirmed by other
studies (Verlohren et al., 2004, Malinowski et al., 2008, Greenstein et al., 2009,
Almabrouk et al., 2017).

The anticontractile action of PVAT has been reported to modulate vascular
function either by an endothelium-dependent or endothelium-independent
mechanism. A growing body of evidence indicates that PVAT exerts its relaxant
effects via release of a wide variety of molecules such as NO that have a direct
effect on VSM cells (Orshal and Khalil, 2004, Virdis et al., 2015).

In terms of endothelium-dependent effects, Gao and co-workers demonstrated

that transfer of conditioned medium from intact aortic rings with PVAT attached
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(donor) to a bath containing aortic rings with denuded endothelium did not
enhance the relaxation response of the vessels. They proposed that PVAT exerts
its anti-contractile effects via PVAT releasing a transferable relaxing factor which
induces endothelium-dependent relaxation through NO release and following
activation of K* channels in VSMCs (Gao et al., 2007, Gao, 2007). Adiponectin is
another adipokine that is secreted by PVAT and reported to induce vascular
relaxation through endothelium-dependent mechanisms via enhancing eNOS
phosphorylation at Ser''77 via phosphoinositide-3-kinase-protein kinase B (PI3K-
Akt) and AMPK signalling and increasing NO production (Chen et al., 2003,
Antoniades et al., 2009, Almabrouk et al., 2017). The role of AMPK in PVAT-

mediated effects will be discussed later in (section 1.5).

Another mechanism underlying the anticontractile effect of PVAT is mediated
through the activation of voltage-dependent potassium channels (Kv channels),
which modulate basal vascular smooth muscle tone (Verlohren et al., 2004).
Verlohren and co-workers reported that the resting membrane potential was
hyperpolarized in vessels with intact PVAT compared to vessels with the PVAT
removed, indicating that PVAT plays an important role in regulating vascular
smooth muscle tone (Verlohren et al., 2004). Supporting that, a different study
reported that XE 991, a selective inhibitor of non-inactivating voltage-gated
potassium channels (Kv7) reduced the hyperpolarized resting membrane potential
in the rat gracilis artery with intact PVAT (Zavaritskaya et al., 2013), confirming
a role for Kv channels in PVAT-induced regulation of membrane potential and

resting tone of the rat aorta.

On the other hand, under certain pathological conditions, PVAT releases a
different profile of contractile factors which impair its anticontractile effect.
These were initially termed PVAT-derived contracting factors (PVCFs) (Gao et al.,
2007, Meyer et al., 2013) and include resistin, IL-6, leptin, TNF-a and angiotensin
Il (Ramirez et al., 2017).



Chapter 1

1.4 Nitric oxide and regulation of vascular function

1.4.1 Nitric oxide

Nitric oxide is an inorganic free radical gas that was identified as an endogenous
vasodilator in 1987. It is synthesised by vascular endothelial cells from L-arginine
and acts as a transcellular signalling molecule and cell communication enhancer.
The enzymes responsible for the synthesis of NO from L-arginine in mammalian
tissues are known as NO synthases (NOS) (Knowles and Moncada, 1994, Maiuolo et
al., 2019). NO is a key physiological mediator involved in signal transduction in
the cardiovascular, genitourinary, respiratory, nervous, and gastrointestinal
systems and plays a significant role in control of vascular tone. As such,
dysregulation of NO generation and signalling has been implicated in a wide range
of diseases (Spiers et al., 2019, Krol and Kepinska, 2020).

NO rapidly reacts with various cellular targets that contribute to its short
biological half-life, which in most circumstances is less than 2 seconds (Thomas et
al., 2001). This represents an extremely short half-life in comparison with other
signalling molecules but more than other free radicals, whose lifespan is often of
the order of milliseconds. As NO contains an unpaired electron but does not
possess an electrical charge, NO can cross biological membranes by passive
diffusion and has several effects including: inhibition of adhesion and aggregation
of blood platelets to the vascular endothelium, prevention of leukocyte migration
and adhesion onto vascular wall, inhibition of vascular smooth muscle cell
proliferation and inhibition of low-density lipoprotein oxidation (Garg and Hassid,
1989, Lefer et al., 1999, Freedman et al., 1999, Forstermann and Sessa, 2012,
Forstermann et al., 2017). Furthermore, NO is soluble in both hydrophilic and
hydrophobic environments although it is more soluble in hydrophobic
environments by a factor of about 10; a property important for its ability to cross

cell membranes (Liu et al., 1998).

1.4.2 Nitric Oxide Synthase: structure and function

NO is synthesised via one of three isoforms of nitric oxide synthase: neuronal nNOS
(NOS1), inducible iNOS (NOS2) or endothelial eNOS (NOS3). Each NOS isoform has
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different tissue distributions, differential regulation and subcellular localization
(Villanueva and Giulivi, 2010, Costa et al., 2016).

eNOS and nNOS generally produce low (nM) concentrations of NO, whereas iNOS is
overexpressed and upregulated during inflammation in response to different
stimuli including cytokines and bacterial infection, and able to produce far higher
concentrations of NO for relatively prolonged periods (Thomas, 2015). Circulating
blood elements such as macrophages and neutrophils express iNOS when
activated, whereas the vasculature and nerve fibres in other tissues express eNOS
and nNOS (Sproston et al., 2018, Tejero et al., 2019b).

1.4.2.1 Endothelial nitric oxide synthase

eNOS contains a N-terminal oxygenase domain which carries a haem group. This
domain binds to the cofactor (6R-)5,6,7,8-tetrahydrobiopterin (BH4) and the
substrates Oz and L-arginine. This domain is linked to the C-terminal reductase
domain which binds the other substrate, reduced nicotinamide adenine
dinucleotide phosphate (NADPH), and the cofactors flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD) (Forstermann et al., 1994) (Figure 1-2).
Endothelial NOS is encoded by the NOS3 gene and is mainly expressed in vascular
endothelial cells which are responsible for most NO produced in the vasculature
(Forstermann and Sessa, 2012, Oliveira-Paula et al., 2017). eNOS is activated by
endogenous agonists such as acetylcholine, bradykinin, histamine, vascular
endothelial growth factor and also by shear stress generated by the laminar flow
of blood (Konukoglu and Uzun, 2017, Suvorava et al., 2022). Different agonists
stimulate eNOS by diverse mechanisms including protein phosphorylation,
increased intracellular Ca?* and altering the interaction with substrate and co-
factors (Fleming and Busse, 2003, Heiss and Dirsch, 2014a).

Early studies reported that mice lacking eNOS (eNOS-/-) exhibited abnormalities in
vascular relaxation, cardiac contractility and the experimental induction of stroke
resulted in more severe brain injury (Liu and Huang, 2008). Furthermore, eNOS
knockout mice exhibit hyperinsulinaemia, insulin resistance and hypertension
(Duplain et al., 2001), indicating that eNOS is important for the regulation not
only of blood pressure but also has a role in lipid and glucose homeostasis. In

addition, it has been suggested that eNOS-derived NO may contribute to the
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antiaging effects of calorie restriction and enhance mitochondrial biogenesis
(Nisoli et al., 2005, Csiszar et al., 2009).

Even though eNOS is primarily expressed in the endothelium, a growing body of
evidence using bone marrow transplant mouse models and flow cytometry
reported that functional eNOS is also expressed by red blood cells that it
contributes partially to systemic blood pressure regulation and reduces risk of
myocardial injury (Cortese-Krott et al., 2012, Wood et al., 2013, Yang et al., 2013,
Kuhn et al., 2017). Given that, Cortese-Krott and co-workers demonstrated that
under normoxic conditions human red blood cells constitutively generate NO via
eNOS. Furthermore, the activity of eNOS was compromised in red blood cells from
patients with coronary artery disease compared with age-matched healthy
individuals (Bhattacharya et al., 2001, Kleinbongard et al., 2006, Cortese-Krott et
al., 2012, Cortese-Krott and Kelm, 2014).

The activity of eNOS is regulated by a variety of factors, including its dimerization
status and when eNOS becomes uncoupled it becomes a source of oxidative stress.
However, it is essential to note that while eNOS coupling is a significant source of
oxidative stress, it is not the sole contributor in this context. Other sources, such
as Nox-NADPH oxidases, also play a crucial role in generating oxidative stress
within the vascular system. This broader perspective underscores the
multifactorial nature of oxidative stress mechanisms and their potential

implications for vascular health (Tran et al., 2022).

Also, eNOS exists in both monomeric and dimeric forms but under normal
physiological condition eNOS exists as a dimer and produces NO. Under some
physiopathological conditions eNOS is uncoupled to monomeric forms, generating
superoxide anions and this is thought to be a predisposing factor for endothelial
dysfunction in several cardiovascular diseases (Chang et al., 2019). Several lines
of evidence have demonstrated that eNOS dimerization is regulated by post-
translational modifications, including eNOS phosphorylation at Ser''”7 (Heiss and
Dirsch, 2014b, Mazrouei et al., 2019). It has also been reported that statins and
angiotensin-converting enzyme (ACE) inhibitors promote eNOS dimerization,
leading to improved endothelial function and decreased cardiovascular risk (Chang
etal., 2019).
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Figure 1-2: Nitric oxide and superoxide anion generation by eNOS

In the coupled state eNOS dimers produce NO, L-citrulline and NADP+ from L-arginine (Left panel),
which requires the presence of tetrahydrobiopterin (BH4), NADPH, and oxygen, while in the
uncoupled state eNOS generates superoxide anions and other ROS instead of NO, leading to
vascular dysfunction (right panel). Uncoupling can be due to oxidation of BH4 to dihydrobiopterin
(BH2). Acetylcholine (ACh) increases calcium concentrations to mediate calcium-calmodulin (CaM)-
dependent activation of eNOS and protein kinase A (PKA)-dependent phosphorylation of eNOS at
Ser'’” and Ser®?? residues which also increases eNOS activity. Protein kinase C (PKC) increases
eNOS phosphorylation at Thr*®> which downregulates eNOS activity and reduce NO synthesis.

1.4.2.2 Inducible nitric oxide synthase

Inducible NOS (iNOS or NOSII) was initially identified in cytokine-induced
macrophages. In human physiology the primary function of iNOS derived NO is the
destruction of invading pathogens thereby having antiparasitic, microbicidal and
antiviral effects (Chakravortty and Hensel, 2003, Pautz et al., 2010). In the
vascular system iNOS is mainly synthesised or expressed in response to

inflammatory mediators (Forstermann and Sessa, 2012, Zhao et al., 2021).

Excessive iNOS activity has been associated with several pathological conditions
including septic shock, cardiac dysfunction and neurodegeneration (Cinelli et al.,
2020).
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BH4 also plays an important role in regulating iNOS dimerization and activity, as
The embryonic mouse fibroblast cells (NIH 3T3) deficient in de novo BH4
biosynthesis expressed monomeric inactive iNOS, but supplementation with BH4
or it is precursor sepiapterin increased iNOS dimerization and coupling (Tzeng et
al., 1995, Ghosh et al., 1999, Cinelli et al., 2020). The structure of iNOS is shown
in (Figure 1-3).

1.4.2.3 Neuronal nitric oxide synthase

Neuronal NOS (nNOS) was originally discovered in rat neurons (Bredt, 1990) and is
predominantly expressed in certain neurons but is also found in skeletal muscle,
perivascular nerve fibres, in the vascular wall, cardiomyocytes and endothelial
cells (Schwarz et al., 1999, Tsutsui, 2004, Xu et al., 1999, Luhrs, 2002). The

structure of nNOS is shown in (Figure 1-3).

Like eNOS, nNOS activity is principally regulated by intracellular CaZ*/calmodulin
levels, binding to cofactors such as BH4 and dimerization (Alderton et al., 2001).
In the vascular bed, NO derived from nNOS contributes to vasodilation (Seddon et
al., 2009, Capettini et al., 2011). In addition, the expression of nNOS in
endothelial cells and vascular smooth muscle has been associated with the control
of brain blood flow (Kitaura et al., 2007). Interestingly, two studies have
demonstrated that nNOS generates NO and H;02 under normal physiological
conditions. Studies simultaneously measuring NO, H,02 and vascular function using
antisense nNOS knockdown and pharmacological inhibitors indicated that nNOS-
derived H;0; is the main endothelium-dependent relaxing factor (EDRF) in the
mouse aorta and contributes importantly to endothelium-dependent
vasodilatation (Rabelo et al., 2003, Capettini et al., 2011) (Table 1-2).

14



Chapter 1

Oxidase domain Reductase domain
eNOS N Fe ()/BH4 CaM;, FMN FAD'NADHNZ®
1 499 518 715 742 1153
Oxidase domain Reductase domain
iNOS B Fe(l)/BH4 [[€aM’; FMIN| o IEADENADHE JI¢
1 504 537 687 716 1203
Oxidase domain Reductase domain
nNOS N PDZ Fe (I)/BH4 j[caM | FMN| NOFADENADHN o°
221 724 757 949 980 1433

Figure 1-3: Structure and functional domains of NOS isoforms

Each NOS isoform is comprised of an N-terminal oxidase domain, CaM-binding and FMN-binding
domains and a C-terminal reductase domain. There are three nitric oxide synthase (NOS) isoforms:
Ca?*-dependent endothelial NOS (eNOS) and neuronal NOS (nNOS) and Ca?*-independent
inducible NOS (iNOS). The oxidase domain contains the L-arginine, haem, and tetrahydrobiopterin
(BH4)-binding sites. Flavin mononucleotide (FMN) binds to the reductase domain. Flavin adenine
dinucleotide (FAD), and nicotinamide adenine dinucleotide phosphate (NADPH)-binding sites are
within the reductase domain which also binds L-arginine. An additional postsynaptic Drosophila
zonula occludens-1 protein (PDZ) domain is found only in the N-terminal of the nNOS and allows the

enzyme to bind other proteins with a similar structure.
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Table 1-2: Functions of NOS isoforms and phenotypes of NOS knockout mice

isoform function Phenotype of KO mice

Elevated mean arterial blood pressure
Vasodilation
Absence of EDRF activity in aorta
Modulation of leukocyte—endothelial
Increased vascular response to injury
eNOS Interaction
Enhanced cardiac contractile response to B-adrenergic
Modulation of platelet aggregation
stimulation

Increased susceptibility to global ischemia

Enlarged stomach, pyloric stenosis

Aggressive behaviour
Signal transduction
Reduced cardiac contractile response to B-adrenergic

nNOS Neurotransmission
stimulation
Increased diet-induced atherosclerosis
No protection from cerebral ischaemic preconditioning
Susceptible to tuberculosis & other infections
) Defence against pathogens Resistance to sepsis-induced hypotension
INOS Inflammation Decreased neuronal injury after stroke (delayed)

Decreased diet-induced atherosclerosis

1.4.3 Regulation of eNOS

Studies to understand the mechanism of eNOS regulation have been crucial in
understanding how the blood vessels are regulated by the vascular endothelium
and smooth muscle cells (Siragusa and Fleming, 2016, Garcia and Sessa, 2019). In
addition, experiments using eNOS mutated mice have revealed that eNOS has
antithrombotic, antiatherosclerotic and antihypertensive effects (Xia et al.,
2017). eNOS activity is tightly regulated by a number of mechanisms including
allosteric modulation, posttranslational modification, protein-protein interactions
and also subcellular localisation (Siragusa and Fleming, 2016, Meza et al., 2019,
Garcia and Sessa, 2019, Garcia et al., 2020b). Posttranslational modifications
include phosphorylation, as well as lipid modifications such as myristoylation and
palmitoylation which play an important role in eNOS subcellular localisation
(Gonzalez et al., 2002). It has also been demonstrated eNOS is modified by O-
GlcNAcylation as a consequence of hyperglycaemia leading to reduced eNOS

phosphorylation at Ser''77 and therefore reducing eNOS activity (He et al., 2020).
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1.4.3.1 Phosphorylation of eNOS

It has been reported that eNOS phosphorylation at tyrosine, serine and threonine
residues plays an important role in the regulation of activity and sensitivity of
eNOS to calcium and there are at least 8 defined sites of eNOS phosphorylation.
Initial studies to identify the sites of eNOS phosphorylation were performed in
bovine aortic endothelial cells (BAECs) (Gallis et al., 1999). eNOS activity is
stimulated by phosphorylation at Ser''77 in response to several stimuli such as
shear stress and adiponectin. Phosphorylation of eNOS at Ser®33 also activates
eNOS, whereas phosphorylation of Thr4%3 inhibits eNOS activity (Chen et al., 2009,
Gaynullina et al., 2022).

Phosphorylation of eNOS at Ser''77 close to the carboxy-terminal by Akt results in
a conformational change of eNOS, allowing allosteric binding of CaM at suboptimal
Ca?* concentrations, resulting in an increase in eNOS activity and an increase in
NO production (Michell et al., 1999, Musicki et al., 2005).

Mutation of Ser''77 with alanine reduces both basal and stimulated NO synthesis
(Bauer et al., 2003), indicating the importance of the Ser''?7 residue in regulating
eNOS activity and NO production. Indeed, phosphorylation of eNOS at Ser!!77
seems to be the most important for regulating eNOS phosphorylation in response
to any internal and external stimuli that promote eNOS activation (Rafikov et al.,
2011).

A growing body of evidence has reported that phosphorylation of eNOS at Ser¢33
in the flavin mononucleotide binding domain (FMN) is also important for eNOS
activation to maintain NO production in blood vessels. Indeed, phosphorylation at
this site has been linked with eNOS activation in response to a wide variety of
stimuli including mechanical factors such as shear stress (Boo et al., 2002).
Conversely, phosphorylation of eNOS at Thr4% interferes with the binding of
calmodulin to the eNOS calmodulin-binding domain, thereby inhibiting NO
synthesis (Fleming et al., 2001, Kang et al., 2012).

An early finding reported that incubation of human aortic endothelial cells with

insulin rapidly increases eNOS phosphorylation at Ser''77 and Ser®'> in response to
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Akt activation and influence Ca?* sensitivity, however, phosphorylation of Ser®33

Thr4%> Ser''4 was unaltered (Ritchie et al., 2010).

1.4.3.2 eNOS activation by different kinases

Several kinases have been reported to phosphorylate eNOS, including: Akt (also
termed protein kinase B), AMPK, PKA, PKG, PYK2, CaMKK2 and PKC. Some earlier
studies demonstrated AMPK activation in rat skeletal and cardiac muscle under
vigorous exercise and ischaemic stress which would then induce eNOS

phosphorylation and NO generation (Chen et al., 1999).

eNOS is also regulated by several upstream kinases, including protein kinase A
(PKA) and protein kinase B (PKB) (Chen et al., 2009, Zhu et al., 2016, Gaynullina
et al., 2022). Phosphorylation of eNOS by Akt represents a novel Ca?* -independent
regulatory mechanism for activation of eNOS (Dimmeler et al., 1999), and
activation of cAMP-dependent protein kinase A (PKA) causes Ser®35
phosphorylation (Boo et al., 2002, Michell et al., 2002), while protein kinase G
(PKG) (Butt et al., 2000), calmodulin/Ca?* -dependant protein kinase (CaMK2),

increases phosphorylation of eNOS at Ser''?7 (Fleming et al., 2001).

The other kinase that is thought to regulate eNOS activity is PKC which
downregulates eNOS activity through Thr4% phosphorylation and eNOS uncoupling
in response to Ach, bradykinin, VEGF and ATP (Sessa, 2004) (Figure 1-4).
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Figure 1-4: A schematic diagram showing eNOS regulation and activation

eNOS is positively modulated by phosphorylation of Ser'’” and Ser®3® and negatively regulated by
phosphorylation of Thr*®. Ser''’” is reported to be phosphorylated by several upstream kinases
including Akt, protein kinase G (PKG) and protein kinase A (PKA). CaZ* /CaM dependent kinase Il
(CaMKIl), PKA and AMP-activated protein kinase (AMPK) have been reported to phosphorylate
Ser’33, Protein kinase C (PKC) phosphorylates the inhibitory Thr*°® site. In addition, eNOS activity is
inhibited by its interaction with caveolin-1 and by O-GIcNAc modification inhibiting NO production,
while eNOS association with heat shock protein 90 (Hsp-90) favours its activation. S- nitrosylation
and palmitoylation stimulates eNOS trafficking from Golgi apparatus and the cell membrane. Created

with BioRender.com.
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1.4.3.3 Endogenous inhibitors of eNOS activity
1.4.3.4 Asymmetric dimethylarginine

Regulation of eNOS activity by endogenous inhibitors is of great interest as
pharmacological targets for treatment of cardiovascular diseases. A potent
endogenous inhibitor of eNOS is asymmetric dimethylarginine (ADMA), a
homologue of L-arginine which competes with L-arginine for NOS, leading to a
reduction of NO generation. ADMA is generated from hydrolysis and degradation
of proteins containing arginine residues methylated by protein arginine
methyltransferases (PRMT), and the resulting ADMA competitively antagonises
eNOS and reduces NO production (Cooke, 2010, Alpoim et al., 2015). Furthermore,
ADMA is degraded by two enzymes: dimethylarginine dimethyl amino hydrolase 1
and 2 (DDAH1 and DDAH2) (Vallance et al., 1992, Tran et al., 2003, Boger, 2003).
Several lines of evidence suggest that DDAH1 but not DDAH2 is the isoform
responsible for ADMA degradation. For example, in cultured vascular endothelial
cells, silencing of DDAH1 results in a decrease in NO production and ADMA
accumulation, whilst silencing of DDAH2 has no effect on ADMA levels (Hulin et
al., 2020).

An increase in ADMA levels has been considered as a risk factor for the
pathogenesis of cardiovascular diseases (Vallianou et al., 2019). Furthermore,
drugs that influence cardiovascular disease risk may influence ADMA levels, as it
has been reported that the lipid lowering drug simvastatin increased DDAH1
expression levels and decreased ADMA concentrations in cultured endothelial
cells, leading to eNOS activation and enhanced NO production (Hsu et al., 2016).
Another study reported that in hyperlipidaemic rabbits the angiotensin converting
enzyme inhibitor (ACEl) captopril significantly lowered ADMA serum levels and

enhanced endothelial function via increased DDAH1 activity (Lin et al., 2017).

1.4.3.5 Reactive oxygen species

Oxidative stress is generated during inflammation and endothelial dysfunction and
can modulate vascular function and structure. Oxidative stress is defined as an
imbalance between the production of free radical reactive oxygen species (ROS)
and antioxidant defences. In the vascular system, ROS are produced by many cells
including: vascular smooth muscle cells, endothelial cells and inflammatory cells
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infiltrating the perivascular adipose tissue (Man et al., 2020). ROS include
hydrogen peroxide and superoxide, which can act in the vascular system as
signalling molecules, as effectors of the immune response, or as by-products of
cellular metabolism (Schieber and Chandel, 2014, Wang et al., 2018). ROS levels
can be increased by activation of NADPH oxidase in endothelial cells and lead to
the oxidation of BH4 to the BH3" radical, with eNOS uncoupling and a reduction in
activity (Kuzkaya et al., 2003). There are many proposed pathways by which ROS
reduce NO availability, for example, during inflammation or oxidative stress, NO
reacts with superoxide resulting in peroxynitrite formation. Peroxynitrite can
damage a wide range of cells and tissues via direct oxidative reactions or indirect
radical-mediated mechanisms leading to oxidative injury, committing cells to
necrosis or apoptotic cellular DNA damage (Cassuto et al., 2014, Ahmad et al.,
2019). As a result, the accumulation of ROS leads to a drop in NO bioavailability

and tissue damage (Chrissobolis et al., 2011, Forstermann and Li, 2011, Dix, 2017).

As mentioned in section (1.4.2.1), eNOS normally exists as a dimer and produces
NO but under conditions such as oxidative stress and/or decreased BH4 levels,
eNOS uncouples and generates free radicals such as superoxide anions (0:")
instead of NO. This leads to generation of other free radicals including reactive
nitrogen species (RNS) such as nitroxyl anions and nitrosonium cations, that leads
to endothelial dysfunction, decreased NO bioavailability, vasoconstriction,
enhanced systemic vascular resistance and increased blood pressure (Schiffrin,
2008, Yang et al., 2009). Oxidation of eNQOS, at the zinc-sulphur-complex, or S-
glutathiolation of cysteine residues in the reductase domain, causes an oxidative
disruption of the dimeric eNOS complex (Loot et al., 2009). It has been reported
that eNOS phosphorylation at Thr4% is mediated by protein kinase C (PKC) and
increasing ROS levels leads to increases in levels of ADMA, thereby reducing eNOS
activity (Schulz et al., 2014, Laher, 2014, Daiber et al., 2019).

Hyperlipidaemic mice have been reported to exhibit BH4 deficiency in
macrophages and endothelial cells, this leads to atherosclerosis and triggers
endothelial dysfunction associated with mildly increased blood pressure, and
increased plaque macrophage content due to eNOS uncoupling as well as increased
superoxide generation (Douglas et al., 2018, Minzel and Daiber, 2018). In line

with this, a combination of antioxidant therapy and BH4 supplementation was
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reported to have a reparative effect on endothelial function and to improve
vascular function in pre-clinical and clinical studies, reducing the incidence of
cardiovascular events in patients with cardiovascular disease and improving
endothelium integrity in hypoxia-induced neonatal retinopathy in mice (Munzel et
al., 2010, Edgar et al., 2017). The BH4 precursor sepiapterin and polyethylene
glycolated-superoxide dismutase also improve endothelial function ex vivo and in
vivo (Daiber et al., 2019). These data suggest that eNOS uncoupling could be
largely due to BH4 deficiency.

1.4.4 eNOS and protein-protein interactions

Direct and indirect protein-protein interactions have been shown to modulate
eNOS activity. The best characterised example of this is where eNOS function is
negatively regulated via caveolin-1 (Cav-1) binding to plasmalemmal anchored
eNOS (Garcia-Cardena et al., 1997). Early studies also reported that eNOS activity
increases via interaction with heat shock protein-90 (Hsp-90) (Gupta et al., 2017),
which promotes conformational changes and stabilises the haem moiety in eNOS
(Czekay et al., 2011). Furthermore, Hsp-90 has been reported to interact and
regulate eNOS activity by recruiting kinases such as AMPK and Akt to phosphorylate
eNOS at multiple sites including Ser''77 ) Ser®'> and Ser®33® and promote NO
synthesis (Fulton et al., 2004).

1.4.4.1 Caveolin-1

Caveolins are small transmembrane proteins forming cave-like membrane
structures with a diameter of 50 to 100 nm called caveolae. Three caveolin
proteins have been characterised consisting of six known and distinct caveolin
subtypes that are highly homologous. However, they differ in their tissue
distribution and localisation and possibly their physiological roles in signal
transduction. Caveolin-1 (Cav-1 a/B) and caveolin-2 (Cav-2 a/B/y) are co-
expressed and co-localize in many tissues, while caveolin-3 (Cav-3) is specifically
expressed in muscle tissue, including cardiomyocytes and skeletal muscle. Cav-3
has less protein-sequence similarity to Cav-2 compared with Cav-1 (Kawabe et al.,
2001, Williams and Lisanti, 2004, Fridolfsson et al., 2014, Zipes et al., 2018).
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Full-length Cav-1 is a 178 amino acid membrane protein and the major structural
protein of caveolae in the plasma membrane. It acts as a scaffolding protein which
binds to other proteins and is involved in cell signalling and membrane trafficking
(Campos et al., 2019). Cav-1 is associated with cholesterol distribution,
extracellular matrix organisation, endocytosis, exocytosis, cell migration as well
as integration and compartmentalization of signal transduction intermediates in
adipocytes but also has an important role in eNOS function (Parton and Simons,
2007, Nwosu et al., 2016). Most cell types contain caveolae but they are
particularly abundant in adipocytes, where they account for 30% of the PM surface
area (Fan et al., 1983). In adipocytes, Cav-1 is the most abundant isoform of
caveolin which is responsible for caveolae formation (Scherer et al., 1994). It has
been shown that Cav-1 expression is considerably enhanced by DNA demethylation
during adipocyte differentiation, and it has been proposed to be an important

mediator of the insulin signalling pathway (Palacios-Ortega et al., 2014).

Cav-1 comprises a number of domains: an N-terminal domain (residues 1-81), a
scaffolding domain (CSD, residues 82-101), intermembrane domain (residues 102-
134), and a C-terminal domain (residues 135-178) (Rui et al., 2014, Root et al.,
2015). Cav-1 is post-translationally modified by phosphorylation in the N-terminal
domain at tyrosine 14 (Tyr'4) and serine 80 (Ser?%). These modifications are
implicated in regulating signalling and assembly of the caveolae structure (Campos
et al., 2019), and palmitoylation on three cysteine residues located near or at the
C-terminal domain (C133, C143, and C156) (Krishna and Sengupta, 2019). Early
studies reported that in human embryonic kidney 293 (HEK293) cells Cav-1 is
ubiquitinated, and ubiquitination is required for Cav-1 degradation and in
particular, ubiquitination at specific N-terminal lysine residues (Hayer et al.,
2010) (Figure 1-5).
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Figure 1-5: A schematic diagram of Cav-1 structure

Cav-1 is a 178 amino acid (aa) membrane protein consisting of an N-terminal domain (Red),
scaffolding domain from 82 to 101 (black), a hydrophobic hairpin-transmembrane domain from 102
to 134 (orange) and a C-terminal domain from 135 to 178. Posttranslational modification of Cav-1
occurs, including phosphorylation on Tyr'* and Ser®, ubiquitination of N-terminal residues and

palmitoylation of sites at the C-terminus.

It has been shown that eNOS localisation Influences the enzyme’s activity and NO
production in endothelial cells (Chakraborty and Ain, 2017). eNOS translocation to
the plasma membrane leads to its association with Cav-1 which contributes to
reduced enzymatic activity and NO production (Wang et al., 2009). Evidence
suggests that Cav-1 binds eNOS and inhibits NO production by interfering with the
interaction of the enzyme with Ca?*/CaM via the scaffolding domain of Cav-1
(amino acids 82-101; DGIWKASFTTFTVTKYWFY). Within that sequence, amino
acids 89-95 (FTTFTVT) and specifically F92 mediates eNOS inhibition by Cav-1,
thereby reducing NO production (Li et al., 1996, Garcia-Cardena et al., 1997,
Razani et al., 2001, Cohen et al., 2003).

A cell-permeable mutant scaffolding domain peptide of Cav-1 has previously been
reported to disrupt the inhibitory action of Cav-1 on eNOS, thereby alleviating
inhibition of NO production (Bernatchez et al., 2011). It has been recently
reported that in endothelial cells from rat vagina, oestrogen, and VEGF increase
eNOS phosphorylation at Ser''77 mediated by phosphorylation of Akt and limiting
eNOS interaction with Cav-1 (Musicki et al., 2010).
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In addition to direct effects on eNOS, Cav-1 has been reported to negatively
regulate the small GTPase -Ras-related C3 botulinum toxin substrate 1 (Rac1)
which regulates cell motility, cell growth, control cytoskeleton organization,
transcription, and cell proliferation (Kinsella et al., 1991, Burridge and
Wennerberg, 2004, Ramadoss et al., 2013). Rac1l in turn modifies the
PI3K/Akt/eNOS pathway in endothelial cells (Gonzalez et al., 2004, Gonzalez et
al., 2006). Another study reported that siRNA-mediated Cav-1 knockdown in BAECs
enhances AMPK phosphorylation which in turn upregulates eNOS activity (Levine
et al., 2007).

1.4.4.2 Hsp-90

Heat shock protein 90 (Hsp-90) is an eukaryotic chaperone protein, responsible for
the folding and functional activation of various client proteins (Chatterjee et al.,
2019). Under physiological conditions Hsp-90 modulates diverse cellular activities,
acting to reduce cell apoptosis and degradation of non-functional proteins via the
ubiquitin-proteasome pathway (Bagatell and Whitesell, 2004, Taipale et al.,
2010). In basal conditions in BAECs, Hsp-90 binds the non-caveolar fraction of
eNOS thereby stabilizing activated eNOS and increases NO production (Takahashi
and Mendelsohn, 2003, Ramadoss et al., 2013).

It has been reported that eNOS activity increases via interaction of eNOS with Hsp-
90 (Gupta et al., 2017), which promotes conformational changes that stabilise the
haem moity in NOS. Hsp-90 has also been reported to recruit kinases such as AMPK
and Akt that phosphorylate eNOS via multiple sites including Ser'77, Ser¢'> and
Ser33 and promote NO synthesis (Gratton et al., 2000, Fulton et al., 2004,
Fernandez-Hernando et al., 2006, Czekay et al., 2011).
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1.5 AMP-activated protein kinase (AMPK)

1.5.1 Overview

AMPK activity was first described in 1973 when two independent groups showed
that ATP caused inhibition of acetyl CoA carboxylase (ACC) or 3-hydroxy-3-
methylglutaryl coenzyme A HMG-CoA reductase (HMGR) (Carlson and Kim, 1973,
Beg et al., 1978). Several years later another group reported that this effect was
due to a protein kinase that was responsible for the inactivation and
phosphorylation of ACC and HMGR that they named AMP-activated protein kinase
(AMPK) after its allosteric activator 5’-AMP (Munday et al., 1988, Carling et al.,
1987). AMPK is a metabolic stress-sensing protein kinase which is the downstream
component of a protein kinase cascade that plays an important role in the
regulation of cell metabolism and energy balance at both the cellular and organ

level.

1.5.2 AMPK structure

AMPK is a serine/threonine protein kinase that exists as heterotrimeric complexes
consisting of a catalytic a subunit and regulatory B and y subunits (a1, a2, 81, B2,
v1, Y2 and y3) in mammals. These isoforms are encoded by seven genes (a1-
PRKAA1, a2-PRKAA2, B1-PRKAB1, B2-PRKAB2, y1-PRKAG1, y2-PRKAG2 and y3-
PRKAG3) and these together can form 12 different heterotrimeric complexes
(Kahn et al., 2005). The expression of some of these isoforms is tissue specific and
they exhibit differences in sensitivity to stimulation by AMP, subcellular
localisation and sensitivity to pharmacological stimuli (Mihaylova and Shaw, 2011,
Salt et al., 1998, Karabiyik, 2021).

The catalytic a subunit of AMPK consists of a C-terminal regulatory domain and an
N-terminal catalytic serine/threonine kinase domain which has significant activity
when phosphorylated at a conserved threonine residue at position 172 within the
activation loop which is essential for AMPK activity (Hawley et al., 1996). The a
subunit also consists of an autoinhibitory sequence (AIS) which negatively
regulates AMPK through interaction with the kinase domain while the C-terminal
domain is responsible for interaction with B and y subunits and AMPK complex
formation (Pang et al., 2007, Li and Chen, 2019, Wang et al., 2022) (Figure 1-6).
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The B subunits consist of an N-terminal region (~70 residues) which acts as a
targeting scaffold domain that plays an important role in the assembly of the AMPK
complex and regulates subcellular localization (Iseli et al., 2005, Xiao et al.,
2013), and an internal carbohydrate binding module (CBM) which has been
reported to bind glycogen and inhibit AMPK activity (McBride et al., 2009).

The y subunits consist of four cystathione-B-synthase motifs (CBS) which are
required for binding the regulatory nucleotides that allosterically regulate the
AMPK complex. A reduction in intracellular ATP levels leads to increased
concentrations of AMP (and ADP) which can directly bind to the CBS motifs and
allosterically activate AMPK and increase AMPK phosphorylation (Steinberg and
Carling, 2019) (Figure 1-6).
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Figure 1-6: Domain structure of AMPK subunit isoforms

AMPK exists as a trimeric complex consisting of a catalytic subunit (a) and two regulatory subunits
(B and y). The catalytic a subunit contains a kinase domain with a conserved phosphorylation (P)
site at Thr'"? which is phosphorylated by upstream kinases and a central auto-inhibitory sequence
(AIS). The B-subunit contains a glycogen-binding domain (GBD) and C-terminal domain (CTD)
required for AMPK complex formation with a and y. The y subunits consist of four conserved
cystathionine-B-synthase (CBS) motifs arranged in two tandem Bateman domains capable of co-
operatively binding to AMP, ADP and ATP.

1.5.3 Regulation of AMPK
1.5.3.1 Allosteric activation of AMPK

AMPK plays an important role in sensing cellular energy changes under many
physiological conditions where there is a reduction in ATP or an increase in AMP
or ADP levels, such as during starvation or hypoxia. AMP or ADP binds to the CBS

domains on the AMPKy subunit, increasing its activity allosterically and increasing
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the phosphorylation of AMPKa at Thr'72 (Hawley et al., 1996, Carling et al., 2012,
Ignoul and Eggermont, 2005, Xiao et al., 2007, Xiao et al., 2013).

Allosteric activation protects AMPK from dephosphorylation at Thr'72 and this is
antagonized by high ATP levels (Gowans and Hardie, 2014, Qi and Young, 2015). A
previous study has revealed that ADP and AMP activate AMPK via phosphorylation
of AMPK at Thr'72 and by inhibiting dephosphorylation by Ca?*/calmodulin-
dependent protein kinase kinase-B (CaMKK2) or liver kinase B1 (LKB1) (Oakhill et
al., 2011, Rodriguez et al., 2021). In contrast, binding of ATP to the AMPKYy subunit
competitively antagonises AMP- or ADP-mediated AMPK Thr'72phosphorylation and
activation (Carling et al., 2012, Hardie and Lin, 2017) (Figure 1-7).

1.5.4 AMPK activation by upstream kinases

Phosphorylation of AMPK at Thr'72 is fundamental for kinase function and activity,
as mutation of Thr'72 to alanine results in an inactive catalytic subunit and revokes
AMPK activity (Crute et al., 1998, Willows et al., 2017b). AMPK can be
phosphorylated at Thr'72 on the catalytic a subunit by upstream kinases LKB1 and
CaMKK2 (Ovens et al., 2021).

LKB1, also known as serine/threonine kinase 11 (STK11), was originally identified
as a tumour suppressor gene mutated in Peutz-Jeghers Syndrome (PJS) (Hemminki
et al., 1998, Altamish et al., 2020) and is ubiquitously expressed and not
stimulated directly by AMP (Woods et al., 2003, Hawley et al., 2003). LKB1 is
inactivated in many cancers, including the HelLa cancer cell line, in addition, AMPK
phosphorylation by LKB1 at Thr'7Z results in at least a 100-fold increase in AMPK
activity (Hawley et al., 2003).

Even though LKB1 initially was identified as the major AMPK upstream kinase,
previous studies demonstrated that significant basal Thr'72 phosphorylation
remained in LKB1-deficient cells that could be stimulated by Ca?* ionophores.
Therefore, another AMPK upstream kinase was proposed to exist, later identified
as CaMKK2 (Hawley et al., 2005).

LKB1 also phosphorylates 12 other kinases (termed AMPK-related kinases) that

share a highly conserved sequence around Thr'72 in the two catalytic subunit
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isoforms of AMPK. None of the 12 AMPK-related kinases have been found to be
activated by CaMKK2 in intact cells or cell-free assays (Fogarty et al., 2010,
Steinberg and Carling, 2019).

1.5.5 Downstream targets of AMPK

Upon AMPK activation, AMPK directly activates several downstream targets that
switch off many anabolic processes that require ATP such as fatty acid synthesis,
protein  synthesis, glycogen synthesis, cholesterol, triglyceride and
gluconeogenesis to reverse the energy imbalance (Hardie, 2011, Salt and Hardie,
2017). To date, at least 100 downstream targets of AMPK have been identified,
the first of which was acetyl-CoA carboxylase (ACC) which catalyses the formation
of malonyl CoA from acetyl CoA, and is a key enzyme in lipid synthesis (Hardie,
2022). AMPK also phosphorylates 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGR), the rate-limiting step in sterol and isoprenoid synthesis during FA
synthesis in a wide-variety of eukaryotic muscle and adipose tissue (Mihaylova and
Shaw, 2011, Garcia et al., 2020a).

In addition, AMPK activation stimulates catabolic processes that generate ATP e.g
glucose uptake in muscle, fatty acid oxidation, glycolysis and autophagy. AMPK
also has another role in maintaining the capacity of the cell for oxidative
metabolism by enhancing the production of new mitochondria and discarding of
dysfunctional ones (Hardie, 2011, Packer, 2020). AMPK also phosphorylates and
activates unc-51-like autophagy-activating kinase 1 (ULK1) which initiates
autophagy and negatively regulates mammalian target of rapamycin complex 1
(mTORC1), reducing protein translation and further activating autophagy since
mTORC1 ordinarily suppresses autophagy (Egan et al., 2011, Kim et al., 2011, Mack
et al., 2012, Kim et al., 2013). Together these processes control energy
metabolism and growth, or induce changes in gene expression that result in long-
term effects on metabolic function (Mihaylova and Shaw, 2011, Hardie, 2011)
(Figure 1-7).
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Figure 1-7: AMPK activation by upstream kinases and metabolic outcomes

AMPK is phosphorylated by different upstream kinases such as CaMKK2 and LKB1l. AMPK
phosphorylation can be activated in a nucleotide-dependent manner resulting from increases in the
ADP:ATP or AMP:ATP ratios, due to a variety of energy stresses such as starvation, ischaemia,
exercise or mitochondrial inhibition. AMPK can also be regulated in a nucleotide-independent
manner, via phosphorylation of Thr'”2 by CaMKK2 in response to increases in intracellular Ca2*
levels. AMPK restores ATP levels by activating catabolic processes through the breakdown of
nutrients such as glucose and lipid or reducing anabolic processes such as fatty acid, protein and

glycogen synthesis and gluconeogenesis.

1.5.6 Pharmacological AMPK activators

It is well defined that AMPK regulates energy balance at both the cellular and
whole-body levels, including increasing glucose uptake into muscle and other
tissues, reducing synthesis and increasing oxidation of FFAs as well as regulation
of cell growth, proliferation and vascular function (Almabrouk et al., 2014, Salt
and Hardie, 2017, Garcia and Shaw, 2017).
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Since the discovery of AMPK, many pharmacological AMPK activators have been
developed, and some other drugs used therapeutically have been found to
indirectly activate AMPK including metformin, which is a hypoglycaemic drug
widely used for treatment of type 2 diabetes mellitus (Zhou et al., 2001). Another
class of anti-hyperglycaemic drugs, the thiazolidinediones (TZDs) (Fryer et al.,
2002) including troglitazone, pioglitazone and rosiglitazone which primarily target
peroxisome proliferator-activated receptor-y (PPARy) and improve insulin
sensitivity in the peripheral tissues also activate AMPK (Soccio et al., 2014). Both
metformin and the TZDs inhibit NADH dehydrogenase (Complex 1) of the
mitochondrial respiratory chain, increasing the cellular AMP/ATP ratio, thereby
activating AMPK (Zhou et al., 2001, Hawley et al., 2010). It has been shown
previously that TZDs increase AMPK activity in adipose tissue, liver and skeletal
muscle (LeBrasseur et al., 2006). However, whether the therapeutic effects of
TZDs are AMPK-dependent has not been determined. TZDs indirectly increase
phosphorylation and activity of AMPK by stimulating adiponectin expression in
adipose tissue, which activates AMPK in target tissues (Yamauchi et al., 2002,
Boyle et al., 2008, Mohseni et al., 2023).

AICAR (5’-aminoimidazole-4-carboxamide ribonucleoside) is an another commonly
used AMPK activator. AICAR is an adenosine analogue, transported into cells via
adenosine transporters where it is phosphorylated to the AMP mimetic ZMP (5-
aminoimidazole-4-carboxamide-1-8-D-furanosyl 5-monophosphate) by adenosine
kinase (Merrill et al., 1997, Gao et al., 2018), therefore activating AMPK without
changing adenine nucleotide ratios (ADP/ATP or AMP/ATP ratios). ZMP also
influences other metabolic enzymes such as phosphofructokinase and fructose 1,6-
bisphosphatase that are allosterically regulated by AMP, therefore AICAR could
have off-target effects (Rena et al., 2017).

A769662 (6,7-Dihydro-4-hydroxy-3-(2'-hydroxy[1,1’-biphenyl]-4-yl) - 6-0xo-thieno
[2,3-b] pyridine-5-carbonitrile, a member of the thienopyridone family, is a direct
allosteric activator of AMPK. Activation involves the CBM of the AMPKB1 subunit
isoform which interacts with y subunit residues distinct from those involved in
AMP binding (termed the ADaM site) and inhibits dephosphorylation of Thr'72 by
protein phosphatases (Cool et al., 2006, Scott et al., 2008). A769662 is selective
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for complexes containing the B1 regulatory subunit (Scott et al., 2008, Hardie et
al., 2012, Aledavood et al., 2021).

Compound 991 (C991) is an another direct allosteric AMPK activator (Willows et
al., 2017a), that binds at the ADaM site, the same allosteric site as A769662, yet
stimulates both AMPKB1- and AMPKB2-containing complexes, with a preference
toward B1 (Xiao et al., 2013). C991 increases LKB1-mediated phosphorylation of
Thr'72 and suppresses dephosphorylation of Thr'72, Furthermore, C991 stabilises
the interaction between the kinase domain and the CBM of the B subunit thereby
activating AMPK (Gwinn, 2008, Willows et al., 2017a, Kopietz et al., 2018)

Aspirin (acetyl salicylate) is derived from the natural plant extract salicylate,
which has been demonstrated to directly activate AMPK. Salicylate also binds to
the ADaM site on the B1 subunit and, like A769662 and C991, causes allosteric
activation of AMPK via inhibition of AMPK dephosphorylation at Thr'72 by an AMP-
independent mechanism (Johanns et al., 2023). In vitro, the capability of
salsalate, which is metabolised to salicylate, to lower plasma fatty acids and
increase fat utilization were lost in AMPK KO mice, suggesting that AMPK may play
an important role in the beneficial effects of salsalate in humans (Hawley et al.,
2012) (Figure 1-8).
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Figure 1-8 Pharmacological activation of AMPK

Increased intracellular Ca?* stimulates CaMKK2 which triggers AMPK activation by phosphorylation
of the a catalytic subunit at Thr'’2. Increased ADP or AMP concentration activates AMPK and also
inhibits dephosphorylation of Thr'’? by protein phosphatases (P-ase) and makes AMPK a better
substrate for phosphorylation by LKB1. AMP also promotes phosphorylation of AMPK at Thri?2, by
the constitutive kinase, LKB1. AICAR is metabolised to the nucleotide ZMP which mimics AMP
thereby activating AMPK. A769662, salicylate and compound 991 activate AMPK complexes
containing the B1 subunit by binding a different allosteric site to the CBS motifs that bind AMP. A
number of antidiabetic agents such as metformin and the thiazolidinedione rosiglitazone in addition
to plant derived compounds such as resveratrol inhibit mitochondrial ATP synthesis, thereby
increasing the AMP/ATP or ADP/ATP ratio and thus activate AMPK.

1.5.7 AMPK inhibitors

Compound C (CC or dorsomorphin) is an AMPK inhibitor that has been widely used
as an experimental tool to block the effects of AMPK activators such as AICAR in
cell-based, biochemical and in vivo assays which used to study cellular function
of AMPK (Zhou et al., 2001, Liu et al., 2014). In addition, it inhibits AMPK via
binding to the ATP-binding site of the AMPK kinase domain. However, CC is poorly
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selective and also inhibits other protein kinases including phosphorylase kinase
(PHK), MAPK interacting-kinase 1 (MNK1), ERK 8, sarcoma kinase (Src) and NUAK
Family Kinase 1 (NUAK1) (Bain et al., 2007, Banerjee et al., 2014).

More recently the ULK1 inhibitor SBI-0206965 has been reported to show greater
selectivity for AMPK than CC, inhibiting AMPK and ULK1 at similar concentrations
but it also inhibits other kinases including focal adhesion kinase (FAK), NUAK1,
mitogen-activated protein kinases 3/4 (MARK3/4) and Mut9p-LIKE KINASE 1/3
(MLK1/3) , all of which contain a methionine in their gatekeeper position (Dite et
al., 2018, Ahwazi et al., 2021).

1.5.8 AMPK and adipose tissue function
1.5.8.1 Role of AMPK in regulation of lipid metabolism

Upon a reduction of cellular energy, AMPK restores energy balance by inhibition
and activation of different metabolic pathways, including stimulation of FA
oxidation and inhibition of FA synthesis. AMPK phosphorylates and inhibits ACC,
responsible for conversion of acetyl CoA to malonyl CoA in the biosynthesis of FAs.
As malonyl CoA is an inhibitor of FA oxidation via the allosteric inhibition of
carnitine palmitoyl transferase 1 (CPT1), AMPK inhibition of ACC also leads to a
reduction in malonyl-CoA levels and increases transport of fatty acyl-CoA into
mitochondria and the subsequent oxidation to produce ATP (McGarry, 1995,
Boudaba et al., 2018, Fado et al., 2021).

1.5.8.2 Role of AMPK on adipogenesis

Adipogenesis is a complex biological process in which fibroblast-like preadipocytes
differentiate into mature, lipid-laden and insulin-responsive adipocytes (Ruiz-
Ojeda et al., 2016). Adipogenesis is controlled by a highly regulated gene
expression program; in mammalian cells PPAR-y, cytosine-cytosine-adenosine-
adenosine-thymidine (CCAAT)/enhancer-binding proteins (C/EBPs) such as
C/EBPa, B and o, and sterol regulatory element binding protein (SREBP)
transcription factors are considered the key early regulators of adipogenesis (Chen
and Liu, 2016). Fatty acid synthase (FAS) and perilipin are responsible for the
formation of a mature adipocyte, while fatty acid binding protein 4 (FABP4) and
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adiponectin are markers for the formation of mature adipocytes (Ali et al., 2013,
Moseti et al., 2016).

Adipogenesis is achieved experimentally using a hormonal differentiation cocktail
(HDC) containing a phosphodiesterase inhibitor, 3-isobutylmethylxanthine (IBMX),
insulin and dexamethasone. Adding this cocktail triggers the preadipocytes to
undergo growth arrest in the G1 phase followed by mitotic clonal expansion (MCE)
(Tang et al., 2003). At this point, transcription factors, including C/EBPd and
C/EBPB are expressed, and early adipogenic transcription factors, including
C/EBP-0, Kruppel-like factors 4 and 5 (KLF4/5) and CCAAT/enhancer-binding
protein (C/EBP)-B, are gradually expressed (Wu and Wang, 2013). In addition,
C/EBP-B and C/EBP-0 stimulate expression of adipocyte-specific transcription
factors, such as C/EBP-a and PPAR-y. These factors play an essential role in the
control of adipocyte differentiation by controlling downstream gene expression,
FAS, perilipin, adipocyte fatty acid binding protein 2 (aP2) and ACC, which
subsequently promotes lipid droplet formation in mature adipocytes (Rosen et al.,
2000, Rosen and MacDougald, 2006).

Previous studies have shown that the effect of AMPK inhibitors such as CC on
adipogenesis is via inhibition of hormone-induced preadipocyte differentiation and

inhibition of mitotic clonal expansion (Nam et al., 2008).

In addition, an early study reported that in 3T3-L1 the expression of C/EBPa,
C/EBPB, and PPARy was reduced upon incubation with A769662, leading to a
reduction of lipid droplet accumulation (Zhou et al., 2009). Likewise Moreno-
Navarrete and co-workers reported that activation of AMPK by metformin in
human white preadipocytes caused a reduction in expression of key adipogenic
factors such as PPARy, ACC and fatty acid synthase (FASN) (Moreno-Navarrete et
al., 2011) via increased expression of organic cation transporter 1 (OCT1) gene
(He et al., 2013).
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1.5.9 The role of AMPK in regulating blood vessels homeostasis
1.5.9.1 Role of AMPK in the vascular endothelium and NO production

AMPK plays an important role within the endothelium and can modulate vascular
function. Both a subunit isoforms of AMPK are expressed in endothelial cells with
the activity of AMPK complexes containing a1l accounting for the majority of total
cellular AMPK activity (Morrow et al., 2003, Fisslthaler and Fleming, 2009).
However, Wang and co-workers have reported that AMPK a2 preserves endothelial
cells in a normal, non-inflammatory and non-atherogenic phenotype, since it
inhibits NADPH oxidase and ROS generation in a mechanism involving reduction of
the expression of NOX subunits and inhibition of NADPH assembly (Wang et al.,
2010). Furthermore, in ECs AMPK activation by salicylate and metformin
phosphorylates eNOS, thereby increasing NO production and suppressing IL-6-
stimulated Janus kinase (JAK) mediated STAT signalling via an AMPK-dependent
mechanism (Siragusa and Fleming, 2016, Rutherford et al., 2016). In addition, it
has been shown that in human endothelial cells, rosiglitazone stimulated an
increase in the ADP/ATP ratio resulting in increased NO synthesis via AMPK-
mediated eNOS Ser''77 phosphorylation (Boyle et al., 2008).

1.5.9.2 Role of AMPK in vascular smooth muscle cells

Since AMPK is a highly conserved protein, a growing body of evidence has also
reported that AMPK is a key regulatory kinase for vascular smooth muscle function.
For example, it has been shown that AMPK regulates VSMCs contraction and
relaxation by modulating the activity of ion channels and transporters, such as by
increasing the activity of the large-conductance calcium-activated potassium
(BKCa) channels, leading to hyperpolarization and relaxation of the VSM
(Schneider et al., 2015, Chen et al., 2020).

In VSMCs, both catalytic (a1& a2) AMPK subunits are expressed with a1 being the
predominant subunit (Rubin et al., 2005). It has been reported that activation of
AMPK using metformin in VSMCs reduces inflammatory signalling, including that
induced by angiotensin Il and also inhibits TNF-a induced inflammatory response
and ROS generation (Kim and Choi, 2012).
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Potassium channels in the endothelium, when opened, allow release of potassium
ions, leading to activation of Na*/K*-ATPase and inwardly rectifying potassium
(Kir) channels in the underlying SMCs, causing hyperpolarization of VSMCs and
vessel relaxation (Jackson, 2017). A recent study reported that activation of AMPK
by either A769662 or AICAR inhibited ACh-induced relaxation in rat mesenteric
arteries, a response which was inhibited by the AMPK inhibitor CC (Chen et al.,
2019).

Horman and co-workers reported that in aortic rings from mice, phenylephrine
(PE) or KCl-induced contraction was increased in AMPK a1 KO mice suggesting that
AMPK may attenuate VSMCs contraction via phosphorylating and inactivating
myosin light chain kinase (MLCK) (Horman et al., 2008).

A number of studies have reported that high glucose inhibits AMPK in VSMCs, likely
due to Akt-mediated inhibition of AMPKa1 phosphorylation reviewed in (Salt and
Hardie, 2017). In addition, AMPK plays an important role in inhibition of VSMCs
proliferation (Figure 1-9), via regulating various cell signalling pathways including
inhibition of protein synthesis and regulation of the cell cycle in a mechanism
involving inhibition of Insulin-like growth factor-1 (IGF-1) and stimulation of
insulin receptor substrate 1 phosphorylation at Ser’?4 and tuberous sclerosis 2
phosphorylation at Ser'34> (Ning and Clemmons, 2010). Recent data from our
laboratory reported that conditioned medium from PVAT of AMPKa1 KO mice or
conditioned medium from PVAT incubated with U46619 caused a significant
increase in MLC phosphorylation at Ser'® or Thr'® in HAoVSMCs (Katwan et al.,
2019).
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Figure 1-9 Schematic presentation of how AMPK regulate the vascular function.

Schematic illustrating the regulatory role of AMP-activated protein kinase (AMPK) in vascular
function. AMPK activation enhances endothelial nitric oxide synthase (eNOS) activity, leading to
increased production of nitric oxide (NO) and subsequent vasodilation. AMPK activation also
promotes the activity of antioxidant enzymes, such as manganese superoxide dismutase (MnSOD),
resulting in the reduction of reactive oxygen species (ROS) levels and mitigation of oxidative stress.
Moreover, AMPK negatively regulates mammalian target of rapamycin (mTOR) activity, attenuating
pro-inflammatory responses and vascular remodeling. Additionally, AMPK activation positively
influences prostacyclin (PGI2) production, contributing to vasodilation and inhibition of platelet
aggregation. The liver kinase B (LKB) serves as an upstream activator of AMPK, playing a pivotal
role in regulating its activity. Overall, AMPK acts as a key modulator of vascular function,
orchestrating a network of signaling pathways to maintain vascular homeostasis and health. Key:
eNOS - Endothelial NOS; NO - Nitric oxide; LKB - Liver kinase B; MnSOD - Manganese superoxide
dismutase; mTOR - Mammalian target of rapamycin; PGI2 - Prostacyclin; ROS - Reactive oxygen

species. Created with Biorender.com.
1.5.9.3 AMPK and inflammation

Inflammation is a key driver of the development and progression of cardiovascular
disease. Given that, AMPK has been reported to play a role in regulating vascular

inflammation. It has been reported that AMPK activation increased phosphatase
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and tensin homologue (PTEN) expression by metformin reduced proinflammatory
nuclear factor-kappa B (NF-kB) activity through the inhibition of PI3K and Akt, an
effect reversed upon AMPK inhibition using compound C (Isoda et al., 2006, Kim
and Choi, 2012). In endothelial cells and VSMCs, activation of AMPK inhibits
production of pro-inflammatory cytokines such as TNF-a, interleukin-6 (IL-6) and
transforming growth factor beta (TGF-B) (Hsu et al., 2014, Noor et al., 2020). This
effect is proposed to be mediated by AMPK-dependent inhibition of the NF-kB.

AMPK has been shown to modulate the function of immune cells where AMPK
activation by metformin enhances macrophage polarization from a pro-
inflammatory M1 phenotype to an anti-inflammatory M2 phenotype, leading to
decreased inflammation in the vasculature, this has been proposed to be mediated
via inhibition of mMTORC1 (Sag et al., 2008, Hasanvand, 2022). Moreover, in human
endothelial cells IL-1B-stimulated chemokine and cytokine secretion of MCP-1 and
IL-6 was demonstrated to be inhibited by the hypoglycaemic drug canagliflozin in
an AMPK-dependent manner (Mancini et al., 2018). Furthermore, IL-1B-stimulated
C-X-C motif chemokine ligand 10 (CXCL10) secretion was inhibited by AMPK
activation, an effect associated with downregulation of MKK4/JNK, and reduced
phosphorylation of interleukin-1 receptor associated kinase-4 (IRAK4) in
adipocytes. In the same study, JNK and STAT3 phosphorylation was increased in
adipose tissue of mice lacking AMPKa1 (Mancini et al., 2017).

A study demonstrated that pharmacological activation of AMPK in cultured human
aortic smooth muscle cells reduced the activation of signal transducer and
activator of transcription 1 (STAT1), whereas, the deletion of AMPKa1 or AMPKa2
leads to activation of STAT1 and an increase in proinflammatory mediators, the
same study demonstrated that incubation of AMPKa2 KO mouse aorta with
angiotensin Il (Angll) exacerbated vascular inflammation relative to wild type
animals, and AICAR treatment reduced Angll-induced production of

proinflammatory cytokines (He et al., 2015).

40



Chapter 1

1.5.9.4 Role of AMPK in perivascular adipose tissue

AMPK regulates adipocyte metabolism, haemostasis and vascular function, and is
expressed throughout the vessel wall as well as in PVAT. However, its role in
regulating PVAT function compared with other vascular cells and tissues has not
yet been fully investigated. Some studies have shown that AMPK exerts anti-
inflammatory effects in several tissues, including endothelial cells (Costa et al.,
2018). However, AMPK can also regulate secretion of vascular modulatory
mediators secreted by PVAT, suggesting that AMPK may also regulate PVAT
function via regulation of adiponectin (and possibly other adipokines) production
and secretion (Giri et al., 2006, Almabrouk et al., 2017).

An early study reported that stimulation of rat PVAT with palmitic acid (PA)
reduced AMPK activity, accompanied by PVAT dysfunction, reduction of
adipocytokine expression and upregulation of inflammatory markers such as TNF-
a, IL-6, MCP-1 and iNOS, in addition PA caused downregulation of adiponectin,
PPARy and arginase-1 and reduced NF-kB p65 phosphorylation (Sun et al., 2014,
Wu et al., 2020). These effects were antagonised when the PVAT was pre-treated
with AICAR and metformin which both reversed PA-stimulated NF-kB p65
phosphorylation (Sun et al., 2014), indicating that AMPK activation restored
normal function of dysfunctional PVAT and positively regulates vascular function.
In line with that study, previous data from our group reported that PVAT from
AMPKa1 KO mice exhibited dysregulation of adipocytokine levels and secretion,
including reduced adiponectin release (Almabrouk et al., 2017), suggesting that
AMPK might have a beneficial role in regulating PVAT function. In addition, the
presence of PVAT enhanced vascular relaxation to cromakalim in endothelium-
denuded thoracic aortic rings from wild type, but not AMPKa1 KO mice (Almabrouk
etal., 2017).

Other studies have indicated a key role for AMPK within PVAT in modulating
vascular function, in which male offspring of female rats fed a high fat diet (HFD)
during pregnancy and lactation showed dysfunctional mesenteric PVAT which was
associated with a reduction in AMPK activity and reduced NO bioavailability
(Zaborska et al., 2016).
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1.6 Objectives and aims

The involvement of eNOS-derived NO in the anticontractile effect of PVAT has not
been well defined. However, it has been demonstrated that PVAT can induce
vascular relaxation through release of various PVAT-derived mediators such as
adiponectin. Also, it is well established that AMPK has modulatory effects on

vascular smooth muscle and endothelium function.

Previous studies in our laboratory investigated the role of AMPK in PVAT and
demonstrated that thoracic PVAT lacking AMPKa1l had impaired anticontractile
effects, at least in part via reduction and dysregulation of adipocytokine secretion
including adiponectin (Almabrouk et al., 2017). The experiments described in this
thesis will extend these observations, investigating the effect of AMPKa1 KO on eNOS
expression and activity in PVAT and will aim to define the role of AMPK in the NO-
dependent anticontractile effect of PVAT. The principal aims of this study were

therefore:

1-To investigate the effects of PVAT-derived NO on vascular smooth muscle relaxation

in both thoracic and abdominal aortic rings and potential mechanisms underlying this.
2-To identify the role of AMPKa1 in the regulation of PVAT-mediated NO release.

3-To study the role of caveolin-1 in eNOS activity and nitric oxide production.
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2.1 Materials
2.1.1 List of materials and suppliers

Abcam, Cambridge, UK

A769662 (6,7-Dihydro-4-hydroxy-3-(2'-hydroxy[1,1'-biphenyl]-4-yl)-6-
oxothieno[2,3-b] pyridine-5-carbonitrile) (#ab120335).

Anachem, Luton, UK

DNAreleasy.

AOBIOUS Inc., Gloucester, MA, USA

Compound 991 (#AOB8150).

BDH Laboratory Supplies, Poole, UK

Coomassie brilliant blue G-250.

Fisher Scientific UK Ltd, Loughborough, Leicestershire, UK

Corning tissue culture T75 flasks, 10 cm diameter dishes and 6 well plates.

GenScript

Peptides, corresponding to the full-length (amino acids 82-101) or scaffolding
domain of Cav-1 as a fusion peptide to the C terminus of the Antennapedia
internalization sequence (RQIKIWFQNRRMKWKKDGIWKASFAAATVTKWYFYR) (CAV-
AP), were synthesised by GenScript (#5C1208).

Invitrogen (GIBCO Life Technologies Ltd), Paisley, UK

Dulbecco’s modified Eagles medium (DMEM, high glucose), foetal calf serum (FCS)
(USA origin), foetal calf serum (FCS) (EU origin), L-glutamine, Medium 199, new-
born calf serum (NCS), penicillin (100 U/ml)/streptomycin (100 pg/ml), sodium

pyruvate, Trypsin-EDTA (0.05 % (v/v), SYBR™ Safe - DNA Gel Stain (#533102).
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Melford Laboratories Ltd, Chelsworth, Ipswich, Suffolk, UK

Dithiothreitol (DTT).

New England Biolabs, Hertfordshire, UK.

Gel loading dye (6x), low molecular weight DNA marker (100 bp).

Blue prestained protein standard, broad range (11-250 kDa) (#P7706).

PALL Life Sciences, Pensacola, FL, USA

Nitrocellulose transfer membrane, 0.45 pM pore size.

Premier International Foods, Cheshire, UK

Dried skimmed milk.

Severn Biotech Ltd, Kidderminster, Hereford, UK

Acrylamide: bisacrylamide (37.5:1; 30% (w/v) acrylamide).

Sigma-Aldrich Ltd, Gillingham, Dorset, UK

Bovine serum albumin (BSA), benzamidine, dexamethasone, D-mannitol,
isobutylmethylxanthine (IBMX) (15879), MgClz, Nw-nitro-L-arginine methyl ester
hydrochloride (L-NAME), paraformaldehyde, phenylmethylsulphonyl fluoride
(PMSF), Ponceau stain, porcine insulin, sodium deoxycholate, soyabean trypsin
inhibitor (SBTI), N,N,N’,N’-tetramethylethylenediamine (TEMED), Triton X-100,
Tween-20, U46619, Methyl-B-cyclodextrin (MBCD).

Tocris Bioscience, Bristol, UK

Troglitazone (#3114).

VECTOR Laboratory (2BScientific)
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VECTASHIELD® Antifade Mounting Medium with DAPI #H-1200

VWR International Ltd., Lutterworth, Leicestershire, UK

Falcon tissue culture 10 cm diameter dishes.

6/12/24 well plates.

Thermo Fisher Scientific UK Ltd, Loughborough, Leicestershire, UK

High-Capacity cDNA Reverse Transcription kit (# 4368814), Reverse Transcription
kit (#4368813), BCA™ Protein Assay kit (#23235), Amplex red kit (#A22188).

Cayman chemical

TBARS assay kit (#700870).

NOS activity assay kit (#781001).

QIAGEN Ltd., Manchester, UK

RNeasy mini mRNA extraction kit (#74104), DNase kit (#79254).

LI-COR BioSciences, Lincoln, NE, USA

REVERT Total protein staining (#926-11010).

Merck Chemicals Ltd, Nottingham, UK

Dorsomorphin (Compound C) (#P5499), SBI-0206965 (#SML1546).

MRC Technology (London, U.K.)

Compound 991.

Roche Diagnostic Ltd, Burgess Hill, UK

Agarose MP.
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Toronto Research Chemicals Inc, Ontario, Canada

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

GE Healthcare, Little Chalfont, Buckinghamshire, UK

3MM Whatman filter paper.
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2.1.2 List of special equipment and suppliers

Beckman Coulter™, Higsgh Wycombe, UK

SW40 rotor and LS 6500 multi-purpose scintillation counter, Optima™ XL-80K

ultracentrifuge, Allegra® X-12 centrifuge.

Bio-Rad Laboratories, Hemel Hempstead, UK

Protein gel casting and Western blotting equipment (Mini Protean lll), agarose

gel casting equipment (Mini-Sub/Wide Mini-Sub Cell GT gel system).

BMG Labtech, Ortenberg, Germany

FLUOstar OPTIMA Microplate Reader.

Bibby Scientific, Essex, UK

Jenway Genova spectrophotometer.

Carl Ziess Ltd, Cambridge, UK

LSM Exciter laser scanning microscope and Axiovision light microscope.

Fisher Scientific, Loughborough, UK

Polycarbonate freezing container.

GE Analytical Instruments, Colorado, USA

Sievers 280 NO Analyser.

Invitrogen (by Thermo Fisher Scietific), Life Technologies Ltd, Paisley, UK

EVOS™ M7000 Imaging System (#AMF7000).

LI-COR BioSciences, Lincoln, NE, USA
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LI-COR Odyssey® Sa infrared imaging system, XDS-1B light microscope.

Techne, Bibby Scientific Ltd, Staffordshire, UK

Progeny FPROG050 Thermocycler.

Thermo Scientific, Waltham, MA, USA

Nanodrop spectrophotometer.

WPA, Cambridge, UK

$2000 spectrophotometer.
2.1.3 List of cells and suppliers

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

Generation of a1-AMPK Knockout Mice

AMPK a1 KO mice were generated by Dr Benoit Viollet using a library containing
the genomic material from the 129-strain mouse was subjected to screening using
a specific 500-base pair fragment of the mouse AMPK catalytic a1-subunit made
by reverse transcription-polymerase chain reaction on liver messenger RNA using
the forward 5-AGGGCCCGACACACCCTAGA-3* and the reverse 5'-
TGTGACTTCCTGGTCTTGGA-3' primers. A genomic clone containing a 14.5-kilobase
fragment was selected to create the targeting construct. This fragment contained
exons that encode the N-terminal catalytic domain of the a1-AMPK subunit,
specifically corresponding to amino acids 31-239. To construct the targeting
vector, a 4-kilobase 5" homologous genomic fragment was treated, modified, and

inserted into the IRES-Bgeo plasmid.

The targeting construct was linearized and introduced into 1 x 107 embryonic stem
cells (ES cells). These ES cells were cultured on mitomycin-treated embryonic
fibroblasts. Finally, the positive ES cells were injected into blastocysts obtained
from C57BL/6J mice. Chimeric males resulting from this process were bred with
wild type C57BL/6J females to achieve germ line transmission. Mice carrying the
heterozygous gene targeting event were used to produce homozygous a1-AMPK
mutant mice, thereby creating the desired knockout model. (Jargensen et al.,

2004). These mice were normotensive (Almabrouk et al., 2018).

Wild type (Sv129) mice (12-20 weeks old) were originally purchased from Harlan
Laboratories (Oxon, UK), and AMPKa1 knockout mice (KO) were kindly supplied by
Dr. Benoit Viollet (Institute Cochin, Paris, France). All mice were housed in the
Central Research Facility at the University of Glasgow and maintained on 12 hours
cycles of light and dark and were fed a standard chow diet. Animals were
humanely euthanised by a rising concentration of CO;. All experiments were
performed in accordance with the United Kingdom Home Office Legislation under
the Animals (Scientific Procedure) Act 1986 (project licenses 60/4114 and
70/8572) which were approved by the Glasgow University Animal Welfare and
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Ethical Review Board) and guidelines from Directive 2010/63/EU of the European

Parliament on the protection of animals used for scientific purposes.

2.1.3.1 Genotyping

In all experiments, the genotype of mice (HT, WT and KO) was confirmed prior to

experimental involvement as follows:

2.1.3.2 DNA extraction

Ear notches from mice were obtained by staff from the Central Research Facility
at 4 weeks of age when animals were weaned. Samples were stored at -20°C until
DNA was ready to be extracted using DNAreleasy. 10 pyL of DNAreleasy was added
to each ear notch and PCR was performed as follows: 759C for 5min, 96°C for 2
min, then 90pL of nuclease free dH,0 was added to the samples. Genotyping was
performed by RT-PCR using the Go Taq amplification system (Promega,
Southampton, U.K.) as per the manufacturer’s instructions, with reaction mixture

details given in (Table 2-1).

Table 2-1: RT-PCR reaction mixture per sample for genotyping

Reaction mixture

1- 13.75 pL TAQ (GO) HOT START GREEN MASTERMIX which contains Taq DNA
polymerase, dNTPs, MgCl; and load dye.

2- 0.55 pyL FORWARD primer from either wild type or knockout sequence

3- 0.55 pL REVERSE primer from either wild type or knockout sequence

4- 0.2 pL Extracted DNA sample

2.1.3.3 Polymerase Chain Reaction for AMPKa1 Wild type (WT) and
AMPKa1 Knockout (KO)

Details of the primers and their sequences, annealing temperatures and
electrophoresis bands are shown in (Table 2-2). All PCR cycles were subject to a

hot start at 95°C for 5min (enzyme activation), followed by 40 cycles of 95°C for
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30 seconds (DNA denaturation), 589C for 40 seconds and 72°C for 1 min (primer
binding). Samples were further subjected to 72°C for 10 min and then 4°C where
they were stored until used. Samples were electrophoresed on a 2% (w/v)
agarose/TAE gel and visualized with SYBR Safe DNA gel stain (invitrogen # s33102)
using a Bio-Rad imaging system. The wild type and knockout animals were
identified by the presence or absence of a targeted sequence in comparison with
a 100 bp ladder (Promega, UK) run at the same time and as shown in (Figure 2-1).
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Table 2-2: List of DNA primers for genotyping

All primers were purchased from ThermoFisher.

Primer | Type Sequence (5’-3’) Annealing | Product
temp. size (bp)
Forward | ) - cCGACTTTGGTAAAGGATG | 64.0
primer
wild Approx
Type Reverse | -cCACTTTCCATTTTCTCCA 63.7 200
primer
Forward | - - - TGCAGGAATTCGATATCAA | 69.8
primer
Knockout Approx
Reverse | - 11cCTGAAATGACTTCTA 58.9 500
primer
Wild type  AMPKa1 KO Heterozygote
WT DNA
500bp Primer
500bp KO DNA
Primer

Figure 2-1: Genotyping of AMPK Ka1 KO mice

Gel electrophoresis of amplified PCR products from ear notches taken from mice. A 100 bp DNA
ladder is shown on the left. The upper half of the agarose gel shows DNA products from PCR
reactions using primers specific to WT alleles. The lower half of the agarose gel shows DNA products

from PCR reactions using primers specific to KO alleles. Examples of wild type (WT), AMPK Ka1

knockout (KO) and heterozygotes (Het) genotypes are indicated.
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2.1.4 Standard solutions

Unless otherwise stated, all buffers and reagents were made up with distilled
water (dH20).

Bradford’s reagent

35.0 mg/L Coomassie brilliant blue, 5.0% (v/v) ethanol, 5.1% (v/v)

orthophosphoric acid. Bradford’s reagent was filtered and stored in the dark.

Immunoprecipitation (IP) buffer

50 mM Tris-HCL (pH 7.4 at 4°C), 150 mM NaCl, 50 mM NaF, 5 mM Na4P,07, 1 mM
EDTA, 1 mM EGTA, 1% (v/v) Triton-X-100, 1% (v/v) glycerol, 1 mM DTT, 0.1 mM
benzamidine, 1 mM PMSF, 5 pg/mL SBTI, 1 mM Na3VOa4.

Krebs-Ringer phosphate (KRP) buffer

119 mM NaCl, 5 mM NaHCOs, 4.7 mM KCL, 1.3 mM CaClz, 1.2 mM MgS04, 1.2 mM
NaH2PO4, 5 mM glucose and 0.1% (w/v) bovine serum albumin (pH 7.4).

Krebs-Ringer HEPES (KRH) buffer

119 mM NaCl, 20 mM HEPES-NaOH (pH 7.4), 5 mM NaHCO3, 10 mM glucose, 4.8
Mm KCL, 2.5 mM CaClz, 1.2 mM MgS04, 1.2 mM NaH;PO4.
Lysis buffer

50 mM Tris-HCL (pH 7.4 at 4°C), 50 mM NaF, 1 mM NasP,07, 1 mM EDTA, 1 mM
EGTA, 1% (v/v) Triton-X-100, 250 mM mannitol, 1 mM DTT, 1 mM Na3VO4, 0.1 mM
benzamidine, 0.1 mM PMSF, 5 ug/mL SBTI.

Phosphate-buffered saline (PBS)

85 mM NaCl, 1.7 mM KCL, 5 mM NazHPO4, 0.9 mM KH2PO4.

Phosphate-buffered saline-Tween 20 (PBS-T)
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85 mM NaCl, 1.7 mM KCl, 5 mM Na;HPO4, 0.9 mM KH,PO4, 0.1% (v/v) Tween 20.

Ponceau S stain

0.2% (w/v) Ponceau S, 1% (v/v) acetic acid.

SDS-PAGE resolving gel

8-15% (v/v) acrylamide/0.163-0.408% (v/v) bisacrylamide in 125 mM Tris-HCl (pH
8.8), 0.1% (w/v) SDS, 0.1% (w/v) ammonium persulphate, 0.05% (v/v) TEMED.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) Running buffer

190 mM glycine, 62 mM Tris base, 0.1% (w/v) SDS.

SDS-PAGE sample buffer (4X)

200 mM Tris-HCl (pH 6.8), 8% (w/v) SDS, 40% (v/v) glycerol, 0.4% (w/v)
bromophenol blue. 200 mM DTT was added fresh on the day of use.

SDS-PAGE stacking gel

5% (v/v) acrylamide/0.136% (v/v) bisacrylamide in 125 mM Tris-HCL (pH 6.8), 0.1%
(w/v) SDS, 0.1% (w/v) ammonium persulphate, 0.05% (v/v) TEMED.

TAE buffer
40 mM Tris-acetate (pH 8.2), 1 mM EDTA.

Transfer buffer

25 mM Tris base, 192 mM glycine, 20% (v/v) ethanol.

Tris-buffered saline (TBS)

20 mM Tris-HCL (pH 7.5), 137 mM NaCl.

Tris-buffered saline - Tween 20 (TBST)

20 mM Tris-HCL pH (7.5), 137 mM NaCl, 0.1% (v/v) Tween 20.
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2.1.5 List of antibodies
2.1.5.1 Primary antibodies for Western blotting

The primary antibodies shown in (Table 2-3). Unless stated otherwise, all
antibodies for immunoblotting were prepared in TBST supplemented with 5% (w/v)
BSA and used on nitrocellulose membranes blocked with TBS supplemented with

5% (w/v) milk powder and incubated 4°C overnight.

Table 2-3: Primary antibodies for Western blotting

Epitope Host Dilution | Molecular Source Cat#
(Clone) species weight

Cell Signalling Technology
ACC Rabbit | 1:1000 | 280 kDa

#3676

Cell Signalling Technology
Adiponectin Rabbit | 1:1000 |27 kDa

#2789

Cell Signalling Technology
AKt mouse | 1:1000 | 60 kDa

#2920

Cell Signalling Technology
AMPK a1 Rabbit | 1:1000 | 60 kDa

#2532
Caveolin -1 Mouse | 1:1000 |21 kDa R&D Systems: MAB7418

Cell Signalling Technology
eNOS Rabbit | 1:1000 | 140 kDa

#9572

. Sigma-Aldrich, Gillingham,

eNOS Rabbit | 1:4000 | 140 kDa

Dorset, UK, #N2643

Thermo scientific #PA1-
GAPDH Rabbit | 1:1000 | 36 kDa

988

BD Transduction
Hsp-90 Mouse | 1:1000 |90 kDa

Laboratories™ #612392

Abcam, Cambridge, UK,
Hsp-90 Rat 1:1000 | 90 kDa

(ab52174).

Cell Signalling Technology
iNOS Rabbit | 1:1000 | 140 kDa

#13120

Cell Signalling Technology
nNOS Rabbit | 1:1000 | 140 kDa

#4234
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Phospho-ACC

Cell Signalling Technology

Rabbit :1000 | 280 kDa
(Ser’®) #3661
Phospho-AKt Cell Signalling Technology
Rabbit :1000 | 60 kDa
(Ser473) #4060
Phospho-AMPK Cell Signalling Technology
Rabbit :1000 | 60 kDa
(Thr'72) #2535
Phospho-
Cell Signalling Technology
caveolin-1 Rabbit 11000 | 21 kDa
#3251
(Tyr'%)
Phospho-eNOS Cell Signalling Technology
Rabbit :1000 | 140 kDa
(Ser'77) #2603
Phospho-eNOS BD Transduction
Mouse :1000 | 140 kDa
(Ser1177) Laboratories™ #612392
Phospho-eNOS Cell Signalling Technology
Rabbit :1000 | 140 kDa
(Thr495) #9547
Phospho-eNOS Millipore, Hertfordshire,
Rabbit :2000 | 140 kDa
(Ser 63%) UK, #07-562
Cell Signalling Technology
SIRT-1 Rabbit :1000 | 120 kDa
#2496
Sigma-Aldrich,
SOD-1 Rabbit :000 19 kDa Gillingham, Dorset, UK,
(SAB5200083).
Cell Signalling Technology
UCP-1 Rabbit :1000 | 30 kDa
#14670
. ) Cell Signalling Technology
B-actin Rabbit :1000 | 45 kDa

#4970
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2.1.5.2 Primary antibodies for immunoprecipitation

All antibodies for immunoprecipitation experiments were added directly to cell

lysates in IP buffer.

Table 2-4: Primary antibodies used for immunoprecipitation

Epitope Host Dilution Molecular | Source Cat#
(Clone) species weight
Caveolin-1 | Mouse | 1:50 21 kDa R&D Systems: MAB7418
Cell Signalling Technology
eNOS Rabbit | 1:50 140 kDa
#2603
N/A
Santa Cruz Biotechnology
eNOS Rabbit | (agarose- 140 kDa
sc-654-AC
conjugated)
BD Transduction
Hsp-90 Mouse | 1:50 90 kDa

Laboratories™ #612392

2.1.5.3 Primary antibodies for immunofluorescence

All coverslips were incubated overnight with primary antibodies in 2% (w/v) BSA

and 20 mM glycine.

Table 2-5: Primary antibodies used for immunofluorescence

Epitope (Clone) Host species Dilution Source (Cat #)
Cell Signalling

eNOS Rabbit 1:100 Technology
#32027

Caveolin -1 Mouse 1:100 RED Systems:

MAB5736

2.1.5.4 Secondary detection agents for immunofluorescence

All secondary antibodies (Invitrogen) prepared in IF buffer (1:100) was added

and incubated for 1 h in the dark.
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Table 2-6: Secondary antibodies for immunofluorescence

Conjugate | Epitope Host Dilution | Source (Cat #)

species
Alexa Rabbit IgG | Donkey | 1:100 Invitrogen life Technologies
Flour® 488 Ltd, Paisley, UK #A32790TR
(green)
Alexa Mouse IgG | Donkey | 1:100 Invitrogen life Technologies
Flour® 594 Ltd, Paisley, UK #A32744
(red)

2.1.5.5 Secondary antibodies for Western blotting

All blots were incubated with secondary antibodies for 1 h at room temperature.

Table 2-7: Secondary antibodies used for immunoblotting

Conjugate Epitope | Host Dilution | Reference/design
(Clone) species

IRDye® Mouse Donkey 1:5000 | LI-COR Biosciences, Lincoln,
680CW lgG NE, USA (#925-68072).
IRDye® Rabbit Donkey 1:5000 LI-COR Biosciences, Lincoln,
680CW IgG NE, USA (#926-68073).
IRDye® Mouse Donkey 1:5000 LI-COR Biosciences, Lincoln,
800CW IgG NE, USA (#926-32210).
IRDye® Rabbit Donkey . LI-COR Biosciences, Lincoln,
800CW lgG 1:5000 NE, USA (#926-32213).
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2.1.6 List of Tagman probes and real-time qPCR reagents

Tagman probes were obtained from ThermoFisher Scientific.

Table 2-8: Forward primer, Reverse primer and Tagman probes

Gene (MRNA)

TAQMAN probes (Catalogue number)

Caveolin -1

(Mm 00483057_m1) cat #4453320 Mouse
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2.2 Methods

2.2.1 Analysis of NO synthesis by PVAT and other adipose tissue
depots

Adipose tissue from WT and KO mice was collected, weighed, and incubated for
30 min in 1 mL oxygenated physiological buffer solution (1.2 mM MgSO4, 25 mM
NaHCOs, 1.03 mM KH2PO4, 118 mM NaCl, 11 mM glucose, 2.5 mM CaClz, pH 7.4 and
4.7 mM KCl) at 37°C, in the myograph chamber. From this, 100 pL of conditioned
media was collected and 400 pyL methanol was added and the sample centrifuged
(21,910 x g, 4°C, 20 min). The supernatant was collected and assayed for NO +
NO2" content using a Sievers 280 NO Analyser. The NO analyser calculates the
amount of NO produced by the PVAT from the amount of NO2  present in the
conditioned medium. To set up the NO analyser for NO2 reduction, a reducing
agent (composed of 5 mL glacial acetic acid and 50 mg Nal dissolved in 1.5 mL of
dH,0) was added to the purge vessel and flushed with N2 to purge any NO2" from
the vessel. After 30 min of purging, the purge vessel was sealed with a septum
and the reducing agent was refluxed under N2 gas. Prior to each experiment, a
NO;" standard curve was constructed: from a standard solution of 100 mM NaNOg,
serial dilutions of 50 pM, 10 pM, 1 pM, 100 nM and 500 nM were prepared and
injected into the purge vessel using a micro syringe. Under the NO2  reducing
conditions used, NO;" present in the standards was reduced to NO. The NO analyser
calculates the amount of NO in the conditioned media supernatant as shown in

the following equation.
I" + NO2” + 2H* — NO + %2l + H,0

The NO produced was then detected by the NO analyser and reacted with O to
produce O3, which was detected by chemiluminescence. The chemiluminescence
signal was converted to an electrical potential and displayed as mV by the NO
analyser. The amount of NO produced by duplicates of each NO;" standard was
recorded by the analyser and used to produce a calibration curve. After generating
the standard curve, conditioned medium from PVAT was injected into the purge
vessel using a micro syringe. Samples were injected at 2 min intervals to allow the

output curve to return to baseline.
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2.2.2 Functional studies (wire myography)

2.2.2.1 Vessel preparation

WT and KO mice were euthanised by a rising concentration of CO,. Thoracic and
abdominal aortae were dissected and kept in a cold oxygenated physiological
buffer solution (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgS04, 25 mM NaHCOs, 1.03
mM KH2PO4, 11 mM glucose and 2.5 mM CaClz, pH 7.4). Aortic rings (approximately
1-2 mm long) with intact PVAT were prepared from each artery. The intimal layer
(endothelium) of the artery was denuded by gently rubbing the vessel with the
back of a pair of forceps and its absence was confirmed by lack of vasodilation
(<10%) in response to 10> M acetylcholine. The vessels were mounted in a four-
channel small vessel wire myograph (Danish Myo Technology, Aarhus, Denmark) as
shown in (Figure 2-2), with one of the wires connected to a force transducer and
the other to an adjustable arm. Vessels were incubated at 37°C in Krebs-Henseleit
buffer and gassed continuously with 95% O2, 5% CO2. The artery segments were
equilibrated for at least 30 min at resting tension. A predetermined optimum
tension was then applied by increasing tension every 5 min up to 9.8 mN for a
further 30 minutes. Chart™ 5 Pro software (ADInstruments, Chalgrove, U.K.) was

used to record and measure vessel responses to different reagents.

In order to make sure that a comparable amount of PVAT were present across
experiments a standardised dissection technique was followed for all vessels to
minimize variations in the amount of PVAT removed. This included removing the
surrounding connective tissue and fat while preserving a similar thickness of PVAT
around the vessel to ensure the PVAT is comparable across the samples, In
addition, visual inspection of the dissected vessels can provide a rough estimation
of the relative amount of PVAT present. Careful examination was helpful to
identify and exclude vessels with excessively low or high amounts of PVAT

compared to others.

2.2.2.2 Cumulative Dose-response curve

In all experiments the rings were pre-sensitised before other pharmacological

agents were added. The vessels were first challenged twice by adding 5 ml of 62.5
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mM high potassium physiological salt solution (KPSS, 1.2 mM MgSO4, 62.5 mM KCl,
24.9 mM NaHCOs, 1.2 mM KH2PO4, 2.5 mM CaCl; and 11.1 mM glucose). All vessels
were then constricted with the thromboxane mimetic U46619 (9,11-Dideoxy-
11a,9a-epoxymethanoprostaglandin F2a) at a concentration of 3x10® M, until a
steady state of contraction was reached. In some experiments, one ring (treated)
was incubated with the NOS inhibitor L-NAME (200 pM) for 15 min and the other
served as a control (treated with an identical volume of solvent). Cumulative dose-
response curves to U46619 were then created at concentrations ranging from 1x10°
7 M to 1x10°® M at 10 min intervals. The maximal contraction (mN) induced by each
concentration of U46619 was measured. In addition, the effect of the CAV-AP
mutant peptide on vascular reactivity was studied in endothelium denuded rings
incubated (10 pM for 6 h) with CAV-AP or antennapedia (control). The
concentration of CAV-AP was optimized by performing a dose-response
experiment. Various concentrations of CAV-AP were tested, ranging from lower
(1-5 pM) to higher concentrations (10 pM), also the incubation time was optimised
by testing incubating periods from 6h to 24h. The response to the peptide, such
as activation of the target pathway or functional changes, was measured at each
concentration. Based on the dose-response experiment, the concentration of 10
UM was identified as the optimal concentration that effectively induced the

desired response without causing significant cytotoxicity or off-target effects.

Endothelium was denuded to remove that source of NO during the experiments.
Vascular responses to KPPS and phenylephrine (PE) were examined, and vascular

function was directly assessed by myography.
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Figure 2-2: The wire myograph components

(A) DMT multi-chamber 620M Wire Myograph, (B) Myograph unit which has a force transducer (left)
and a micrometre (right). (C) the jaws, screws, wires, and a mounted vessel segment, (D) Organ
bath unit with the jaws and a mounted vessel segment adapted from Danish Myo Technology,

(Aarhus, Denmark).
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2.2.3 Preparation of tissue lysates, SDS-PAGE and Western
blotting

2.2.3.1 Preparation of PVAT tissue lysates

PVAT and other adipose tissues were carefully dissected, weighed, snap-frozen in
liquid nitrogen and stored at -80°C. Tissues were then homogenized in 200 pL cold
lysis buffer (50 mM Tris-HCl (pH 7.4 at 4°C), 50 mM NaF, 1 mM NasP207, 1 mM
EDTA, 1 mM EGTA, 1% (v/v) Triton-X-100, 250 mM mannitol, 1 mM DTT, 1 mM
Na3v0O4, 0.1 mM benzamidine, 0.1 mM PMSF, 5 ug/mL SBTI . Adipose tissue was
homogenised on ice using a battery-operated pestle motor mixer (Sigma-Aldrich.
UK). Lysates were transferred into ice-cold microcentrifuge tubes and centrifuged
(18000 x g, 10 min, 4°C). The infranatants were carefully collected and kept in

fresh pre-chilled microcentrifuge tubes and stored at -20°C.

2.2.3.2 Protein concentration estimation assays

2.2.3.2.1  Bicinchoninic acid method (BCA)

The bicinchoninic acid (BCA) method was also used to evaluate the protein
concentration. In 96 well plates, standard dilutions of bovine serum albumin (BSA)
ranging from 0.2-2 mg/mL were used to generate a standard protein curve with
distilled water as a blank. A working reagent (WR) was prepared by mixing BCA
Reagent A with BCA Reagent B (50:1, Reagent A: B) (Pierce™ BCA Protein Assay
Kit, Thermo Scientific™, UK). Lysates (2 pL, in duplicate) were added and then
made up to 10 pL with dH,0. 200 pL of working reagent was added to all samples
and reference standards. The plate was covered and incubated at 37 °C for 30 min.
Absorbance was measured at 595 nm using a FLUOstar OPTIMA microplate reader
(BMG Labtech, Germany). The mean absorbance from each sample was generated
in duplicate and the protein concentration was determined by comparison with
the BSA standard curve.

2.2.3.3 SDS—polyacrylamide gel electrophoresis and immunoblotting

Equal amount of cell lysate protein, as determined by BCA, were loaded according

to the molecular wight of the target protein on an 8, 10, 12 or 15 % acrylamide
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gel and resolved for approximately 20 min at 80 V until the dye reached the
running gel, then the voltage was increased to 140 V for 1 h until the dye reached
the bottom of the gel. At this stage the current was stopped, and proteins were
transferred onto a nitrocellulose membrane (Thermo scientific, Germany) for 135
min at 60 V in transfer buffer containing 10 % (v/v) ethanol. Then the membranes
were blocked for 30 min in TBS supplemented with 5% (w/v) milk powder at room
temperature with continuous shaking. Membranes were washed with TBST (3 x 5
min) with continuous shaking and incubated with primary antibodies overnight at
40C in TBST (Table 2-3) Membranes were then washed in TBST (3 x 5 min) and
incubated for 1 hour at room temperature with IRDye®-labelled secondary
antibodies (Table 2-7) in TBST supplemented with 5 % BSA with continuous shaking.
Ponceau stain was used to confirm protein transfer. Finally, immunolabelled bands
were visualised using an Odyssey Sa Infrared Imaging System (LI-COR, USA).
Western blots were quantified using Empiria Studio® Software 1.1 (LI-COR, USA).

2.2.3.4 Stripping of nitrocellulose membranes

To strip and re-probe immunoblots, nitrocellulose membranes were incubated in
Restore Plus Western Blot Stripping Buffer (Thermo-scientific, UK) for 15 min at
room temperature. Membranes were then rinsed with TSBT (3 x 5 min) and TBS

(1 x 5 min) and re-probed with indicted antibodies as previously described.
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2.2.4 Cell culture procedures

2.2.4.1 Cell culture plastic ware

3T3-L1 preadipocytes were maintained in Corning T75 flasks. To prepare cells for
experiments, 3T3-L1 preadipocytes were sub-cultured in Falcon 6- and 12- well

plates, or 10 cm diameter dishes.

2.2.4.2 Recovery of cryopreserved cell stocks from liquid nitrogen

Cryogenic vials containing frozen cell stocks were removed from liquid nitrogen
and rapidly thawed by incubating in a water bath at 37°C. Vials were then
transferred to a sterile cell culture flow hood where cells were transferred to a
T75 flask containing pre-warmed medium equilibrated to 37°C in 5 or 10% (v/v)
COz. Cells were then incubated overnight at 37°C in an atmosphere of 5 or 10%
(v/v) CO,. Thereafter, the medium was aspirated to remove cryoprotective agents

and cell debris and replaced with fresh medium.

2.2.4.3 3T3-L1 adipocyte culture

Preadipocytes (American Type Culture Collection, Manassas, USA) (passage 2-12)
were maintained in Corning T75 flasks in Dulbecco’s modified Eagles medium
(DMEM) supplemented with 10% (v/v) new-born calf serum (NCS) and 100 U/ml
(w/v) penicillin and streptomycin. Cells were incubated at 37°C in a humidified

atmosphere of 10% (v/v) CO2 and the media was replaced every 48 h.

2.2.4.4 Differentiation of 3T3-L1 preadipocytes

For differentiation of 3T3-L1 preadipocytes into adipocytes, preadipocytes were
grown to 100% confluence in DMEM containing 10% (v/v) NCS. At 48 h post-
confluence, cell medium was aspirated and replaced with differentiation medium
consisting of DMEM containing 10% (v/v) FCS, 0.5 mM 3-isobutyl-1-methylxanthine
(IBMX), 0.25 pM dexamethasone, 5 pM troglitazone and 1 pg/mL insulin. The
medium was then filter-sterilised (0.2 ym) prior to use. The cells were incubated
in this medium for further 3 days before medium was aspirated and replaced with

DMEM supplemented with 10% (v/v) FCS alone. Adipocytes were used for
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experimentation 8-12 days post-induction of differentiation in experiments

investigating the effect of different substances on NO production.

During all procedures, cells were cultured in a humidified environment at 37°C

in an atmosphere of 10% (v/v) CO2.

2.2.4.5 Passaging of 3T3-L1 cells

When 3T3-L1 cells in T75 flasks were 70-80% confluent, cell growth medium was
aspirated, and the cells washed with pre-warmed sterile PBS before 3 mL of sterile
trypsin-EDTA 0.05% (v/v) was added to each T75 flask. Flasks were then incubated
at 37°Cin 10% (v/v) CO7 until the cells fully detached. Trypsin was then neutralised
by adding an appropriate volume of DMEM/NCS growth medium and the cell
suspension was then divided as required. For experimental conditions, 3T3-L1
preadipocytes were cultured in Falcon 6-well plates, 12-well plates, or 10cm-

diameter dishes.

2.2.4.6 Preparation of 3T3-L1 cell lysates

Cells grown in 6-well plates were first washed and then incubated for 2 h in serum-
free DMEM at 37°C in 10% (v/v) CO, followed by a 1 hr incubation at 37°C in 1 ml
Krebs-Ringer Phosphate (KRP) buffer (119 mM NaCl, 5 mM NaHCOs, 4.7 mM KCl,
1.3 mM CaClz, 1.2 mM MgSO4, 1.2 mM NaH2PO4, 5 mM glucose and 0.1% (w/v)
bovine serum albumin). The medium was aspirated, and cells washed once with
pre-cooled PBS prior to addition of 200 pyL/well of ice-cold cell lysis buffer. The
cell extract was scraped off using a cell lifter and transferred into pre-cooled 1.5
mL microcentrifuge tubes. The extracts were mixed and incubated on ice for 30
min prior to centrifugation (21,910 x g, 10 min, 4°C) in a bench top centrifuge.
The supernatants were transferred to fresh, prechilled microcentrifuge tubes and
stored at -20°C.

2.2.4.7 Analysis of nitric oxide synthesis by 3T3-L1 adipocytes

3T3-L1 adipocytes were washed with and incubated for 2 h in serum-free DMEM at
37°C and 10% (v/v) CO,. The medium was removed and replaced with serum-free
DMEM containing test substances or vehicle for the indicated times. Aliquots of

the medium were collected after various incubation times, 4 volumes (1:4) of
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methanol added and samples were then centrifuged (21,910 x g, 4°C, 20 min). In
addition, 3T3-L1 cells were cultured and incubated (10 pM for 6 h) with CAV-AP or
antennapedia (control). Supernatant was collected and assayed for NOx content

using a Sievers 280 NO Analyser.

2.2.5 Immunoprecipitation

Protein A-conjugated magnetic beads (Bio-Rad) were resuspended in PBS and 100
WL (1 mg) transferred to 1.5 mL tubes. Beads were magnetized and supernatant
was discarded, beads were then washed and further magnetized 3 times with 1
mL PBS-T (PBS + 0.1% Tween 20). 1 ug of anti-eNOS antibody was added to each 1
mg of beads and incubated for 1 h at room temperature (Table 2-4). Beads were
washed 3 times with 300 pL IP buffer. Cell lysate (100-200 ug) was added to the
beads/antibodies complex and incubated overnight at 4°C on a rotating mixer.
Beads were magnetized and supernatants (immunodepletes) were collected.
Beads were washed 3 times with 300 pL IP buffer, then eluted using 40 pL sample
buffer, incubated for 10 min at 70°C and samples were resolved by SDS-PAGE to

detect target proteins.

2.2.6 ROS Production and Lipid Peroxidation detection

2.2.6.1 Measurement of hydrogen peroxide levels

H20; levels were evaluated in PVAT lysates using the Amplex red H,02/peroxidase
assay kit according to the manufacturer’s instructions. The Amplex Red assay is a
widely used method for quantifying H,02 released from various sources such as
mitochondria, cells, vessels, and cell-free systems. In tissue samples, the assay
product (resorufin) has the potential to undergo non-specific oxidation due to its
interactions with various oxidants and radicals. To address this issue and ensure
accurate measurements, it is essential to include control experiments with the
addition of superoxide dismutase (SOD) and catalase to correct for any fluorescent

background caused by non-specific reactions (Griendling et al., 2016).
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Briefly, Amplex red reagent in combination with horseradish peroxidase (HRP)
react in the presence of H;0; producing a red fluorescent oxidation product,
resorufin (Figure 2-3). PVAT lysates (50 pyL) were added to 50 yL Amplex red and
HRP working solution in a 96-well plate. The plate was incubated in the dark for
30 min at room temperature and absorbance at 560 nm assessed using a FLUOstar
OPTIMA microplate reader. The results were analysed relative to a H,0; standard

curve and normalised to the protein concentration.

Amplex ™ Red Resorufin
(Non-fluorescent) (Fluorescent)
HO OH
N =
* Horseradish peroxidase N
H,C” 0 PN >

H:0: 0:

Figure 2-3: Conversion of Amplex red to Resorufin in the presence of H,O, and horseradish
peroxidase (HRP)

2.2.6.2 Determination of Lipid Peroxidation levels

Lipid Peroxidation was evaluated using a Thiobarbituric Acid Reactive Substances
(TBARS) assay kit according to the manufacturer’s instructions. PVAT lysate or
standard (100 pL) were added to 100 yL TBA assay reagent and 800 uL colour
reagent and the mixture was vortex mixed. Samples were boiled for 1 h, placed
on ice for 10 min to stop the reaction and centrifuged (1600 x g, 4°C, 10 min).
Samples (200 pL) were added in duplicate to a 96-well plate. The reaction
produces a pink colour measured at 540 nm. The reaction between thiobarbituric
acid (TBA) mix and malondialdehyde (MDA) from samples forms an MDA-TBA
adduct under high temperature and acidic conditions (Figure 2-4). The intensity

of the colour is directly proportional to the amount of MDA in the sample. The
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levels of MDA in the samples were assessed using the linear MDA standard curve

and data was normalised to the protein concentration of each sample.

Malondialdehyde (MDA) Thiobarbituric acid (TBA) MDA-TBA adduct
0
0 0 s. AN OH HO N SH
M ¥ 1 N 7/ N o Y
" " /L — |+ 2m0
N N N
07"\ S N, “CH—CH=CH
OH OH

Figure 2-4: Formation of MDA-TBA 2 adduct after reaction between malondialdehyde (MDA)
and thiobarbituric acid (TBA)

2.2.7 NOS activity assay

NOS activity was assessed by measuring the conversion of ['“C]-L-arginine to ['4C]-
L-citrulline using a NOS activity kit (Figure 2-5). PVAT was harvested and 200 pL
of ice-cold homogenization buffer (250 mM Tris-HCl (pH 7.4) buffer containing 10
mM EDTA and 10 mM EGTA) added to each sample. Tissue was homogenized using
a tissue grinder on ice, homogenates centrifuged at (10,000 x g for 15 min at 4°C)
and the pellet resuspended in homogenization buffer. The supernatant was
transferred to fresh microcentrifuge tubes and kept on ice until use. Protein
concentration was adjusted to 1.7 mg/mL and 60 pL was mixed with 40 pL of
reaction mixture (2.5 pCi/mL [ '“C]-L-arginine, 100 pM L-arginine, 2 pM calcium,
200 nM calmodulin, 250 pM NADPH and 250 pM Tris-HCL, pH 7.4) and incubated for
30 min at 30°C in a microcentrifuge tube. After incubation, 400 pL of stop buffer
was added to each tube to terminate the reaction and 100 pL of equilibrated resin
added to each reaction tube. Samples were transferred to spin columns and
centrifuged at 20,000 x g for 30 s. Spin columns were removed and the eluate was
transferred to scintillation fluid and ['“C]-L-citrulline production quantified by

scintillation spectroscopy.
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L-Arginine L-Hydroxyarginine L-Citrulline

NH
+ 2
HaN=(

NH

Figure 2-5: NOS catalyses a 5-electron oxidation of a guanidino nitrogen of L-arginine to
generate NO and L-citrulline

L-Hydroxyarginine is formed as an intermediate that is tightly bound to the enzyme. Both steps in the

reaction are dependent on calcium and calmodulin.

2.2.8 Confocal microscopy and staining

3T3-L-1 preadipocytes and adipocytes were grown on 6 well plates containing
sterilised 13 mm diameter glass coverslips and incubated with either CAV-AP or
MBCD for 6 h. Cells were then washed 3 times in PBS and fixed in 4% (w/v)
paraformaldehyde at RT for 30 min, and then washed three times in PBS and
incubated in quenching buffer (50 mM NH4Cl in PBS) for 10 min. Coverslips were
then washed three times in PBS before incubating them in permeabilization buffer
(0.1% (w/v) Triton X-100 in PBS) for 20 min. Coverslips were then washed three
times in PBS before blocking in immunofluorescence (IF) buffer (PBS containing
10% (v/v) donkey serum) for 30 min. Coverslips were then washed three times in
PBS and cells were incubated overnight with primary antibodies (anti-eNOS and
anti-Cav-1), prepared in IF buffer (1:100) (Table 2-5). Coverslips were then washed
three times in IF buffer and Alexa Fluor® 488-conjugated anti-rabbit and Alexa
Fluor® 594-conjugated anti-mouse IgG secondary antibodies (Invitrogen) prepared
in IF buffer (1:100) was added and incubated for 1 h in the dark (Table 2-6).
Coverslips were then washed 3 times in IF buffer before being mounted on
microscope glass slides, using one drop of VECTASHIELD® Antifade Mounting
Medium with DAPI (VECTOR Laboratories # H-1200). Slides were stored overnight
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in the dark to dry. Immunolabelled samples were analysed using a Zeiss LSM 5
exciter laser scanning microscope with a Plan Apochromat X63/1.4 Oil DIC
objective and LSM 510 software (Zeiss, Feldbach, Switzerland). The co-
localization of eNOS with other proteins was analysed using ImageJ, BIOP/JACoP
plug-in software, calculating Pearson’s correlation coefficient. For each biological

replicate, an average of 50 cells per condition was analysed.

2.2.9 Caveolin-1 (Cav-1) Gene Expression

2.2.9.1 Purification of total RNA from PVAT

Expression of Cav-1 mRNAs in the PVAT (WT and KO) was evaluated using real-
time PCR. Total RNA was obtained from PVAT samples using a RNeasy Lipid Tissue
Mini Kit. Briefly, tissue was lysed using 700 pL of (QIAzol Lysis Reagent #79306)
per 250 mg PVAT. Lysates were homogenised using a TissuRuptor® for 2 min. The
homogenate was incubated for 5 min and transferred to a microcentrifuge tube,
200 pL of chloroform was added with shaking for 15 s and incubated for a further
3 min. The homogenate was centrifuged (12,000 x g for 15 s at 4°C), and the upper
aqueous layer transferred to a microcentrifuge tube and mixed with 350 pL 70%
(v/v) ethanol. Samples were transferred to a RNeasy Mini spin column and
centrifuged at 8000 x g for 15 min at 4°C. DNA digestion was performed by adding
350 yL RW1 buffer to each column, centrifuging at 21,000 x g for 15 s and adding
80 uL DNase | solution (10 yL DNase | mixed with 70 yL of RDD buffer). Columns
were incubated for 15 min and washed again with 350 pyL of RW1 buffer. Then
columns were washed twice with RDE buffer and mRNA eluted by adding 30 pL of
RNase-free dH,0 and centrifuging columns for 2 min at 8,000 x g. mRNA content
was quantified by measuring absorbance at 260 nm using a Nano-Drop. Samples

were stored at -20°C for up to two weeks and at -80°C for long-term storage.

2.2.9.2 cDNA generation by polymerase chain reaction (PCR)

cDNA was synthesised using a High-Capacity cDNA reverse transcription kit
(Applied Biosystems). Briefly, 1 ug of DNase I-treated RNA was diluted up to 10 pL
with RNase-free H,0 and added to 2 pL 10X RT buffer, 0.8 pL 25X dNTP Mix (100
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mM), 2 pL 10X RT random primers used, 1 pL MultiScribe™ Reverse Transcriptase,
1 pl of RNase inhibitor and 4.2 pL of RNase-free dH,0 were added to each reaction
tube. Mixtures were vortex-mixed and centrifuged for 15 s at 21,000 x g. Tubes
were loaded in a thermal cycler and cDNA generated with the following steps (step
1- 259C, 10 min; step 2- 37°C, 120 min; step 3- 85°C, 5 min; and step 4- 4°C until
taken for storage). Samples of the PCR product was stored at -20°C for up to two

weeks and at -80°C for long-term storage.

2.2.9.3 Real time quantitative PCR (RT-gPCR)

MRNA expression of Cav-1 in PVAT was analysed using TagMan R probes and
TagMan R Real-Time PCR Master Mix (Thermo Fisher Scientific), in 384-Well PCR
plates (Applied Biosystems™ Applied, Life Technologies). TagMan probes (1 pL per
sample) were added to 2 pL cDNA, 2 pL nuclease-free dH,0 and 5 yL TagMan™
Universal PCR standard Master Mix (Applied Biosystems) per well. All samples were
performed in triplicate. The PCR plate was sealed using qPCR transparent plastic
adhesive and centrifuged (2000 x g for 40 s). Expression of Cav-1 was analysed
relative to TATA binding protein (Tbp 4333769F#). Reactions were run on a
QuantStudio™ 12K Flex Real-Time PCR System using Standard Tagman protocol
(Step 1 - 6995°C, 10 min, performed once; Step 2 - 95°C, 15 s followed by 60°C,
1 min, repeated for 40 cycles; Step 3 - 55°C, 80 cycles), and mRNA expression was
analysed using Quant-Studio ™ 7 Time PCR Software. All data were normalized to
levels of TATA box mRNA and relative quantification was calculated as 2A-Ct,

Details of the probes and primers used are listed in (Table 2-8).
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2.3 Statistical analysis

GraphPad Prism software, (version 8.0) was used to perform student t-tests and
one or two-way ANOVA (with Tukey’s multiple comparison test), was used where
appropriate. The n number represents the number of biological replicates. All data
are presented as a relative change (mean + standard error of the mean (SEM) from
control baseline or normalized to group of reference for each experiment as
indicated. In all cases, a P value of less than 0.05 was considered statistically

significant.
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Chapter 3 - The role of AMPK in regulation of
nitric oxide production by perivascular adipose
tissue (PVAT)
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3.1 Introduction

Nitric oxide (NO) is a key physiological mediator involved in signalling transduction
in the cardiovascular, genitourinary, respiratory, nervous, and gastrointestinal
systems. Perturbations in NO generation have been implicated in a wide range of
diseases including hypertension and atherosclerosis (Hanafy et al., 2001).
Endothelium-derived NO is a vasodilator that is essential for the maintenance of
vascular tone and its deficiency contributes to vascular dysfunction (Chrissobolis
et al., 2011). Release of NO by the endothelium of blood vessels reduces vascular
tone, inhibits vascular smooth muscle cell (VSMC) migration and proliferation,
platelet activation and aggregation, maintaining cardiovascular homeostasis (Yang
et al., 2015). The enzymes responsible for the synthesis of NO from L-arginine in
mammalian tissues are known as NO synthases (NOS) (Knowles and Moncada,
1994).

Adipose tissue is distributed throughout the body and classified into three main
categories: white adipose tissue (WAT) brown adipose tissue (BAT) and beige
adipose tissue (BeAT) (Lasar et al., 2013, Frontini et al., 2013). WAT stores excess
calories as triglycerides, whereas BAT can oxidise lipids to generate heat by
uncoupling oxidation of the mitochondrial electron transport chain, which
promotes the clearance of plasma lipids and prevents storage of lipids in WAT and
other organs (Cannon and Nedergaard, 2004). Excess lipid accumulation and
dysfunctional WAT leads to adipocyte hypertrophy which is associated with
atherosclerosis development, while activation of BAT may protect the vessel
against atherosclerosis development (Berbée et al., 2015). In addition to the
categorization of adipose tissues as WAT/BAT, adipose tissues can be categorized
according to their anatomical location. One depot, perivascular adipose tissue
(PVAT) surrounds blood vessels and is composed of either white adipocytes or
brown adipocytes, or a mixture of both depending on the vascular bed (Gao et al.,
2007). Earlier reports showed that PVAT in the thoracic aorta is composed of
brown adipocytes, while PVAT in the abdominal aorta has predominantly white
adipocyte phenotype (Brown et al., 2014). PVAT surrounds most of the vasculature
and regulates vascular homeostasis by producing a wide range of autocrine and

paracrine factors, many of which are vasoactive, including: PVAT-derived relaxing
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factors (PDRF) (Lynch et al., 2013), prostacyclin (Chang et al., 2012), gaseous
molecules (NO and H3S) (Szasz et al., 2012) and angiotensin 1-7 (Lee et al., 2009).
Previous studies have demonstrated that PVAT attenuates vascular contraction in
multiple vascular beds including coronary vessels (Aghamohammadzadeh et al.,
2012), rat mesenteric arteries (Verlohren et al., 2004), and thoracic aorta from
WT but not AMPK KO mice (Almabrouk et al., 2017). The anti-contractile effect of
PVAT is suggested to be due to the release of PVAT-derived relaxing factor(s)
which act via multiple pathways, including voltage-gated potassium channels (Kv)
(Verlohren et al., 2004), ATP-activated potassium channels (Katp) (Dubrovska et
al., 2004) and large conductance calcium-activated potassium channels (BKca)
(Lynch et al., 2013). In addition, PVAT secretes bioactive molecules such as
adiponectin that maintain vascular homeostasis (Szasz et al., 2012). Conversely,
recent studies have demonstrated that PVAT-derived inflammatory mediators may
enhance atherosclerotic plaque formation and stability and increase the

progression of atherosclerosis (Quesada et al., 2018).

AMPK is a serine/threonine-protein kinase that exists as heterotrimeric complexes
containing a catalytic a subunit with regulatory B and y subunits. In mammals, the
a subunit of AMPK consists of a C-terminal regulatory domain and an N-terminal
catalytic kinase domain and this has significant activity when phosphorylated at a
conserved threonine residue within the activation loop (Thr'72 in human a1)
(Hawley et al., 1996). Several studies have demonstrated that activated
endothelial AMPK increases phosphorylation and activation of endothelial NOS
(eNOS) at Ser''77 (Chen et al., 2003, Morrow et al., 2003, Davis et al., 2006) and
Seré33 (Chen et al., 2009) to increase NO availability and vascular relaxation. AMPK
is expressed in the three layers of the blood vessel: the endothelium, smooth
muscle (VSM), and PVAT (Ewart and Kennedy, 2011).

PVAT has been recently considered as a putative target for intervention in
cardiovascular diseases. However, although the evidence points to a role in
vascular haemostasis, there is still much more research required until the role of
PVAT in physiology and pathology is completely understood. The general concept
that the anti-contractile effect of PVAT is beneficial, and its pro-contractile effect
is harmful is being questioned by several reports. The role of some important

PVAT-derived products or systems such as reactive oxygen species (ROS), and
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reactive nitrogen species (RNS) may be dependent on whether the PVAT is in a
physiological or pathophysiological state and therefore, the role of mediators
produced by PVAT requires more investigation (Barp et al., 2021). PVAT produces
ROS such as H202 and superoxide and these may have a signalling role in the
vascular system, as effectors of the immune response. They may also be formed
as by-products of cellular metabolism. NO and ROS can be generated by distinct
enzymes or by the same enzyme through alternate reduction and oxidation
processes (Tejero et al., 2019a). Consequently, PVAT could be a potential

therapeutic target for the prevention and treatment of cardiovascular diseases.

Even though it is well-known that AMPK can modulate vascular function, its effect
on the anti-contractile effect of PVAT and NO production remain incompletely
understood. Recent studies have shown that eNOS is expressed not only in
endothelial cells but also in PVAT. However, how AMPK influences the expression

or activity of eNOS in the PVAT has been poorly characterized.
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3.2 Aims of the study

The hypothesis of the current study is that AMPK modulates NO release by PVAT

to influence vascular contractility.

The aim of this chapter was to study in more detail the effects of PVAT-derived
NO on vascular smooth muscle relaxation in both thoracic and abdominal aortic
rings and potential mechanisms underlying this. Secondly the role of AMPKa1 in

the regulation of PVAT-mediated NO release was investigated.

3.3 Methods

In this study, adipose tissue from both wild-type (WT) and AMPK knockout (KO)

mice was collected and processed for various analyses.

3.3.1 Analysis of NO synthesis by PVAT and other adipose tissue
depots

Adipose tissue from both wild-type (WT) and AMPK knockout (KO) mice was
incubated in oxygenated physiological buffer solution at 37°C for 30 minutes. The
buffer solution incubated within a myograph chamber. After incubation, 100 pL of
conditioned media was collected, and 400 pL of methanol was added. The sample
was centrifuged, and the supernatant was assayed for NO + NO;" content using a
Sievers 280 NO Analyser. The NO analyser determined the amount of NO produced
by the perivascular adipose tissue (PVAT) based on the NO; present in the
conditioned medium. To prepare the NO analyser for NO2™ reduction, a reducing
agent consisting of 5 mL glacial acetic acid and 50 mg Nal dissolved in 1.5 mL of
dH,0 was added to the purge vessel. The vessel was flushed with N2 to eliminate
any NO; . After 30 minutes of purging, the vessel was sealed, and the reducing

agent was refluxed under N2 gas.

3.3.2 Functional studies (wire myography)

Wild-type (WT) and AMPK knockout (KO) mice were euthanized by a rising
concentration of CO,. Thoracic and abdominal aortae were dissected and placed

in a cold oxygenated physiological buffer solution. Aortic rings, approximately 1-
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2 mm long, including intact perivascular adipose tissue (PVAT), were prepared.
The endothelium (intimal layer) was denuded, confirmed by limited vasodilation
to Ach. The vessels were mounted in a four-channel small vessel wire myograph,
with one wire connected to a force transducer and the other to an adjustable arm.
Incubation at 37°C in Krebs-Henseleit buffer, followed by equilibration for at least
30 minutes at resting tension. Optimal tension was then applied, increasing every
5 minutes up to 9.8 mN for an additional 30 minutes. Chart™ 5 Pro software

recorded and measured vessel responses to various stimuli.

The rings were pre-sensitized before the introduction of other pharmacological
agents. Initially, the vessels were incubated with 5 ml of 62.5 mM high potassium
physiological salt solution (KPSS). Subsequently, all vessels were constricted using
the thromboxane mimetic U46619 until reaching a stable contraction state. One
ring (treated) was exposed to the NOS inhibitor L-NAME (200 puM) for 15 minutes,
while the other served as a control. Cumulative dose-response curves to U46619

were then generated.

3.3.3 Preparation of tissue lysates, SDS-PAGE and Western
blotting

Perivascular adipose tissue (PVAT) was dissected, weighed, rapidly frozen in liquid
nitrogen, and stored at -80°C. Upon thawing, the tissues were homogenized in 200
bL of cold lysis buffer. Homogenization was performed on ice using a battery-
operated pestle motor mixer. The resulting lysates were then transferred to ice-
cold microcentrifuge tubes and centrifuged (18000 x g, 10 min, 4°C). The
infranatants, were collected and stored in fresh pre-chilled microcentrifuge tubes

at -20°C for further analysis.

The protein concentration was assessed using the bicinchoninic acid (BCA)
method. Standard dilutions of bovine serum albumin (BSA) were utilized to create
a protein standard curve in 96-well plates. A working reagent (WR) was prepared
by combining BCA Reagent A with BCA Reagent B from the Pierce™ BCA Protein
Assay Kit. Lysates (2 pL, in duplicate) were added and adjusted to 10 pL with
dH20. Subsequently, 200 pL of the working reagent was added to all samples. The
plate was incubated at 37°C for 30 minutes. Absorbance was measured at 595 nm.

Mean absorbance values from each sample were generated in duplicate, and
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protein concentration was determined by comparing the results to the BSA

standard curve.

Electrophoresis was performed at 80 V for approximately 20 minutes until the dye
reached the running gel, followed by an increase in voltage to 140 V for 1 hour
until the dye reached the bottom of the gel. Subsequently, proteins were
transferred onto a nitrocellulose membrane. After transfer, membranes were
blocked at room temperature in TBS supplemented. Following this, membranes
were washed and incubated overnight at 4°C with primary antibodies. After
washing again membranes were incubated for 1 hour at room temperature with
IRDye®-labelled secondary antibodies. Ponceau stain was used to confirm protein
transfer. Finally, immunolabeled bands were visualized using an Odyssey Sa

Infrared Imaging System.

3.3.4 Immunoprecipitation

Magnetic beads were suspended in PBS, and 100 pL (1 mg) was transferred to 1.5
mL tubes. After magnetization, the supernatant was discarded, and the beads
were washed three times. Subsequently, 1 pg of anti-eNOS antibody was added to
each 1 mg of beads, and the mixture was incubated for 1 hour at room
temperature. Following incubation, beads were washed three times with IP
buffer. Cell lysate was introduced to the beads/antibodies complex and incubated
overnight at 49C. After magnetization, supernatants (immunodepletes) were
collected. Beads washes with IP buffer. The elution step involved the addition of
40 pL sample buffer, followed by a 10-minute incubation at 70°C. The eluted
samples were then resolved by SDS-PAGE to detect the target proteins.

3.3.4.1 Measurement of hydrogen peroxide levels

PVAT lysates were combined with 50 pL of Amplex red and horseradish peroxidase
(HRP) working solution in a 96-well plate. The plate was then incubated in the
dark for 30 minutes at room temperature, and absorbance at 560 nm was
measured using a FLUOstar OPTIMA microplate reader. The obtained results were
analyzed relative to an H;0; standard curve and normalized to the protein

concentration.
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3.3.5 NOS activity assay

Perivascular adipose tissue (PVAT) was collected, and each sample was treated
with 200 pL of ice-cold homogenization buffer. Tissue homogenization was
performed on ice, followed by centrifugation and the resulting pellet was
resuspended in homogenization buffer. The supernatant, containing the
homogenate, was transferred to fresh microcentrifuge tubes. Protein
concentration was adjusted to 1.7 mg/mL, and 60 pL of this solution was mixed
with 40 pL of the reaction mixture. This mixture was incubated for 30 minutes at
30°C. Following incubation stop buffer was added to each tube to halt the
reaction, and 100 uL of equilibrated resin was introduced. The samples were then
transferred to spin columns and centrifuged. After removing the spin columns, the
eluate was transferred to scintillation fluid, and the production of [14(C]-L-

citrulline was quantified using scintillation spectroscopy.

3.3.6 Caveolin-1 (Cav-1) Gene Expression

Purification of Total RNA from PVAT:

For the assessment of Cav-1 mRNA expression in PVAT (WT and KO), total RNA was
extracted using the RNeasy Lipid Tissue Mini Kit. The PVAT tissue was lysed in
QIAzol Lysis Reagent, homogenized, and subjected to chloroform extraction. After
centrifugation, the aqueous layer was mixed with ethanol and processed using a
RNeasy Mini spin column. DNA digestion was performed, and mRNA was eluted for

subsequent quantification by measuring absorbance at 260 nm.
cDNA Generation by Polymerase Chain Reaction (PCR):

cDNA was synthesized from 1 pg of DNase I-treated RNA using the High-Capacity
cDNA reverse transcription kit. The reaction mixture included RT buffer, dNTP
mix, RT random primers, MultiScribe™ Reverse Transcriptase, RNase inhibitor, and

RNase-free water. The cDNA was generated through a thermal cycling process.

Real-Time Quantitative PCR (RT-qPCR):
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MRNA expression of Cav-1 in PVAT was analyzed using TagMan probes and TagMan
Real-Time PCR Master Mix. TagMan probes were added to cDNA, and the reactions
were performed in triplicate in 384-Well PCR plates. The PCR plate was sealed,
centrifuged, and then subjected to real-time PCR using a QuantStudio™ 12K Flex
Real-Time PCR System. The mRNA expression levels were normalized to TATA
binding protein (Tbp). Probes and primers used are detailed in Table 8. Samples
were stored at -20°C and -80°C for short-term and long-term storage,

respectively.
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3.4 Results

3.4.1 PVAT enhances vascular relaxation to cromakalim in wild
type, but not AMPKa1”- aortic rings

A previous study in our laboratory demonstrated that PVAT enhances vascular
relaxation to cromakalim in wild type (WT), but not AMPKa1-/- (KO) thoracic aortic
rings with denuded endothelium (Almabrouk et al., 2017). The data reported that
PVAT augmenting the relaxation to cromakalim, a K* channel opener which
induces vascular relaxation via hyperpolarisation of the vascular smooth muscle
membrane. AMPKal1 is required for this augmentation since it was not observed in

thoracic aortic rings from KO mice.
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3.4.2 Inhibition of NO synthesis by PVAT suppresses U46619-
mediated contraction in thoracic but not abdominal aortic
rings from both WT and AMPKa1”~ mice

To determine the influence of PVAT-derived NO and AMPKa1 in the regulation of
NO release by PVAT and the effect on contraction of aortic rings, dose-response
curves to U46619 were constructed in thoracic and abdominal aortic rings with
intact PVAT in the presence or absence of the NOS inhibitor, L-NAME. Rings were
endothelium-denuded to ensure the effects of L-NAME were not mediated by
inhibition of endothelial NOS. Incubation of WT thoracic aortic rings with L-NAME
significantly augmented the contraction to U46619 (LogECso =0.786 nM vs. 1.17 nM
in control rings) without affecting the maximal contraction (Emax=13.78 + 0.99 mN
vs.13.35 £ 1.75 mN in control rings) (Figure 3-1 A). In WT abdominal aortic rings
there was no significant effect of L-NAME on contraction to U46619 (Figure 3-1 B).
A similar effect was seen in KO thoracic aortic rings where L-NAME significantly
augmented the contraction to U46619 (LogECso = 0.69 nM vs. 1.16 nM in control
vessels) but had no effect on maximal contraction (Emax 16.73 + 1.49 mN vs.17.03
+ 1.16 mN in control vessels (Figure 3-1 C). Similar to WT abdominal aortic rings,
there was no effect of L-NAME on contraction to U46619 in KO abdominal aortic

rings (Figure 3-1 D).

The table below (Table 3-1) indicates that there were no significant differences
in the maximal KPSS contraction between groups. This suggests that the
contractile response of the vessels was similar across the different experimental
groups. Since this study utilised endothelium denuded vessels, the endothelial
layer lining the vessel walls was intentionally removed to isolate the effects of

perivascular adipose tissue (PVAT) on vascular function.
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Table 3-1: Maximal KPSS contraction difference between control and treated

vessels, statistical significance was determined by t-test.

Control L-NAME + SEM (C) | + SEM (L-NAME) | pv
WT thoracic | 8.33 mN | 8.00 mN +0.50 +0.33 0.52
KO thoracic | 9.56 mN | 9.18 mN +0.85 +0.38 0.66
WT 7.96 mN | 6.85 mN +0.95 +0.11 0.26
abdominal
KO 6.05mN | 6.30 mN +0.87 +0.24 0.78
abdominal

However, it is important to recognize that achieving complete denudation of
vessels is a challenging task. The endothelium is a delicate layer that may not be
entirely removed in all cases, and the possibility of some vessels retaining residual
endothelial function introduces a potential caveat in the study's interpretation.
This caveat arises from the difficulty in definitively attributing the observed
effects solely to PVAT-derived nitric oxide (NO) and not endothelial-derived NO
given that since KPSS contractions are the same therefore, any residual NO form

the endothelium may not influencing contraction.

To address the potential limitations associated with incomplete denudation and
the modest effect of L-NAME, future studies could consider incorporating
additional controls. For instance, including intact vessels with an intact
endothelium as a reference group would allow for a direct comparison of responses

between intact and denuded vessels.
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Figure 3-1: Inhibition of PVAT NO synthesis suppresses U46619-mediated contraction in
thoracic but not abdominal aortic rings from both WT and AMPKa1” mice

Aortic rings from endothelium-denuded thoracic (A & C) or abdominal (B & D) aorta with intact PVAT
were isolated from WT (A & B) or AMPKa1+ (C & D) mice. Dose-response curves to U46619 were
constructed using wire myography in the presence or absence of 200 uM L-NAME. *p < 0.05,n =6

per group. Statistical significance was determined by two-way ANOVA analysis (with Tukey’s test).
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3.4.3 NO synthesis is greater in thoracic PVAT relative to
abdominal PVAT and reduced in AMPKa1”- mice

To determine if there were differences in NO production between thoracic and
abdominal aortic PVAT which could underlie the data in (Figure 3-1), NO
production by PVAT was measured in conditioned media from WT and KO PVAT
using a Sievers 280 NO analyser. There was a significant increase in NO production
in thoracic PVAT from WT mice compared to KO mice (300.2 nmol NOx/mg/hr
(n=8) vs 139 nmol NOx/mg/hr respectively, n=7; p<0.05) (Figure 3-2 A).
Interestingly, abdominal PVAT from WT mice produced significantly less NOx (43.2
nmol/mg/hr; n=7, p=0.0002) compared with WT thoracic PVAT (Figure 3-2 B),
while there was no difference in NOx production between KO abdominal PVAT
(40.18 nmol/mg/hr; n =7) and KO thoracic PVAT (Figure 3-2 C).
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Figure 3-2: NOx production by thoracic and abdominal aortic PVAT in WT and KO mice

PVAT from thoracic or abdominal aortae were isolated from WT or KO mice. Conditioned media was
generated for 30 min and assayed for NOx content using a Sievers 280 NO analyser. Data shown
represent the mean + SEM nmol NOx synthesis/mg protein/h from 6 independent experiments (A)
Comparison of WT and KO thoracic PVAT. (B) Comparison of thoracic and abdominal PVAT in WT
mice. (C) Comparison of thoracic and abdominal PVAT in KO mice. *p<0.05, ***p<0.001. Statistical

significance was determined by two-way ANOVA analysis (with Tukey’s test).
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3.4.4 eNOS, iNOS and nNOS levels in WT and AMPKa1-
abdominal and thoracic aortic PVAT

Nitric oxide has been suggested to be a potential mediator of the anti-contractile
action of PVAT on the underlying blood vessel, and so to assess if changes in NOS
levels could account for the differences in NO production between PVAT depots
or genotypes, lysates from PVAT were immunoblotted for NOS isoforms. Expression
levels of eNOS were not different between thoracic and abdominal PVAT nor were
they altered between genotypes (Figure 3-3 A&B). In addition, neither nNOS nor
iNOS could be detected in PVAT lysates from either depot or genotype (Figure 3-3
C&D).
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Figure 3-3: eNOS, iINOS and nNOS expression and activity in PVAT (WT and KO mice)

Thoracic and abdominal aortic PVAT tissues from WT and KO mice were lysed and 30 pg of protein
was resolved by SDS-PAGE and immunoblotted with (A, B) anti-eNOS (C) anti-iNOS or (D) anti-
nNOS antibodies. (A) Quantification of the level of eNOS relative to total lysate protein was assessed
with REVERT total protein stain. Data shown represent the mean + SEM of six independent
experiments. (B, C, D) Representative B) anti-eNOS (C) anti-iNOS or (D) anti-nNOS immunoblots of

(B) six and (C, D) four independent experiments.
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3.4.5 eNOS activity in PVAT of WT and AMPKa1”- mice

To assess whether the differences in NO production between WT and KO PVAT
could be due to a difference in eNOS activity, this was assessed by measuring the
rate of conversion of ['“C]-L-arginine to ['“C]-L-citrulline (Ladurner et al., 2012)
using an eNOS activity kit. WT thoracic PVAT had significantly increased eNOS
activity (around 40%) compared to KO PVAT (Figure 3-4) p=0.0040. In addition,
eNOS activity in WT abdominal PVAT was significantly decreased when compared
to WT thoracic PVAT, p=0.0292, suggesting that changes in eNOS activity could
account for the difference in NO production.
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Figure 3-4: eNOS activity in PVAT of WT and KO mice

Thoracic and abdominal aortic PVAT tissue from WT and KO mice was lysed and eNOS activity was
assessed by measuring [**C]-L-arginine to [**C]-L-citrulline conversion rate using a NOS activity
assay kit. Data shown represent the mean + SEM of three independent experiments. *p<0.05, **

p<0.01. Statistical significance was determined by two-way ANOVA analysis (with Tukey’s test).
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3.4.6 eNOS phosphorylation in abdominal and thoracic aortic
PVAT of WT and AMPKa1”- mice

To further investigate whether the reduced NO production in KO mice and in
abdominal PVAT is associated with an altered level of eNOS phosphorylation at
different sites, lysates from WT and KO PVAT samples were prepared and
immunoblotted with phosphorylation site-specific antibodies (anti-phospho-
Ser'177  Ser%15 or Thr4%%). There were no differences in eNOS phosphorylation at
Ser'177 relative to total eNOS between thoracic and abdominal PVAT in WT and KO
mice (Figure 3-5 A). As shown in (Figure 3-5 B), despite loading 45 pg protein per
lane, no immunoreactivity was observed with the other two anti-phospho-eNOS
antibodies (p-eNOS Ser¢'> and p-eNOS Thr493) in PVAT lysates from either depot or
genotype, suggesting undetectable levels of phosphorylated eNOS at these
specific sites. To validate the anti-phospho-eNOS antibodies that were used,
human endothelial cell lysate (10 pug) was immunoblotted with each anti-phospho-
eNOS antibody.
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Figure 3-5: Levels of phospho-eNOS (Ser''’’, Ser®® or Thr*%) in thoracic and abdominal
PVAT from WT and KO mice

Thoracic and abdominal aortic PVAT tissue from WT and KO mice were lysed and 45 g protein was
resolved by SDS-PAGE and immunoblotted with the anti-phospho-eNOS antibodies indicated. (A)
Quantification of the level of phospho-eNOS (peNOS) relative to total eNOS is shown. Data shown
represent the mean + SEM from 3 independent experiments. (B) Representative immunoblots are

shown.
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3.4.7 UCP-1 levels in abdominal and thoracic aortic PVAT in WT
and AMPKa1/-mice

Thoracic PVAT exhibits BAT-like morphology with a smaller adipocyte size than
WAT and has high expression of BAT markers including uncoupling protein-1 (UCP-
1). Here the levels of the browning marker UCP-1 were investigated to identify
the phenotype of the PVAT in each genotype. As shown in (Figure 3-6), there was
a noticeable increase in the basal level of the UCP-1 in thoracic PVAT compared
with abdominal PVAT from WT and KO mice.
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Figure 3-6: UCP-1 expression in PVAT from WT and KO mice

Thoracic and abdominal aortic PVAT tissue from WT and KO mice were lysed and 30 pg protein was
resolved by SDS-PAGE and immunoblotted with anti-UCP-1 antibodies. (A) Quantification of the
level of UCP-1 relative to total lysate protein, assessed with REVERT total protein stain. Data shown
represent the mean + SEM UCP-1 levels of 2 independent experiments. (B) Representative

immunoblots.
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3.4.8 UCP-1 expression in other fat depots of WT and AMPKa1-

mice

To assess the phenotype of other fat depots, the levels of UCP-1 were assessed in
mesenteric PVAT, subcutaneous (SC) and intrascapular adipose tissues (BAT) from
WT and KO mice. The levels of UCP-1 in intrascapular adipose tissue in both WT
and KO mice was higher compared with mesenteric PVAT and SC adipose (Figure

3-7).
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Figure 3-7: UCP-1 levels in other fat depots (WT and KO mice)

Mesenteric PVAT, SC and intrascapular fat tissues from WT and KO mice were lysed and 30 ug
protein was resolved by SDS-PAGE and immunoblotted with anti-UCP-1 antibodies. (A)
Quantification of the level of UCP-1 relative to total lysate protein was assessed with REVERT total
protein stain. Data shown represent the mean + SEM UCP-1 relative to WT BAT from 2 independent

experiments, Representative immunoblots.
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3.4.9 Nitric oxide synthesis is decreased in BAT and WAT depots
from AMPKa1” mice

As shown in (Figure 3-3), thoracic aortic PVAT produces significantly more NO than
abdominal PVAT in WT mice, but not in KO mice. Here the difference in NO
production by other fat depots was measured in samples from WT and KO mice
using a Sievers 280 NO analyser. Intrascapular BAT from WT mice produced
significantly more NO compared with KO mice, p=0.0014. Surprisingly, comparing
NO production between mesenteric PVAT in WT and KO mice revealed that
significantly more NO was produced by WT mesenteric PYAT compared to KO mice,
(Figure 3-8), p=0.0014.
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Figure 3-8: NO production is decreased in BAT and WAT depots from KO mice

Conditioned media was generated from BAT and mesenteric PVAT from WT and KO mice in a
myograph chamber and assayed for NOx content using a Sievers 280 NO analyser. Data shown
represent the mean £ SEM nmol NOx synthesis/mg protein/h from 7-8 independent experiments. **
p < 0.01. Statistical significance was determined by two-way ANOVA analysis (with Tukey’s test).
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3.4.10 Wild type abdominal PVAT releases less H20:
compared with WT thoracic PVAT

PVAT induces an anticontractile effect via secretion of vasodilator substances that
include NO and hydrogen peroxide (H:0:) (Gao et al., 2007). Cai et al 2001
demonstrated that H;0; positively regulates eNOS activity via protecting the
Ca?*/CaM binding site that is mediated by a JAK2 and CaM kinase Il-dependent
pathway, thereby increasing the level of NO production. Therefore, it was of
interest to determine if there was a difference in H,O2 production between
abdominal and thoracic PVAT and whether that could account for the difference
in NO production between fat depots. H20: levels in thoracic and abdominal PVAT
lysates from WT and KO mice were quantified using the Amplex Red Assay. In WT
mice, H;02 levels were elevated in thoracic PVAT relative to abdominal PVAT
although there was no statistically significant difference between H;0; production
in thoracic and abdominal PVAT from KO mice, p=0.0090. H,0; synthesis in KO

mice was also unchanged compared to WT mice (Figure 3-9 A).

Nitric oxide is rapidly sequestered by superoxide to form peroxynitrite which
reduces NO bioavailability. Malondialdehyde (MDA) is a natural product of lipid
peroxidation which can be used as an indirect measurement of systemic oxidative
stress. To evaluate if the level of lipid peroxidation was altered in AMPK-/- mice
compared with WT mice, lipid peroxidation was assayed using a Thiobarbituric
Acid Reactive Substances (TBARS) assay kit. There were no differences in TBARS
levels between PVAT depots or genotypes (Figure 3-9 B), as PVAT masses were

different, data were adjusted by protein concentration.
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Figure 3-9: Abdominal PVAT exhibits reduced H;0O; levels

Lysates were prepared from thoracic and abdominal aortic PVAT of WT and KO mice. (A) H20:2 levels
were determined using an Amplex Red kit, with data shown representing the mean £ SEM nmol H20:2
production/h/mg protein from four independent experiments. ** p<0.01. Statistical significance was
determined by two-way ANOVA (with Tukey’s test). (B) Lipid peroxidation levels in PVAT were
determined using a TBARS kit. Data shown represent the mean + SEM from three independent

experiments.
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3.4.11 Superoxide dismutase suppresses U46619-mediated
contraction in thoracic aortic rings containing PVAT from
both WT and AMPKa1”- mice

To further examine what effect production of reactive oxygen species might have
on vascular function, superoxide levels were manipulated using a cell-permeable
superoxide dismutase mimetic (PEG-SOD) and the effect on vessel contractility in
PVAT-containing aortic rings measured. Dose-response curves to the thromboxane-
mimetic U46619 were constructed in WT and KO thoracic aortic rings preincubated
in the presence or absence of 3001U/ml of PEG-SOD for 30 min. In WT vessels PEG-
SOD significantly attenuated the maximal contraction to U46619 (Emax = 5.03 +
1.23mN vs. 8.31 + 2.01mN in control vessels; n=6; p<0.05). An attenuation of
contraction was observed in response to PEG-SOD in KO thoracic aortic rings (Emax=
8.38 +2.57 mN vs. 12.98 + 3.02 1mN in control vessels; n=6; p<0.05) (Figure 3-10).
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Figure 3-10: Superoxide dismutase (PEG-SOD) suppresses U46619-mediated contraction in
thoracic aortic rings with PVAT from both WT and KO mice

PVAT-intact and endothelium-denuded thoracic rings from WT and AMPKa1- mice were incubated
with 300 IU/ml PEG-SOD for 30 min and dose-response curves to U46619 were produced using wire
myography. * p < 0.05, ** p < 0.01 vs. vehicle control for each genotype, n = 6-5 per group. Statistical
significance was determined by two-way ANOVA (with Tukey’s test).
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3.4.12 Lower levels of caveolin-1 are associated with eNOS in
thoracic PVAT relative to abdominal PVAT and are increased
in thoracic PVAT from AMPKa1”/- mice

Caveolin-1 (Cav-1) binds to eNOS and that coupling occupies the Ca?*/calmodulin
binding site of eNOS, thereby reducing NO production (Razani et al., 2002). The
role of AMPK in the regulation of Cav-1/eNOS binding and NO production by PVAT
has not been characterised. It was therefore of interest to investigate if the
reduced NO production in AMKPa1 KO thoracic aortic PVAT could be due to
increased levels of Cav-1 or increased association with eNOS. Interestingly, in
abdominal PVAT, significantly more Cav-1 was detected in both WT and KO mice
compared with thoracic PVAT (Figure 3-11 A). Furthermore, the level of Cav-1
associating with eNOS was assessed in PVAT from both depots and in both
genotypes by immunoblotting of anti-eNOS immunoprecipitates. Cav-1 was
detected in eNOS immunoprecipitates and levels of Cav-1/eNOS association were
increased in abdominal PVAT relative to thoracic PVAT of WT mice (Figure 3-11
B), p=0.0094, also the total Cav-1 levels in abdominal PVAT lysates was increased.
Intriguingly, Cav-1/eNQOS association was markedly increased in thoracic PVAT
from KO mice compared with WT thoracic PVAT, p=0.0079, which might account
for the reduction in NO production in KO thoracic PVYAT compared with WT.
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Figure 3-11: Lower levels of caveolin-1 are associated with eNOS in thoracic PVAT relative to
abdominal PVAT and are increased in thoracic PVAT from KO mice compared with WT PVAT
Thoracic and abdominal aortic PVAT tissue from WT and KO mice was lysed and (A, C), 30 ug
protein was resolved by SDS-PAGE and immunoblotted with an anti-caveolin-1 antibody. (A)
Quantification of the level of Cav-1 relative to total lysate protein was assessed with REVERT total
protein stain. Data shown represent the mean + SEM Cav-1 levels from three independent
experiments. (B, D) PVAT lysates (250 pg) were immunoprecipitated with 100 pl of Protein A-
magnetic beads pre-bound to 10 pg of anti-eNOS antibodies. Immunoprecipitated proteins were
resolved by SDS-PAGE and immunoblotted with anti-caveolin-1 antibodies. (B) Data shown
represent the mean £ SEM %Cav-1 levels relative to eNOS normalised to WT abdominal PVAT from
6 independent experiments. (C, D) Representative immunoblots are shown, with the migration of
molecular mass markers indicated on the right. Statistical significance was determined by two-way
ANOVA (with Tukey'’s test). **p<0.01, *p<0.05.
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3.4.13 Caveolin-1 gene (Cav1) is reduced in WT thoracic
aortic PVAT compared with AMPKa1”- mice

Cav1 gene expression levels were also assessed in thoracic PVAT from WT and KO
mice. Consistent with total level of Cav-1 in KO thoracic PVAT, Cavl mRNA levels
were increased in KO PVAT compared to WT PVAT (Figure 3-12).

The tables below (Table 3-2) display the cycle threshold (CT) values for the Cav1
gene and the housekeeping gene Tbp in wild-type (WT) and knockout (KO) thoracic
perivascular adipose tissue (PVAT). The CT values indicate the relative expression
levels of these genes, with lower values representing higher gene expression. The
data reveals that the housekeeping gene Tbp exhibits stable expression in the WT
and KO thoracic PVAT, indicating its suitability as a reliable reference gene for
normalizing gene expression levels. This finding ensures the accuracy and

robustness of gene expression analysis in the context of WT thoracic PVAT studies.

Table 3-2: CT values for Cav1 and Tbp gene expression in WT and KO thoracic

PVAT, statistical analysis was performed by t-test.

Genotype WT Thoracic KO Thoracic

CT Cav1 (+ SEM) 0.1895 0.0984
0.0130 0.1295
0.0260 0.0747
0.1167 0.1334
0.0939 0.1437
0.1310 0.0984
0.072 0.1295

CT Tbp (+ SEM) 0.0738 0.0747
0.0728 0.1334
0.0294 0.1437
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Figure 3-12: Cavl mRNA in thoracic PVAT from WT and KO mice

Expression of Cavl mRNA in thoracic PVAT from WT and KO mice was assessed by real time PCR.
Data shown represent the mean + SEM fold change in Cavl mRNA expression relative to the TATA-
Box Binding Protein (Tbp), n=5 mice per group. * p<0.05 Statistical significance was determined by

unpaired student t-test.
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3.4.14 Lower levels of Hsp-90 are associated with eNOS in
thoracic PVAT relative to abdominal PVAT and are increased
in thoracic PVAT from AMPKa1”- mice

Heat shock protein 90 (Hsp-90) regulates eNOS activity by recruiting kinases such
as AMPK and Akt to phosphorylate eNOS at multiple sites, thereby increasing NO
synthesis (Fulton et al., 2004). Hsp-90 has also been reported to promote
conformational changes in eNOS which stabilises the haem moiety (Czekay et al.,
2011). In these experiments the potential interactions between eNOS and Hsp-90
were examined in PVAT. Hsp-90 levels were assessed in total lysates from thoracic
and abdominal aortic PVAT. Significantly more Hsp-90 was detected in abdominal
PVAT compared with thoracic PVAT in both genotypes (Figure 3-13 A), p=0.0097.
Similar to Cav-1, the role of AMPK in the regulation of Hsp-90/eNOS binding and
NO production by PVAT has not been characterised. To assess Hsp-90/eNOS
binding, eNOS was immunoprecipitated in thoracic and abdominal PVAT from WT
and KO mice and levels of co-immunoprecipitation with Hsp-90 assessed (Figure
3-13 B). There was no difference in the levels of Hsp-90 bound to eNOS in PVAT

from either depot or genotype.
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Figure 3-13: Higher levels of Hsp-90 are associated with eNOS in abdominal PVAT relative to
thoracic PVAT

Thoracic and abdominal aortic PVAT tissue from WT and KO mice was lysed and (A, C), 30 ug
protein was resolved by SDS-PAGE and immunoblotted with an anti-Hsp-90 antibodies. (A)
Quantification of the level of Hsp-90 relative to total lysate protein was assessed with REVERT total
protein stain. Data shown represent the mean = SEM Hsp-90 levels from 5 independent experiments.
(B, D) PVAT lysates (250 pg) were immunoprecipitated with 100 pl of Protein A-magnetic beads pre-
bound to 10 pg of anti-eNOS antibodies. Immunoprecipitated proteins were resolved by SDS-PAGE
and immunoblotted with anti- Hsp-90 antibodies. (B) Data shown represent the mean + SEM % Hsp-
90 levels relative to eNOS normalised to WT abdominal PVAT from 4 independent experiments. (C,
D) Representative immunoblots are shown, with the migration of molecular mass markers indicated
on the right. Statistical significance was determined by two-way ANOVA (with Tukey’s test).
**p<0.01, *p<0.05.
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3.5 Discussion

Previous data from our laboratory demonstrated that the presence of PVAT
enhances vascular relaxation to cromakalim in endothelium-intact thoracic aortic
rings from wild type, but not AMPKa1-/- KO mice (Almabrouk et al., 2017). These
data suggest that PVAT has a direct vasodilatory influence on the aorta. In
addition, an earlier study showed that the male offspring of female rats fed a high
fat diet (HFD) during pregnancy and lactation showed dysfunctional mesenteric
PVAT which could be associated with a reduction in AMPK activity and reduced NO
bioavailability (Zaborska et al., 2016). Unlike many previous studies which focus
on the role of AMPK in regulation of NO release from the endothelium (Zhao et
al., 2020), the data presented in this chapter attempted to investigate the
molecular pathways by which AMPK regulates NO production by PVAT.

Incubation of WT thoracic aortic rings with a non-selective NOS inhibitor (L-NAME)
(Talarek et al., 2011) significantly augmented the contraction to U46619 without
affecting the maximal contraction and a similar effect was seen in KO thoracic
aortic rings. In WT and KO abdominal aortic rings there was no significant effect
of L-NAME on contraction to U46619; this is likely due to differences in NO
production between the PVAT along the length of the aorta. Consistent with data
presented here, a previous study demonstrated that inhibition of eNOS with L-
NAME enhanced phenylephrine-induced contraction in endothelial-denuded rings
with PVAT from thoracic but not abdominal aorta (Victorio et al., 2016). Given
that in all vessels the endothelium was denuded, this suggests that the effect of
L-NAME was likely to be via inhibition of eNOS in PVAT and that the NO was likely
produced by PVAT. These findings suggest that the lack of effect of L-NAME on
abdominal rings with intact PVAT could be due to the different type of fat or, as
was also demonstrated, the reduced formation of NO by abdominal PVAT

compared to thoracic PVAT.

The results also showed that there was a significant decrease in NO production in
conditioned media derived from thoracic PVAT from KO mice compared to WT
mice; an effect not seen in abdominal PVAT (Figure 3-2 A). These data support
and add to the plethora of evidence that PVAT releases NO and has an
anticontractile effect in different vascular beds including human subcutaneous

vessels and internal mammary artery (Gao et al., 2005).
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What is yet unclear is what causes the differences in NO formation and how AMPK
is involved. However, changes in NOS expression could not account for the
differences in NO production as levels of eNOS were not different between
thoracic and abdominal PVAT and nor were they altered between genotypes
(Figure 3-3 A&B).

Apart from its role in regulation of cerebral blood flow, published evidence shows
that nNOS has a physiologically relevant role in the control of cardiovascular
haemostasis (Costa et al., 2016). Another study demonstrated that the presence
of functional nNOS in vascular cell lysates and the same study showed that
stimulation of vascular endothelial cells (HUVECs) with physiological
concentrations of estrogen rapidly increased activating phosphorylation of nNOS
and nNOS-dependent NO production (Lekontseva et al., 2011). Furthermore,
inhibition of iNOS with 1400W (a selective iNOS inhibitor) attenuated PVAT-
mediated hypo-contractility during sepsis (Awata et al., 2019). In the current
study neither nNOS nor iNOS could be detected in PVAT lysates from either depot
or genotype (Figure 3-3 C&D). This is unlikely to be due to a technical issue since
no iNOS or nNOS was detected even when the concentration of the protein loaded
was increased up to 60 ug per lane. Furthermore, it should be noted that to verify
the immunoreactivity of the iNOS and nNOS in our experiments, we used mouse
brain lysate as a positive control for nNOS and 3T3-L1 adipocyte lysate treated
with proinflammatory cytokines IL-1B as a positive control for iNOS. Given that,

PVAT-derived NO is therefore likely to be synthesised by eNOS in mouse aorta.

WT thoracic PVAT exhibited significantly increased eNOS activity (around 40%)
compared to KO PVAT (Figure 3-4) assessed by measuring the rate of conversion
of ["C]-L-arginine to ["C]-L-citrulline (Ladurner et al., 2012). In addition, eNOS
activity in abdominal PVAT was significantly decreased when compared to WT
thoracic PVAT suggesting that changes in eNOS activity rather than levels of eNOS
could account for the difference in NO production between thoracic and
abdominal PVAT.

Earlier evidence reported that eNOS is phosphorylated at multiple sites. While
phosphorylation of Seré'3, Ser633, and Ser''77 results in the activation of eNOS, the
phosphorylation of eNOS at Ser''® and Thr#%7 sites reduces eNOS activity (Fleming

et al., 2001, Kolluru et al., 2010). The reduced NO production in KO mice and in
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abdominal PVAT was not associated with altered levels of phosphorylated eNOS.
Furthermore, it has been suggested that dephosphorylation of eNOS at Thr49 is
implicated in the uncoupling of eNOS and the resulting enhanced production of
superoxide (0O27) instead of NO, a process which is implicated in atherosclerotic
lesion progression (Chen et al., 2008). In bovine aortic endothelial cells, humoural
factors like bradykinin stimulate NO synthesis by increasing phosphorylation of
eNOS at multi-sites including eNOS-Ser®33 and eNOS-Ser®'> in a Ca%*-dependent
manner (Michell et al., 2002). There were no differences in eNOS phosphorylation
at Ser'177 relative to total eNOS (Figure 3-5 A). Furthermore, neither Ser¢'> nor
Thr4%> phosphorylation could be detected in PVAT lysates from either depot or
genotype (Figure 3-5 B). Therefore, it is unlikely that altered eNOS
phosphorylation at these sites underlies the increased NOS activity in WT thoracic
PVAT.

We further aimed to study the effect of global AMPKa1 knockout on adipose tissue
by looking at phenotypic markers in thoracic, abdominal, mesenteric PVAT and
interscapular fat depots. This was performed by investigating the levels of UCP-1
(marker of BAT). Our results showed that thoracic PVAT and BAT have an elevated
level of UCP-1 both in WT and KO mice compared to abdominal aortic and
mesenteric PVAT which was composed mainly of WAT, as confirmed by low UCP-1
levels. The results suggest that deletion of AMPKa1 had no effect on phenotypic
features of the PVAT regardless of the depot (Figure 3-6 and Figure 3-7). These
results are consistent with earlier findings which reported that thoracic PVAT is
composed mainly of a BAT-like phenotype and that PVAT surrounding the
abdominal aorta consists mainly of WAT (Padilla et al., 2013). This phenotypic
characterization was done to investigate whether the difference in adipocyte type
could account for the difference in NO production observed between thoracic and
abdominal PVAT (Figure 3-2 and Figure 3-8).

Nevertheless, it is worth noting that previous studies demonstrate that PVAT can
have characteristics of both BAT and WAT, but this largely depends on the animal
strain, anatomical context, and the pathological state. In addition, investigating
the factors responsible for the phenotypic difference in the thoracic and
abdominal PVAT throughout the aorta and other arteries are an area of interest

because phenotypic differences in PVAT depots may contribute to differences in
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NO production and consequently the disease risk in blood vessels. A number of
studies have demonstrated a relationship between elevated PVAT volume and the
severity of coronary atherosclerosis, hypoadiponectinaemia, and other vascular
disease (Greif et al., 2009). However, in the current study there was no difference
in the level of UCP-1 between wild type and AMPKa1 deficient mice. Indeed,
earlier studies have proposed that mice with a global AMPKa1 knockout showed
no observable alteration in activities associated with BAT such as cold-induced
hyperphagia, chronic cold tolerance or acute non-shivering thermogenesis, and
that a compensatory upregulation in AMPKa2 expression may explain this lack of
effect (Bauwens et al., 2011). As we had shown previously that thoracic aortic
PVAT produces significantly more NO than abdominal PVAT in WT mice, but not in
KO mice we went on to investigate if this effect was also seen in other adipose
depots. NO production was reduced in BAT and mesenteric PVAT in KO mice
compared with WT. This suggests that AMPKa1 positively regulates NO synthesis
in several adipose tissue depots, including depots composed of predominantly
WAT.

Many studies reported that increased ROS production is associated with
endothelial dysfunction and further progression of vascular dysfunction. Increased
ROS generation decreases bioavailability of endothelium-derived NO and promotes
endothelial dysfunction which underlies the early stages of cardiovascular diseases
(Fisslthaler and Fleming, 2009). Decreased bioavailability of NO is also linked with
the generation of ROS in the vessel wall including peroxynitrite and Oz that leads
to development of endothelial dysfunction (Bouloumié et al., 1997). The sources
of these ROS are manifold but include eNOS uncoupling (Chen et al., 2014), and
peroxynitrite formation as a result of NO scavenging by superoxide (Cassuto et al.,
2014). Previous studies have demonstrated that AMPK has a protective role in the
regulation of vascular redox balance, reducing the formation of ROS by NADPH
oxidase and stimulating eNOS (Fisslthaler and Fleming, 2009). PVAT induces an
anticontractile effect via secreting vasodilator substances that include not only
NO but also H,0; (Gao et al., 2007). Earlier studies have reported that H,0, can
exert a positive regulatory effect on eNOS by protecting the Ca%*/CaM binding site
that is mediated by a JAK2 and CaM kinase llI-dependent pathway (Cai et al.,
2001). H202 levels were elevated in thoracic PVAT relative to abdominal PVAT in

WT mice while there was no statistically significant difference between H;0;
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production in thoracic and abdominal PVAT from KO mice (Figure 3-9 A). The
increased H20: levels in WT thoracic PVAT might therefore explain the increased
NO production in thoracic PVAT by H;0;-mediated protection of the Ca?*/CaM
binding site in eNOS.

Under normal physiological conditions, the detrimental effects of ROS in PVAT are
antagonized by several antioxidant enzymes such as CuZn-SOD, catalase, Mn-SOD
and glutathione peroxidase (Awata et al., 2019, Gao et al., 2006). In the current
study there were no differences in TBARS levels between PVAT depots or
genotypes (Figure 3-9 B). In agreement, a previous study showed that although
the relative expression levels of Mn-SOD and CuZn-SOD are different along the
aorta, the lipid peroxidation levels appear to be similar between PVAT from the
abdominal and thoracic aorta (Victorio et al., 2016). These findings emphasize the
specific regional roles of PVAT depots in the control of vascular function that can
drive differences in the susceptibility of the aorta to vascular injury such as

abdominal aortic aneurysm (AAA).

To examine whether the levels of reactive oxygen species, and in particular
superoxide, were different between genotypes or PVAT depots and whether this
might be involved in the modulatory action of PVAT on vascular function, we used
PEG-SOD (Beckman et al., 1988, Laurindo et al., 2008). In WT vessels PEG-SOD
significantly attenuated the maximal contraction to U46619 and a similar
attenuation of contraction was observed in response to PEG-SOD in KO thoracic
aortic rings (Figure 3-10). This partially agreed with a previous study showing that
PEG-SOD exerted greater attenuation of electrical field stimulation-induced
contraction in mesenteric vessel with intact PVAT (Gao et al., 2006). Suggesting
that PVAT from KO mice produce more superoxide compared with WT mice and

explaining the reduced anticontractile effect of KO PVAT.

Cav-1 binding to eNOS occupies the Ca?*/CaM binding site thereby reducing NO
production via its scaffolding domain (amino acids 82-101), (Razani et al., 2002).
An earlier study using co-immunoprecipitation combined with enzymatic assays
showed direct Cav-1/eNOS coupling followed by a reduction in NO production (Ju
et al., 1997). Previous reports have demonstrated that in endothelial cells the
interaction between eNOS and Cav-1 is importantly regulated by Ca?*/CaM, and

calmodulin disrupts the heteromeric complex formed between eNOS and Cav-1 in
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a Ca%*-dependent fashion (Michel et al., 1997). Another important question that
was addressed in the present study was whether deletion of AMPKa1 affects the
eNOS activity in PVAT via altering eNOS binding proteins such as Cav-1 and Hsp-
90. The role of AMPK in regulation of Cav-1/ eNOS binding and NO production by
PVAT has not been characterised previously. Our results showed that significantly
more Cav-1 was detected in abdominal PVAT from WT and KO mice compared with
thoracic PVAT (Figure 3-11 A), and that could explain the reduction in NO
production in abdominal PVAT compared with thoracic PVAT given Cav-1
negatively regulates eNOS activity and NO production (Bernatchez et al., 2011).
Furthermore, Cav-1 was detected in eNOS immunoprecipitates and levels of Cav-
1/ eNOS association were increased in abdominal PVAT relative to thoracic PVAT
of WT mice (Figure 3-11 B), consistent with the increased total Cav-1 levels in
abdominal PVAT lysates. Intriguingly, Cav-1/ eNOS association was markedly
increased in thoracic PVAT from KO mice compared with WT mice, which might
account for the reduction in NO production in KO thoracic PVAT compared with
WT. In line with the differences in NO production between WT PVAT and KO PVAT
and as we showed earlier that the elevated amount of Cav-1 in KO PVAT we also
investigated the levels of Cav1 gene expression in WT and KO mice, our result
demonstrated that Cavl mRNA levels were increased in KO PVAT compared to WT
PVAT and that consistent with increased total level of Cav-1 in KO thoracic PVAT
(Figure 3-12).

Along with known eNOS interactors such as Cav-1, other proteins were associated
with immunoprecipitated eNOS, including Hsp-90. Earlier experiments suggested
that the Hsp-90/eNOS interaction facilitates Ca2*/CaM displacement of Cav-1,
leading to an increased NO production (Sessa, 2004). In contrast, binding of Hsp-
90 to eNOS involves a complex system of protein-protein interactions: Hsp-70
coupling to Hsp-90 is essential to interact with eNOS; C-terminal Hsp-70-
interacting protein (CHIP) is important in regulating Hsp-70 and Hsp-90 binding
which reduces eNOS trafficking and downregulates NO production (Ramadoss et
al., 2013).

Hitherto, Hsp-90 coupling with eNOS in PVAT has not been investigated. Given
that the role of Hsp-90 in regulation of eNOS activity and NO production is not

well understood, we investigated and found that the level of Hsp-90 in abdominal

110



Chapter 3

PVAT both in WT and KO mice is greater than that in thoracic PVAT even though
less NO is produced by abdominal PVAT, while in eNOS immunoprecipitate we
could not observe any differences in the level of Hsp-90 between thoracic and
abdominal PVAT in both genotypes (Figure 3-13). Suggesting that Hsp-90 has less

effect on eNOS activity, and NO production compared with Cav-1.

Overall, these data are the first to specifically study the signalling function of
AMPK in regulating Cav-1 /eNOS binding in thoracic and abdominal PVAT in mice.
We have shown that thoracic PVAT synthesises more NO, likely due to increased
eNOS activity rather than levels of total eNOS, and possibly due to reduced
association with Cav-1 and/or H202-mediated protection of eNOS. The functional
data in mice aortic rings suggest that NO produced by PVAT is functionally
important in regulating vascular contractility. Collectively, these data raise the
possibility of studying the inhibitory influence of Cav-1 on eNOS without
interfering with the other actions of endogenous Cav-1. Knowing that aortic
atherosclerotic lesions and aneurysms are predominant in abdominal rather than
thoracic segment of the aorta, these findings highlight a new specific regional role
of PVAT depots in the control of vascular function that may drive differences in

susceptibility to vascular injury between these two parts of the aorta.
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Chapter 4 - Characterisation of nitric oxide
synthesis and Cav-1 /eNOS coupling in 3T3-L1
adipocyte.
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Chapter 4
4.1 Introduction

As demonstrated in Chapter 3, PVAT-derived NO is greater in thoracic aorta
compared with the abdominal aorta, an effect that was reduced in AMPKa1 KO
mice. Furthermore, this altered NO synthesis was associated with a different
adipocyte phenotype with altered Cav-1 levels and Cav1/eNOS association. This
implies that NO synthesis is altered during adipogenesis into different adipocyte

phenotypes and is regulated by AMPK and/or Cav-1.

Many cardiovascular diseases are associated with a reduction in NO bioavailability
including hypercholesterolaemia, hypertension and diabetes (Naseem, 2005).
There are many risk factors for cardiovascular diseases but one which is of
particular concern due to its widespread and increasing incidence is obesity.
Obesity is strongly linked to various health problems, including type 2 diabetes,
coronary artery disease, stroke and hypertension (Després et al., 2008). Evidence
linking obesity with NO production is widespread, with many studies suggesting
that the reduction in NO production in obesity is due to a reduction in endothelial
nitric oxide synthase (eNOS) activity (Ren et al., 2022). Brown adipose tissue is
distinguished by multilocular lipid droplets and high mitochondrial content, which
facilitate fat oxidation and heat generation. It is well known that increasing brown
fat content is correlated with increases in the metabolic rate and reductions in

metabolic disorders (Poher et al., 2015).

Furthermore, in 2012 a new type of brown-like adipocyte which is characterised
by transformation of white adipocytes to brown adipocyte-like cells (“beiging”)
was identified both mice and humans (Enerback, 2013). Nisoli et al. (1998)
showed that NO may play a significant role in proliferation and differentiation of
rat brown adipocytes in a culture medium and so could positively influence the
phenotype of adipose tissue. 3T3-L1 is an adipocytic cell line which is widely used
to study the adipogenesis process of white adipocytes (Vigilanza et al., 2011).
3T3-L1 differentiation is a convenient way to generate adipocyte-like cells and to
investigate adipogenic transcription factors, key molecular markers and the
multiple interactions required for adipogenesis. Therefore, in the context of this
thesis, it is of importance to understand the molecular mechanism underlying how
NO regulates adipose tissue under normal and oxidative stress conditions, the

latter of which contribute to metabolic dysregulation associated with obesity.
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Adipogenesis is accomplished using a hormonal differentiation cocktail (HDC) of
isobutylmethylxanthine (IBMX), insulin, troglitazone and dexamethasone. Adding
this cocktail triggers the preadipocytes to undergo growth arrest in the G1 phase
after which the cells undergo mitotic clonal expansion (MCE) (Tang et al., 2003).
In lin this period, early adipogenic transcription factors, including C/EBP-0,
Kruppel-like factor (KLF) 4, KLF5 and CCAAT/enhancer-binding protein (C/EBP)-B,
are gradually expressed (Wu and Wang, 2013), C/EBP-8 and C/EBP-0 stimulate
expression of adipocyte-specific transcription factors, such as C/EBP-a and
peroxisome proliferator-activated receptor (PPAR)-y. These factors play an
essential role in the control of adipocyte differentiation by controlling
downstream gene expression, including fatty acid synthase (FAS), perilipin,
adipocyte fatty acid binding protein 2 (aP2) and mainly acetyl-CoA carboxylase
(ACC), which subsequently promote lipid droplet formation in a mature adipocyte
(Rosen et al., 2000, Rosen and MacDougald, 2006).

Some studies have investigated the role of NO in adipogenesis and, interestingly,
in 3T3-L1 cells treated with an NO donor, the NO inhibits the activity of the
adipogenic transcription factor PPARy, which leads to a reduction in adipogenesis
(Kawachi et al., 2007). However, the mechanisms underlying this effect and the

role of eNOS during adipogenesis remain elusive.

Caveolin-1 (Cav-1) is a membrane protein associated with cholesterol distribution,
extracellular matrix organisation and endocytosis, cell migration and signalling.
(Nwosu et al., 2016). Most cell types contain caveolae but they are particularly
abundant in adipocytes, where they account for 30% of the plasma membrane
surface area (Fan et al., 1983). In adipocytes, Cav-1 is the isoform which is
responsible for caveolae formation (Scherer et al., 1994). It has been shown that
Cav-1 is an fundamental part of adipocytes caveolae which facilitates insulin
sensitivity during adipogenesis by binding the beta subunit of the insulin receptor
(IR) to the caveolae and therefore Cav-1 is an important mediator of the insulin
signalling pathway (Palacios-Ortega et al., 2014). In addition. caveolae have been
traditionally associated with trafficking of cholesterol and lipid, endocytosis and
exocytosis cycles, integration, compartmentalization of signal transduction
intermediates in adipocyte (Parton and Simons, 2007) but they also have an

important role in eNOS function.
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The role of Cav-1 in regulating eNOS function in adipocytes

Prior to this study, very little was known about eNOS and NO production and the
role of Cav-1 in regulating eNOS function in adipocytes. It has been reported that
TNF-a is able to slow down the pace of 3T3-L1 adipocyte differentiation in a
mechanism involving a reduction in total and phosphorylated Cav-1 and reduction
of insulin sensitivity to promote glucose uptake in these cells (Palacios-Ortega et
al., 2015). Furthermore, Cav-1 depletion accelerated insulin receptor and glucose
transporter-4 (Glut-4) degradation in 3T3-L1 adipocytes (Cohen et al., 2003);
(Gonzalez-Munoz et al., 2009). Even though Cav-1 deletion does not completely

block Glut-4 translocation to the plasma membrane (Yuan et al., 2007).

Additional studies have revealed that eNOS activity increases via interaction of
eNOS with heat shock protein-90 (Hsp-90) (Gupta et al., 2017), which promotes
conformational changes in eNOS and stabilises the haem moiety in NOS (Czekay et
al., 2011). Furthermore, Hsp-90 has been reported to interact and regulate eNOS
activity by recruiting kinases such as AMPK and Akt to phosphorylate eNOS at
multiple sites (Ser'177, Ser¢1>, Ser®33) and promote a dramatic increase in NO
synthesis (Fulton et al., 2004). However, to our knowledge, the current study is
the first to investigate the effect of Cav-1 in regulation of NO and eNOS activity

in adipocytes.
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4.2 Aims of the study

The purpose of this study was to characterise NO production in adipocytes in 3T3-
L1 cells. Also, we sought to investigate the influence of AMPK activity on NO

production in 3T3-L1 adipocytes.

4.3 Methods

4.3.1 Analysis of NO synthesis by 3T3-L1 preadipocytes and
adipocytes

In this study, nitric oxide (NO) synthesis by 3T3-L1 preadipocytes and adipocytes
was investigated. 3T3-L1 adipocytes were washed with and incubated for 2 h in
serum-free DMEM. The medium was removed and replaced with serum-free DMEM
containing test substances or vehicle for the indicated times. Aliquots of the
medium were collected after various incubation times, 4 volumes (1:4) of
methanol added and samples were then centrifuged. Supernatant was collected

and assayed for NOx content using a Sievers 280 NO Analyser.

4.3.2 3T3-L1 adipocyte culture

Preadipocytes were cultured in Corning T75 flasks in Dulbecco’s modified Eagles
medium (DMEM) supplemented with 10% (v/v) new-born calf serum (NCS) and 100
U/ml (w/v) penicillin and streptomycin. The cells were maintained at 37°C in a

humidified atmosphere, and the media was replenished every 48 hours.
Differentiation of 3T3-L1 Preadipocytes:

To induce differentiation, preadipocytes were grown to 100% confluence in DMEM
containing 10% (v/v) NCS. Post-confluence, the medium was replaced with
differentiation medium consisting of DMEM, fetal calf serum, 3-isobutyl-1-
methylxanthine, dexamethasone, troglitazone, and insulin. After three days in
this medium, it was replaced with DMEM supplemented with 10% (v/v) FCS alone.
Adipocytes were ready for experimentation 8-12 days after induction of

differentiation.
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Preparation of 3T3-L1 Cell Lysates:

Cells in 6-well plates were washed, incubated in serum-free DMEM, followed by
Krebs-Ringer Phosphate (KRP) buffer. Afterward, cell lysis buffer was added, and
the cell extract was collected, incubated, and centrifuged. The supernatants were

stored at -20°C for further use.

4.3.3 Confocal microscopy and staining

3T3-L-1 preadipocytes and adipocytes were cultured on 6-well plates with
sterilized 13 mm diameter glass coverslips and treated with MBCD for 6 hours.
Following treatment, cells were fixed using paraformaldehyde. Triton was used to
permeabilize cells. Cells were then incubated overnight with primary antibodies
(anti-eNOS and anti-Cav-1) prepared in IF buffer. Then incubated with secondary
antibodies for 1 hour in the dark. Then, coverslips were mounted on glass slides
using VECTASHIELD and stored overnight in the dark to dry. Immunolabeled
samples were analyzed using a Zeiss LSM 5 exciter laser scanning microscope. Co-
localization of eNOS with other proteins was assessed using ImageJ with the

BIOP/JACoP plug-in, calculating Pearson’s correlation coefficient.
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4.4 Results

4.4.1 Characterization of NOS levels and NO production during
3T3-L1 cell adipogenesis

As observed in chapter 3, there was a significant reduction in NO in abdominal
PVAT (WAT) compared with thoracic PVAT. This finding suggests that adipocyte
phenotype could have an influence on eNOS function and activity. To further
investigate this, NOS levels were studied by immunoblotting during 3T3-L1
adipogenesis from 3T3-L1 preadipocytes as described in the methodology chapter
(2.2.4.4). There was a significant reduction in the level of eNOS during 3T3-L1
adipogenesis (Figure 4-1 A), which correlated with a significant reduction in NO
production between day 0 and day 10 (Figure 4-1 B). The source of NO is likely to
be eNOS in 3T3-L1 preadipocytes as no immunoreactivity was observed throughout

adipogenesis using anti-iNOS and anti-nNOS antibodies (Figure 4-1 D).

It is obvious that further evaluation and analysis of the mechanisms underlying
this dramatic downregulation of eNOS protein expression are necessary. The data
indicates an absence of eNOS protein at day 3, despite the presence of detectable
NO production, suggesting the existence of small amounts of active NOS (eNOS,
NNOS or iNOS) could account for the NO production at this time point, or it may
just be that the antibodies are not sufficiently avid to detect very small levels of

protein.
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Figure 4-1: Levels of NOS isoforms and NO production during 3T3-L1 adipogenesis

3T3-L1 preadipocytes were differentiated into adipocytes and (A, C, D) lysates prepared at the indicated
days during adipogenesis. Lysates (20 ug) were resolved by SDS-PAGE and subjected to
immunoblotting with (A, C) anti-eNOS antibodies or (D) anti-iNOS and anti-nNOS antibodies. (A)
Quantification of the level of eNOS relative to total lysate protein was assessed with REVERT total
protein stain. Data shown is the mean £ SEM % day 0 eNOS levels from 3 independent experiments.
(B) Conditioned media from 3T3-L1 cells was collected for 1 h at the indicated times during adipogenesis
and assayed for NO + NO2" (NOXx) content using a Sievers 280 NO analyser. Data shown represent the
mean = SEM nmol NOx synthesis/mg protein/h from 4 independent experiments. (C, D) Representative
western blots and REVERT-stained blots. PC= positive control (for INOS 3T3-L1 adipocyte cells
incubated with IL-13 while for nNOS mouse brain lysate were used as a positive control). ****p<0.0001,

*p<0.05, Statistical significance was determined by one-way ANOVA (with Tukey’s test).
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4.4.2 Effect of IL-18 and TNF- a on NO production in 3T3-L1
preadipocytes and adipocytes

To examine whether iNOS-generated NO could be induced in 3T3-L1 preadipocytes
and adipocytes with proinflammatory cytokines, cells were incubated with
proinflammatory cytokines IL-18 or TNF-a and NO generated in conditioned media
was measured. Incubation of preadipocytes with 10 ng/ml of IL-18 for 24h did not
alter NO production, whereas 24h incubation with TNF-a significantly increased
NO production compared with control (Figure 4-1 A). In contrast, incubation of
3T3-L1 adipocytes with either cytokine for 24 h significantly stimulated NO
production (Figure 4-2 B).

>
oo

* %k
* %

n
o
]

H
o
1
(<2}
1

w
o
1
S
1

+
1

N
o
1

-
o
1

hd

1 1 1
control IL-1B  TNF-a

NOXx synthesis
(mean =+ SEM nmol/mg/hr)
NOXx synthesis
(mean = SEM nmol/mg/hr)

o

1
control IL-1B  TNF-a

o

Figure 4-2: Effect of IL-1B or TNF-a on NOx production in 3T3-L1 preadipocytes and
adipocytes

3T3-L1 (A) preadipocytes or (B) adipocytes were incubated with IL-13 or TNF-a (10 ng/ml) for 24 h, and
conditioned medium was collected. Medium was assayed for NO + NO2 (NOXx) content using a Sievers
280 NO analyser. Data shown represent the mean + SEM nmol NOx synthesis/mg protein/h from three
to four independent experiments. **p<0.01, Statistical significance was determined by one-way ANOVA
(with Tukey’s test).
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4.4.3 Effect of IL-18 and TNF- a on iNOS levels in 3T3-L1
preadipocytes and adipocytes

To determine whether the increased NO synthesis by 3T3-L1 adipocytes in
response to proinflammatory cytokines (Figure 4-2) was associated with altered
iNOS levels, 3T3-L1 preadipocytes and adipocytes were incubated in the presence
or absence of 10 ng/ml of IL-18 or TNF-a for 24 h. Cell lysates were collected and
subjected to SDS-PAGE prior to measurement of the iNOS protein levels by
immunoblotting. As shown in (Figure 4-3 A), incubation of preadipocytes with TNF-
a, but not IL-1B caused a significant increase in iNOS levels. In adipocytes, IL-18
caused a significant increase in iNOS levels after 24h but no effect was observed

in response to TNF-a (Figure 4-3 B).
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Figure 4-3: Effect of IL-1B or TNF-a on iNOS levels in 3T3-L1 preadipocytes and adipocytes

(A) 3T3-L1 preadipocytes or (B) adipocytes were incubated in the presence or absence of IL-13 or TNF-
a (10 ng/ml) for 24 h and lysates prepared. Lysates (20 ug) were resolved by SDS-PAGE and subjected
to immunoblotting with anti-iINOS antibodies. (A, B) Quantification of INOS levels. Data shown represent
the mean + SEM % control iINOS levels relative to the housekeeping protein B-actin from four
independent experiments. (C, D) Representative western blots. *p<0.05, Statistical significance was

determined by one-way ANOVA (with Tukey’s test).
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4.4.4 Disruption of caveolae in 3T3-L1 preadipocytes and
adipocytes using Methyl-B-cyclodextrin

Despite eNOS levels declining during 3T3-L1 adipogenesis, measurable levels of
NO are still synthesised by 3T3-L1 adipocytes. Caveolin-1 (Cav-1) is the main coat
protein of caveolae that has been demonstrated to associate with and
downregulate eNOS (Razani et al., 2001). To further assess the role of caveolin-1
in regulating eNOS activity and NO bioavailability in adipocytes, we studied the
effect of depletion of caveolae with methyl-B-cyclodextrin (MBCD) (Lee et al.,
2015). To investigate the extent of Cav-1/eNOS interaction in preadipocytes and
adipocytes, colocalization was studied by immunofluorescence confocal
microscopy. 3T3-L1 preadipocytes or adipocytes were cultured on glass coverslips
and exposed to (1 mM) MBCD for 6 h. There was a significant reduction in Cav-
1/eNOS colocalization in cells incubated with MBCD in both preadipocytes (Figure
4-4) and adipocytes (Figure 4-5).

The endothelial nitric oxide synthase (eNOS) remains inactive due to its direct
interaction with Cav-1 via the caveolin scaffolding domain (CSD). Consistent with
previous reports reduced Cav-1 expression in cells increases the activity of eNOS
and NO production, this implies Cav-1 plays a role as a fundamental regulator of
eNOS activity. The relative scarcity of Cav-1 in contrast to the abundant
expression of eNOS presents an intriguing aspect about their interactions within
caveolae. However, it's essential to differentiate between eNOS protein levels and
its functional activity. While reduced Cav-1 levels might influence eNOS activity,
this difference doesn't directly account for the eNOS activity this discrepancy
implies the involvement of additional regulatory mechanisms or factors
influencing eNOS stability or pathways of degradation. Various factors, such as
post-translational modifications, proteolytic processes, or alterations in cellular
signalling cascades, could contribute to this observed difference. Furthermore,
the dynamic nature of caveolae and their structural proteins suggests the
regulatory mechanisms that affect eNOS protein turnover and functionality
(Harding et al., 2018, Chen et al., 2018).
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Figure 4-4: Methyl-B-cyclodextrin reduces Cav-1/ eNOS co-localisation in 3T3-L1
preadipocytes

3T3-L1 preadipocytes were incubated in the presence or absence of MBCD (1 mM) for 6 h.
Coverslips of 3T3-L1 cells were incubated with anti-Cav-1 and anti-eNOS antibodies and analysed
by immunofluorescence confocal microscopy. Representative micrographs from (A) control and (B)
MBCD-treated cells. DAPI was used to stain cell nuclei. Scale bar = 20 um. (C) Quantification using
Pearson’s correlation coefficient from three biological replicates with 50 cells per group. * p<0.05,

Statistical significance was determined by Student’s t-test (unpaired).
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Figure 4-5: Methyl-B-cyclodextrin reduces Cav-1/ eNOS co-localisation in 3T3-L1 adipocytes

3T3-L1 adipocytes were incubated in the presence or absence of MBCD (1 mM) for 6 h. Coverslips
of 3T3-L1 cells were incubated with anti-Cav-1 and anti-eNOS antibodies and analysed by
immunofluorescence confocal microscopy. Representative micrographs from (A) control and (B)
MBCD-treated cells. DAPI was used to stain cell nuclei. Scale bar = 20 um. (C) Quantification using
Pearson’s correlation coefficient from three biological replicates with 50 cells per group. * p<0.05

compared to control. Statistical significance was determined by Student’s t-test (unpaired).
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4.4.5 Methyl-B-cyclodextrin increases NO synthesis in 3T3-L1
preadipocytes and adipocytes

As MBCD disrupted Cav-1 co-localisation with eNOS, the effect of MBCD on NO
production in preadipocytes and adipocytes was examined. To determine the most
suitable conditions for this experiment, the cells were incubated with a series of
concentrations of MBCD between (0.1 mM to 5 mM) and different time points (2
h, to 24 h). The results from these optimization experiments guided the selection
of the concentration and incubation time used in these experiments. Incubation
of 3T3-L1 preadipocytes or adipocytes with MBCD (1 mM) for 6 h was associated
with significant increases in NO production both in preadipocytes and adipocytes
(Figure 4-6 A&B), without altering total cellular Cav-1 levels (Figure 4-6 C&D).
Therefore, these data suggest that any NO synthesised is likely to be generated
by eNOS in 3T3-L1 adipocytes as MBCD did not increase iNOS levels (Figure 4-6
E&F).
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Figure 4-6: Disruption of caveolae with methyl-B-cyclodextrin increases NO synthesis by
preadipocytes and adipocytes

3T3-L1 preadipocytes (A, C, E) or adipocytes (B, D, F) were incubated in the presence or absence
of MBCD (1 mM) for 6 h, and (A, B) conditioned medium was collected. Medium was assayed for NO
+ NO2 (NOx) content using a Sievers 280 NO analyser. Data shown represent the mean + SEM
nmol NOx synthesis/mg protein/h from (A) 4 or (B) 8 independent experiments. Lysates from
preadipocytes (C & E) or adipocytes (D & F), (20 ug) were resolved by SDS-PAGE and
immunoblotted with anti-caveolin-1 (Cav-1) antibodies. (C, D) Quantification of mean + SEM %
control Cav-1 relative to total lysate protein assessed with REVERT total protein stain. (E & F)
Representative images from 4 independent experiments. *p<0.05, **p<0.01, Statistical significance

was determined by Student’s t-test (unpaired).

126



Chapter 4

4.4.6 Effect of geldanamycin on NO production in both
preadipocytes and adipocytes

It has been demonstrated that Hsp-90 plays an important role in the maintenance
of dimer structure and activity of eNOS (Chen et al., 2014). Given that, it was of
interest to investigate the role of Hsp-90 in the regulation of NO production in
3T3-L1 preadipocytes and adipocytes using the Hsp-90 inhibitor geldanamycin
(Miyata, 2005). 3T3-L1 preadipocytes and adipocytes were incubated with
geldanamycin (10 pM) for 6h and NO generated in conditioned media was
measured. Geldanamycin had no effect on NO synthesis in either cell type (Figure
4-7 A&B).
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Figure 4-7: Effect of geldanamycin on NOx production in 3T3-L1 preadipocytes and
adipocytes

3T3-L1 (A) preadipocytes (B) adipocytes were incubated in the presence or absence of geldanamycin
(10 uM) for 6 h and conditioned medium was collected. Medium was assayed for NO + NOz (NOx)
content using a Sievers 280 NO analyser. Data shown represent the mean + SEM nmol NOx

synthesis/mg protein/h from 6-7 independent experiments.
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4.4.7 Effect of AMPK activation by compound 991 on NO
production in 3T3-L1 preadipocytes and adipocytes

In chapter 3, PVAT from AMPK KO mice produced less NO compared with PVAT
from WT mice. AMPK activation has been previously reported to increase NO
synthesis in several cell types, yet it is unknown whether AMPK activation
increases NO synthesis in 3T3-L1 preadipocytes and adipocytes. The selective,
direct allosteric AMPK activator, compound 991 (Willows et al., 2017a) was
therefore used to activate AMPK in 3T3-L1 cells. 3T3-L1 preadipocytes and
adipocytes were incubated with (5 pM) compound 991 for 6 h, and NO generated
in conditioned media was measured. To assess AMPK activation, the
phosphorylation of the AMPK substrate, acetyl CoA carboxylase (ACC) at Ser’® was
determined by western blotting. There was a significant increase in
phosphorylation of ACC following compound 991 treatment compared with control
both in preadipocytes and adipocytes (Figure 4-8 A&B). Compound 991 increased
NO production in preadipocytes, but the effect did not achieve statistical
significance, while it had no effect on NO production in adipocytes (Figure 4-9
E&F).
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Figure 4-8: Effect of Compound 991 on ACC phosphorylation and NOx production in 3T3-L1
preadipocytes and adipocytes

3T3-L1 preadipocytes (A & C) or adipocytes (B & D) were incubated with compound 991 (5 uM) for 6h
and lysates prepared. Lysates (20ug) were resolved by SDS-PAGE and subjected to immunoblotting
with the indicated antibodies. (A, B) Quantification of phospho-ACC S79 (pACC S™) normalized to total
ACC levels. Graphs show mean + SEM % control phosphorylation from four to six independent
experiments. (C& D) Representative western blots. Conditioned medium was collected from (E)
preadipocytes and (F) adipocytes and assayed for NO + NO2z (NOx) content after stimulation in the
presence or absence of 5 uM compound 991 for 6h using a Sievers 280 NO analyser. Data shown
represent the mean £ SEM nmol NOx synthesis/mg protein/h from five to six independent experiments.

**p<0.01, Statistical significance was determined by Student’s t-test (unpaired).

129



Chapter 4

4.4.8 Effect of AICAR and A769662 on NO production in 3T3-L1
preadipocytes and adipocytes

Compound 991 has previously been demonstrated to have higher potency for AMPK
complexes containing the B1 regulatory subunit (Ngoei et al., 2018), yet studies
in our laboratory have indicated that 3T3-L1 adipocytes have substantial AMPK
activity due to complexes containing the B2 regulatory subunit (Katwan et al.,
2019). To further study the potential effect of AMPK on NO production in 3T3-L1
cells, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) and A769662 were
also used. AICAR is an adenosine analogue which enters cells via adenosine
transporters and is phosphorylated to the nucleotide ZMP, which mimics the effect
of AMP on AMPK, thereby activating AMPK complexes containing both 81 and B2
regulatory subunits. A769662 is similar to compound 991, a direct allosteric
activator of AMPK that is selective for complexes containing the B2 regulatory
subunit (Strembitska et al., 2018). Cultured 3T3-L1 cells were pre-incubated with
either AICAR (2 mM) for 6 h or A769662 (300 uM) for 6 h. AICAR significantly
increased ACC phosphorylation both in preadipocytes and adipocytes compared
with control, whereas A769662 caused a trend towards increased phosphorylation
which was not significant (Figure 4-9 A &B). AICAR stimulated NO production in
preadipocytes and adipocytes, but this did not achieve statistical significance,
while A769662 had no effect on NO production in preadipocytes and adipocytes
(Figure 4-9 E &F).
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Figure 4-9: Effect of AICAR and A769662 on ACC phosphorylation and NO production in
3T3-L1 preadipocytes and adipocytes

3T3-L1 preadipocytes (A & C) or adipocytes (B & D) were incubated with AICAR or A769662 for 6 h,
and lysates prepared. Lysates (20ug) were resolved by SDS-PAGE and subjected to immunoblotting
with the indicated antibodies. (A, B) Quantification of phospho-ACC S79 (pACC S7°) normalized to
total ACC levels. Graphs show mean £+ SEM % control phosphorylation from four independent
experiments. (C & D) Representative western blots. (A & B) Phosphorylation of ACC S79 (pACC S79)
was analysed by western blot of whole lysates normalized to total ACC levels. All graphs show mean
+ SEM of AICAR and A769662-stimulated phosphorylation from four independent experiments.
Conditioned medium was collected from (E) preadipocytes and (F) adipocytes and assayed for NO
+ NO2 (NOX) content after stimulation in the presence or absence of for AICAR (2 mM) or A769662
(300 uM) for 6h using a Sievers 280 NO analyser. Data shown represent the mean + SEM nmol NOx
synthesis/mg protein/h from six independent experiments. **p<0.01, ***p<0.001. Statistical

significance was determined by two-way ANOVA (with Tukey’s test).
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4.4.9 Effect of compound C on NO production in 3T3-L1
preadipocytes and adipocytes

Compound C (CC) is an AMPK inhibitor and has been widely used as an
experimental tool to block the effects of AMPK activators such as AICAR (Zhou et
al., 2001). Here we sought to investigate the effect of CC-related AMPK inhibition
on the extent of NO production by 3T3-L1 preadipocytes and adipocytes. CC (60
UM) for 6 h significantly reduced ACC phosphorylation in adipocytes; however, it
had no effect in preadipocytes (Figure 4-10 A&B). Furthermore, CC had no effect
on NO production in 3T3-L1 preadipocytes or adipocytes (Figure 4-10 E & F).
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Figure 4-10: Effect of compound C on ACC phosphorylation and NO production in 3T3-L1
preadipocytes and adipocytes

3T3-L1 preadipocytes (A & C) adipocytes (B & D) were incubated with (60uM) compound C for 6 h and
lysates prepared. Lysates (20ug) were resolved by SDS-PAGE and subjected to immunoblotting with
the indicated antibodies. (A, B) Quantification of phospho-ACC S (pACC S7°) normalized to total ACC
levels. Graphs show mean + SEM % control phosphorylation from three independent experiments. (C &
D) Representative western blots. Conditioned medium was collected from (E) preadipocytes and (F)
adipocytes and assayed for NO + NO2" (NOx) content after stimulation in the presence or absence of
(60) uM compound C for 6h, using a Sievers 280 NO analyser. Data shown represent the mean + SEM
nmol NOx synthesis/mg protein/h from three independent experiments. *p<0.05. Statistical significance

was determined by Student’s t-test (unpaired).
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4.5 Discussion

This study investigated NOS levels, in particular eNOS, and NO production during
adipogenesis in 3T3 adipocytes. In addition, the role of AMPK in NO production
was studied using AMPK activators A769662, AICAR, and compound 991 as well as
compound C as an AMPK inhibitor. To investigate the regulation of NO formation
by Cav-1 and its co-localisation with eNOS in 3T3-L1 preadipocytes and adipocytes,
the cell membrane cholesterol disrupter compound MBCD and Hsp-90 inhibitor
geldanamycin were used. The principal findings in this chapter are that eNOS
levels were markedly reduced during adipogenesis after day 3 and consistent with
that, the level of NO production was reduced during adipogenesis. NO production
can be attributed largely to eNOS activity as no immunoreactivity was observed
throughout adipogenesis for other NOS isoforms (iNOS and nNOS). However, iNOS
could be induced by incubating both preadipocytes and adipocytes with IL-18 or
TNF-a and this resulted in increased NO production. Incubation of 3T3-L1
preadipocytes or adipocytes with MBCD was associated with a noticeable reduction
in Cav-1/eNOS colocalization and a significant increase in NO production both in
preadipocytes and adipocytes compared with non-treated cells. Finally,
stimulation of AMPK with compound 991 and AICAR increased ACC phosphorylation
without altering the levels of NO production in 3T3-L1 adipocytes, whereas

compound C inhibited AMPK activity without altering NO production.

Initial studies were undertaken to measure the levels of eNOS and NO production
during adipogenesis. This study showed that there was a significant reduction in
the level of eNOS during 3T3-L1 adipogenesis, this was consistent with a significant
reduction in NO production during adipogenesis (Figure 4-1 A). During adipogenesis
the levels of eNOS were reduced and became undetectable by immunoblotting.
Interestingly, since NO was still measurable after day 6, despite blots showing
undetectable eNOS expression, there must still be small amounts of active eNOS
in the cells at this time point. In addition, any NO synthesised is likely to be
generated by eNOS in 3T3-L1 adipocytes as no immunoreactivity was observed
throughout adipogenesis using anti-iNOS and anti-nNOS antibodies (Figure 4-1 D).
This is consistent with a previous study showing that neither iNOS nor nNOS was
detected in either 3T3-L1 preadipocytes or differentiating adipocytes (Yamada et
al., 2015).
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In previous studies it has been demonstrated that lipopolysaccharide (LPS) and
several proinflammatory cytokines induce iNOS in 3T3-L1 adipocytes which
mediates downregulation of leptin induced by an IFN-y-LPS mixture (Unno et al.,
2006). The data demonstrated that NO derived from iNOS mediates
downregulation of the inflammatory response to external stimuli, indicates the
important role of NO in adipocyte function. It was therefore of importance to
confirm whether stimulation of iNOS upregulation by either IL-18 or TNF-a in 3T3

cells leads to the release of a measurable amount of NO into the culture medium.

In this study, we have shown that incubation of preadipocytes with IL-18 has no
effect on NO production and does not alter iNOS levels. This could be due to a
lack of IL-1B signalling in preadipocytes, presumably upstream of transforming
growth factor beta activated kinase-1 (TAK1) and I-kappa B kinase complex (IKK),
which are used by both IL-18 and TNF-a in proinflammatory signalling. In contrast,
an earlier study demonstrated that human preadipocytes are highly sensitive to
IL-1B after 24 h of treatment (Alomar et al., 2016), whereas TNF-a significantly
increased NO production (Figure 4-2 A &B) consistent with the increase in iNOS
levels in preadipocytes compared with untreated cells (Figure 4-3 A). In
adipocytes, incubation with IL-18 significantly increases NO (Figure 4-2 B) and

iNOS levels (Figure 4-3 B), compared to the basal level, after 24h of treatment.

These data are partially inconsistent with a recent study which showed that IL-18
induces high iNOS expression in 3T3-L1 preadipocytes, which largely depends on
the activities of PKCs, JAKs/STATs and Src kinase (Park et al., 2021). However,
the ability of the proinflammatory cytokines studied here to induce iNOS
expression in mature 3T3-L1 adipocytes and human preadipocytes remains elusive.
Other cytokines have been studied and another group demonstrated a 12-fold
increase in NO production by incubation of adipocytes with IFN-y and a 10-fold

increase in NO production in cells preincubated with LPS (Kapur et al., 1999).

Caveolin-1 is the main coat protein of caveolae. The effect of depletion of
caveolae from the cell membrane with MBCD has been previously demonstrated
to down-regulate Cav-1in human dermal fibroblasts (Lee et al., 2015). In addition,
It has been shown that eNOS localisation influences the enzyme’s activity and NO
production in endothelial cells (Chakraborty and Ain, 2017). Given that, eNOS

translocation to the plasma membrane leads to its association with Cav-1 which
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contributes to reduced enzymatic activity and consequently reduced NO
production (Wang et al., 2009). It is well known that under normal conditions
eNOS undergoes a dynamic spatio-temporal subcellular translocation from cell
membrane to Golgi apparatus and consequently, eNOS localised within the cell
membrane also undergo internalisation from the plasma membrane to the
cytoplasm after activation. Therefore, trafficking and localisation of eNOS may be
essential for its activity (Ortiz and Garvin, 2003, Dudzinski et al., 2006). In
addition, another group showed that intracellular localisation of eNOS in the
cytoplasm regulates its activity (Fulton et al., 2004). To date, it appears that very
little has been done to investigate the subcellular colocalization of Cav-1 and

eNOS in adipocytes, therefore it is an important area for further investigation.

In the present study 3T3-L1 preadipocytes and adipocytes had a significant
reduction in Cav-1/eNOS colocalization in cells incubated with MBCD compared
with control (Figure 4-4 and Figure 4-5), indicating that cholesterol depletion with
MBCD may disrupt the Cav-1/eNOS coupling leading to a reduction in the
colocalization. In addition, incubation of either 3T3-L1 preadipocytes or
adipocytes with MBCD was associated with a significant increase in NO production
(Figure 4-6 A&B) but without any alteration in the total cellular Cav-1 levels
(Figure 4-6 C&D). To rule out the possibility that the increase in NO production
was generated by isoforms other than eNOS, the level of iNOS and nNOS was
assessed and neither of them could be detected in 3T3-L1 lysates incubated with
MBCD (Figure 4-6 E&F). This strongly suggests that the NO produced is most likely
due to the eNOS activity.

Hsp-90 is one of a number of abundant molecular chaperones involved in various
cellular processes including: post-translational modification, protein folding and
cellular differentiation (Hu et al., 2020). Although the role of Hsp-90 in regulating
eNOS activity in endothelial cells has been partially studied, its role in regulation
of eNOS activity in adipocytes remains elusive. It was demonstrated in chapter 3
that abdominal PVAT expresses more Hsp-90 in an eNOS immunoprecipitate
compared with thoracic PVAT, so the question raised here was whether the
reduction in NO production in abdominal PVAT is linked with the elevated levels

of Hsp-90. In addition, it was found that geldanamycin had no effect on NO
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production both in 3T3-L1 preadipocytes and adipocytes compared with control
(Figure 4-7 A&B). These data suggest that Hsp-90 has either little or negligible

effect on eNOS function in adipocytes.

Previous studies have shown that AICAR stimulates an increase in AMPK activation
in rat primary and human adipocytes and reduces isoproterenol-stimulated
lipolysis (Daval et al., 2005, Bourron et al., 2010). While in 3T3-L1 adipocytes
AICAR and A769662 do not inhibit glucose uptake in an AMPK-independent manner
(Kopietz et al., 2021). In addition, Stimulation of 3T3-L1 adipocytes with either
AICAR or A769662 significantly stimulated AMPK activity (Salt et al., 2000, Mancini
et al., 2017). In our study we used A769662 which is a thienopyridone compound
has been widely used as an AMPK activator (Cool et al., 2006), It activates AMPK
reversibly in an allosteric manner and only activates AMPK heterotrimers
containing the B1 subunit and to some extent by protecting AMPK from Thr'72
dephosphorylation (Goransson et al., 2007, Scott et al., 2008). However, to date
the effect of AICAR and A769662 on eNOS activity and NO production in adipocytes
has not been investigated. The current study found that AICAR significantly
increased ACC Ser’® phosphorylation both in preadipocytes and adipocytes
compared with control, while A769662 increase the ACC phosphorylation in both
cells, albeit not significantly (Figure 4-9 A &B). It is probable that a high degree
of basal AMPK activation or the difference between preadipocytes and adipocytes
could account for the modest effect of AICAR and A769662 in this experiment;
alternatively, A769662 may not be particularly effective in preadipocytes.

Most of the previous studies which have attempted to determine the role of AMPK
in regulating NO function have been conducted in endothelial cells rather than
adipocytes. However, in endothelial cells there are many lines of evidence to
suggest that AICAR-stimulated NO production is mediated by AMPK via increased
phosphorylation at Ser''77 and activation of eNOS (Morrow et al., 2003). Other
studies have demonstrated that AMPK activation by AICAR restores impaired
relaxation in mesenteric arteries from a rat model of type 2 diabetes via reduced
oxidative stress, increased expression of cyclooxygenase-2 protein but without
altering eNOS expression (Fisslthaler and Fleming, 2009). Here we have

demonstrated that AICAR increases NO production in preadipocytes compared with
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control but not to a statistically significant level, while A769662 had no effect on

the NO production in preadipocytes or adipocytes (Figure 4-9 E&F).

Recently, compound 991, a benzimidazole derivative AMPK activator with greater
potency, has been developed, it has a mode of action similar to that of A769662
(Xiao et al., 2013). Although A769662 only activates AMPK B1 complexes,
compound 991 stimulates B1- and B2-containing complexes but with a preference
toward B1, at least in vitro (Xiao et al., 2013, Lai et al., 2014). Our data found
that both in preadipocytes and adipocytes there was a significant increase in
phosphorylation of ACC following compound 991 treatment compared with control
(Figure 4-8 A&B), also compound 991 increased NO production in preadipocytes,
but the effect did not achieve statistical significance, while it had no effect on

NO production in adipocytes (Figure 4-9 E&F).

Compound C is a widely used AMPK inhibitor, although it is not an AMPK specific
inhibitor and also inhibits other protein kinases including phosphorylase kinase
(PHK), MAPK interacting-kinase 1 (MNK1), ERK 8 and sarcoma kinase (Src) (Bain et
al., 2007). Previous studies have investigated the effect of compound C on
adipogenesis (Nam et al., 2008), however, our study is the first to examine the
effect of compound C on NO production in preadipocytes and adipocytes. It was
found that although compound C significantly reduced ACC phosphorylation in
adipocytes, but it had no effect on ACC phosphorylation in preadipocytes (Figure
4-10 A&B). Also, NO production was not altered in either preadipocytes and
adipocytes (Figure 4-10 E&F), and that could be due the lack of activity or poorly
selective nature of this compound for AMPK (Bain et al., 2007).

In summary, this chapter demonstrated that there was a significant reduction in
the level of eNOS during 3T3-L1 adipogenesis and this correlated with a significant
reduction in NO production during adipogenesis. In addition, incubation of 3T3-L1
preadipocytes or adipocytes with MBCD was associated with a significant increase
in NO production both in preadipocytes and adipocytes via a mechanism likely to
be due to disrupting the binding between Cav-1 and eNOS, a conclusion backed-
up by the data from the colocalization studies. Taken together, the evidence
suggests that manipulating Cav-1/eNOS binding in adipocytes may have beneficial
effects in restoration of NO production under conditions or diseases associated

with impaired NO bioavailability.
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Chapter 5 - Investigating the role of caveolin-1 in
the regulation of nitric oxide synthesis by PVAT
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5.1 Introduction

In Chapters 3 and 4, it was observed that PVAT generated NO and that this is
reduced in AMPKa1 KO mice compared to WT mice. These changes were associated
with altered regulation of vessel tone by PVAT, suggesting that PVAT-derived NO
is capable of meaningfully regulating vascular tone. In addition, as shown in
chapter 4, incubation of 3T3-L1 preadipocytes or adipocytes with MBCD was
associated with a noticeable reduction in Cav-1/eNOS colocalization compared
with non-treated cells and this was associated with a significant increase in NOx
production both in preadipocytes and adipocytes. eNOS is regulated via multiple
processes at various levels including protein-protein interactions and
posttranslational modifications such as phosphorylation (Garcia et al., 2020b). The
regulation of NO and eNOS within PVAT is, however, much less well characterised.
As discussed previously, eNOS function is negatively regulated via Cav-1 binding
to plasmalemmal anchored eNOS (Hashimoto et al., 2016). Other intracellular
proteins have also been shown to regulate eNOS such as Hsp-90, which positively
regulates eNOS activity (Gupta et al., 2017), by promoting conformational changes
and stabilising the haem moiety in eNOS (Czekay et al., 2011). Furthermore, Hsp-
90 has been reported to interact and regulate eNOS activity by recruiting kinases
such as AMPK and Akt to phosphorylate eNOS at multiple sites (Ser'177, Ser6'3,

Ser633) and promote an increase in NO synthesis (Fulton et al., 2004).

Given that little is known concerning the potential role of Cav-1 in regulating eNOS
activity and NO production in adipocytes and PVAT. Therefore, it is of interest to
study whether AMPK regulates Cav-1/eNOS binding as well as the role of Cav-1 in
regulating eNOS function in PVAT tissue from WT and AMPK~- KO mice.
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5.2 Aims of the study

1- To assess whether AMPK regulates Cav-1/eNOS binding in PVAT.

2- To assess whether disruption of the Cav-1/eNOS binding in PVAT using a mutant
peptide Cav-1 scaffolding peptide (CAV-AP) alters the anticontractile action of
PVAT and whether any effect observed is affected by AMPKa1-- knockout.

5.3 Methods

5.3.1 Analysis of NO synthesis by PVAT and other adipose tissue
depots

In this study, adipose tissue from WT and KO mice was collected and incubated in
an oxygenated physiological buffer solution to assess the production of nitric oxide
(NO) by the perivascular adipose tissue (PVAT). Conditioned media from the
incubation were collected and assayed for NO + NO2™ content using a NO analyser.
The NO analyser calculated the amount of NO produced by measuring the presence
of NO2- in the conditioned medium. To validate the NO2" reduction, a reducing
agent was added to the purge vessel, and the NO analyser measured the resulting

chemiluminescence signal converted into an electrical potential.

5.3.2 Functional studies (wire myography)

In functional studies using wire myography, thoracic and abdominal aortae from
WT and KO mice were dissected and mounted in a four-channel small vessel wire
myograph. The vessels were pre-sensitized and constricted with U46619, followed
by the creation of cumulative dose-response curves. The effect of the CAV-AP

mutant peptide on vascular reactivity was also studied.

5.3.3 Immunoprecipitation

Immunoprecipitation was carried out using Protein A-conjugated magnetic beads
and specific antibodies. Magnetic beads were suspended in PBS, and 100 pL (1 mg)
was transferred to 1.5 mL tubes. After magnetization, the supernatant was
discarded, and the beads were washed three times. Subsequently, 1 pg of anti-

eNOS antibody was added to each 1 mg of beads, and the mixture was incubated
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for 1 hour at room temperature. Following incubation, beads were washed three
times with IP buffer. Cell lysate was introduced to the beads/antibodies complex
and incubated overnight at 49C. After magnetization, supernatants
(immunodepletes) were collected. Beads washes with IP buffer. The elution step
involved the addition of 40 pL sample buffer, followed by a 10-minute incubation
at 70°C. The eluted samples were then resolved by SDS-PAGE to detect the target
proteins.

5.3.4 Confocal microscopy and staining

Confocal microscopy and staining techniques were employed to examine the
cellular localization and co-localization of target proteins.3T3-L-1 preadipocytes
and adipocytes were cultured on 6-well plates with sterilized 13 mm diameter
glass coverslips and treated with either CAV-AP for 6 hours. Following treatment,
cells were fixed using paraformaldehyde. Triton was used to permeabilize cells.
Cells were then incubated overnight with primary antibodies (anti-eNOS and anti-
Cav-1) prepared in IF buffer. Then incubated with secondary antibodies for 1 hour
in the dark. Then, coverslips were mounted on glass slides using VECTASHIELD and
stored overnight in the dark to dry. Immunolabeled samples were analyzed using
a Zeiss LSM 5 exciter laser scanning microscope. Co-localization of eNOS with other
proteins was assessed using ImageJ with the BIOP/JACoP plug-in, calculating

Pearson’s correlation coefficient.
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5.4 Results

5.4.1 Effect of compound C and SBI-0206965 on the level of
phospho-Acetyl-CoA Carboxylase

It has been previously demonstrated in chapter 3 that Cav-1/eNOS association was
markedly increased in thoracic aortic PVAT from KO mice compared to WT mice,
an effect that corresponded with reduced NO production in PVAT from KO mice.
Therefore, to investigate the mechanism of the reduced NO production, it was of
interest to first determine whether AMPK inhibition alters Cav-1/eNOS binding in
thoracic and abdominal PVAT from WT mice. Compound C (dorsomorphin) is an
AMPK inhibitor widely used in cell-based, biochemical and in vivo assays to study
cellular function of AMPK (Liu et al., 2014), although it is poorly selective for
AMPK, inhibiting many other kinases more potently (Bain et al., 2007). More
recently the Unc-51-like kinase (ULK1) inhibitor SBI-0206965 has been reported to
show greater selectivity for AMPK than compound C, inhibiting AMPK and ULK1 at
similar concentrations (Dite et al., 2018). To examine whether AMPK was inhibited
by compound C or SBI-0206965 in PVAT, thoracic and abdominal PVAT were
incubated with compound C (60 pM) or SBI-0206965 (30 pM) for 1h and the
phosphorylation of the AMPK substrate, acetyl CoA carboxylase (ACC) at Ser”®
determined by western blotting. There was an approximate two-fold reduction in
phosphorylation of ACC following incubation with either compound C or SBI-
0206965 both in thoracic and abdominal PVAT (Figure 5-1 A).

143



Chapter 5

* % * %
150= ! I
£
[
o
o
5 100~ pes pee
© A
"6 u
e
O 504
& -
o
0 1 1 1 1 1 1
Ctrl CC SBI Ctrl CC SBI
Thoracic Abdominal
Thoracic Abdominal

pACC S79

Total
protein

Figure 5-1: Effect of compound C and SBI-0206965 on ACC phosphorylation in thoracic and

Control cC SBI

Control CcC SBI

abdominal PVAT

Thoracic and abdominal aortic PVAT was incubated with (60 uM) compound C (CC) or (30 uM) SBI-
0206965 (SBI) for 1 hr and lysates prepared. Lysates containing 20ug of protein were resolved by
SDS-PAGE and immunoblotted with antibodies to phospho-Ser™ ACC (pACC). (A) Quantification of
ACC -Ser” phosphorylation relative to total lysate protein was assessed with REVERT total protein
stain (mean £ SEM % relative to control ACC phosphorylation) from three independent experiments.
(** p < 0.01). Statistical significance was determined by one-way ANOVA (with Tukey’s test). (B)

Representative immunoblots and total protein-stained blots are shown, with the molecular masses

of marker proteins shown (kDa).
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5.4.2 Effect of compound C and SBI-0206965 on Cav-1/eNOS and
Hsp-90/eNOS binding in thoracic and abdominal PVAT

To further investigate the effect of AMPK inhibition on the level of Cav-1 and Hsp-
90 binding to eNOS, PVAT was incubated in the presence or absence of compound
C or SBI-0206965 as described in (section 5.3.1). The levels of Cav-1 and Hsp-90
associating with eNOS was assessed by immunoblotting of anti-eNOS
immunoprecipitates. Cav-1 and Hsp-90 were both detected in anti-eNOS
immunoprecipitates, but the extent of Cav-1/eNOS association was not
significantly altered in abdominal and thoracic PVAT incubated with compound C
or SBI-0206965 (Figure 5-2 A&B). Similarly, neither compound C nor SBI-0206965
altered Hsp-90/eNOS binding in thoracic and abdominal PVAT (Figure 5-2 C&D).
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Figure 5-2: Effect of compound C or SBI-0206965 on Cav-1 and Hsp-90 binding to eNOS in
thoracic and abdominal PVAT

Thoracic (A) and abdominal (B) aortic PVAT was incubated with (60 uM) compound C or (30 uM)

SBI-0206965 for 1 hr and lysates prepared. PVAT lysates (250 pg) were immunoprecipitated with

anti-eNOS antibodies. Immunoprecipitated proteins were resolved by SDS-PAGE and

immunoblotted with the indicated antibodies. Graphs shown represent the mean + SEM of (A&B)
Cav-1 and (C&D) Hsp-90 levels relative to eNOS from 4-5 independent experiments. (E&F)

Representative immunoblots, with the molecular masses of marker proteins shown (kDa).
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5.4.3 Effect of compound 991 on Cav-1 and Hsp-90 /eNOS binding
in thoracic and abdominal PVAT

To further determine whether AMPK activity influenced Cav-1 and Hsp-90/eNQOS
binding, thoracic and abdominal PVAT from WT mice was incubated with the AMPK
activator compound 991 (10 pM) for 1 h. As with previous experiments with AMPK
inhibitors, phosphorylation of ACC at Ser’® was determined by western blotting to
assess effectiveness of activation. Compound 991 had no statistically significant
effect on ACC phosphorylation (Figure 5-3 A&B). To examine whether compound
991 altered levels of Cav-1 or Hsp-90 associated with eNQOS, eNOS was
immunoprecipitated from thoracic and abdominal PVAT lysates. The data reported
that No difference was found in the level of Cav-1 or Hsp-90 binding to eNOS after

incubation with compound 991 (Figure 5-3).
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Figure 5-3: Effect of compound 991 on ACC phosphorylation and association of Cav-1 or
Hsp-90 with eNOS in thoracic and abdominal PVAT

Thoracic and abdominal aortic PVAT tissues were incubated with (10 pM) compound 991 for 1 hr
and lysates prepared. (A&B) Lysates were resolved by SDS-PAGE and immunoblotted with anti-
phospho ACC Ser or anti-ACC antibodies. (A) Quantification of phospho-ACC S79 (pACC Ser™)
normalized to total ACC levels, mean + SEM % thoracic control from four independent experiments.
(B-F) PVAT |lysates (250 pg) were immunoprecipitated with anti-eNOS antibodies.
Immunoprecipitated proteins were resolved by SDS-PAGE and immunoblotted with the indicated
antibodies. (C) Cav-1 and (D) Hsp-90 levels relative to the eNOS from 4-5 independent experiments
(mean = SEM % thoracic control). (G&H) Representative immunoblots, with the molecular masses
of marker proteins shown (kDa).
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5.4.4 CAV-AP peptide increases NO synthesis in thoracic PVAT
from AMPKa1”- mice but not in WT mice

A cell permeable mutant scaffolding domain peptide of Cav-1 has previously been
reported to disrupt the inhibitory action of Cav-1 on eNQOS, thereby alleviating
inhibition of NO production (Bernatchez et al., 2011). To examine whether
disruption of Cav-1 binding to eNOS could rescue the impaired NO synthesis in
thoracic PVAT from KO mice, PVAT from WT and KO mice was incubated with the
mutant cell-permeable scaffolding domain peptide of Cav-1 (CAV-AP, 10 pM for
6h) or an antennapedia control peptide and NO production measured in
conditioned media. CAV-AP increased NO release by thoracic PVAT from KO mice
but not WT mice but did not have any effect in abdominal aortic PVAT from either
WT or KO mice (Figure 5-4 A&B).
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Figure 5-4: CAV-AP peptide increases NO synthesis by thoracic PVAT from AMPKa1” mice
but not WT mice

Conditioned media was generated from (A) thoracic and (B) abdominal PVAT of WT and KO mice
incubated with CAV-AP or antennapedia (AP) control peptide (10 Mm) for 6 h and assayed for NOx
content using a Sievers 280 NO analyser. Data shown represent the mean + SEM nmol NOXx
synthesis/mg protein/h from (A) 6-7 or (B) 3-4 independent experiments, * p < 0.05. Statistical
significance was determined by two-way ANOVA (with Tukey’s test).
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5.4.5 CAV-AP suppresses phenylephrine-stimulated contraction
of thoracic aortic rings from AMPKa1”-mice

To assess if disruption of the Cav-1/eNOS association in PVAT can influence
vascular function, abdominal and thoracic aortic rings with intact PVAT from WT
or KO mice were incubated with antennapedia as a control peptide or CAV-AP as
a disruptive peptide for Cav-1/eNOS binding and vascular contractile responses to
phenylephrine (PE) were examined. In order to rule out effects of NO produced by
the endothelium, all rings in these experiments were denuded before being
mounted in the myograph. As seen in (Figure 5-5 A), CAV-AP reduced PE-induced
tension development in both WT (ECso = 439+ 147 nM vs. 212 + 60 nM in control
vessels; n=6; *p<0.05), and KO (ECso = 302 + 74 nM vs. 184 + 36 nM in control
vessels; n=6; *p<0.05) thoracic aortic rings. However, in abdominal aortic rings,
CAV-AP had no effect in either WT (ECso = 263 + 73 nM vs. 234 + 45 nM in control
vessels; n=6) or KO (ECso = 321 + 99 nM vs. 340 + 145 nM in control vessels; n=6)
(Figure 5-5 B). These data are consistent with CAV-AP disruption of Cav-1/eNOS
binding in PVAT, allowing greater generation of NO to oppose vessel constriction.
Greater association of Cav-1 with eNOS in KO PVAT could underlie lower NO

generation by KO thoracic PVAT.
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Figure 5-5: CAV-AP suppresses phenylephrine-stimulated contraction of thoracic aortic
rings

(A) Thoracic or (B) abdominal rings from WT mice and (C) thoracic or (D) abdominal rings from KO
mice with denuded endothelium and intact PVAT were incubated with (10 uM) CAV-AP or
antennapedia (AP) control peptide for 6h. Dose-response curves to phenylephrine were generated
in rings mounted under tension in a wire myograph. Data shown represent the mean + SEM
contraction from six independent experiments *** p<0.001, ** p<0.01 comparison of ECs. Statistical
significance was determined by two-way ANOVA (with Tukey’s test).

151



Chapter 5

5.4.6 Effect of CAV-AP on Cav-1/eNOS colocalization and nitric
oxide production in 3T3-L1 preadipocytes and adipocytes

As shown in chapter 4, chemical disruption of caveolae with MBCD significantly
reduces Cav-1/eNOS colocalization in 3T3-L1 preadipocytes and adipocytes, and
this was associated with an increase in NO production. Therefore, it was of
interest to further investigate the role of Cav-1/eNOS interaction in adipocyte
cells using CAV-AP. Cav-1/eNOS colocalization was studied by
immunofluorescence confocal microscopy. 3T3-L1 preadipocytes and adipocytes
were cultured on glass coverslips and exposed to CAV-AP or antennapedia for 6 h
as described in (section 2.2.8). There was no significant reduction in Cav-1/eNOS
colocalization in 3T3-L1 preadipocytes incubated with CAV-AP and no alteration
in NO production in conditioned media (Figure 5-6 C&D). In contrast,
preincubation of 3T3-L1 adipocytes with CAV-AP was associated with a significant
reduction in Cav-1/eNOS colocalization (Figure 5-7 C) but this had no significant

effect on NO production in conditioned media (Figure 5-7 D).
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Figure 5-6: Effect of CAV-AP on Cav-1/eNOS colocalization and NO synthesis in 3T3-L1
preadipocytes

3T3-L1 preadipocytes were incubated in the presence or absence of (A) antennapedia control or (B)
CAV-AP (10 uM) for 6 h. Coverslips of 3T3-L1 preadipocytes were incubated with anti-Cav-1 (red)
and anti-eNOS (green) antibodies and analysed by immunofluorescence confocal microscopy. DAPI
was used to stain cell nuclei. (C) Quantification using Pearson’s correlation coefficient from three
biological replicates with 50 cells per group. Scale bar = 20 um. (D) Conditioned media was
generated from 3T3-L1 preadipocytes incubated with CAV-AP or antennapedia control peptide (10
MM, 6 h) and assayed for NOx content using a Sievers 280 NO analyser. Data shown represent the

mean + SEM NOx production from 3-4 independent experiments.
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Figure 5-7: CAV-AP reduces Cav-1/eNOS co-localisation in 3T3-L1 adipocytes without
altering NO synthesis.

3T3-L1 adipocytes incubated in the presence or absence of (A) antennapedia control (AP) or (B)
CAV-AP (10 uM) for 6 h. Coverslips of 3T3-L1 adipocytes were incubated with anti-Cav-1 and anti-
eNOS antibodies and analysed by immunofluorescence confocal microscopy. DAPI was used to
stain cell nuclei. (C) Quantification using Pearson’s correlation coefficient from three biological
replicates with 50 cells per group. * p<0.05 compared to control (Student’s t-test). Scale bar = 20 um.
(D) Conditioned media was generated from adipocytes incubated with CAV-AP or AP (10 uM, 6 h)
and assayed for NOx content using a Sievers 280 NO analyser. Data shown represent the mean +
SEM NOx production from four independent experiments.
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5.5 Discussion

As demonstrated in Chapter 4, in 3T3-L1 cells the eNOS levels were markedly
reduced during adipogenesis after day 3 and consistent with that, the level of NO
production was reduced during adipogenesis. Incubation of 3T3-L1 preadipocytes
or adipocytes with MBCD was linked with a significant decrease in Cav-1/eNQOS
colocalization and a significant increase in NO production both in preadipocytes
and adipocytes compared to control. The key findings of this chapter are that
there was a reduction in Cav-1/eNOS colocalization in 3T3-L1 adipocytes
incubated with a mutant cell-permeable scaffolding domain peptide of Cav-1
(CAV-AP) compared with control. To address whether these findings in cultured
cells are also seen in arterial PVAT, the experiments were repeated in aortic tissue
from WT and KO mice. Here, CAV-AP increased NO release by thoracic PVAT from
KO mice but not WT mice but there was no change in NO production by abdominal
PVAT from WT or KO mice in response to CAV-AP. In addition, our data showed
that CAV-AP reduced PE-induced tension development both in WT and KO thoracic
vessels with intact PVAT but lacking endothelium while it had no effect in

abdominal vessels.

Even though the endothelium was intentionally denuded there is a possibility that
some endothelial cells may remain, and these could release NO. Therefore,
further experiments in the presence and absence of L-NAME, a nitric oxide
synthase inhibitor would help to elucidate whether the actions of CAV-AP are
indeed mediated by increased nitric oxide (NO) production. By comparing the
vascular responses in the presence and absence of L-NAME, the role of NO in CAV-

AP-induced effects can be better understood and substantiated.

First, experiments were undertaken to investigate the effect of AMPK in regulation
of Cav-1/eNOS interaction. Two AMPK inhibitors, compound C and SBI-0206965
significantly reduced ACC phosphorylation in abdominal or thoracic PVAT,
indicating that AMPK is effectively inhibited by both compounds (Figure 5-1). In
line with a role for AMPK in the anticontractile action of PVAT, a recent study
demonstrated that in thoracic aortic rings with intact PVAT from high fat diet-fed
mice incubated with compound C, there was a reduced protective effect of the

hypoglycaemic drug liraglutide on the anti-contractile capability of PVAT. The
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authors concluded that the mechanism involved regulating a cAMP-independent
PKA-AMPK pathway which suggests that AMPK might have a role in regulating the
effect of liraglutide on PVAT in obese mice (Han et al., 2019). However, in the
current study, despite inhibiting basal AMPK activity, neither compound C nor SBI-
0206965 (Dite et al., 2018) had any effect on Cav-1/eNOS interaction (Figure 5-2
B). There is a possibility that the lack of effect of the inhibitors is due to the
poorly selectivity of compound C and SBI-0206965 for AMPK as they inhibit multiple
other kinases (Bain et al., 2007).

In endothelial cells Hsp-90 has been found to positively regulate eNOS activity and
this association between Hsp-90 and eNOS retains the enzyme in a coupled state
which enhances eNOS activity, increasing NO production whilst limiting superoxide
anion formation (Amour et al., 2009). Paradoxically, in chapter 3 it was found that
the level of Hsp-90 in abdominal PVAT both in WT and KO mice is greater than
that in thoracic PVAT when normalised to total cellular protein, even though less
NO is produced by abdominal PVAT. However, whether AMPK regulates Hsp-90-
eNOS interaction has not been assessed. Previous studies have shown that in
vascular endothelial cells, globular adiponectin increased eNOS binding with Hsp-
90 and Akt as well as eNOS phosphorylation, leading to dose-dependent increases
in NO production, an effect that was inhibited by geldanamycin. This implies that
inhibition of Hsp-90 can suppress phosphorylation and activation of eNOS, possibly
via Akt (Xi et al., 2005). As shown in (Figure 5-2 C&D) Hsp-90 immunoreactivity
was observed in immunoprecipitated eNOS from abdominal and thoracic PVAT
incubated with compound C and SBI-0206965, however, neither AMPK inhibitor
significantly altered Cav-1/eNQOS or Hsp-90/eNQOS binding.

Previous studies have shown that in rat adipocytes compound 991 allosterically
activates AMPK and increases LKB1-mediated phosphorylation of Thr'72 and
suppresses dephosphorylation of Thr'72, thereby activating the kinase (Kopietz et
al., 2018, Gwinn, 2008). The current study demonstrated that compound 991
increased ACC phosphorylation, yet the increase was not statistically significant.
A possible explanation is that AMPK activity was increased by compound 991 but
that activity had returned to basal levels by 60 mins and that could be due to the

fact that C991 prefers complexes containing 81 rather than a1 subunit (Figure 5-3)
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to overcome such challenge in future it would be better to optimise the time of

incubation.

To further substantiate these findings and investigate the dynamics of AMPK
activity and ACC phosphorylation, follow-up experiments could be conducted. For
example, time course analysis, by expanding the incubation time points beyond
60 minutes, that could examine the temporal pattern of ACC phosphorylation in
response to compound 991. This would establish the duration of the observed
effect and whether the phosphorylation levels return to baseline or stabilize at a
different level. The other approach could be by performing experiments with
different AMPK activators that have distinct kinetics and preferential subunit
binding profiles; this would help determine if the transient effect observed with
compound 991 is specific to its mechanism of action or a general characteristic of
AMPK activation.

Interestingly, stimulation of PVAT with compound 991 did tend to reduce Cav-1
immunoreactivity in eNOS immunoprecipitates from abdominal and thoracic PVAT
and Hsp-90 association with eNOS in thoracic PVAT, which might suggest that AMPK
activation can have a positive regulatory effect on eNOS activity through its
association with Cav-1 and Hsp-90. We speculate that since the B2 subunit of AMPK
is the predominant subunit in adipocytes, this might underly why C991 did not
activate AMPK in PVAT as it is selectively stimulates AMPK activity of B1 containing
complexes (Bultot et al., 2016).

Cav-1 is the main coat protein of caveolae. Structure-function analysis of Cav-1
has shown that phenylalanine 92 (F92) is important for the inhibitory actions of
Cav-1 towards eNOS and regulation of NO production. A cell-permeable mutant
scaffolding domain peptide of Cav-1 (similar to CAV-AP in this study) has previously
been reported to disrupt the inhibitory action of Cav-1 on eNOS, thereby
alleviating inhibition of NO production (Bernatchez et al., 2011). Another earlier
study using co-immunoprecipitations combined with enzymatic assays showed
direct Cav-1/eNOS coupling which was associated with a reduction in NO
production (Ju et al., 1997). It has been previously reported that Cav-1 negatively
regulates the small GTPase Rac1 (Kinsella et al., 1991, Burridge and Wennerberg,
2004) which in turn modifies the PI3K/Akt/eNOS pathway in endothelial cells

(Gonzalez et al., 2004, Gonzalez et al., 2006). Another study reported that siRNA-
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mediated caveolin-1 knockdown in Bovine Aorta Endothelial Cells (BAECs)
enhances AMPK phosphorylation which in turn upregulates eNOS activity (Levine
et al., 2007).

Collectively, this prompted further investigation to examine whether interfering
with Cav-1/eNOS binding might enhance eNOS activity and rescue the NO
production in PVAT from mice lacking AMPKa1. Our data reported that, CAV-AP
increased NO release by thoracic PVAT from KO mice and there was no change in
NO production by abdominal PVAT from WT or KO mice in response to CAV-AP
(Figure 5-4 A). These results therefore support the previous study which
demonstrated that CAV-AP influences NO release by the endothelium (Bernatchez
et al., 2011) and demonstrate that the actions of CAV-AP are not limited to the
endothelium. Bernatchez and colleagues also reported that overexpression of the
F92A-Cav-1 scaffolding mutant peptide can reduce vessel tone ex vivo and also
decrease blood pressure in a hypertensive mouse model in a Cav-1 and eNOS-
dependent manner (Bernatchez et al., 2011). In this study, CAV-AP reduced PE-
induced tension development both in WT and KO thoracic vessels but had no effect
in WT and KO abdominal vessels (Figure 5-5). These data suggest that CAV-AP
disrupts Cav-1/eNOS binding in thoracic but not abdominal PVAT or perhaps the
peptide was unable to overcome the greater inhibitory influence on eNOS in the
abdominal PVAT. Therefore, that allowing greater generation of NO to oppose
vessel constriction, and greater association of Cav-1 with eNOS in KO PVAT could

underlie lower NO generation by KO thoracic PVAT.

To our knowledge, these data are the first to demonstrate the role of AMPK in
regulating the Cav-1/eNOQOS interaction in PVAT. Similarly, a mutant peptide of the
Cav-1 scaffolding domain (Cavnoxin 4 mg/kg, IP) with similar amino acid sequence
of that CAV-AP has been used in vivo, where it caused a decrease in mean BP in
mice in a dose-dependent manner compared with control peptide. This effect was
not observed in hypertensive eNOS KO mice, demonstrating that eNOS is necessary
for the BP-lowering effect of the mutant peptide (Bernatchez et al., 2011). Given
that, further work might provide more insight about the effect of CAV-AP in
lowering blood pressure such as using CAV-AP in vivo and comparing the effect of
the peptide in reducing BP between WT and AMPK KO mice.
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Under normal conditions eNOS undergoes a dynamic subcellular translocation from
cell membrane to Golgi apparatus and that trafficking and localization of eNOS
may be essential for its activity and to maintain the temporal and spatial
distribution of NO signalling in different cell types (Ortiz and Garvin, 2003,
Dudzinski et al., 2006). In addition, it should be emphasized that intracellular
localization of eNOS regulates its activity (Fulton et al., 2004) and this has been
demonstrated for NO production in endothelial cells (Chakraborty and Ain, 2017).
Under resting conditions eNOS localises to caveolae and in such conditions eNOS
activity is reduced in a reversible manner via its coupling with the Cav-1

scaffolding domain (Bernatchez et al., 2005).

Cav-1 plays a significant role in assembly of caveolae in the plasma membrane.
Previous studies showed that deletion of Cav-1 resulted in caveolae structural
deformity and consequently leads to eNOS dysfunction, reduction in NO
production, and structural changes in the cell membrane which could be involved
in conditions such as pulmonary hypertension (Drab et al., 2001, Razani et al.,
2001). The subcellular localization of eNOS is also perinuclear in the Golgi
apparatus as well as at the plasma membrane and is regulated by post-
translational fatty acylation, palmitoylation and N-terminal myristoylation of the
glycine residue at position 2 (Sessa et al., 1992). Most work associated with
studying eNOS trafficking from the plasma membrane to Golgi apparatus has been
done in cultured endothelial cells. To our knowledge the subcellular localization
and potential protein interactions of eNOS in adipocytes has not been studied.
Thus, we aimed to investigate the eNOS co-localization in 3T3-L1 cells using the
Cav-1 disruptive peptide (CAV-AP) by immunofluorescence. eNOS colocalization
with Cav-1 was reduced as measured by Pearson’s correlation coefficient in cells
incubated with CAV-AP compared with control (Figure 5-7 C) indicating that the
mutant peptide was specifically targeting the Cav-1/eNOS binding.

However, evaluation of colocalization or proximity of proteins or cellular
structures requires more robust visualisation techniques. Indeed, detecting the
subcellular colocalization of two proteins does not essentially mean an interaction
between them. As such, highly sophisticated microscopy techniques can be
utilized, which monitor a physical proximity of tagged proteins (fluorophores),

such as Forster resonance energy transfer (FRET) microscopy (Lutz et al., 2017)
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and this could be considered in future studies to assess the location of eNOS in

PVAT and how eNOS activity and NO production is affected upon AMPKa1l deletion.

Despite the efforts that have been made to understand how eNOS is regulated to
produce NO in endothelium, there is still a huge gap in our knowledge of the
molecular mechanisms by which PVAT generates NO, how this process is regulated
and if AMPK is involved in generation of NO by PVAT.
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The following figure demonstrate the Cav-1/eNOS binding site and the CAV-AP
Peptides (Figure 5-8).

Phenyl 89

eNOS binding pocket FTTFTV peptide

DGIWKASF[TTF TVTKYWFYR Scaffolding peptide
DGIWKASFAAA|ITVTKYWFYR Mutant peptide

Figure 5-8: Depicted representation of Cav-1/eNOS binding site

CAV-AP targets the Cav-1/eNOS binding site. Left- the eNOS binding pocket. Right- the Cav-1
scaffolding domain and in particular subdomain B (FTTFTVT amino acids 98-95) and Ph 92
(mediating eNOS inhibition). CAV-AP Peptides, corresponding to Cav-1 scaffolding domain (amino
acids 82-101) are fused to the C terminus of  the Antennapedia
(RQIKIWFQNRRMKWKKDGIWKASFAAATVTKWYFYR). Depicted figure generated by PyMOL
Molecular Graphics System, Version 2.0 Schrédinger, LLC.

In conclusion, this study has demonstrated that disruption of Cav-1/eNQOS binding
using (CAV-AP) reduced PE-induced tension development both in WT, and KO
thoracic vessels, but had no effect in WT and KO abdominal vessels. The
anticontractile effect of CAV-AP was likely due to an increase in NO production
via reduction of Cav-1/eNOS coupling. In addition, this study has also revealed
that the Cav-1/eNOS interaction which is disrupted by CAV-AP is mediated by
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amino acids 89-95 within the Cav-1 scaffolding domain and that F92 is crucial for
such activity. Collectively, these data raise the possibility of studying the
inhibitory influence of Cav-1 on eNOS without interfering with the other actions
of endogenous Cav-1. These scaffolding mutant peptides may provide a useful
approach for therapeutic application in regulating the eNOS/Cav-1 interaction in
diseases characterized by decreased NO release and vascular leakage associated
with inflammation or tumour growth. Data from this study revealed that AMPK

might have a role in regulating Cav-1/eNOS binding.
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Chapter 6 - Final discussion and future work
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Perivascular adipose tissue (PVAT) surrounds blood vessels and releases a variety
of bioactive molecules which modulate vascular function. In recent years PVAT
has become an important new area for research in cardiovascular pathophysiology,
as it provides potential new therapeutic approaches to alleviate cardiovascular
disease (Grigoras et al., 2019). Many clinical studies have revealed that a
reduction of NO bioavailability has a significant role in the development of
endothelial dysfunction and has been linked to eNOS uncoupling, and is a hallmark
of many cardiovascular complications (Siragusa and Fleming, 2016). PVAT also has
the ability to generate NO but there has been much less published work on how
PVAT-derived NO might influence vascular function and how this is affected in the
presence of cardiovascular disease. NO released by PVAT may contribute to the
anticontractile effect of PVAT and indeed previous studies have demonstrated
that PVAT can enhance vascular relaxation through release of other mediators

such as adiponectin (Almabrouk et al., 2017) (Figure 6-1).

6.1 Nitric oxide production by PVAT

The data presented in this thesis demonstrates that PVAT releases NO and that
induces an anti-contractile effect on mouse thoracic aorta. This study also
investigated the difference in NO production between PVAT from thoracic and
abdominal aorta, and results show that thoracic PVAT produces more NO
compared with abdominal PVAT, suggesting that differences exist between PVAT
dependent on location. These results emphasize the specific regional roles of
PVAT depots in control of vascular function and may drive differences in
susceptibility to vascular pathologies such as abdominal aortic aneurysm (Ye et
al., 2021) . These data support previous findings showing that there is a significant
increase in eNOS-derived NO production in PVAT from thoracic compared with
abdominal aorta (Victorio et al., 2016). Since we have shown that thoracic PVAT
expresses higher levels of the BAT marker UCP-1 compared to abdominal PVAT it
may be that PVAT phenotype is crucial in regulating NO production along the
length of the aorta. In addition, Inflammation can also affect PVAT function, for
example PVAT from obese mice has been found to release proinflammatory factors
that induce inflammation, vasoconstriction and vascular stress (Stanek et al.,
2021). Interestingly, there may be differences in susceptibility of the thoracic and
the abdominal PVAT to the inflammation, given that, an earlier study
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demonstrated that an increased level of inflammatory markers in abdominal PVAT
compared with thoracic PVAT in obese mice (Police et al., 2009). It appears that
the thoracic PVAT phenotype is less atherogenic and generates less pro-
inflammatory cytokines compared with abdominal PVAT and this may explain the
reason why the abdominal aorta is more susceptible to abdominal aortic aneurysm
(AAA) compared with thoracic aorta (Police et al., 2009, Fitzgibbons et al., 2011,
Padilla et al., 2013). In addition, formation of atherosclerotic plaques within the
abdominal aorta may be more prevalent for these same reasons (Padilla et al.,
2013), and one factor which could contribute to that greater risk to the abdominal
aortic aneurysm is a reduction in NO production by abdominal PVAT. Since NO
plays a key role in inhibiting platelet aggregation, leukocyte adhesion and
accumulation of lipid streaks responsible for the initiation and progression of
atherosclerosis, abdominal PVAT could be a potential pharmacological target to
improve NO bioavailability in high-risk individuals with cardiovascular

complications.

Even though the current study reinforces the concept that there are fundamental
phenotypic differences between thoracic PVAT and abdominal PVAT, it is not yet
known whether these distinctions are as a consequence of intrinsic cell factors or

extrinsic anatomical factors (Tran et al., 2018).

Some studies have investigated factors which could influence NO bioavailability in
PVAT such as an oxidant stress. One such study showed that the anti-oxidant
capacity changes along the aorta, where the relative expression levels of Mn-SOD
were lower in PVAT from abdominal aorta compared with thoracic aorta, which
correlated with detection of more oxidation stress in abdominal compared with
thoracic aorta (Victorio et al., 2016). Here, our results showed that there were no
differences in lipid peroxidation between thoracic and abdominal PVAT. Taken
together, these studies, though not conclusive, suggest that exposure of NO to
oxidative stress might be not different between thoracic and abdominal PVAT in
mouse and that do not underlie the different in NO production. Alternatively, it
could be that antioxidant defences within the different depots of PVAT are equally
effective at reducing the level of oxidant stress when lipid peroxidation is used as

a marker.
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Figure 6-1: Vasorelaxation effect of PVAT

eNOS has oxidase, reductase, and CaM domains. eNOS activity is regulated through

phosphorylation of the inhibitory site Thr#®> and phosphorylation of activation sites Ser'*’” and Ser53?
by several upstream kinases including protein kinase A (PKA), protein kinase C (PKC) and protein
kinase B (AKT). Also, prostaglandins play a role in vascular homeostasis. NO diffuses to the VSM,
activating sGC which converts GTP to cGMP. Created with BioRender.com.

6.2 Role of AMPK in PVAT function

Previous data from our laboratory demonstrated that the presence of PVAT
enhances vascular relaxation to cromakalim in endothelium-denuded thoracic
aortic rings from wild type, but not AMPKa1 KO mice (Almabrouk et al., 2017). In
addition, an earlier study showed that the male offspring of female rats fed a HFD
during pregnancy and lactation showed dysfunctional mesenteric PVAT which was
associated with a reduction in AMPK activity and reduced NO bioavailability
(Zaborska et al., 2016). Unlike many previous studies which focussed on the role
of AMPK in regulation of NO release from the endothelium (Zhao et al., 2020), the
current study addressed the role of AMPK in regulating NO production by PVAT
which was achieved by measuring NO produced by PVAT in conditioned media from
WT and AMPK KO mice.

These data revealed that thoracic PVAT from AMPK KO mice produces significantly
less NO compared with thoracic PVAT from WT mice and regulated by AMPK.
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These data support and add to the plethora of evidence that PVAT releases NO
and that functionally this NO contributes to the anticontractile effect in different
vascular beds including human subcutaneous vessels and internal mammary artery
(Gao et al., 2005).

Furthermore, we aimed to functionally assess the difference in NO between WT
and AMPK KO mice via pharmacological inhibition of eNOS. Incubation of WT
thoracic aortic rings denuded of endothelium with the eNOS inhibitor L-NAME
(Talarek et al., 2011), significantly augmented the contraction to U46619 without
affecting the maximal contraction while a similar effect was seen in KO thoracic
aortic rings. However, in abdominal aortic rings from WT and KO mice there was
no significant effect of L-NAME on contraction to U46619; likely due to lower NO
production in abdominal PVAT. Consistent with data presented here, a previous
study demonstrated that inhibition of eNOS with L-NAME enhanced phenylephrine-
induced contraction in endothelial-denuded rings from Wistar rats with intact

PVAT from thoracic but not abdominal aorta (Victorio et al., 2016).

It has been previously reported that PVAT releases a variety of bioactive molecules
which act in a paracrine manner and regulate the vascular tone including
adipokines (Maenhaut and Van de Voorde, 2011, Almabrouk et al., 2014). One of
these adipokines is adiponectin which is reported to facilitate vasodilation through
AMPK- mediated eNOS phosphorylation (Chen et al., 2003). Additionally, previous
data from our laboratory demonstrated that PVAT from AMPK KO mice releases
less adiponectin compared with PVAT from WT mice, and incubation with an
adiponectin receptor blocker attenuated the relaxation induced by AICAR and
cromakalim in intact aortic rings from WT but not AMPK KO aortic rings with intact
PVAT, suggesting that adiponectin could be a potential vasodilator in a mechanism
that involved AMPK activity (Almabrouk et al., 2017). Furthermore, in AMPK KO
aortic rings, addition of the AdipoR1 blocker to vessels without PVAT did not affect
the relaxation induced by either AICAR or cromakalim, data from this study
suggested that AMPK within the PVAT has an important regulatory role in

production of anticontractile substances (Almabrouk et al., 2017).

Linking the role of adiponectin in regulating the NO production by PVAT, an early
study reported that an ex vivo experiments on human internal mammary arteries,

adiponectin levels increase tetrahydrobiopterin (BH4) bioavailability, in which BH4
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regulates P13/Akt-mediated phosphorylation of eNOS and thus promoting eNOS
coupling and increase NO bioavailability (Margaritis et al., 2013). In summary, NO
production and adiponectin from PVAT are important regulators of vascular

function and play a critical role in maintaining cardiovascular health.

6.3 Role of AMPK in regulation of Cav-1 /eNOS binding in
PVAT

Multiple lines of evidence indicate that dysregulation of eNOS is linked to many
microvascular and macrovascular diseases. Cav-1 binding to eNOS occupies the
Ca?*/CaM binding site thereby reducing NO production via its scaffolding domain
(Razani et al., 2001). An earlier study in BAECs using co-immunoprecipitation
combined with enzymatic assays showed direct Cav-1/eNOS coupling is associated
with a reduction in NO production (Ju et al., 1997). Data presented in this thesis
demonstrated that significantly more Cav-1 was associated with eNOS in
abdominal PVAT compared with thoracic PVAT which could account for the
reduced NO production in abdominal PVAT compared with thoracic PVAT
(Bernatchez et al., 2011).

It has been shown that NO production by eNOS in endothelial caveolae has a key
role in in regulating vascular tone, vascular smooth muscle cell proliferation,
leukocyte adhesion, platelet aggregation, and vascular lesion formation
(Dinerman et al., 1993). Given its key role in vascular homeostasis, it is of great
interest to investigate if the Cav-1/eNOS association in abdominal PVAT could
contribute to the greater susceptibility of abdominal aorta to vascular injury and
atherosclerosis compared with thoracic aorta (Liu et al., 2020). The results
presented here suggest that modulating the Cav-1/eNQOS interaction in abdominal
PVAT might restore NO bioavailability. In future, selectively targeting abdominal
PVAT could be accomplished by phage display techniques which can be utilised to
predict tissue-specific targeting peptides using random peptide-displaying phage
libraries carried out using machine learning (Jung et al., 2012, Andrieu et al.,
2019).

AMPK has been considered as a promising target to alleviate many metabolic
disorders including TD2M and obesity (Heidary Moghaddam et al., 2022). Indeed,

activation of AMPK has been proposed as a therapeutic target for atherosclerosis
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and other cardiovascular diseases associated with obesity and T2DM and one
beneficial effect would be the positive regulation of eNOS activity via multiple
mechanisms. These mechanisms include increases in BH4 concentration via
preventing degradation of GTP cyclohydrolase | (GTPCH-1), inhibiting NADPH
oxidase (NOX) expression and activating superoxide dismutase-2 (SOD;), leading

to a reduction of superoxide synthesis reviewed in (Salt and Hardie, 2017).

To date, the role of AMPK in the regulation of Cav-1/eNOS binding and NO
production by PVAT has not been investigated. Therefore, this study is the first to
show that AMPK regulates eNOS activity in PVAT via altering eNOS binding to Cav-
1. Our data reported that thoracic PVAT from AMPKa1 KO mice produced less NO
compared with WT mice and that accompanied with increased levels of Cav-1 in
thoracic PVAT from AMPK KO mice. This increased Cav-1/eNOS association could
account for the reduction in NO production in AMPK KO thoracic PVAT compared
with WT and that AMPK could be a potential therapeutic target to regulate Cav-
1/eNOS binding in cardiometabolic disorders. A schematic overview outlining the

potential of AMPK in regulating Cav-1/eNOS binding, is depicted in (Figure 6-2).
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Figure 6-2: Regulation of NO production in PVAT mediated by AMPK signalling within
adipocytes

Schematic diagram showing role of AMPK-mediated regulation of Cav-1/eNOS binding in PVAT.
AMPK reduces Cav-1 binding to eNOS, which then allows increased eNOS activity and NO
production. eNOS activity is regulated by localization of eNOS between the cytoplasmic face of Golgi

apparatus and the caveolae in the plasma membrane. Created with BioRender.com.

To further investigate the role of AMPK in regulating Cav-1/eNQOS binding, we used
a cell permeable mutant peptide scaffolding domain of Cav-1 (CAV-AP). We
demonstrated that NO production was noticeably increased in thoracic PVAT from
AMPK KO mice treated with CAV-AP compared with thoracic PVAT from WT mice
while there was no change in NO production by abdominal PVAT from WT or AMPK
KO mice in response to CAV-AP. This suggests that inhibition of Cav-1 binding to
eNOS in AMPK KO thoracic PVAT restores NO production. Furthermore, an ex vivo
testing of CAV-AP on thoracic and abdominal aorta from both genotypes showed
CAV-AP reduced phenylephrine-induced contraction both in WT and AMPK KO
thoracic vessels but had no effect in WT and AMPK KO abdominal vessels. The

absence of CAV-AP effect on abdominal vessels could be due the fact that
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abdominal PVAT has more Cav-1 compared with thoracic PVAT, or perhaps the
peptide cannot overcome the greater amount of Cav-1 in the abdominal PVAT,
therefore the effect was not observed. These finding signify that CAV-AP disrupts
Cav-1/eNOS binding (Figure 6-3), allowing greater generation of NO to oppose
vessel constriction and may explain why greater association of Cav-1 with eNOS in
PVAT of AMPK KO mice underlies lower NO generation by AMPK KO thoracic PVAT,

it also indicates the importance of AMPK in regulation of eNOS/Cav-1 binding.

Normal Cav-1/eNOS interaction Cav-1/eNOS interaction with CAV-AP

CAV-AP/eNOS

NO NO NO

Created in BioRender.com bio

Figure 6-3: A proposed mechanism of increased eNOS- NO release by CAV-AP

eNOS is proposed to be in a dynamic state balanced between an active state (left) free of Cav-1
inhibitory domain and a less active state (middle) bound to endogenous Cav-1. CAV-AP (right) can
bind eNOS and prevent its inhibition by endogenous Cav-1, allowing greater generation of NO.

Created with BioRender.com.

6.4 Future work

The current study demonstrated that AMPK plays a regulatory role in Cav-1/eNOS
binding in adipose tissue, however since PVAT consists of many types of cells
including adipocytes, it is hard to determine whether the measured NO was

produced by adipocytes or another cell type. However, further investigation on
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other cell lines would be useful to extend our understanding of the molecular
mechanisms by which AMPK regulates NO production in adipocytes. To address
this, generation of 3T3-L1 preadipocytes in which the scaffolding domain of Cav-
1 is mutated might be a suitable tool to better investigate the role of AMPK in

regulating Cav-1/eNOS binding and NO production in adipocytes.

It has been over 20 years since the first Cav-1 KO mice model was generated (Drab
et al., 2001). In that mouse model the deletion of Cav-1 was not tissue specific
which resulted in complete absence of caveolae in endothelial and epithelial cells
including lung tissue. This was associated with diminished calcium signalling and
NO production in the cardiovascular system, causing a reduction in endothelium-
dependent relaxation and severe thickening of the alveolar septa of the lung.
Given the dramatic effects of global knockout, generating a mouse model with
specific ablation of Cav-1 in adipocytes (ad-cav1 knockout [KO] mouse) (Crewe et

al., 2022), would be a very useful tool to advance our knowledge in this area.

For example, an antisense-mediated down-regulation of Cav-1, gene targeting
strategy, or genome CRISPR cas9 editing system technology that could be used to
disrupt the Cav-1 gene locus specifically in adipocytes without affecting other
functions of Cav-1 in caveolar assembly in other tissues. This model could be used
to better investigate the role of Cav-1 in eNOS activity and NO production in
adipocytes and PVAT. On the other hand, instead of complete deletion of Cav-1
gene and since the scaffolding domain (SD) plays an important role in Cav-1/eNOS
binding, genetically mutating the scaffolding domain of Cav-1 in adipocytes would
provide better understanding of its role in regulating eNOS activity and NO

production.

The other method to investigate the role of Cav-1 in eNOS function would be via
generating genetically engineered mouse models using the Cre-loxP system to
specifically ablate Cav-1 in adipocytes using an adiponectin promoter-driven Cre,
and Cav-1 flanked by loxP sites which are targets of recombination by the Cre
recombinase. This methodology has been previously utilised to generate
endothelial cell-specific Cav-1 null mice (EC-Cav1~/") by breeding of hemizygous
Tie2-Cre*’- mice with homozygous Cav1¥/!x mice, in which the endothelial-
specific Tie-2 promoter-driven Cre was used (Oliveira et al., 2017, De leso et al.,

2020).
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Furthermore, data in this study showed that CAV-AP increased NO release by
thoracic PVAT from KO mice but not WT mice and there was no change in NO
production by abdominal PVAT from WT or KO mice in response to CAV-AP. Given
that, insight about the effect of CAV-AP in lowering blood pressure could be
examined by administering CAV-AP in vivo and comparing the effect of the peptide

in reducing blood pressure between WT and AMPK KO mice.

6.5 Chemical libraries for protein-protein interaction
inhibitors

Utilising a chemical library to select proposed compound/s that might target
specific pre-identified amino acid sequences is a useful tool to understand how
protein-protein interaction can be targeted. Nowadays, identifying a robust and
novel chemical compound is still one of the major challenges in drug discovery
and development. The main advantage of using target-led approaches is to reduce
the time and the cost of selecting nominated target compounds among thousands
of potential compounds. In drug discovery, applying structure-activity
relationships is a powerful tool for drug screening, drug repurposing, cell
stimulation and identification of drug mechanism of action(s). Many cellular
processes are regulated and/or mediated by protein-protein interactions (PPls),
therefore, protein-protein interaction inhibitors (iPPls) have become a significant
new class of compounds for investigating this interaction and additionally they
may have therapeutic potential. Indeed, several PPl inhibitors (iPPIs) have been
studied in pre-clinical and clinical trials and an increasing humber of validated
(iPPIs) have been approved (Li et al., 2017, Donev, 2018, Bosc et al., 2020).

A more advanced technique has been developed to reduce the number of expected
compounds and specifically to identify inhibitors based on molecular descriptors
and machine learning methods. High-throughput screening (HTS) is one of the
most common techniques for discovering (iPPls), particularly when no chemical
structural compound is available for the particular protein-protein interaction
being investigated. Many databases are available as a screening tool including iPPI-
DB (Labbé et al., 2016) and TIMBAL (database containing small molecules that
inhibit protein-protein interactions) (Higueruelo et al., 2013), which have been
developed during the last decade to screen chemical compounds and to validate
different (iPPls) and define their physicochemical properties (Bosc et al., 2020).
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However, in this research we demonstrated that eNOS is less active in abdominal
PVAT, associated with more Cav-1 coupling, and less NO production compared
with thoracic PVAT. Therefore, utilising such high-throughput (HTP) libraries to
identify a reversible and specific chemical compound that target Cav-1/eNOS
binding without interfering with other physiological functions of Cav-1 would
provide a good starting point to develop pharmacological compounds that
alleviate cardiovascular and metabolic diseases associated with a reduction of NO

bioavailability such as T2DM and obesity.

It has been reported that AMPK activation using (AICAR), salicylate, metformin all
increase phosphorylation of PVAT eNOS and improve PVAT functions in different
studies (Man et al., 2022). To our knowledge not too much has been done to
identify the role of AMPK in regulating Cav-1 /eNOS binding and NO production in
PVAT. In thoracic PVAT from AMPKa1 KO model, there was more Cav-1 bound to
eNOS compared to thoracic PVAT from WT mice, and in line with that there was a
noticeable reduction in NO production. It is well defined that in many
cardiovascular diseases most of the blood vessel layers are affected including
endothelial cells, VSMCs and PVAT, therefore, modulating Cav-1/eNOS binding in
diseases associated with dysfunctional PVAT would afford a novel approach in
alleviating diseases associated with a reduction in NO. The challenging side of
dissecting Cav-1/eNOS binding is how to specifically target this interaction
without interfering with the endogenous function of Cav-1 in caveolae assembly.
Together, these approaches suggest the possibility of investigating the inhibitory
effect of Cav-1 on eNOS activity and NO production without interfering with other

endogenous functions of Cav-1 via developing specific PPi inhibitors.

While the study included various aspects of vascular function and considered
multiple layers, such as endothelium-intact and endothelium-denuded vessels and
PVAT, it is essential to recognize that a comprehensive understanding of vascular
function should also include the contribution of VSMCs and their role in mediating
vasodilation and vasoconstriction is a critical aspect of vascular physiology and
pharmacology. To address this limitation, future studies should consider including
experiments specifically targeting VSMCs. This could involve assessing VSMC
contractility or studying the effect of the compounds on VSMC-specific signaling

pathways, gene expression or developing a specific adipose or PVAT KO mouse so
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that AMPK function in the VSMCs is preserved. By including VSMC-focused
experiments, a more complete picture of the pharmacological actions can be
obtained, providing deeper insights into the mechanisms and potential

therapeutic applications.

Finally, it is important to acknowledge the limitation of not including VSMC-
specific experiments in the study. By recognizing this gap, future investigations
can address this aspect to provide a more comprehensive understanding of the

pharmacological effects on different vascular layers.
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6.6 Conclusion

The data presented in this study is the first to demonstrate that AMPK plays an
important role in the regulation of NO production by PVAT in a mechanism that
involves altered Cav-1/eNOS coupling. Thoracic PVAT from AMPKa1 KO mice
produced considerably less NO compared with WT thus exhibit less vasoconstrictor
tolerance. Furthermore, disruption of Cav-1/eNOS binding using a disruptive
peptide (CAV-AP), increased the anticontractile of PVAT in thoracic aorta, and
that was likely due to increase NO production via reduction of Cav-1/eNOS
coupling. Therefore, considering the findings of this study, and further elucidate
of the molecular mechanism/s by which AMPK regulates Cav-1/eNQOS binding in
adipocytes could offer a novel therapeutic approach for targeting the AMPK-Cav-
1/eNOS pathway to ameliorate the clinical signs associated with vascular

dysfunction caused by a reduction in NO bioavailability.
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6.7 Appendices

Levels of eNOS expression and activity in PVAT (WT and KO mice)
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Levels of iNOS and nNOS expression and activity in PVAT (WT and KO mice)
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Levels of phospho-eNOS in thoracic and abdominal PVAT from WT and KO

mice.
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Levels UCP-1 expression in PVAT/fat depots from WT and KO mice

WT KO

SC MES BAT SC MES BAT

pr—— Gl ey ey —

v —

°~\;—-—'—-"’ﬁ
— L §

— .
- -

Abdominal Thoracic
WT KO WT KO
e
55 [ ———r |
43 o 180
2| - e
26 g : 95
72
55
250 2
180 26
130
95
72
250
180
130
95
72
250 55
180 34
130 | 34
95 26
72 v - — Total
55 y — protein
34 — —
gg 250
180
130
95
250
72
180 55
130
34
95 34
72 26
55
34
34
26
250
180
130
Total 95
protein
72
55
34
34
26
Total
protein

182



Chapter 6

Levels of caveolin-1 /eNOS in thoracic PVAT and abdominal PVAT from WT

and KO mice (total protein)
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Levels of cav-1 /eNOS in abdominal PVAT relative to thoracic PVAT
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Levels of NOS isoforms and NO production during 3T3-L1 adipogenesis
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Levels of iNOS in methyl-B-cyclodextrin 3T3-L1
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Levels of cav-1/eNOS in 3T3-L1 incubated with methyl-B-cyclodextrin
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Effect of Compound 991 on ACC phosphorylation in 3T3-L1
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Effect of AICAR and A769662 on ACC phosphorylation in 3T3-L1
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