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Abstract

Research during the past decade has highlighted the functional role of
perivascular adipose tissue (PVAT) in regulating the contractility of the
underlying vascular smooth muscle cell layer. However, the mechanisms
underlying these observations are poorly understood. As a sexual dimorphism
has been identified in the regulation of vascular tone, the aim of this thesis was
to determine whether there are sex differences in PVAT-mediated regulation of

the porcine coronary arterial (PCA) tone.

In the presence of adherent PVAT, which was stored overnight at 4C°,
contractions to the thromboxane mimetic U46619 and endothelin-1 were
significantly reduced in PCAs from females, but not PCAs from males. In PCAs
pre-contracted with U46619, re-addition of PVAT caused relaxation in PCAs
from females, but not PCAs from males. This relaxant response in coronary
arteries derived from females was inhibited by a combination of both NO
synthase inhibitor (L-NAME) and the cyclooxygenase inhibitor indomethacin.
Pre-incubation with an anti-adiponectin antibody abolished the relaxant effects
of PVAT, indicating that adiponectin is likely to be the mediator released from
the fat. There was no difference in either expression or release of adiponectin
from PVAT between sexes. On the other hand, the adiponectin receptor agonist
adipoRon produced greater relaxation in PCAs from females compared to PCAs
derived from males. No adiponectin receptor 1 expression was detected in PCAs
whilst adiponectin receptor 2 and adiponectin binding protein (APPL1) were
expressed equally in PCAs from both sexes. Pre-incubation with the hydrogen
sulphide enzyme inhibitors 4-propargylglycine (PPG) and 2-(aminooxy)-acetic
acid (AOAA) did not reduce the anticontractile responses to PVAT.
Cystathionine B-synthase (CBS) and 3-mercaptopyruvate sulfurtransferase
(B3MPST) are expressed in PVAT from both sexes equally, with a relatively low
activity, whilst no cystathionine y-lyase (CSE) expression has been identified in
PVAT from both sexes. These data indicate a clear sex difference in the
regulation of coronary artery tone in response to adiponectin receptor
stimulation, which may underlie the anticontractile effects of PVAT in females.
Although H>S synthesizing enzymes are expressed in PVAT, they have no
functional role in PVAT-induced vasorelaxation.



In arteries from both male and female pigs, addition of fresh PVAT
caused a contraction, which was partially inhibited by the cyclooxygenase
inhibitors indomethacin and flurbiprofen. The PGF,, receptor (FP) antagonist
AL8810 attenuated the PVAT-induced contractions in arteries from males,
whereas the TXA: receptor (TP) antagonist GR32191B inhibited the PVAT-
induced contractions in arteries from females. Although there was no difference
in PGF, levels in PVAT between females and males, PGF», produced a larger
contraction in arteries from males, correlating with a higher FP receptor
expression detected by immunoblotting. In contrast, the release of TXB; from
PVAT from females was greater than the release from males PVAT, but there
was no difference in the contraction by the TXAzagonist U46619. Furthermore,
there was no difference in the role of extracellular Ca?* and Rho kinase pathway
(intracellular Ca?*) in the action of U46619, or TP receptor expression in arteries

from different sexes.

Pre-incubation with the reactive oxygen species (ROS) scavenger N-
acetyl-L-cysteine (NAC), a non-selective NADPH oxidase (Nox) inhibitor
(DPI), a selective Nox1 inhibitor (ML171), a selective Nox2 inhibitor Phox-12
and selective Nox1 and Nox4 inhibitor (GKT137831) significantly reduced
PVAT-induced vasoconstriction in PCAs from both females and males. Nox1,
Nox2 and Nox4 were expressed equally in PVAT from male and females.
However, in PCAs, Nox1 expression was greater in females whilst Nox4 was
higher in males. Nox2 was expressed equally in PCAs from different sexes.
ML171 and phox-12 reduced superoxide anion (O2") production in PVAT and
PCAs from both sexes. GKT137831 inhibited H2O2 production in PCAs, but not
PVAT, from both sexes. Both U46619 and PGF,, had similar effects on ROS
production in that they did not increase O2" production in PVAT while they
enhanced Oz production in PCA from females only. Functional studies showed
that Nox inhibitors could inhibit the PCAs response to both U46619 and PGF,

in females only.

The adipose-derived compound chemerin-9 caused a significantly higher
vasoconstriction in PCAs from females in comparison with males PCAs.
Similarly, chemerin-9 enhanced Nox activity in females PCAs but not in males

PCAs. Chemerin mRNA was expressed in the PVAT, and the chemerin receptor



ChemR23 was expressed in PCAs, although there were no sex differences. The
anti-chemerin antibody can abolish the PVAT-induced contractions in both
sexes. The sexual dimorphism in the contraction to chemerin could be explained
by differences in the signalling downstream of the chemerin receptor in PCAs
rather than the expression of chemerin or its receptor in PVAT and PCA,

respectively.

In conclusion, this thesis has demonstrated clear sex differences in the
regulation of coronary artery tone by PVAT, with a dual effect of PVAT on the
contractility of the PCA. PVAT stored overnight enhanced vasorelaxation in
PCAs from females only due to the increased adiponectin activity compared to
the males PCAs. In contrast, fresh PVAT augments vasoconstriction in PCAs
from both sexes. Prostanoids have an important role in PVAT-induced
vasoconstriction in which PGF,, and TXA: are responsible for vasoconstriction
in male and female PCAs, respectively. In addition, chemerin may have a role
as a PVAT-derived contractile agent in female PCA only, while Nox-derived
ROS regulates PVAT-induced contraction in the PCAs from both sexes. This
study highlighted the importance of considering potential sex differences in the
responses to PVAT and that sex-specific drug treatment may represent a

potential strategy in the treatment of cardiovascular diseases.
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Chapter one

General Introduction



1.1. Introduction:

Adipose tissue

Adipose tissue (AT) is composed of a heterogeneous mixture of cellular
structures (that is, adipocytes, preadipocytes, precursor cells, T-lymphocytes,
macrophages, fibroblasts and endothelial cells) and tissue structures (blood
vessels and nerves). Collectively, these non-adipose cells comprise the stromal-
vascular fraction of adipose tissue. AT has been classified into white adipose
tissue (WAT) and brown adipose tissue (BAT) according to the type of the
constituent adipocytes (Ramsay, 1996; Lowell, 1998; Avram et al., 2005). Fat
cells in WAT are small with large unilocular lipid droplets, few numbers of
mitochondria and lacking uncoupling protein 1 (UCP1) (Cinti, 2005; Nedergaard
et al., 2007). Adipocytes in BAT are larger in size with multilocular small fat
droplets, abundant in mitochondria and expressing UCP1 (Cinti, 2005;
Nedergaard et al., 2007). UCP1 enables the BAT to exert a thermogenic effect
by increasing the permeability of the inner mitochondrial membrane and
allowing leakage of protons via uncoupling the respiratory chain (Cannon and
Nedergaard, 2004; Sidossis and Kajimura, 2015).

In contrast to WAT, BAT is described as more vascularised, metabolically
active and with noradrenergic innervations (Cannon and Nedergaard, 2004;
Cinti, 2011). White adipose tissue, which comprises up to 20% to 25% of total
body weight (Mariman and Wang, 2010), acts primarily as an energy store,
mainly lipid storage depot, and to a lesser extent, thermal insulator and body
support against mechanical shocks (such as, skin or kidney) (Mariman and
Wang, 2010). On the other hand, BAT is considered as a site of non-shivering
thermogenesis that aids in the regulation of body temperature by enhancing lipid
metabolism. While WAT s distributed throughout the whole body, BAT is
located in dedicated local depots, for instance, interscapular region in human
infants and rodents (Wankhade et al., 2016). Although interscapular BAT in
human infants is known to regress with age and is almost absent in adults
(Aherne and Hull, 1966; Heaton, 1972) recent research has identified the
presence of classical BAT in supraclavicular fat in adult human as well (Cypess
et al., 2009; Virtanen et al., 2009).



In addition to the well-recognized WAT and BAT, “beige” or “brite” adipose
tissue has been recently identified as a third type of AT. It is composed of beige
adipocytes that exhibit BAT-like characteristics and reside with white
adipocytes (Vitali et al., 2012). It occurs in response to environmental and
pharmacological stimuli such as exercise, chronic cold exposure, 5-adrenoceptor
agonists and long-term treatment with peroxisome proliferator-activated
receptor gamma (PPARY) agonists (e.g., pioglitazone), a process often called as
“browning” of white adipose tissue (Harms and Seale, 2013; Wu et al., 2013;
Kajimura and Saito, 2014).

According to its location and origin, AT can be classified as either visceral
adipose tissue (VAT) present in the abdominal cavity or subcutaneous adipose
tissue (SAT) present in subcutaneous areas. There are substantial differences
between two types including morphological, physiological, clinical and
prognostic differences (Ibrahim, 2010). VAT accounts for 6-20% of total body
fat while SAT stores ~80-90% of total body fat and exhibits sex-specific
variations in size and function (Karastergiou et al., 2012). In general, VAT is
linked with a greater prediction of cardiovascular disease risk than SAT
(Ibrahim, 2010). Excess VAT has the potential to trigger hypercoagulability,
coronary heart disease and peripheral arterial disease (Lemieux et al., 2000;
Planas et al., 2001; Tanko et al., 2005). Moreover, only obese individuals
characterized by elevated VAT establish the predictive complications of type 2

diabetes and cardiovascular disease (McFarlane et al., 2001).

1.2. Adipokines

As mentioned earlier, adipose tissue (AT) has traditionally been viewed as being
simply connective tissue supporting the adjacent structures, with additional fat
storage facility (WAT) and regulation of body temperature (BAT). However,
compelling evidence in recent years has led to the view that adipose tissue is far
more than a fat reservoir and thermoregulator but is indeed an active secretory
organ of numerous bioactive signaling molecules, which are important in both

health and disease.

Indeed, adipocytes and stromal cells of the AT are regarded as a source of an
ever growing list of bioactive mediators that are collectively termed adipokines.

These molecules include hormones (such as adiponectin, leptin and sex steroids),

3



inflammatory cytokines (for example, interleukin-1, interleukin-6, tumour
necrosis factor-o. (TNF-a)), other proteins (as angiotensinogen, plasminogen
activator protein (PAI-1) and vascular endothelial growth factor (VEGF)) and
reactive oxygen species (Fortuno et al., 2003; Havel, 2004; Thalmann and Meier,
2007; Yamawaki et al., 2010). In addition to the autocrine role of these
biological active substances in the regulation of adipocyte metabolism, these
mediators that are produced in situ affect the neighbouring tissue cells through
paracrine mechanisms or could be secreted into the bloodstream to play an
endocrine role in the control of different physiological processes (Gollasch,
2012). Therefore, adipose tissue affects the normal function of many organs such
as brain, liver, muscle and vasculature as well as it has essential role in overall

metabolism.

1.3. Effects of vasoactive adipokines

The tone of vascular smooth muscle (VSM) determines both regional blood flow
and systemic blood pressure (BP). In addition to myogenic mechanisms,
vasoactive molecules released by nerves or by paracrine and endocrine tissues
are responsible for regulation of vascular tone. In recent decades, the pivotal role
of the endothelium in the homeostasis of the underlying smooth muscle cell layer
has become clear. More recently, studies suggested the concept of endocrine and
paracrine role for adipocytes in vasoregulation (Yiannikouris et al., 2010;
Maenhaut and VVan de VVoorde, 2011). More than 100 adipokines have since been
identified and described to have the ability to elicit haemodynamic, metabolic
and immunological effects. Close associations between adipocytes and immune
cells are increasingly clear, and pre-adipocytes have been described to act as
‘macrophage-like’ cells (Cousin et al., 1999). Furthermore, the adipose tissue in
obese individuals has been identified to be extensively infiltrated by
macrophages (Weisberg et al., 2003). As adipose tissue expands, the expression
and secretion of inflammation-related adipokines mostly enhances (Trayhurn,
2005). Moreover, obesity has been attributed to a low-grade chronic
inflammation and this inflammatory state seems to link causally to the
progression of the metabolic syndrome (Trayhurn and Wood, 2005). The extent
of the adipokines’ endocrine effect is still obscure and they seem to have both



advantageous and deleterious impact on vascular biology and pathophysiology
(Mattu and Randeva, 2013).

One of the most important adipocyte-derived substances is the peptide leptin.
Leptin aids in blood pressure regulation by different mechanisms, such as
induction of direct vasorelaxation via stimulation of nitric oxide and
endothelium-derived hyperpolarizing factor (EDHF) (Lembo et al., 2000) whilst
ATP-sensitive (Katp) and tetraethylammonium chloride (TEA)-sensitive
potassium channels are not involved in modifying the anticontractile effects
(Kimura et al., 2000; Sahin and Bariskaner, 2007). On the other hand, indirect
vasocontraction is elicited via central stimulation of the sympathetic nervous
system (Fruhbeck, 1999). TNF-a also has both a vasodilator (Brian and Faraci,
1998; Johns and Webb, 1998) and a vasoconstrictor effect (Zhang et al., 2002).
Additionally, TNF-a has a role in endothelial dysfunction via downregulation of
nitric oxide synthase and impairing endothelium-dependent vasorelaxation
(Wimalasundera et al., 2003; Yang et al., 2009; Park et al., 2011). Notably, a
complete renin—angiotensin system (RAS) has been recognized in adipose tissue
(Engeli et al., 2003; Galvez-Prieto et al., 2008). Thus, adipose cells can play a
more significant role in modulating cellular processes than previously illustrated.
Nevertheless, the majority of the research has been focused on the recognition
of the humoral vasoactive effects of the adipokines but not on a possible
paracrine action for AT in the adjustment of arterial tone and peripheral vascular

resistance.

1.4. Sex differences in physiology and pathology

1.4.1. Sex differences in cardiovascular system

The heart supplies the myocardium with oxygen-rich blood through two main
coronary arteries (left coronary artery and right coronary artery) which originate
at the base of the aorta and support the coronary circulation. The heart has the
highest oxygen consumption per tissue mass of all human organs. The resting
coronary blood flow is ~250 ml min~* which represents 5% of cardiac output
(Guyton and Hall, 1996). Coronary flow is controlled mainly by physical factors,

including transmural pressure during systole, vasodilator metabolites like



adenosine, and autonomic, mainly sympathetic, innervation (Rang and Dale,
2012).

Vascular tone is regulated by contraction of the smooth muscle cells, the
major constituent of the blood vessel wall. The free intracellular Ca?* and Ca?*
sensitivity of contractile proteins determine the vascular smooth muscle
contractility. The elevation of intracellular Ca?*, either by entry from the
extracellular space or release from intracellular stores, initiates contractile
activity by a Ca%*-calmodulin interaction, stimulating myosin light chain (MLC)
kinase with subsequent phosphorylation of the myosin light chains (Dabrowska
et al., 1977). This latter enables cross-bridge formation with actin and is

considered as a key event in smooth muscle contraction (Gabella, 1984).

Studies have reported a greater incidence of cardiovascular diseases (CVD)
in men and postmenopausal women compared to premenopausal women (Lerner
and Kannel, 1986; Barrett-Connor, 1997). Sex differences have been identified
in the changes of cardiovascular risks during the transition from childhood to
adolescence. In females, insulin resistance and triglycerides are significantly
decreased and HDL-C (high-density lipoprotein cholesterol) is significantly
increased, whilst opposite changes have been found in males (Moran et al.,
2008). Sex differences in vascular function have been suggested as a causative
factor to the variation in cardiovascular risks (Reckelhoff, 2005). There is a
growing body of evidence that sex variation may be evoked by sex hormones,
particularly oestrogen, which can modulate endothelial function as well as the
platelet function, recruitment of circulating cells like leukocytes, endothelial
progenitor cells and platelets, and several other processes in vascular
inflammation and development of CVD (Villar et al., 2008). In addition, sex
differences have been identified in the changes of cardiovascular risks during the
transition from childhood to adolescence. In females, insulin resistance and
triglycerides are significantly decreased and HDL-C (high-density lipoprotein
cholesterol) is significantly increased, whilst opposite changes have been found
in males (Moran et al., 2008). The protective effects of oestrogen have been
studied extensively in  numerous studies and a number of
targets/pathways/mediators have been identified (Orshal and Khalil, 2004; Villar

et al., 2006). Much attention has been applied to the role of sex differences in
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the incidence of coronary artery diseases (CAD) showing a potential effect of
oestrogen in upregulating nitric oxide synthase (NOS) and enhancing
endothelium-derived nitric oxide (NO)-dependent vasodilation (Mendelsohn
and Karas, 1999). In addition, the endothelial function in the coronary circulation
has been significantly improved after an acute administration of oestrogen to
postmenopausal women (Gilligan et al., 1994).

Moreover, elimination of H.O> by polyethylene glycol-catalase significantly
attenuated the bradykinin-induced vasorelaxation in the absence, but not in the
presence of N®-nitro-L-arginine methyl ester (L-NAME) and COX inhibitor
(indomethacin) in females, but not in males (Wong et al., 2014b). The same
authors found that non-selective inhibition of NADPH oxidase (Nox) reduced
the potency of the bradykinin-induced vasorelaxation in porcine coronary artery
from males whereas no effect was seen in females (Wong et al., 2015a).
Furthermore, the impact of sex differences was further confirmed by another
study from Wong et al., in which the authors this time showed a variation in the
transient receptor potential (TRP) channels where TRPC3 isoform has a role in
the NO- and EDH-type response in male PCAs, whereas TRPV4 isoform plays
a role in the NO-induced response in female PCAs (Wong et al., 2015b).

1.4.2. Sex differences in adipose tissue

Sexual dimorphism in adipose tissue has been extensively studied and
clarified in many reviews (Fuente-Martin et al., 2013; White and Tchoukalova,
2014; Greenhill, 2016). Sex differences in adipose tissue distribution can be
observed before and after puberty, although they become much more
pronounced after pubertal onset (He et al., 2002; Taylor et al., 2010). Females
predominantly characterized by accumulating more SAT and less VAT, whereas
males have a significantly more central or abdominal fat which is considered, as
mentioned earlier, a greater risk factor in metabolic disorders (Kotani et al.,
1994; Demerath et al., 2007). However, this sexual variation in fat distribution
is reduced at older ages as women reach postmenopausal stage (Goodman-Gruen
and Barrett-Connor, 1996; Camhi et al., 2011), highlighting the role of sex

hormones in this phenomenon.



Adipose tissue expresses both nuclear receptors of oestrogen, ERa and ERp,
with greater ERa expression compared to ERf (Ribas et al., 2010; Gorres et al.,
2011). In addition, oestrogen has been suggested as a potential regulator of cell
metabolism after identification of its two receptors in the mitochondria of WAT
(Chen et al., 2009). Moreover, a recent study by Davis et al., (2013)
complemented these findings by showing that ERa signalling in adipose tissue
is important for the protection against adiposity, adipose tissue inflammation and
fibrosis (Davis et al., 2013). Noteworthy, apart from oestrogen, other gonadal
sex hormones have a potential effect on adipose tissue function. For instance,
androgens have adipogenic effects and are capable of enhancing insulin
sensitivity in male AT, whilst testosterone attenuates insulin sensitivity in female
AT (Corbould, 2007; Varlamov et al., 2012). Furthermore, progesterone
administration to female rats enhanced production of leptin, resistin and
adiponectin with males having no response to the same pharmacological dose
(Stelmanska et al., 2012).

Sexual dimorphism has been identified even in the metabolic rate of AT. A
recent study reported a higher resting metabolic rate in women than in men
which is explained by 5-fold higher expression of the brown adipocyte marker
(UCP1) gene in female adipocytes (Nookaew et al., 2013). Rates of lipolysis and
mobilization of AT triglyceride stores (Nielsen et al., 2003) is greater in women
compared to men, and simultaneously women are more efficient in managing
free fatty acids, retaining their insulin sensitivity (Karastergiou et al., 2012).
Multiple studies have found that the circulating adiponectin levels are higher in
women than men in spite of their superior adiposity, which is concomitant in
both sexes with reduced adiponectin levels (Nishizawa et al., 2002; Cnop et al.,
2003; Arita et al., 2012). Women also have a higher leptin levels, even after
adjusting for differences in body mass index (BMI) and body fat content
(Considine et al., 1996), a finding that is reproduced in ex vivo AT cultures
(Hellstrom et al., 2000). Furthermore, other factors could modulate AT
development and, adipokine and cytokine production such as prolactin and
thyrotropin stimulating hormone (TSH) (Bell et al., 2002; Menendez et al.,
2003; Flint et al., 2006). Noteworthy, many of these anterior pituitary hormones



are also sexually dimorphic (Tong et al., 1989; Chowen et al., 1996), proposing
a possible sex differences in their impact on AT.

1.5. Perivascular adipose tissue

1.5.1. Overview

Perivascular adipose tissue (PVAT) is positioned around blood vessels and is
regarded distinct from the adventitia in spite of absence of a barrier between
them (Figure 1.1). PVAT is distributed with various proportions throughout the
body according to the anatomical origin and vessel calibre ranging from more
abundant (such as aorta), somewhat detached from the surrounded adipose tissue
(as with the coronary perivascular adipose tissue inside epicardial fat) or absent
(e.g. cerebral and microcirculation) (Szasz et al., 2013). Indeed, in addition to
the well-recognized three layers of the blood vessel (tunica adventitia, tunica
media and tunica intima), tunica adiposa (or perivascular adipose tissue PVAT)
has been recently described as a new fourth layer (Chaldakov et al., 2007;
Chaldakov et al., 2012; Brown et al., 2014) (Figure 1.1).

PVAT is composed mainly of adipocytes (white or brown) as well as a
stromal vascular fraction, like other AT, which includes pre-adipocytes,
macrophages, lymphocytes, fibroblasts, vasa vasorum endothelial cells,
mesenchymal stem cells and nerve endings (Szasz et al., 2013). Noteworthy, the
crosstalk between adipocytes and the stromal vascular fraction is critical for
PVAT function, and more importantly, in disease conditions (Weisberg et al.,
2003; Tilg and Moschen, 2006).



Y (& Tunica intima

Figure 1.1: Structure and composition of a blood vessel. The innermost layer is
tunica intima (endothelium), followed by the tunica media (VSM), tunica
adventitia and then tunica adiposa (PVAT). Figure adapted from (Payne et al.,
2010).

Both white and brown PVAT are encountered, with different ratios
depending on the anatomical location (Cinti, 2011). In Sv129 mice, the
mediastinal depot (coronary artery and thoracic aorta) is composed mainly of
BAT, the abdominal-pelvic depot (iliofemoral blood vessels) has an equal
amount of both types, while the retroperitoneal and mesenteric depots
(abdominal aorta and mesenteric arteries) consist mostly of WAT (Frontini and
Cinti, 2010). Correspondingly, Wang et al. (2009) reported that PVAT
surrounding thoracic aorta of Sprague-Dawley rats is mainly BAT (Wang et al.,
2009). In humans, PVAT around the aorta and its main branches including the
carotid, subclavian, intercostal and renal arteries is mostly brown adipose tissue
corresponding to the necessity to distribute generated heat by BAT to the body
via the circulation (Frontini and Cinti, 2010). However, the findings from human
coronary arteries have been conflicting, with one study reported that PVAT
dissected from the base of human right coronary arteries expressing greater level
of brown adipocyte-related genes in comparison with substernal, and

subcutaneous thoracic, abdominal, and leg fat (Sacks et al., 2009), while another

10



study has showed gene expression in perivascular adipocytes surround human
coronary arteries to be related to white, rather than brown, adipocytes (Chatterjee
etal., 2009). Moreover, the concept of the presence of strictly defined adipocytes
as either white or brown has been rejected due to identifying brown-like
adipocytes in the midst of a WAT, the finding that supports the concept of
adipocyte transdifferentiation.

In terms of its classification as either subcutaneous (SAT) or visceral (VAT),
a study clarified that PVAT around the aorta is generally considered as VAT,
notably linked with cardiovascular diseases (Schlett et al., 2009). However, the
secretory profile of PVAT is significantly different from other fat depots. Some
evidence suggests that murine aortic PVAT produces less leptin, adiponectin and
resistin, reverse expression profile of adipose-related lipid synthesis and storage
genes, with decreased expression of lipid-oxidation genes in comparison with
VAT and SAT (Chatterjee et al., 2009; Fitzgibbons et al., 2011). In addition,
there is relatively less expression of adipocyte differentiation and maturation
markers in PVAT compared with SAT and VAT (Chatterjee et al., 2009). The
nerve supply in PVAT is mostly sympathetic. Vasa vasorum may be present in
PVAT in some of the vascular bed (Lafontan and Berlan, 1993; Szasz et al.,
2013). The function of the vasa vasorum, which is present in the adventitia of
the blood vessel, is promoting neovascularization following vascular injury and
inflammation. This facilitates conveyance of vasoactive substances secreted by
PVAT to the inner vasculature (Gossl et al., 2009).

1.5.2. PVAT functions

The recent attention concerning perivascular adipose tissue as a paracrine organ
has led to several studies investigating the characteristics of various fat depots
in the body. A complex world of physiology resides in PVAT, including the
presence of many chemokines, adipokines and other bioactive signalling
molecules that are released and affect the adjacent vessels (Nava and Llorens,
2016; Gollasch, 2017).

As both rodent and human thoracic PVAT comprise UCP1-positive brown
adipocytes, which is associated with non-shivering thermogenesis, PVAT could
have significant physiological and pathophysiological thermogenesis properties.

This hypothesis is supported by a recent study which showed that intravascular
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temperature is regulated by PVAT (Chang et al., 2012a). Noteworthy, a
temperature gradient is recognized in the vasculature, with a blood temperatures
getting higher in the vessels closest to the heart (Robinson, 1952) and it is

possible that PVAT has a potential role in maintaining this temperature gradient.

Several adipocyte products are expressed and released from PVAT affecting
the inflammatory state including adipokines (e.g leptin, adiponectin, resistin,
visfatin, adrenomedullin) and classical chemokines/ cytokines (e.g. TNF-a,
interleukin-1, interleukin-6, interleukin-8, monocyte chemoattractant protein—1
(MCP-1) and plasminogen activator inhibitor-1) (Rajsheker et al., 2010).
Obviously, the majority of these substances are normally produced and released
in inflammatory conditions. Moreover, Chatterjee et al. (2009) showed that
PVAT exhibits a rather proinflammatory phenotype compared to the
subcutaneous and visceral depots (Chatterjee et al., 2009). The authors found
that both human coronary perivascular adipose tissue and adipocytes secrete
higher proinflammatory cytokines levels compared to subcutaneous or visceral
depots. Furthermore, they showed that feeding mice with high fat diet caused a
further increase in proinflammatory gene expression in PVAT which was much

more robust than that observed in the other adipocyte depots.

PVAT of the human aorta has the ability to induce chemotaxis of peripheral
blood granulocytes and monocytes, which is mostly mediated by IL-8 and MCP-
1 (Henrichot et al., 2005). Balloon overstretch injury induces accumulation of
neutrophils and macrophages in PVAT of porcine coronary arteries, possibly
through the release of reactive oxygen species and/or cytokines (Okamoto et al.,
2001). In fact, the inflammatory cells (such as macrophages and T-lymphocytes)
which are either infiltrating the PVAT or recruited in response to released
cytokines are essential to secrete inflammatory mediators, maintain a balance of
theses mediators and modulate the inflammatory response to external stimuli.
Noteworthy, other reports have emphasized that although PVAT has a basal
adipokine-releasing ability, this does not mean an essential deleterious effect is
expected from PVAT. For instance, Rittig et al., (2008) found that PVAT does
not cause endothelial dysfunction in human brachial artery (Rittig et al., 2008)
and several studies have showed that the PVAT attached to the vessels does not
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impede the endothelium-dependent relaxations in comparison with PVAT-free
vessels (Ketonen et al., 2010; Mendizabal et al., 2013).

Several growth factors have been identified in PVAT which play an
important role in the regulation of structural remodelling of the vascular wall
(Barandier et al., 2005; Engeli, 2005). Visfatin can promote vascular smooth
muscle cell (VSMC) growth via activation of ERK1/2 and p38 MAP kinase
pathways. It has been shown that PVAT secretes a higher visfatin level compared
to subcutaneous or visceral fat depots (Wang et al., 2009). Leptin and resistin
are capable of stimulating proliferation and migration of VSMC via MAPK
and/or PI3K pathways (Tilg and Moschen, 2006; Shyu et al., 2016). Examples
of other VSMC growth and migration promoters includes free fatty acids (FFA)
(Lamers et al., 2011), angiotensin Il (Schling et al., 1999), TNF-a, fibroblast
growth factor, insulin-like growth factor, and heparin-binding epidermal growth
factor-like growth factor (Matsumoto et al., 2002; Schling and Loffler, 2002).
On the other hand, adiponectin can act as a VSMC growth inhibitor thus
enhancing a beneficial antiangiogenic effect (Lamers et al., 2011) which could
be reduced in the pathophysiological conditions in which the adiponectin level
is diminished. However, it is for future study to evaluate the proliferative
signalling substances that are released from PVAT and contribute to the vascular

remodelling in both physiological and pathological conditions.

1.5.3. PVAT effect in regulation of vascular tone

PVAT is routinely removed in vascular functional studies based largely on the
assumption that it is an extraneous tissue which even could impede the diffusion
of exogenous molecules into the vascular tissue. The claim of the PVAT as a
mere supportive structure without any role in modulating vascular function was
widely accepted until Soltis and Cassis (1991) first described that PVAT
significantly attenuated vascular responsiveness of Sprague-Dawley rat aorta to
noradrenaline. The authors demonstrated that sympathetic nervous system
innervation to the periaortic adipose tissue manipulates aortic vascular
responsiveness. They proposed that the uptake of noradrenaline by AT was

responsible for this anti-contractile effect (Soltis and Cassis, 1991).

The results of Soltis and Cassis’s study were confirmed by Lohn et al.,

(2002), who re-examined the concept of periadventitial vasoregulation. The
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latter study afforded additional proof that PVAT could inhibit vasoconstriction,
which was induced by a number of agonists such as serotonin, phenylephrine
and angiotensin Il (Lohn et al., 2002). The advantage of using these various
agonists is that it excludes the initial assumption that PVAT would increase the
uptake of noradrenaline, since the other agonists could not be taken up,
inactivated or cleaved (Lohn et al., 2002). So the claim that the physical presence
of PVAT could mechanically impede the diffusion of vasoactive substances, and
subsequently the anti-contractile effect, was questioned. In the Lohn et al.,
(2002) study, the supernatant from incubated PVAT or cultured adipocytes
relaxed pre-contracted rat aorta after complete removal of the adherent adipose
tissue which confirms the existence of a diffusible vasoactive “adventitium-
derived relaxing factor (ADRF)” derived from PVAT. The same group
demonstrated that ADRF could hyperpolarize smooth muscle cells via Ky
channel activation in mesenteric artery rings from Sprague-Dawley rats.
Additionally, the authors decided that “A” in ADRF should stand for adipocyte
rather than adventitium (Verlohren et al., 2004). Since then, the same acronym

(ADREF) is used to describe both adventitium and adipocyte interchangeably.

Noteworthy, Gao et al. have presented novel findings that highlight the
potential role of PVAT in regulating homeostasis. The existence of PVAT-
derived transferable relaxing molecule in human vessels was first reported by
Gao et al., (2005b) who found that this ADRF acts through the activation of
calcium-dependent potassium channels (Gao et al., 2005b). In addition, the first
study on PVAT in obesity was by Gao et al., (2005a) who showed that prenatal
exposure to nicotine is associated with increased adiposity along with the loss of
modulatory function of PVAT on the response of thoracic aorta of female Wistar
rats (Gao et al., 2005a). The same group also published the first report which
described the presence of a pro-contractile diffusible molecule in PVAT,
highlighting the role of superoxide anion in PVAT-induced vasoconstriction in
mesenteric artery of male Wistar rats (Gao et al., 2006). Subsequently, the term
perivascular contractile factor (PVCF) was firstly introduced in the literature in
2007 (Gao, 2007). In fact, what makes PVAT’s role in body homeostasis unique
is the close proximity with the vessels. Although the exact mechanism of
different adipose-derived relaxing and constricting factors (ADRFs and ADCFs)
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IS yet to be identified, a number of potential PVAT-derived bioactive substances
have been suggested to affect the vascular contractility, for instance, NO, H>S,
angiotensin 1-7, methyl palmitate, ROS and angiotensin Il (Nava and Llorens,

2016) (Figure 1.2 and 1.3). Below are the details of some of these factors.

1.5.3.1. PVAT-mediated vasorelaxtion

1.5.3.1.1. Nitric Oxide

The identification of nitric oxide as a novel gaseous molecule and endothelium-
derived relaxing factor (EDRF) had a major impact on vascular research.
However, the involvement of NO in PVAT-dependent vasoregulation has yet to
be defined clearly (Lohn et al., 2002; Verlohren et al., 2004; Gao et al., 2007).
In aortic rings from Wistar rats, NO released from PVAT could induce
endothelium-dependent vasodilatation via activation of smooth muscle K*
channels (Gao et al., 2007). In contrast, blocking NO synthesis in the aorta of
Sprague-Dawley rats by L-NNA does not influence the effects of PVAT (Lohn
et al., 2002). Although Dashwood et al., (2007) proposed that NO could be
released by adipocytes and endothelium of the vasa vasorum, the exact cell type
responsible for production of NO is still a matter of debate (Dashwood et al.,
2007; Malinowski et al., 2008; Gil-Ortega et al., 2010).
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Figure 1.2: The vasodilator effects of PVAT. Several adipocyte-derived
relaxing factors are secreted from PVAT that reduce the contractility state of the
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blood vessels, such as nitric oxide (NO), prostacyclin (PGl>), leptin, adiponectin,
angiotensin 1-7, TNF-a, H2O2 and H>S.

1.5.3.1.2. Prostacyclin

Prostacyclin (PGlz) is a potent vasorelaxant synthesized primarily in the
endothelium and by the action of PGIl. synthase. PGI, binds to prostacyclin
receptors on the vascular smooth muscle to provide atheroprotection by
restraining both oxidative stress and platelet activation that contribute to
atherogenesis (Egan et al., 2004). Decreased prostacyclin secretion has been
reported in age-related studies and hypertensive conditions. The diminished
relaxant effects of PGl in older subjects may be associated with a diminution in
the contribution of endothelial-derived NO when compared with younger
individuals (Nicholson et al., 2009). Recent studies have demonstrated that
prostacyclin released by PVAT exerts vasorelaxant effects and protects against
endothelial dysfunction (Virtanen et al., 2009). However, Chang and co-workers
suggested that PVAT-derived prostacyclin may have a role as a secondary source
of this vasorelaxant once the endothelium is dysfunctional in diseases such as
atherosclerosis (Chang et al., 2010). Conversely, cyclooxygenase inhibition with
indomethacin failed to inhibit the anti-contractile effect of PVAT of human

internal thoracic artery (Malinowski et al., 2008).

1.5.3.1.3. Adiponectin

Adiponectin was first recognized in 1995 (Scherer et al., 1995) and is the most
abundant adipokine in the circulation (Japp and Newby, 2008). The
endothelium-dependent vasorelaxation is proportional to the level of plasma
adiponectin in humans. It was found that a significant increase in NO production
was caused by adiponectin and both isoforms of adiponectin receptors, AdipoR1
and AdipoR2, were expressed in aortic endothelial cells (Tan et al., 2004).
Furthermore, 5-HT-mediated contraction of rat aorta has been attenuated by
recombinant adiponectin (Fesus et al., 2007). Moreover, a fragment of the
adiponectin receptor impeded the PVAT-induced vasodilatation in human small
arteries taken from subcutaneous gluteal fat biopsy samples (Greenstein et al.,
2009).
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Contrasting with the above results, Fesus et al., (2007) ruled out that
adiponectin is an ADRF in visceral arteries via studies using adiponectin gene
knockout mice. They reported that proven humoral vasodilator characteristics of
adiponectin maybe through stimulation of 4-AP-sensitive Ky channels. Despite
the latter findings, adiponectin still has important vasoregulatory effects (Fesus
et al., 2007). In addition, many studies reported that adiponectin is a beneficial
adipokine playing a role as anti-inflammatory, anti-atherogenic and antidiabetic
mediator (Matsuzawa, 2010). A recent study suggested PVAT-derived
adiponectin as a local protective signalling substance which prevents vascular
oxidative stress (Antonopoulos et al., 2015).

1.5.3.1.4. Tumour necrosis factor-a

As the TNF-o gene was identified to be expressed in adipose tissue in 1993
(Hotamisligil et al., 1993), TNF-a has been suggested as a vital adipokine. TNF-
a exhibits both time-dependent vasoconstrictor (Wagner, 2000; Zhang et al.,
2002) and vasodilator (Brian and Faraci, 1998; Johns and Webb, 1998) effects.
This adipokine-induced vasoregulation can occur via both endothelium-
dependent (Brian and Faraci, 1998) and endothelium-independent mechanisms
(Johns and Webb, 1998). In obese subjects undergoing bypass surgery,
epicardial fat shows a higher TNF-a level than subcutaneous fat (Mazurek et al.,
2003). In addition, the anticontractile effects of PVAT are diminished
significantly after incubation with TNF-a in mesenteric arteries from Wistar rats
(Greenstein et al., 2009). Moreover, PVAT-derived TNF-a has a critical role in

progression of inflammation and atherosclerosis (Chang et al., 2013).

1.5.3.1.5. Interleukin-6

Acute exposure of IL-6 in vitro induces relaxation of the rings isolated from
Sprague-Dawley rat aorta. The latter effect can be endothelium-independent
through an increase of prostacyclin in VSMC (Ohkawa et al., 1994). In contrast,
incubation with IL-6, but not IL-1, reduced the PVAT-mediated anticontractile
effect in mesenteric arteries from Wistar rats (Greenstein et al., 2009). In obesity,
IL-6 is markedly increased at the mRNA levels in PVAT in Zucker rats (Hamlat-
Khennaf et al., 2017). Furthermore, human perivascular adipocytes in vitro
expressed higher levels of IL-6 compared with SAT (Chatterjee et al., 2009).

Significant associations have been found between a sustained elevation in IL-6
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plasma level and high BP (Lee et al., 2006). Moreover, a study by Ridker et al.,
(2000) postulated that I1L-6 could be regarded as a predictor of future
myocardial infarction (Ridker et al., 2000) whereas other study found a

correlation of IL-6 with cardiovascular mortality (Langenberg et al., 2006).

1.5.3.1.6. Angiotensin [1-7]

A possible candidate as a new ADREF is the peptide angiotensin [1-7], which is
expressed and secreted from PVAT, and is responsible for a vasorelaxant action
via opening of large-conductance, Ca?* activated K* (BKca) channels (Lee et al.,
2009). Blocking of this particular peptide reduces partly the anti-contractile
effect of PVAT surrounding rat aorta (Lee et al., 2009) and rat vena cava (Lu et
al., 2011), effects supported by another study performed with angiotensin [1-7]

receptor knockout mice (Lee et al., 2011).

15.3.1.7. HoS

Hydrogen sulphide has received attention, particularly due to its vasorelaxant
effects and has described as a novel candidate of ADRF (Fang et al., 2009;
Schleifenbaum et al., 2010; Wojcicka et al., 2011). Although it is demonstrated
that in the body HaS is synthesised through cystathionine-R-synthase (CBS),
cystathionine y-lyase (CSE) and 3-mercaptopyruvate sulfurtransferase (3-
MPST) (Cheng et al., 2004; Kuo et al., 2016; Donovan et al., 2017), studies on
PVAT focused on CSE and suggested it as the main source of H>S synthesis. In
rats, CSE is expressed in PVAT and endogenously produces H2S (Feng et al.,
2009). In addition, inhibitors of CSE inhibited the anti-contractile effects of
PVAT in mouse mesenteric arteries and rat aorta (Fang et al., 2009;
Schleifenbaum et al., 2010). Furthermore, Schleifenbaum et al., (2010) reported
that H>S-mediated vasodilatation of rat aorta was attenuated by a particular
ADRF-related K* -channel (KCNQ) blocker XE991 (Schleifenbaum et al.,
2010). In addition, the same authors have found that the effects of ADRF can be
augmented by KCNQ channel openers (VRX0621688, retigabine, VRX0621238
and VRX0530727) in situations of low HS release from perivascular fat, by
inhibition of CSE by b-cyano-L-alanine.

Fang et al., (2009) illustrated that in ageing normotensive rats,

endogenous H>S generation in aorta and isolated PVAT was suppressed,
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whereas CSE protein expression levels rose (Fang et al., 2009). On the other
hand, a study on spontaneously hypertensive rats showed decreased level of both
plasma H>S and its precursor enzyme expression in thoracic aorta (Yan et al.,
2004), a finding that raises the notion that malfunctioning CSE/H2S may be
considered as a new candidate that is involved in the pathogenesis of
hypertension.

1.5.3.2. PVAT-mediated vasoconstriction

Interestingly, some studies showed opposing effects of PVAT on vascular tone
(Figure 1.3). A study of Soltis and Cassis (1991) demonstrated that the
contraction of the rat aorta to electrical field stimulation was induced only in the
presence of PVAT. This response was blocked by using non-selective a-
adrenoceptor antagonist phentolamine and diminished by angiotensin Il receptor
antagonist Sarl-1le8-All, suggesting that PVAT could release angiotensin Il
(Soltis and Cassis, 1991). A study of canine coronary arteries demonstrated that
perivascular adipose tissue reduced endothelium-dependent dilatation by

impairing NO production (Payne et al., 2009).
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Figure 1.3: The vasoconstrictor effects of PVAT. Several adipocyte derived

PVAT

constricting factors are secreted from PVAT that enhance the contractility state
of the blood vessels, such as thromboxane Az (TXA>), prostaglandin F»,, leptin,

chemerin, angiotensin Il, noradrenaline (NA), H.02 and O>".

1.5.3.2.1. Prostanoids
Prostanoids, including prostaglandins and thromboxane, are autacoids produced

in response to various physiological and pathological stimuli. Firstly, cell
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membrane phospholipid is cleaved by phospholipase A> to generate arachidonic
acid (AA), the step which is considered as a rate-limiting step in prostanoid
synthesis. Then, AA can be metabolized by the enzymatic reaction of COX to
the prostanoid precursor PGG2, which is subsequently peroxidized to PGH>
(Morita et al., 1995). This latter short-lived but biologically active PG is
metabolized rapidly by a set of cell-specific synthases namely thromboxane,
PGF, PGE, PGD, PGl synthases, producing corresponding various biologically
active prostanoids. There are mainly five prostanoids that affect vascular tone,
TXA2, PGF2,, PGE2, PGD2 and PGl,. These prostanoids are released and interact
with their specific seven transmembrane domain receptors, which belong to the
G-protein-coupled receptor (TXA2with TP, PGF,, with FP, PGE2 with EP1, EP>,
EP3, and EP4, PGD> with DP and PGI, with IP) (Narumiya et al., 1999; Bos et
al., 2004).

Although it is already known that prostanoids have a role in the
vasomotor control of the endothelium, particularly in obesity, (Jones et al., 1993;
Traupe et al., 2002a; Traupe et al., 2002b; Feletou et al., 2009; Meyer et al.,
2012), less is known about the vasomotor effects of P\VAT-derived prostanoids.
Among the first evidence that suggest prostanoids as an ADCF is the
confirmation of COX expression in adipocytes (Xu et al., 2007) as well as other
cell types in PVAT, such as endothelial cells, immune cells and fibroblasts
(Simmons et al., 2004). Thereafter, a study by Meyer et al., 2013 has showed
that PVAT could augment arterial vasoconstriction via the release of COX-
derived ADCF. In this study, non-selective COX inhibition prevented adipocyte-
derived vasoconstriction of the aorta of obese mice whilst selective COX1 or
COX2 inhibition resulted in a partial antagonism of ADCF. Additionally, TXA:
formation is detected in PVAT of lean control mice and to a greater extent in
PVAT of obese mice (Meyer et al.,, 2013). COX-derived vasoconstrictor
prostanoids have also been suggested to attribute to endothelial dysfunction of
visceral adipose arterioles in human obesity (Farb et al., 2014). Disruption of TP
receptor in mice resulted in lowering systolic BP compared to wild-type mice
(Thomas et al., 1998). Lack of the effect of PVAT-derived TXA: could be, at
least partly, the reason for this reduced BP. Furthermore, several studies have
demonstrated a link between COX-derived prostanoids and atherosclerosis
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progression (Bailey et al., 1979; Pratico et al., 2001). Thus, the recent
observation of provoking atherosclerosis by PVAT (Ohman et al., 2011)
highlights the importance of ADCF-dependent mechanisms and consequently,
the importance of inhibition of prostanoid formation as a novel therapeutic

strategies to reduce the cardiovascular disease risk.

1.5.3.2.2. Reactive oxygen species

Reactive oxygen species (ROS) are small molecules produced at low levels
during normal physiological conditions (Holmstrom and Finkel, 2014; Panieri
and Santoro, 2015), affecting cell homeostasis and survival (Filomeni et al.,
2015). However, excessive increase in production of ROS leads to oxidative
stress which causes toxic cellular effects and tissue dysfunction (Yue et al.,
2015). ROS are produced due to partial reduction of molecular Oz and leads to
production of different kinds of ROS including superoxide anion (O2’), hydroxyl
radical (OH«), hydrogen peroxide (H202), and singlet oxygen (*Oz). ROS can be
generated by different mitochondrial and non-mitochondrial enzymes either
primarily as NADPH oxidases (Nox) (Babior et al., 2002; Lambeth, 2004) or as
a part of other reactions such as xanthine oxidase, lipoxygenase and
cyclooxygenase (Droge, 2002; Huang et al., 2013). There are different isoforms
of Nox, all utilize NADPH as an electron donor to produce ROS (Katsuyama,
2010). Nox1, Nox2 and Nox4 are expressed in VSM and linked to several
cardiovascular dysfunctions, such as hypertension and atherosclerosis (Cave et
al., 2006; Streeter et al., 2013).

The interaction between ROS and vascular tone is quite complex.
Superoxide anion is produced from reduction of O, molecule and is a precursor
of many ROS. Superoxide has a complex biphasic effect on the vascular tone,
inducing both direct vasoconstriction and vasorelaxtion depending on the model
and circumstances (Didion and Faraci, 2002; Snetkov et al., 2011). In addition,
Oz can affect the vascular tone indirectly by interacting with the potent
vasodilator, nitric oxide. The reaction between NO and O’ is three times faster
than the dismutation of superoxide by superoxide dismutases (SODs) (Faraci
and Didion, 2004). This characteristic confers O2" the ability to act as a key
determinant of the biological half-life of nitric oxide. Dismutation of Oz

produces hydrogen peroxide, a molecule with low reactivity and high stability
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that can readily penetrate the cell membrane and generate the most active form
of ROS, hydroxyl radical. Several studies have consistently identified a
vasodilator effect of H2O> in different arteries (Burke and Wolin, 1987; Fujimoto
et al., 2001; Sato et al., 2003). However, high concentration of H.O> can cause
vasoconstriction followed by vasorelaxtion. In addition to the acute regulation
of vascular tone mentioned above, ROS have much more chronic effects within
the vascular wall including, for instance, vascular structure (Birukov, 2009),
vascular permeability (Abbott, 2000) and gene expression and inflammation
(Faraci, 2005). Furthermore, excessive Nox-derived ROS have been suggested
to be detrimental to vascular function as mice lacking components of Nox
subunits showed a higher level of protection against hypertension which
attributed to a reduced vascular ROS production and increased NO
bioavailability (Barry-Lane et al., 2001; Judkins et al., 2010).

Recent studies on PVAT have identified the existence of a complete reactive
oxygen species/reactive nitrogen species machinery including Nox, superoxide
dismutase (SOD) isoforms and eNOS (Szasz and Webb, 2012). Gao et al. (2006)
proposed for the first time that PVAT could augment vasoconstriction induced
by perivascular nerve stimulation of rat superior mesenteric artery. They
reported that superoxide production from NAD(P)H oxidase is involved in
PVAT-induced potentiation of perivascular nerve stimulation-elicited
contraction (Gao et al., 2006). Moreover, ROS has been suggested as a possible
mechanism of resistin, an adipokine which is derived from PVAT and induced
vascular contraction (Guzik et al., 2007; Cho et al., 2011). In contrast to the
clarified vasoconstrictor effect of PVAT-derived superoxide anion, hydrogen
peroxide (H202) could elicit anti-contractile effects by stimulation of soluble
guanylyl cyclase in Wistar rats aortic rings (Gao et al., 2007). However, H20,-
mediated vasorelaxation is attenuated by PVAT in coronary arteries from

Ossabaw swine (Owen et al., 2013).

PVAT removal or treatment with ROS scavengers restored the endothelium-
dependent vasorelaxation in diet-induced obese mice. This finding suggested a
potential role for PVAT-derived ROS in the obesity-associated endothelial
dysfunction (Ketonen et al., 2010). In addition, another study by da Costa et al.,

(2016) tested the effect of induced obesity on the mitochondrial function in
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PVAT (da Costa et al., 2016). The authors found that obesity can cause
impairment of the mitochondrial function, augmentation of Oz  and H20:
production, and loss of the anti-contractile effects of PVAT. TNF-a-induced
oxidative stress was proposed to be a key mechanism for the loss of this anti-
contractile effect of PVAT.

1.5.3.2.3. Chemerin

Chemerin (tazarotene induced gene 2 or TIG2) is a protein discovered in 1997
(Nagpal et al., 1997) and expressed as a pre-prochemerin which is composed of
163 amino acids. Several proteases are responsible for activation and processing
of this chemerin precursor to produce different isoforms of chemerin (Zabel et
al., 2005; Guillabert et al., 2008; Yoshimura and Oppenheim, 2008) whilst other
proteases are responsible for its inactivation (John et al., 2007). Chemerin and
its receptors (CMKLR1/ChemR23, G protein-coupled receptor 1 (GPR1) and C-
C chemokine receptor-like 2 (CCRL2)) have been recently found to be attributed

to various physiological and pathological conditions (Mattern et al., 2014).

Chemerin is secreted mainly from liver and visceral fat (Ernst and Sinal,
2010; lannone and Lapadula, 2011) and considered as a biomarker for adiposity
since its increased level is strongly attributed to high BMI and metabolic
syndrome (Bozaoglu et al., 2007; Jialal et al., 2013) whereas weight loss causes
a reduction in chemerin level (Sell et al., 2010; Ernst et al., 2012). Additionally,
genetic knockout of ChemR23 diminished adiposity and body weight (Ernst et
al., 2012). Adipocyte differentiation is modulated by chemerin (Goralski et al.,
2007; Roh et al., 2007; Muruganandan et al., 2011). Chemerin is capable of
attracting monocytes and macrophages, through activation of their ChemR23
receptor, and stimulating inflammation (Goralski et al., 2007; Hart and Greaves,
2010). This inflammation induced by chemerin could have an essential role in
obesity, particularly because of the ability of chemerin to elicit production of a
number of proinflammatory cytokines as well. Furthermore, the link between
chemerin and inflammation is further supported by the idea of that TNF-a could

stimulate chemerin production from adipocytes (Parlee et al., 2012).

Chemerin can act as an adipokine and growth factor, affecting the

cardiovascular system via autocrine/paracrine manners (Ferland and Watts,

23



2015). Intracellular signalling of chemerin involves Ca?*-mobilization,
inhibition of cAMP accumulation, (Wittamer et al., 2003), p38 MAPK and
ERK-1/2 (Zhang et al., 2014). In addition to ERK signalling, the protein kinase
C pathway has a role in the chemerin receptor internalization (Zhou et al., 2014).
Furthermore, chemerin could attenuate nitric oxide signalling in the rat aorta
(Neves et al., 2014) and enhance generation of mitochondrial ROS in cultured
endothelial cells (Shen et al., 2013).

The link between PVAT and chemerin has been established as chemerin
expression is detected in epicardial and aortic adipose tissue (Spiroglou et al.,
2010). In addition, a ChemR23 agonist caused a dose-dependent
vasoconstriction, via a proposed elevation of intracellular calcium, whereas a
ChemR23 antagonist caused inhibition of PVAT-derived vasoconstriction in
isolated rat thoracic aorta, superior mesenteric artery, and mesenteric resistance
artery (Watts et al., 2013). This is supported by Kostopoulos et al. (2014) who
confirmed the expression of chemerin and its receptor CMKLRL1 in human aorta
and coronary artery, and PVAT. In addition, they found that coronary
atherosclerosis is positively correlated with chemerin (Kostopoulos et al., 2014).
These findings are noteworthy since it describes a new possible mechanism of
how chemerin can regulate BP and affect cardiovascular pathophysiology. In
fact, these recent researches also raise our attention to the importance of PVAT
and expands our view of chemerin’s role in BP regulation. It is important to
mention that other adipokines in PVAT could balance or enhance the
vasoconstrictor effects of chemerin, for instance, the chemerin:adiponectin ratio
is regarded as a predictor of metabolic syndrome (Rourke et al., 2013). Although
it is clear that PVAT is not the only source of chemerin, PVAT with its location
in close proximity to the blood vessels should be regarded as a potential source

of the chemerin-induced vascular tone.

1.5.3.2.4. Angiotensin Il

A complete machinery of renin-angiotensin-aldosterone system (apart from
renin) has also been found in adipocytes (Galvez-Prieto et al., 2008), indicating
adipocytes as another source of Ang Il. This is supported by another study which
showed the existence of all the components of the renin-angiotensin system in

PVAT as well as angiotensin receptors (angiotensin (1a) and angiotensin (1b)
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receptors) (Galvez-Prieto et al., 2008). In addition, PVAT-derived Ang Il could
increase electrical field stimulation-evoked contraction in rat mesenteric arteries.
Moreover, this in vivo study showed that chronic treatment with an ACE
inhibitor quinapril diminished the potentiating effects of PVAT on EFS-induced
contraction (Lu et al., 2010). Furthermore, an angiotensin 1 receptor antagonist
(losartan) had the ability to improve the PVAT-associated vascular regulation in

fructose-induced hypertensive rats (Huang et al., 2010).

1.5.3.2.5. Noradrenaline

A complete “adrenergic system” resides in PVAT which includes releasing,
taking up and metabolism of noradrenaline (NA) (Ayala-Lopez and Watts,
2016). Adipocytes and stromal vascular fraction contain components that
constitute this adrenergic system. A study of (Lafontan and Berlan, 1993) found
that 5 adrenoceptors (a1, o2, B1, P2 and B3) are expressed on adipocytes with
variation in their existence and distribution in different types of AT depots.
Furthermore, o and B adrenoceptors are found on mouse mesenteric artery
PVAT, but without identifying the subtypes (Bulloch and Daly, 2014). A
significantly higher level of NA has been found in aortic and superior mesenteric
arterial PVAT compared with retroperitoneal WAT of male Sprague-Dawley
rats. Noteworthy, there was approximately no adrenaline in either PVAT or
adipose tissue (Ayala-Lopez et al., 2014). The same authors found that tyramine
could cause a concentration-dependent vasoconstriction in aorta with PVAT but
not with PVAT-free vessel. In addition, adipose tissue can affect the adrenergic
system via secretion of three adipokines which are resistin, leptin and
angiotensin Il (Soltis and Cassis, 1991; Rayner and Trayhurn, 2001; Brunetti et
al., 2004).

On the other hand, NA has a role in the vasomotor effects of PVAT through
augmentation of mitochondrial superoxide (O27) generation and its rapid
dismutation of superoxide into H202 (Costa et al., 2016). In fact, the adrenergic
system within PVAT has been suggested as an integral connection linking
obesity with vascular dysfunction that includes a substantial augmentation of
sympathetic nervous stimulation such as obesity-associated hypertension
(Ayala-Lopez and Watts, 2016). Obviously, as considering PVAT an important

integral part of the blood vessel supplied with a complete adrenergic system, it
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is recommended for future studies to focus on its role in understanding obesity-

associated hypertension.

1.5.4. PVAT pathology

It has been reported that PVAT dysfunction, just like endothelial dysfunction,
plays an important role in many cardio-metabolic diseases, such as hypertension
and obesity (Greenstein et al., 2009; Zou et al., 2016) (Figure 1.4). The anti-
contractile characteristics of PVAT are reduced due to local inflammation and
hypoxia of PVAT in obese patients (Greenstein et al., 2009). Another study
showed a reduction in the vasorelaxant properties of PVAT in obese rats and the
diminished bioavailability of NO from PVAT has been suggested as a reason for
this obesity-associated PVAT dysfunction (Bussey et al., 2016). PVAT
dysfunction could contribute to uncoupling of endothelial nitric oxide synthase
(eNOS) and enhanced Oz production in obese mice (Xia et al., 2016). In
addition, the prostanoids could be regarded as another mechanism of obesity-
induced PVAT dysfunction. A study by Lobato et al. (2011) showed an
increased level of TXA, and decreased level of PGl in obese rats which is
explained by inflammation-enhanced COX2 activity and, subsequently,
increased production of prostaglandins from arachidonic acid (Lobato et al.,
2011). This finding is supported by another study which described increased
COX2 activity and TXA: production in PVAT of mice aorta as a causative factor
to obesity-induced PVAT dysfunction (Meyer et al., 2013). PVAT has also been
proposed to be responsible for enhanced vasoconstriction of porcine coronary

arteries in obesity (Owen et al., 2013).
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Figure 1.4: PVAT dysfunction and other traditional risk factors for

cardiovascular disease.

Some of the adipokines derived from PVAT have a considerable impact on
cardiovascular pathophysiology. For instance, leptin, a pro-inflammatory
adipokine, can act as a direct pro-atherogenic factor through its ability to induce
C-reactive protein expression in human artery endothelial cells which provokes
atherosclerosis (Martin et al., 2012). Moreover, a cross-sectional study showed
that high leptin concentrations contribute to arterial thrombosis (Petrini et al.,
2016). Additionally, increased risk of atherosclerosis is associated with
stimulation of the renin—angiotensin system in PVAT in uni-nephrectomized
mice (Kawahito et al., 2013). In human atherosclerosis, PVAT is infiltrated by
various inflammatory cells which are linked to the vascular inflammatory
response in atherosclerosis (Henrichot et al., 2005; Chaldakov et al., 2014).
Moreover, as adiponectin has anti-atherosclerotic characteristics via reduction
of several atherogenic growth factors (Okamoto et al., 2008), a recent study
demonstrated that atherosclerosis could be augmented in adiponectin deficiency
state in mice (van Stijn et al., 2014). To conclude, although endothelial
dysfunction is regarded as a well-known predictor of cardiovascular pathology,
more recently, PVAT seems to have a crucial role as well.
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1.6. Aims

Although previous studies have identified a sexual dimorphism in the
modulation of vascular tone, to date, no study has investigated whether there are
sex differences in the regulation of blood vessel tone by PVAT. So the principal
aim of this study was to identify any sex differences in PVAT-regulation of
vascular tone of the porcine coronary artery in physiological and
pathophysiological conditions, which could explain the contradictory findings
between previous studies. The specific aims of the present study were the

following:

e Asthere are sex differences in the release of adipokines from adipose
tissue in general, the aim was to identify whether there are sex
differences in PVAT-induced vasorelaxation, especially the role of
adiponectin and HsS.

e To determine whether phospholipase A> (PLA2)-dependent
arachidonic acid pathway plays a role in PVAT-induced contractile
responses and to investigate whether there are sex differences in these
responses of the coronary artery to PVAT.

e Given that sex differences in oxidative stress have been reported in
the vasculature, another objective of the present study was to
determine whether there are sex differences in production of ROS
from NADPH oxidase in PVAT and its effect on vasomotor function
of isolated PCAs.

e As chemerin has been identified as a potential vasoconstrictor, a
further objective of this study was to determine the impact of PVAT-
derived chemerin on the vascular tone of the PCAs and to identify
any sex differences in this adipose-vascular coupling.

e The aims were also to examine the effect of PVAT-derived
prostanoids and ROS on the vascular tone of PCAs in non-
physiological conditions and to identify any sexual dimorphism in

these signalling pathways.
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Chapter Two

Sex differences in the perivascular adipose
tissue-derived vasorelaxation: the role of

adiponectin
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2.1 Introduction

Adipose tissue has traditionally been described as being simply a structural
support, with additional lipid storage (white adipose tissue) and thermoregulator
(brown adipose tissue) roles (Cannon and Nedergaard, 2004; Mariman and
Wang, 2010). However, compelling evidence in recent years has led to the view
that adipose tissue is in fact an active secretory organ which releases several
bioactive signalling molecules, collectively termed adipokines, which are
important in both health and disease (Fortuno et al., 2003; Havel, 2004,
Thalmann and Meier, 2007; Yamawaki et al., 2010). Multiple studies have
established that there are variations in the function of adipose tissue in different
sexes where, for instance, women have higher circulating adiponectin levels
compared to men (Nishizawa et al., 2002; Cnop et al., 2003; Arita et al., 2012).

The recent interest in perivascular adipose tissue as an endocrine and
paracrine organ has led to a number of studies investigating the characteristics
of various fat depots in the body. Soltis and Cassis (1991) firstly described that
perivascular adipose tissue significantly attenuated vascular responsiveness of
Sprague-Dawley rat aortae to noradrenaline (Soltis and Cassis, 1991). This result
was confirmed by Lohn et al.,, (2002) who re-examined the concept of
periadventitial vasoregulation. Their study provided additional proof that
PVAT-inhibited vasoconstriction induced by a number of additional agonists
such as angiotensin Il, serotonin and phenylephrine (Lohn et al., 2002).
Adiponectin is a major factor secreted by adipocytes (Scherer et al., 1995) and
exerts its action by binding to its receptors (AdipoR1 and AdipoR2) (Kadowaki
and Yamauchi, 2005). Although downstream regulation of signalling of these
receptors has yet to be fully identified, overexpression of APPL1 (adaptor
protein, phosphotyrosine interacting with PH domain and leucine zipper 1)
enhances, and suppression of APPL1 level attenuates, adiponectin signalling and

its downstream events (Mao et al., 2006).

Functional studies have found that adiponectin relaxes murine
mesenteric arteries by opening Kv channels (Fesus et al., 2007), and Greenstein
et al., (2009) concluded that adiponectin was the anti-contractile adipokine
released from rat mesenteric arterial PVAT (Greenstein et al., 2009). Moreover,

a fragment of the adiponectin receptor abolished the PVAT-induced

30



vasorelaxation in human small arteries taken from subcutaneous gluteal fat
biopsy samples, which further suggests that adiponectin is a predominant

mediator of the relaxation (Greenstein et al., 2009).

In rats and mice, hydrogen sulphide has been described as a novel
candidate for an adipose-derived relaxing factor (ADRF), or at least as a
mediator in the action of ADRF (Fang et al., 2009; Schleifenbaum et al., 2010).
However, this area is still a matter of debate because of the controversial findings
in the expression and function of H,S synthesizing enzymes in different species.
For instance, Kohn et al., (2012) found that CSE and CBS inhibition in mouse
aorta did not influence the ADRF effect, which is in contrast to their findings on
rat aorta (Kohn et al., 2012). In addition, species differences are obviously
present in the CSE expression in the vasculature (Yang et al., 2008; Fang et al.,
2009; Kohn et al., 2012). Noteworthy, there are accumulating data about the
potential effect of PVAT in regulating the vascular tone where PVAT could
induce both vasorelaxation and vasoconstriction depending on the anatomical
position, species and condition (Verlohren et al., 2004; Yudkin et al., 2005;
Owen et al., 2013; Szasz et al., 2013; Nava and Llorens, 2016).

A recent study in our laboratory has demonstrated that there are sex
differences in the regulation of tone in the porcine coronary artery (Wong et al.,
2014b). As there are also sex differences in the release of adipokines from
adipose tissue in general, this study aimed to investigate whether there are sex
differences in the regulation of vascular tone by PVAT in the porcine coronary

artery.
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2.2 Materials and Methods

2.2.1 Tissue preparation

Hearts from male and female pigs (large white hybrid pigs, 4-6 months old,
weighing ~ 50 kg) were obtained from a local abattoir, G Woods & Sons,
Clipstone, Nottinghamshire, and transported back to the laboratory in ice-cold
modified Krebs’-Henseleit solution (118 mM NaCl, 4.8 mM KCI, 1.1 mM
MgSOs, 25 mM NaHCOs, 1.2 mM KH2PO4, 12 mM D-glucose, 1.25 mM
CacCl,). The anterior proximal part of the left coronary artery was then dissected
and placed in Krebs’-Henseleit solution pre-gassed with 5% CO> and 95% O
and kept overnight in the refrigerator. On the second day, fine dissection was
performed to prepare paired PCAs rings from each artery ensuring vessels were
not stretched or damaged. PCAs were then cut into rings of approximately 5 mm
in length and suspended in a multichannel 5 ml organ bath. Each bath was filled
with 5 ml of Krebs’-Henseleit solution and maintained at 37°C and constantly
gassed with carbogen (95% O2, 5% COz). Tension was measured and recorded

using a Powerlab data acquisition system (ADInstruments) via an amplifier.

2.2.2 Functional responses in the isolated porcine coronary arteries

Aurteries were initially pre-tensioned to 8 g, determined from preliminary studies,
and then left to equilibrate for approximately 30-45 minutes. Once a stable
baseline was obtained, two consecutive responses to 60 mM KCI were obtained
for standardization. After about 20 min the KCI was washed out with fresh
Krebs’-Henseleit solution. Following the return to a stable baseline and, after a
further 15-30 minutes, exposure to KCI was repeated. Once again, the tissue was
washed out with Krebs’-Henseleit solution, to allow the segment to re-stabilize
to baseline. The data were calculated and expressed as a percentage of the
contraction in response to 60 mM KCI. The KCI response is considered as a
reference to the viability and activity of each segment in order to avoid the
individual variation in the response of the coronary artery. There was inter-
individual variation in the size of the contractile response to PVAT, therefore,
adjacent coronary arterial segments from the same animal were always used as
controls. Thereafter, relevant test compounds were added and allowed 60

minutes incubation time. The following test compounds were used: L-NAME
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(300 uM) to inhibit NO synthase (Wong et al., 2014b), and indomethacin (10
HM) (Malinowski et al., 2008) to inhibit cyclooxygenase. Pre-incubation with
an anti-adiponectin antibody (1:100; ABIN1857924, Antibodies-online Inc.,
Atlanta, USA) was performed to determine the role of adiponectin in PVAT-
induced vasorelaxation in females. To study the role of H.S, 4-propargylglycine
(PPG) (10 uM) (Cheng et al., 2004; Kohn et al., 2012) and 2-(aminooxy)-acetic
acid (AOAA) (100 uM) were used as inhibitors of cystathionine y-lyase (CSE)
or cystathionine-R-synthase (CBS), respectively. U46619 (9,11-Dideoxy-
11a,9a-epoxymethano-prostaglandin F2a) was added cumulatively (1 nM-300
nM) to induce contraction in the arterial rings, which was calculated as a
percentage of the contraction in response to 60 mM KCI. In some experiments,
endothelin-1 (ET-1) (1 nM-300 nM) was used as a contractile agent. In another
set of experiments, PVAT, which was stored overnight with the blood vessel,
was dissected, cleaned of myocardium and stored in cold Krebs’ Henseleit
solution for later use at the same day of experiment. Known quantities of PVAT
(0.3 g) were then added to the vessels in which the PVAT had previously been
removed and PCAs pre-contracted with U46619 to a level of 40-60% of the
maximum KCI response. Of note, there was no obvious difference in the amount
of PVAT per unit length of coronary artery between female and male. In a further
set of experiments, cumulative concentration-response curves to the adiponectin
receptor agonist, adipoRon (1-100 pM) (Okada-lwabu et al., 2013) were
performed in PCAs pre-contracted with U46619. In some tissues, the endothelial
layer was removed by rubbing the lumen with a fine pair of forceps before
attaching the vessels to the setup (Rayment et al., 2007) and successful removal

of endothelium confirmed by lack of response to 0.1 uM substance P.
2.2.3 Histological analysis

Coronary arterial segments with their adherent PVAT from both females and
males were fixed overnight by immersion in 4% (w/v) paraformaldehyde at room
temperature. Then, samples were embedded using optimal cutting temperature
compound (OCT) and the frozen tissue sections were sectioned at 20 um using
a cryostat. After defrosting the fixed tissue, the slides were washed with (0.1M)
phosphate buffer solution (PBS). The slides were initially stained using

haematoxylin and eosin staining (Sigma-Aldrich, UK) to assess general
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adipocyte morphology. Secondly, staining with Oil Red O (Sigma-Aldrich, UK)
was performed to detect the localization of lipids in the tissues. A stock solution
of oil red O (0.25 g in 40 ml of isopropanol) was prepared with shaking for 2 hr
while a working solution was prepared by diluting 18 ml of stock solution in 12
ml of distilled water, and filtered through a 0.2 um filter before use. Thirdly,
slides were permeabilized with 0.5% IGEPAL® CA-630 (Sigma-Aldrich, UK)
for 5 min. After washing twice with PBS, hydrogen peroxide was added as a

quenching step for 10 min.

Immunohistochemical staining was made using rabbit specific
HRP/DAB detection kit (ab64261, Abcam, Cambridge, UK), following the
manufacturer’s instructions. Briefly, non-specific binding was blocked with
Protein Block solution. The blocking solution was then removed and replaced
with the primary antibody anti-UCP1 antibody (ab10983, Abcam, Cambridge,
UK) 1:500 in 1% (w/v) bovine serum albumin (BSA), and incubated overnight
in a humidifier at 4°C. The following day, the primary antibody was removed
and samples washed in PBS. After washes, slides were incubated with the
secondary anti-rabbit antibody at 37°C for 10 min. Slides were then developed
with streptavidin—biotin complex/HRP and DAB substrate, according to the
manufacturer’s instructions. Slides were rinsed, air dried,mounted for
microscopy (DM4000B light microscope, Leica) and visualized using an
objective magnification of x10. Images were acquired using a Micropublisher
3.3 RTV digital camera (Q-Imaging, British Columbia, Canada) with OpenLab
software (Perkin Elmer). Negative controls were performed by omitting the

primary antibody.

2.2.4 Immunoblotting

Polyacrylamide gel electrophoresis followed by immunoblotting was performed
to determine the expression of adiponectin levels in PVAT, and the adiponectin
receptors (AdipoR1 and AdipoR2) and APPL1 in PCAs from different pigs from
each sex. PVAT or PCA samples were finely dissected and homogenized on ice
using Tris-EDTA buffer (pH 7.4) and protease inhibitor cocktail (Calbiochem,
VWR International Ltd, Lutterworth, Leicestershire, UK) (Appendix A).

Estimation of the protein content of each sample was performed using a Lowry
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protein assay, which is based on measuring the amount of proteins with Folin
phenol reagent in the presence of alkaline copper conditions (Lowry etal., 1951).
Then, Laemmli solubilisation buffer (Appendix A) was added. Samples were
then heated at 100°C for 5 min and centrifuged at 13,000xg for 1 min. PVAT
(20 pg), except for CBS blot in which 10 ug was added, and PCA (20 pg)
samples were separated using a 4-20% gradient SDS-polyacrylamide gradient
gel (Bio-Rad, Hemel Hempstead, Hertfordshire, UK) and then transferred onto
nitrocellulose membrane (GE Healthcare, Little Chalfont, Buckinghamshire,
UK) by immunoblotting. Porcine skeletal muscle and rat liver tissues were used
as a positive control for AdipoR1 and AdipoR2, respectively (Ding et al., 2009).

Membranes were then blocked with 5% (w/v) non-fat milk, or 5% (w/v)
BSA in the case of APPL1, in Tris-buffered saline containing 0.1% (v/v) Tween
20 (TBST) (Appendix A) at room temperature for 1 h. The blot was then
incubated with rabbit polyclonal anti-UCP1 antibody (ab10983 Abcam®,
Cambridge, UK) (1:1000), rabbit anti-adiponectin antibody (1:400 dilution;
ABIN1857924, Antibodies-online Inc., Atlanta, USA), rabbit anti-AdipoR1
antibody (1:500; 250476, Abbiotec, USA), rabbit anti-AdipoR2 antibody (1:250
dilution; orb10047, Biorbyt, Cambridge, UK), rabbit anti-CBS (clone 3E1,;
Abnova, London, UK) (1:1000), rabbit anti-CSE (ab80643, Abcam, Cambridge,
UK) (1:1000), rabbit anti-MPST (HPA001240; Atlas antibodies, Stockholm,
Sweden) (1:1000) or rabbit anti-APPL1 antibody (1:2000; mAb 3858, Cell
Signaling Technology, UK) in 5% (w/v) milk, or in 5% (w/v) BSA in the case
of APPL1 antibody, in Tris-buffer overnight at 4°C. Membranes were also
incubated with a mouse anti-p-actin antibody (1:50,000 in 5% (w/v) milk;
Sigma-Aldrich, Poole, Dorset, UK) or a mouse anti-myosin light chains (MLC)
antibody (1:1000 in 5% (w/v) milk; Sigma-Aldrich, Poole, Dorset, UK) as a
loading control. On the second day, the blot was washed in TBST followed by
incubation with IRDye 800CW goat anti-rabbit and IRDye 680CW goat anti-
mouse secondary antibodies (both 1:10,000 dilution; IRDye, Licor, Cambridge,
UK). The immunoblot was then visualized using an Odyssey system from Licor

and intensity of the bands measured using Odyssey Image Studio (Licor).
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2.2.5 Determination of adiponectin levels released from PVAT

PVAT (0.15g) was incubated in 1ml of Krebs’-Henseleit solution at 37°C.
Adiponectin levels in the buffer were then determined using a pig adiponectin
ELISA Kit (abx255420; Abbexa, Cambridge, UK) following the manufacturer’s
protocol. The range of standard curve was 31.25 ng/ml - 1000 ng/ml, sensitivity:
< 18.75 ng/ml.

2.2.6 Estimation of CBS and 3-MPST activity using SF7

SF7 fluorescence recording production of intracellular H.S was estimated using
SF7-AM (sulfide fluor-7- acetoxymethyl ester). PVAT homogenate was
centrifuged at 1000g for 20 min followed by 30000g for 1 hr, to get the cytosol.
Rat liver was used as a positive control. For CBS activity measurement, cytosol
of female and male PVAT was incubated in the presence and absence of 100 uM
AOAA for 15 min at 37°C. This was followed by incubation of the samples with
10 mM L-Cysteine, 100 uM pyridoxal 5-phosphate (PLP) and 5 uM SF7-AM
probe for 90 min at 37°C in a 96-well plate. For 3-MPST activity measurement,
cytosol of PVAT homogenate from both sexes was incubated with 5 uM SF7-
AM probe and 10 mM 3-mercaptopyruvate for 90 min at 37°C. Fluorescence
was then read in a fluorimeter using 485 nm and 538 nm as excitation and

emission wavelengths, respectively.

2.2.7 Statistical analysis

Data are expressed as mean £+ S.E.M. where n = the number of different animals.
The concentration-response curves were fitted to a sigmoidal curve with a
variable slope using four parameters logistic equation using GraphPad Prism

software:

_ Rppax x A™
~ ECyM + ArH

The maximum percentage contraction (Rmax) and the negative log of
concentration required to produce half the maximal contraction of the induced

tone (pECso) were calculated from the fitted curves. Rmax and pECso values were
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analysed using a 2-tailed, paired or unpaired Student’s t-test to compare
differences between 2 groups, as appropriate. Differences between 3 or more
groups were assessed using a one-way ANOVA or two-way ANOVA in
conjunction with the Sidak’s post hoc test to assess possible difference at
individual concentrations. P <0.05 was considered statistically significant.
Statistical analysis was performed by GraphPad Prism (Version 6, GraphPad
Software, La Jolla, California, USA).

2.2.8 Materials

All drugs were purchased from Sigma-Aldrich except for endothelin-1 which
came from Tocris Bioscience and adiponectin from Antibodies-online Inc. Stock
solutions of L-NAME, PPG, AOAA and adiponectin were dissolved in distilled
water. Stock solution of indomethacin was dissolved in absolute ethanol. Stock
solutions of U46619 were made to 10 mM in ethanol whilst DMSO was used as
a solvent to make 10 mM of adipoRon. All further dilutions of the stock solutions
were made using distilled water. All stocks were kept frozen at -20°C apart from

KCI which kept at room temperature.
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2.3 Results

2.3.1 The effects of PVAT on U46619-induced vasoconstriction in PCAs from
female and male pigs.

In order to determine the effects of perivascular fat on vascular contraction,
concentration-response curves to the thromboxane mimetic U46619 were
determined in coronary artery segments from female and male pigs (Figure 2.1
A, B), with and without adherent PVAT. The presence of fat reduced the
maximum contraction to U46619 in coronary arteries from females. There was
also a rightward shift in the concentration-response curve. At a maximum
concentration of U46619 (300 nM), the percentage of contractile response of
intact rings to KCI contraction in females (Rmax = 82 £ 4.8%) was significantly
lower than that of vessels lacking PVAT (Rmax = 106 £ 8%). Similarly the log
ECso was also significantly reduced in the rings with fat attached (pECso = 7.88
+ 0.06) compared to control (pECso =8.21 £ 0.04) (Figure 2.1 A). On the other
hand, the presence of PVAT had no effect on the U46619 induced-contraction
in coronary arteries from male pigs (Figure 2.1 B). The maximal response
equalled 81.3 £ 8.8%, pECsg =7.81 £ 0.02% versus 81.5 £ 5.1%, pECso =7.85%
0.04; PVAT versus no PVAT attached, respectively. Similarly, the endothelin-1
(ET-1)-induced vasoconstriction was significantly reduced in coronary arteries
from female pigs in the presence of fat with no significant change in pECsg (with
PVAT, Rmax = 76.5 + 10.2%, pECso = 7.5 £ 0.2, compared to controls, Rmax =
114 + 18.3%, pECso = 7.2 £0.3) (Figure 2.1 C). Conversely, PVAT did not affect
the ET-1-mediated vasoconstriction in PCAs from male (Rmax = 88.2 *+ 15.4%,
PECso =7.6 = 0.11) compared to maximum contraction of 93.3 £ 13.3%, pECso
=7.68 + 0.12 under control conditions (Figure 2.1 D). Noteworthy, there was no
significant difference in the size of the contractile response to 60 mM KCI with
PVAT compared to without PVAT (females, control = 8 + 0.8 g without PVAT
compared to 6.4 £ 0.6 g with PVAT; males, control =9.4 + 1.2 without PVAT
compared to 7.7 £ 0.9 g with PVAT) (Figure 2.1 E,F).
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Figure 2.1: Log concentration-response curves for the vasoconstrictor effects of
U46619 (A & B) or ET-1 (C & D) in the absence (Control) or presence of PVAT
(PVAT) in coronary arteries from female (A & C) and male pigs (B & D). Data
are expressed as a percentage of the contraction to 60 mM KCI and are mean +
S.E.M. of n=12(A), n=6(B), n=8(C), n=7(D). Rmax and pECso values were
compared. (E & F) Effect of PVAT on KCl-induced arterial contraction. Data
are expressed as mean = S.E.M. of n=13(E), n=6(F). * indicates P<0.05, **
indicates P<0.01, *** indicates P<0.001, 2-tailed, paired Student’s t-test vs

control values.
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2.3.2 Acute effects of added PVAT on rings pre-contracted with U46619.

To confirm the previous results using separated PVAT, coronary arterial
segments from female pigs with fat removed were pre-contracted submaximally
with U46619. Once stable tone was obtained, 0.3 g PVAT was then added
(Figure 2.2 C). PVAT from female animals caused immediate relaxation
(PVAT(-): Rmax= 5.8 + 1.4%; PVAT(+): Rmax= 25.3 + 5.12% (Figure 2.2 A, C).
On the other hand, PVAT from male animals had no significant effect on the
U46619-induced vasoconstriction compared to time control (PVAT(-): Rmax=
441 + 0.6%; PVAT(+): Rmax= 10.12 £+ 4.6% (Figure 2.2 B). Furthermore, a
crossover study showed no vasorelaxant effect of the addition of PVAT from

females on PCAs from males (Figure 2.2 D).
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Figure 2.2: Effects of PVAT (0.3 g) in female (A) and male (B) PCAs. Original
trace of recording showing the response of female PCA to addition of PVAT
(C). Effects of addition of PVAT (0.3 g) from female animals on coronary
arteries from male animals (D). Data are expressed as a percentage relaxation
from the U46619-induced tone and are expressed as mean + S.E.M. of n=8(A),
n=8(B), n=6(D). **indicates P<0.01, 2-tailed, paired Student’s t-test vs control

values.

2.3.3 Expression of UCP1
Staining with oil red O confirmed the typical adipocytic morphology in the fixed
samples (Figure 2.3 B). Uncoupling protein 1 (UCP1) was used as a biomarker

characteristic to brown adipocytes

to identify the type of coronary PVAT in both female and male animals.
Immunostaining showed that both female and male PVAT have the same low
level of expression of UCP1 (Figure 2.3 E, F). Expression of UCP1 was almost
undetectable in rat epididymis white adipose tissue in comparison with heavy
staining of rat interscapular brown adipose tissue (Figure 2.3 D, C).

To confirm these results, immunoblotting was performed to quantify the
expression of UCP1 in PVAT from females and males. Again there is similar
low level of UCP1 expression in both sexes compared to positive control (Figure

2.4). In the thesis, the whole blots are presented in the appendices.

41



Figure 2.3: Representative histological sections of adipose tissue and PVAT.

Hematoxylin-and-eosin staining of PVAT (A); Lipid content of PVAT as
determined by Oil Red O extraction technique (B); Immunohistochemical
staining of uncoupling protein 1 (UCP1) expression in different adipose tissue
depots. Rat interscapular brown adipose tissue (C); Rat epididymis white
adipose tissue (D); Female porcine coronary PVAT (E); Male porcine coronary
PVAT (F). Scale bar = 500 um, magnification power 10X.
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Figure 2.4: Representative immunoblotting showing protein expression of the
uncoupling proteinl (UCP1) in PVAT from female (F1-F4) and male (M1-M4)
pigs compared to interscapular brown adipose tissue (BATL1), aortic brown
adipose tissue (BAT2) and epididymal white adipose tissue (WAT) (A).
Percentage of the expression levels of UCP1 to myosin light chain (MLC) in
male and female PVAT, and aortic brown adipose tissue (BAT) based on the
intensities of their bands (B). Values are expressed as the percentage of UCP1

to MLC intensities bands and are mean + SEM of 4 females-4 males pigs.

2.3.4 The effects of L-NAME and indomethacin on the anti-contractile effects of
PVAT in female PCAs.

To investigate the involvement of NO and COX metabolites in the PVAT
response, coronary arteries are preincubated with and without NOS and COX
inhibitors before adding cumulative concentrations of U46619. The maximum
response of PCAs to U46619 was significantly inhibited in the presence of
PVAT, as before (with PVAT, Rmax= 84.6 + 9.3%, pECso = 7.2 + 0.18) compared
to their respective control responses (Rmax= 121 + 6.9%, pECso = 7.7 = 0.07)
(Figure 2.5 A). A combination of L-NAME and indomethacin had no effect on
the concentration-response curve to U46619 in the absence of PVAT, but this

combination prevented the inhibitory effects of PVAT on the U46619 response
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(Rmax= 104 = 7%, pECso = 7.4 £ 0.12) (Figure 2.5 A, B). In another set of
experiments, incubation with either L-NAME or indomethacin alone had no

effect on the anti-contractile response of PVAT (Figure 2.5 B).

A
-@- control
150~ -8 L-NAME+ Indomethacin
-& PVAT
125'—!— PVAT+L-NAME+Indomethaci

100+

% KCI induced
contraction
N
i

10 9 8 7 6
log [U46619] (M)

200+

150+

100+

% KCI induced
contraction

N
o
1

Q & N \Z
- o O o
@\ & o{(@ ¥
N - V
O &
& K S
* » b 3
V

Figure 2.5: Role of NOS and COX in PVAT-induced vasorelaxation. (A) Log
concentration-response curves for the vasoconstrictor effects of U46619 in the
absence (control) or presence of PVAT (PVAT) in female PCAs with and
without pre-incubation with L-NAME (300 uM) and indomethacin (10 puM). (B)
Maximum responses to the vasoconstrictor effects of U46619 in female PCAs
with fat attached and either absence or presence of pre-incubation with L-NAME
(300 pM) and/or indomethacin (10 uM). Data are expressed as a percentage of
the contraction to 60 mM KCI and are mean = S.E.M. of 11 (A) - 6 (B)
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experiments. * indicates P<0.05, one-way ANOVA followed by a Sidak’s post

hoc test vs control values.

2.3.5 Role of adiponectin in PVAT-mediated vasorelaxation in females

Previous studies have indicated that adiponectin acts through nitric oxide
synthase and cyclooxygenase-dependent pathways. Therefore the role of
adiponectin in the relaxation effect was examined in the presence of PVAT.
Segments of coronary arteries from females were pre-treated with an anti-
adiponectin antibody, in order to bind any released adiponectin. In the presence
of the anti-adiponectin antibody, the PVAT-induced relaxation was abolished
(Figure 2.6).
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Figure 2.6: Effects of pre-incubation with an anti-adiponectin antibody on
PVAT vasomotor function. PVAT (0.3 g) —induced vasorelaxation in the
absence (control) or the presence of anti-adiponectin antibody in female PCAs.
Data are expressed as a percentage change from the U46619-induced tone and
are mean + S.E.M. of 4 experiments. * indicates P<0.05, 2-tailed, Student’s

paired t-test vs control values.
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2.3.6 Adiponectin expression and release from PVAT

The results indicated that PVAT from females, but not males, causes relaxation
of coronary arteries through the release of adiponectin. In order to determine
whether the differences in the role of PVAT in arteries from male and female
animals was due to differences in the amount of adiponectin in PVAT, the
expression of adiponectin in PVAT was determined by immunoblotting. There
was no significant difference in the expression of adiponectin in coronary arterial

PVAT from female and male animals (Figure 2.7 A, B).

As there was no difference in the level of expression of adiponectin in
PVAT between male and female animals, the release of adiponectin from PVAT
was determined. Although adiponectin could be detected in the buffer that the
PVAT was incubated in, there was no significant difference in the level of
released adiponectin between PVAT from male and female animals (Figure 2.7
C).
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Figure 2.7: (A) Representative immunoblot showing expression of adiponectin
(30 kDa) and B-actin (42 kDa) levels in 20 pg of PVAT from female (F1-F6)
and male (M1-M5) pigs. (B) Bar chart showing density of adiponectin bands
normalised to B-actin levels, in PVAT from female and male animals. Data are
expressed as mean = SEM. (C) Comparison of the levels of adiponectin in the
buffer after incubation with PVAT from female or male pigs for 1 hour. Data are
expressed as a ratio of adiponectin released to whole weight of PVAT (0.15 g)
and are mean + S.E.M. of 6 female and 6 male PVAT samples.
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2.3.7 Responsiveness of porcine coronary arteries to adipoRon

As there was no difference in either the expression of adiponectin or release of
adiponectin from PVAT, the sensitivity to adiponectin receptor activation was
compared between male and female animals. AdipoRon, an adiponectin receptor
agonist, produced a concentration-dependent relaxation of coronary arteries
from both female and male pigs. However, there was a greater relaxation in
arteries from female pigs compared to male (at 100 uM, females: 106 + 8 %
relaxation, n=6; males: 78 £ 6 % relaxation). AdipoRon also appeared to be more
potent in arteries from females compared to males, based on the observation that
adipoRon produced a relaxation at lower concentrations (Figure 2.8 A). The
adipoRon-induced vasorelaxation was endothelium-independent as denudation
of endothelium did not affect the responses of coronary arteries to adipoRon
(Figure 2.8 B).
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Figure 2.8: (A) Log concentration-response curves to adipoRon in coronary
arteries from female and male pigs. Data are expressed as a percentage change
from U46619-induced tone and are mean + S.E.M. of 6 female and 8 male
experiments. (B) Log concentration-response curves to adipoRon in intact
(control) or endothelium-denuded coronary arteries from female and male pigs.
Data are expressed as a percentage change from U46619-induced tone and are
mean + S.E.M. of 8 experiments. ** indicates P<0.01, *** indicates P<0.001

(two-way ANOVA followed by a Sidak’s post hoc test).
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2.3.8 Expression of Adiponectin receptors in PCAs

To clarify the difference in the responsiveness of PCAs in different sexes, the
level of expression of two different isoforms of adiponectin receptors (AdipoR1
and AdipoR2) was measured in PCAs from both sexes, using immunoblotting.
Numerous bands were detected with the anti-AdipoR1 antibody, but none lined
up with the band in the porcine skeletal muscle positive control at the predicted
molecular weight of 40 kDa, suggesting there is no detectable expression of
AdipoR1 in PCAs from either females or males (Figure 2.9 A). Similarly,
numerous bands were obtained with the anti-AdipoR2 antibody (Figure 2.9 B).
A band at the predicted molecular weight of 42 kDa lined up with a band at the
same molecular weight in the rat liver positive control was taken to be AdipoR2.
This band was expressed in PCAs from both sexes. However, there was no
apparent difference in the expression of AdipoR2 in PCAs from females

compared to males (Figure 2.9 B, C).
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Figure 2.9: (A) Expression of AdipoR1 (40 kDa) and B-actin (42 kDa) levels in
20 pg of PCA from female (F1-F6) and male (M1-M5) pigs. Porcine skeletal
muscle is used as a positive control. (B) Expression of AdipoR2 (42 kDa) and
myosin light chain (MLC) (20 kDa) levels in 20 pg of PCA from female (F1-F5)
and male (M1-M4) pigs. Rat liver was used as a positive control. (C) Bar chart
showing density of AdipoR2 band normalised to MLC levels, in PCA from

female and male animals. Data are expressed as mean + SEM.
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2.3.9 Expression of APPL1 in PCAs

As there was no difference in the expression of adiponectin receptors between
females and males PCAs, the expression of the adiponectin binding protein
APPLL1 in PCAs was then investigated by immunoblotting. A band for APPL1
was detected at the predicted molecular weight of 82 kDa. However, there was
no significant difference in APPL1 expression between PCAs from both sexes
(Figure 2.10 A,B).
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Figure 2.10: (A) Expression of adiponectin binding protein APPL1 (82 kDa)
and B-actin (42 kDa) levels in 20 pg of PCA from female (F1-F5) and male (M1-
MD5) pigs. (B) Bar chart showing density of APPL1 band normalised to B-actin
levels, in PCA from female and male animals. Data are expressed as mean *
SEM.

2.3.10 Functional effects of H.S synthesizing enzymes on the relaxant response to
PVAT in female PCAs.
Previous studies have indicated that PVAT can release H>S to produce a

vasorelaxation. Therefore, the effects of PVAT on coronary rings after

cumulative contraction with U46619 were evaluated in the presence of 4-
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propargylglycine (PPG) (10 uM) and 2-(aminooxy)-acetic acid (AOAA) (100
M) as inhibitors of CSE and CBS, respectively. As shown in Figure 2.11, PPG
and AOAA had no effect on the inhibition of U46619-induced contraction in fat-

attached vessels.
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Figure 2.11: Log concentration-response curves for the vasoconstrictor effects
of U46619 in the absence or presence of PVAT in female PCAs with and without
pre-incubation with 4-propargylglycine (PPG) (10 puM, 1hr) and 2-(aminooxy)-
acetic acid (AOAA) (100 uM, 1hr). Data are expressed as a percentage change

from 60 mM KCI and are mean + S.E.M. of 6 experiments.

2.3.11 Functional effects of PVAT-derived H.S on responses to 5HT in female
PCA:s.

Previous studies have demonstrated that H>S released from PVAT inhibited the
contraction to 5-HT (Kohn et al., 2012). Therefore, in order to test whether
inhibition of H>S synthesis prevents the reduction in contraction to 5-HT in the
coronary artery, tissues were pre-treated with (PPG) (10 uM) and (AOAA) (100
pM) prior to addition of a single concentration of 5-HT (10 uM). AOAA and
PPG inhibited the contraction to 5-HT regardless of the presence of PVAT
(Figure 2.12).
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Figure 2.12: Effects of pre-incubation with 4-propargylglycine (PPG) (10 uM,
1hr) and 2-(aminooxy)-acetic acid (AOAA) (100 puM, 1hr) with and without
PVAT on response to 5HT (10 uM) in female PCAs based on the percentage
change from 60 mM KCI response and expressed as mean = S.E.M. of 9
experiments, * indicates P<0.05, ** indicates P<0.01, one-way ANOVA

followed by a Sidak’s post hoc test vs control values.

2.3.12 Identification of CSE, CBS and 3-MPST expression in porcine PVAT
Although there is no functional role of H2S in the PVAT response, expression of
H>S synthesizing enzymes was determined by immunoblotting in both female
and male PVAT. Both CBS and 3-MPST were expressed in PVAT from both
sexes (Figure 2.13 A, 2.14 A). Conversely, CSE expression was not identified in
PVAT. Furthermore, there was no significant variation in the ratio of the enzyme
band intensities to their respective loading control between PVAT from males
and females (for CBS:f-actin, 1.8 + 0.3, females and 3.16 + 1.0, males (Figure
2.13 B); for 3-MPST: B-actin, 1.4 £ 0.17, females and 2.4 + 0.6, males (Figure
2.14 B)). For CSE, no bands were observed at 45 KDa (Figure 2.15).
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Figure 2.13: Representative immunoblot showing expression of CBS (61 kDa)
and B-actin (42 kDa) levels in 10 pg of female (F1-4) and male PVAT (M1-4)
(A). Percentage of the expression levels of CBS to p-actin in male and female
PVAT based on the intensities of their bands (B). Data are expressed as mean +

SEM, n=8.

55



MW
37KDa

>5KDa <— 3-MPST(33KDa)

M4 M3 M2 M1 F3 F2 F1

3MPST/ p-actin
expression %
Y 2 @

N
1

o
1

<
-
Q\\

&
Q'b

Figure 2.14: Representative immunoblot showing expression of 3-MPST (33
kDa) levels in 20 pg of female (F1-F4)) and male PVAT (M1-M4) (A).
Percentage of the expression levels of 3-MPST to B-actin in male and female
PVAT based on the intensities of their bands (B). Data are expressed as mean +

SEM, n=8.
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Figure 2.15: Representative immunoblot showing expression of CSE (45 kDa)
and B-actin (42 kDa) levels in 20 pg of female (F1-F5) and male PVAT (M1-
Mb).
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2.3.13 Identification of CBS and 3-MPST activity in porcine PVAT

As both CBS and CSE are expressed in porcine PVAT, the activity of these H»S
synthesizing enzymes was measured using SF7 fluorescence assay. The SF7
assay showed an activity for CBS enzyme, which was inhibited by AOAA, and
3-MPST enzyme in PVAT from both females and males. However, the activities
of these enzymes in PVAT were much lower than the activities of the enzymes
in rat liver (Figure 2.16).
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Figure 2.16: (A) Bar charts showing measurement of CBS activity in PVAT
homogenates using the SF7 assay in the absence or presence of 100uM AOAA
in PVAT from female or male pigs. (B) Bar charts showing measurement of 3-
MPST activity in PVAT homogenates using SF7 assay in PVAT from females
or male pigs. Data are expressed as arbitrary fluorescence units and are mean +
S.E.M. of 5 experiments. *** indicates P<0.001, one-way ANOVA followed by

a Sidak’s post hoc test vs control values.

2.4 Discussion

The recognition that perivascular adipose tissue is not simply a reservoir for lipid
storage, but is also a complex endocrine organ has led to substantial research
efforts to establish the mechanistic links between the PVAT and vascular tone
regulation. The majority of research in this area has been carried out on blood
vessels from male animals and has concentrated mostly on the murine aorta and
mesenteric vessels. A few studies have determined the role of PVAT in the
regulation of coronary arterial tone, but this is the first study to compare the
effects of PVAT from male and female animals. Clear sex differences have been
identified in the regulation of coronary artery tone by PVAT, with PVAT from
female animals producing an anti-contractile, relaxant response, which was not

seen in PVAT from male animals.

Localization of uncoupling protein-1 (UCP1) in PVAT has been
investigated by immunohistochemical staining. Several studies have clarified
different histological features of the coronary PVAT (Chatterjee et al., 2009;
Sacks et al., 2009; Frontini and Cinti, 2010). The histological analysis has
showed low expression of UCP1 in the PVAT, suggesting a mixed, white and
brown, nature of porcine coronary PVAT in comparison with white (epididymal)
and brown (interscapular) adipose tissue (Figure 2.3). In addition, there are no
sex differences in the histological appearance of PVAT. These findings are
confirmed quantitatively by Westen blotting. However, the band of the positive
control (from rat) does not align exactly with the PVAT bands (from pigs) which
can be explained by the species difference (Figure 2.4). Noteworthy, to
overcome this issue, porcine interscapular and epididymal adipose tissue should
be used, which was not available, or the rodent positive control should be used

along with rodent coronary PVAT. However, this latter solution is not possible
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because there is no PVAT around the rodent coronary arteries. To the best of our
knowledge, this is the first report showing the exact histological character of

porcine coronary PVAT from different sexes.

In the presence of fat, contractile responses to both the thromboxane
receptor agonist (U46619) and ET-1 were reduced in coronary arteries from
female pigs, but not from male pigs, indicating the release of an anti-contractile
compound from the PVAT surrounding the coronary arteries in females (Figure
2.1). Re-addition of fat removed from the coronary arteries into the tissue baths
produced a relaxant response in arteries from females, but not males. In order to
confirm this finding, a crossover study was performed in which PVAT from
females was added to male arteries. Although PVAT from females induced a
relaxation in coronary arteries from females, the PVAT from females did not
produce a relaxation in coronary arteries from males (Figure 2.2). Taken
together, these data suggest that the PVAT surrounding coronary arteries from
female animals may release a compound that has a protective, anti-contractile
role, which may contribute to the reduced incidence of coronary artery disease

in females.

The present results are consistent with the studies by Gao et al., (2007)
and Malinowski et al., (2008) which have shown that PVAT reduces vascular
tone in the rat aorta and human internal thoracic arteries, respectively, although
sex differences in these responses were not determined (Gao et al., 2007,
Malinowski et al., 2008). In contrast, previous studies in porcine coronary artery
have indicated the release of a contractile agent from PVAT, although again sex
differences in the responses were not examined (Owen et al., 2013).

In mouse mesenteric arteries, the anti-contractile effects of PVAT are
mediated through either NO or COX-dependent pathways (Lynch et al., 2013).
Similarly, this study has demonstrated that the anti-contractile effect of PVAT
in coronary arteries from female pigs was sensitive to inhibition with a
combination of the nitric oxide synthase inhibitor L-NAME and the
cyclooxygenase inhibitor indomethacin, whereas inhibition of each enzyme
separately had no significant effect (Figure 2.5). These data indicate the
involvement of both NO and COX metabolites in the PVAT response. Dual
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inhibition is probably necessary because of compensatory activation of the other
pathway. In general, this observation is in line with a previous study on aorta
from Wistar rats which found that PVAT exerted its anti-contractile effects by
secreting a relaxant factor which mediates endothelium-dependent
vasorelaxation through NO release (Gao et al., 2007). On the other hand, these
findings differ from a previous study by Malinowski et al., (2008) which
demonstrated that blocking NOS and COX could not restore the vascular
response in intact rings of the human internal thoracic artery (Malinowski et al.,
2008). In fact, these differences may reflect changes in vascular responses in
cardiovascular disease as the human vessels used were from patients with severe
coronary artery disease. In addition, the inconsistency of findings for the role of
NO and COX in all previous studies could probably be due to the undefined sex

used.

In order to identify the mechanism underlying the sex difference in the
anti-contractile effects of PVAT in the porcine coronary artery, the role of
adiponectin was investigated. Adiponectin is the most abundant adipokine in the
circulation and has been shown to activate both NO and COX-dependent
pathways (Tan et al., 2004; Shibata et al., 2005; Lee et al., 2010). As there is no
selective adiponectin receptor antagonist available, an anti-adiponectin antibody
was used to bind any adiponectin released from the PVAT and prevent it from
activating the receptor on the artery. To this end, the effects of the antibody on
the relaxation due to addition of PVAT, rather than using fat-attached arteries
were determined. This is because the close proximity of the fat to the blood
vessel in fat-attached preparations may not allow the antibody access to bind
released adiponectin. Under these conditions, the presence of the anti-
adiponectin antibody prevented the PVAT-induced relaxation, indicating that
adiponectin is likely to be the mediator released from the fat (Figure 2.6).
Although it is not used, pure 1gG could be added as a control for optimal
comparison. Therefore, whether the sex differences in the relaxation were due to
differences in adiponectin expression, release or function were investigated.
Using immunoblotting, the presence of adiponectin in PVAT from the coronary
artery was identified, although there was no difference between males and
females. Furthermore, there was no difference in the level of adiponectin
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released from PVAT, indicating that the difference in the relaxant response is
not due to a difference in either expression or release of adiponectin (Figure 2.7).
On the other hand, using an adiponectin receptor agonist, adipoRon, it was found
that activation of the adiponectin receptor produces a greater relaxation and that
the agonist is more potent in coronary arteries from females compared to males
(Figure 2.8A). These data indicate that the sex difference in the anti-contractile
effect of PVAT is likely to be due to a difference in the responsiveness of the
arteries to adiponectin. Noteworthy, responses to adiponectin receptor activation
are independent of the endothelium in that denudation of the endothelium did
not alter the relaxation to adipoRon in the coronary artery (Figure 2.8B).

In an attempt to identify the reason for the differences in adiponectin
responses, the expression of the adiponectin receptors in the coronary artery was
determined. Using immunoblotting, expression of AdipoR2 receptors was
identified but not AdipoR1 receptors in PCAs from both sexes (Figure 2.9). To
the best of our knowledge, this is the first study to identify expression of
adiponectin receptor in the coronary artery. However, there was no apparent
difference in the expression of AdipoR2 between male and female PCAs.

Since no sex difference was identified in adiponectin receptors
expression, the expression of APPL1 was investigated. APPL1 has been
identified as an AdipoR1 and AdipoR2 binding protein (Buechler et al., 2010)
and considered as a downstream regulator of adiponectin signalling (Mao et al.,
2006; Cheng et al., 2007). Although expression of this adaptor protein APPL1
in PCAs was identified, there was no significant difference between sexes
(Figure 2.10). The limitation in the present investigation is that the expression
of different proteins studied were examined in total homogenate rather than
vascular smooth muscle only. In addition, total AdipoRs expression was
measured rather than the expression of just surface receptors. As adiponectin
receptors are distributed in the cytoplasm (Ding et al., 2009) and on the cell
membrane (Yamauchi et al., 2003), differences in either cellular or subcellular
distribution could underlie the sex differences. Further experiments are required
to measure the level of expression of AdipoRs in the surface of vascular

myocytes by, for instance, immunocytochemistry (ICC).
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Sex differences were previously demonstrated in intracellular signaling
pathways involved in vasorelaxation. In particular, there are sex differences in
the relative contributions of the NO and endothelium derived hyperpolarization
(EDH) signalling pathways in the porcine coronary artery, as well as differences
in the mechanisms underlying the EDH-type responses (Wong et al., 2015a;
Wong et al., 2015b). Therefore, differences in signalling may contribute to the
sex differences in adiponectin relaxation seen in this study. In addition,
malfunction and resistance to adiponectin have been identified in different
conditions such as obesity (Bruce et al., 2005; Chen et al., 2005), animals fed a
high fat diet (Mullen et al., 2009) and cardiovascular diseases including
atherosclerosis, endothelial dysfunction, and cardiac injury (Lau et al., 2011).
Therefore, the possibility of adiponectin resistance in the coronary arteries from

males cannot be excluded.

Although there was reduced relaxation to AdipoRon in porcine coronary
arteries from males, there was still a relaxation and not the complete absence of
relaxation seen with the addition of PVAT. The lack of relaxation to PVAT in
males could be because the amount of adiponectin released from PVAT is
insufficient to induce a relaxation in males. Alternatively, other studies have
indicated that several contractile factors are released from porcine coronary
arterial PVAT (see Chapters 3,4,5,6). This may counteract the relaxant response

to adiponectin in males.

A previous study has indicated that H.S is released from PVAT to induce
vasorelaxation in rat aorta (Wojcicka et al., 2011). Immunoblot analysis has
identified CBS and 3-MPST expression in PVAT from the PCA (Figure 2.13
and 2.14 respectively), while no CSE expression was recognized (Figure 2.15).
However, there was no significant difference in the expression of CBS and 3-
MPST in PVAT from male and female pigs. Noteworthy, Donovan et al., (2017)
have identified the expression of CSE in coronary arteries from pigs (Donovan
et al., 2017) whilst the same authors found no expression of CSE in PVAT
(unpublished data) by using the same antibody that is used in this study. Of note,
species differences are obviously present in the CSE expression in the
vasculature. In rat aorta, CSE expression has been observed in PVAT and

vascular smooth muscle but not in the endothelium (Fang et al., 2009) while
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CSE expression has been identified in the endothelium but not in VSM of mouse
aorta (Yang et al., 2008). In addition, Kohn et al., (2012) found that CSE is
expressed in PVAT from mouse aorta, but less than PVAT from rat aorta (Kohn
et al., 2012). Although bands have been found in the predicted positions in the
blots investigated in this study, nonspecific bands are also encountered which
suggests further studying using more selective antibodies. Next, the activity of
CBS and 3-MPST was investigated using SF7 fluorescence assay. The data have
showed that PVAT from the PCA has the ability to produce HzS, although there
was low activity of these enzymes in porcine PVAT in comparison with a high
level of activity of the same enzymes in rat liver (Figure 2.16). Inhibition of CSE
and CBS did not affect the inhibition of the U46619-induced contraction in the
presence of PVAT in PCAs from female pigs (Figure 2.11). In addition, using
serotonin as another contractile agent has confirmed that there is no functional
role of H>S synthesizing enzymes in PVAT-induced vasorelaxation, at least in
these conditions of experiments, since AOAA and PPG inhibited the contraction
to 5-HT regardless of the presence of PVAT (Figure 2.12). The present findings
are consistent with the study by Kohn et al., (2012) which found that CSE and
CBS inhibition in mouse aorta did not influence the ADRF effect, which is in
contrast to their findings on rat aorta (Kohn et al., 2012), indicating species

differences.

In summary, the present study illustrates that there are clear sex
differences in PVAT function, where PVAT exhibits anti-contractile responses
in PCAs from female pigs, but not male pigs, which appears to be due to
increased adiponectin activity. The sex difference in the PVAT response is not
explained by a difference in the expression or release of adiponectin, but may be
explained by a greater sensitivity of coronary arteries from females to
adiponectin receptor activation. In contrast, H.S has no obvious role in this effect
despite the identified expression of its synthesizing enzymes (CBS and 3-
MPST). This is the first study to demonstrate that PVAT may have a protective
effect on coronary arteries in females, which is not present in males. This
protective effect could contribute to the cardiovascular protective effects

observed in females.
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Figure 2.17 Hypothesized schematic diagram of sex differences in the
contractile response of PCA to PVAT. Present study demonstrated clear sex
differences in PVAT function where PVAT can mediate vasorelaxation in PCAs
from females only with the PVAT-derived adiponectin as a bioactive signalling

molecule that induces this vasorelaxant effect.
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Chapter Three

Sex differences in the role of phospholipase
Az-dependent arachidonic acid pathway in

the perivascular adipose tissue function

65



3.1 Introduction

Prostanoids are cyclooxygenase metabolites of arachidonic acid that exert
diverse physiological and pathological effects in different systems, including
relaxation and contraction of vascular smooth muscle (Wright et al., 2001).
According to their selectivity for the prostanoids, prostaglandins (PG) PG,
PGD2, PGE2, PGF; and thromboxane A (TXA.), there are five main types of
prostanoids receptors IP, DP, EP, FP and TP, respectively. Of these receptors,
TP, and FP have the ability to mediate vasoconstriction, IP and DP generally
mediate vasorelaxation while depending on receptor subtype, EP has the ability
to induce both contraction (EP1 and EP3) and relaxation (EP2 and EP4) (Coleman
et al., 1994). Prostanoids released from PVAT have been shown to regulate
vascular tone. For example, PGE> and PGl released from PVAT surrounding
human saphenous vein attenuates noradrenaline-induced contraction (Ozen et
al., 2013). Similarly, prostacyclin released from the mouse carotid artery PVAT
exerts vasorelaxant effects and protects against endothelial dysfunction (Chang
et al., 2012a). In contrast, another study showed that aortic PVAT from mice
releases cyclooxygenase (COX)-derived adipocyte derived contracting factor
(ADCF) that becomes functionally of greater activity in obesity (Meyer et al.,
2013).

Extensive epidemiological data have revealed the existence of a
prominent sexual dimorphism in the incidences of primary vascular diseases that
involve excessive vasoconstriction. Thus, among the strongest risk factors for
coronary artery disease is male sex and a male to female ratio of approximately
2:1 is consistently observed (Nettleship et al., 2009). In contrast, migraine
headache (Bartelink et al., 1993) and Raynaud’s Disease (Voulgari et al., 2000)
all occur in premenopausal women at rates as much as fourfold higher than in
men. Furthermore, a previous study has found that oestrogen could upregulate
the expression of COX-2 and thromboxane synthase in both endothelium and
vascular smooth muscle, and upregulate the expression of TP receptors in
smooth muscle of female rat aorta, leading to enhanced vasoconstrictor
prostanoid function (Li et al., 2008). However, to date, no study has determined
whether there are sex differences in the regulation of vascular tone by PVAT-

derived prostanoids.
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In the porcine coronary artery, PVAT induces a contraction and enhances
agonist and electrical field-stimulated contractile responses (Owen et al., 2013).
However, the contractile agents involved in these responses are unknown. PVAT
is a potential therapeutic target for controlling coronary artery tone. Therefore,
in this present study, the role of cyclooxygenase-derived vasoconstrictor
prostanoids in PVAT-induced vasoconstriction was investigated and whether
there are sex differences in the response of the coronary artery to PVAT was

determined.
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3.2 Materials and Methods

3.2.1 Tissue preparation

Tissues were set up as previously described in Chapter 2.2.1. However, in this
chapter, fine dissection of PVAT was performed directly upon arrival from
abattoir and 0.3 g of this ‘fresh” PVAT was used in the experiments.

3.2.2 Characterization of vascular effects of the porcine isolated coronary artery
As previously described in Chapter 2, tissues were initially pre-tensioned to 8 g
and then left to equilibrate for approximately 30-45 minutes. Once a stable
baseline was attained, two consecutive responses to 60 mM KCI were obtained
for standardization. Relevant test compounds were then added with 60 minutes
incubation time. The following test compounds were used: melittin (10 uM) to
stimulate phospholipase A> (PLA2) activity (Koumanov et al., 2003);
indomethacin (10 pM) (Malinowski et al., 2008) and flurbiprofen (10 pM)
(Stanley and O'Sullivan, 2014) to determine the role of cyclooxygenase. To
study the role of specific prostanoids, GR32191B (3 uM) (He and Yang, 1999)
and AL8810 (10 uM) (Ramos-Alves et al., 2012) were used as antagonists of TP
and FP receptors, respectively. Rho kinase inhibitor (Y27632) (0.1-3 uM) (Zhu
et al., 2011) was used for further determine the actions of TXA: in both sexes.
To study the role of extracellular Ca*? in the contractile response to TXAz,
cumulative response curves of U46619 have been constructed in both Ca*? free
and Ca* containing Krebs’ Henseleit solution. Ethanol or DMSO (0.1% v/v)
were used as vehicle controls, as appropriate. After incubation of the coronary
arterial segments with test compounds, PVAT was added to the organ baths and
contractile responses measured. In some tissues, the endothelial layer was
removed by rubbing the lumen using the same protocol described in (section
2.2.2).

In a separate series of experiments, cumulative concentration-response
curves to U46619 (1 nM-300 nM) or PGF», (0.1-100 uM) were constructed in

coronary artery segments from male and female pigs.
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3.2.3 Determination of levels of TXB; and PGF,, by ELISA.

Levels of TXB;, a stable metabolite of TXA2, and PGF,, in PVAT were
determined by ELISA. For TXB: estimation, PVAT was homogenised in (0.1M)
potassium phosphate buffer (pH 7.4) and for PGF,, estimation, PVAT was
homogenised in Tris-buffered saline containing 0.1% (v/v) Tween 20, along with
protease inhibitor cocktail (Calbiochem) (Appendix A) and indomethacin (10
HMM). The amount of TXB2 and PGF,, in PVAT samples from male and female
animals was analysed by ELISA (ab133022; ab133041, Abcam, Cambridge,
UK), according to the instructions of the manufacturer. TXB, and PGF,, were
detected colourimetrically using an alkaline phosphatase (AP) conjugated-
secondary antibody with para-Nitrophenylphosphate (pNpp) as substrate.
Colour intensity produced was determined by reading at 405 nm using a
SpectraMAX 340 PC microplate reader (Molecular Devices, 50 Wokingham,

Berkshire, UK). The results were expressed as pg ml™ pg™ of total protein.

3.2.4 Assessment of the PVAT-released TXB; by ELISA.

Porcine coronary arterial PVAT from each sex was dissected, weighed and
placed in an Eppendorf tube containing 1ml pre-gassed Krebs’-Henseleit
solution, at 37°C. For consistency with the functional studies, PVAT from both
sexes was incubated for 2% hr without and with melittin (10 puM). The level of
TXB: in the Krebs’-Henseleit solution was then determined using ELISA (as
described above) and the data normalized for weight of PVAT.

3.2.5 Estimation of TP and FP receptor expression in coronary arteries by
immunoblotting.

Immunoblotting was performed to determine the expression of TP and FP
receptors in segments of coronary arteries from female and male pigs. Arteries
were finely dissected from the adherent PVAT and connective tissue and
homogenized on ice using Tris buffer (pH 7.4) with protease inhibitor cocktail
(Calbiochem, VWR International Ltd, Lutterworth, Leicestershire, UK)
(Appendix A). After estimation of the protein content of each sample using the
Lowry method (Lowry et al., 1951), 6x Laemmli sample buffer (Appendix A)
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was added to the samples. Samples were subsequently boiled at 100°C for 5 min
and centrifuged at 13000xg for 1 min. Protein samples (20 pg) were run on 4—
20% gradient polyacrylamide gradient gels (Bio-Rad, Hemel Hempstead,
Hertfordshire, UK). Proteins were then transferred onto nitrocellulose membrane
(GE Healthcare, Little Chalfont, Buckinghamshire, UK) by immunoblotting, and
then the membrane blocked with 5% (w/v) non-fat milk in Tris-buffered saline
containing 0.1% Tween 20 (TBST) (Appendix A) at room temp for 1 h. The blot
was then incubated with either rabbit anti-TXA2 receptor antibody (1:250
dilution; ab188897, Abcam, Cambridge, UK) or rabbit anti-PGF, receptor
antibody (1:250 dilution; orb185891, Biorbyt, Cambridge, UK) in 5% milk in
TBST overnight at 4°C with shaking. An anti-mouse myosin light chain (MLC)
antibody was also included as a loading control (1:1000 dilution; M4401, Sigma-
Aldrich, Poole, Dorset, UK). The following day, the blot was washed in TBST
followed by incubation for 1 hour with IRDye 800CW goat anti rabbit (1:10,000)
and IRDye 680CW goat anti-mouse (1:10,000) secondary antibodies (IRDye,
Licor, Cambridge, UK). Immunoblot was then visualized using an Odyssey

system from Licor.

3.2.6 Statistical analysis
Data are presented and were analysed as described in Chapter 2.

3.2.7 Materials

All drugs were purchased from Sigma-Aldrich except for AL8810 from Santa
Cruz Biotechnology and PGF», from Cayman Chemicals. Stock solutions of
flurbiprofen, PGF,, and GR32191B were dissolved in dimethyl sulfoxide
(DMSO). Stock solution of indomethacin and AL8810 were dissolved in
absolute ethanol whereas melittin and Y27632 were dissolved in distilled water.
Stock solutions of U46619 were made to 10 mM in ethanol. All further dilutions

of the stock solutions were made using distilled water.
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3.3 Results

3.3.1 Effects of addition of PVAT on vascular tone of female and male
PCAs.

In order to investigate the effect of fresh PVAT on vascular contraction, PVAT
was added to PCAs from both sexes. Addition of PVAT caused a time-dependent
increase in tone compared to time controls in coronary arterial segments from
both female and male PCAs (Figure 3.1). To investigate the role of endothelium
in the contractile response of coronary arteries to PVAT, PVAT added to both
intact and endothelium-denuded arterial segments. Responses to PVAT were
independent of the endothelium because denudation of the endothelium did not

alter the contraction to PVAT in the coronary artery (Figure 3.1 C).
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Figure 3.1: Increases in vascular tone following addition of fresh PVAT (0.3g)
in female (A) and male (B) PCAs. Effects of endothelial denudation on the
PVAT-induced vasoconstriction in PCAs from both females and males (C). Data
are expressed as a percentage change from 60 mM KCI and are mean £ SEM of
arteries from 7(A), 4(B), 5(C) different animals. Original trace of recording
showing the response of female PCA to addition of PVAT (D). ***P < 0.001,
two-way ANOVA followed by a Sidak’s post hoc test vs control values.
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3.3.2 Role of prostanoids in PVAT-induced contraction

Coronary arteries were pre-treated with and without cyclooxygenase inhibitors
before addition of PVAT to investigate the role of contractile prostanoids in the
PVAT contractile response. The COX inhibitors indomethacin and flurbiprofen
(both 10 uM) caused significant inhibition of the contraction to PVAT compared
to control in both sexes (Figure 3.2). The thromboxane receptor antagonist
GR32191B (3 uM) caused a partial reduction in the PVAT-induced contraction
in coronary arteries from female animals (Figure 3.3A), whereas the responses
of coronary arteries from male animals to PVAT were unaffected by the TP
receptor antagonist, GR32191B (Figure 3.3B). As GR32191B had no effect on
the PVAT-induced contraction in males, the effect of a FP receptor antagonist
was examined. In contrast to the effects of TP receptor antagonism, the FP
receptor antagonist AL8810 had no effect on the PVAT-induced contraction in
coronary arteries from female animals, but reduced the contraction in coronary

arteries from male animals (Figure 3.3 C, D).
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Figure 3.2: Contractile responses of the PCAs to fresh PVAT (0.3g) in the
absence (control) or presence of indomethacin (10 uM) (A & B) or flurbiprofen
(10 pM) (C & D). Data are expressed as a percentage of the contraction to 60
mM KCI and are mean = SEM from arteries from 15 female (A & C) and 8 male
(B & D) animals . * indicates P < 0.05, *** indicates P < 0.001, two-way

ANOVA followed by a Sidak’s post hoc test vs control values.
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Figure 3.3: Effects of pre-incubation with GR32191B (3 uM) on the responses
of porcine coronary arteries to PVAT (0.3 g) in female (A) and male (B) pigs.
Effects of pre-incubation with AL8810 (10 pM) on PVAT-induced
vasoconstriction in female (C) and male (D) pigs. Data are expressed as a
percentage of the contraction to 60 mM KCI and are mean + S.E.M. of arteries
from 5-6 female (A & C) and 6-7 male (B & D) animals. * indicates P<0.05, **
indicates P<0.01 and *** indicates P<0.001, two-way ANOVA followed by a

Sidak’s post hoc test vs control values.

3.3.3 Determination of the level of TXB;and PGF,, in PVAT by ELISA

In order to determine whether the differences in the role of TP and FP receptors
in arteries from male and female animals could be due to differences in the
content of thromboxane and PGF2, in the PVAT, levels of the stable
thromboxane metabolite TXB2, and PGF2, in PVAT were determined by ELISA.
Although both prostanoids are expressed in PVAT homogenates compared to
blank (no tissue), there was no significant difference in the level of TXB: or

PGF», in coronary artery PVAT from female and male animals (Figure 3.4).
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Figure 3.4: Comparison of the levels of the TXB> and PGF,, between PVAT
from female and male pigs. Data are expressed as pg per ml per pug protein
concentration and are mean £ S.E.M. of PVAT from 5(A) - 7(B) female and 5(A)

— 8(B) male animals.

3.3.4 Assessment of the responsiveness of PCAs to TXA;and PGF,

As the data indicate differences in the role of TP and FP receptors in the PVAT-
induced contractions in coronary arteries from male and female animals, which
cannot be explained by differences in the content of thromboxane and PGFy, in
the fat, it was determined whether there are differences in the contractions in
response to TP or FP receptor activation, in the absence of PVAT. There were
no differences in the response of PCAs to the TXA2 mimetic U46619 between
female and male pigs (females: Rmax =84 * 4.3%, pECs0=7.9 £ 0.1; males: Rmax
=92.4 £ 10.1%, pECso=7.7 £ 0.1) (Figure 3.5A). On the other hand, contractile
responses to PGF, (0.1-100 uM) were significantly greater in arteries from male
(PEC50=5.43 + 0.08) compared to female animals (pECs0=5.29 + 0.1) (Figure.
3.6A).

3.3.5 Determination of the level of TP and FP receptor expression in PCAs

As there were no differences in the levels of TXB2 or PGF, in PVAT from male
and female animals, it was determined whether there were differences in the
expression of the receptors on the coronary artery, which might explain the
differences in the role of these prostanoids. Immunoblotting for the TP receptor
identified a band at the predicted molecular weight of 40 kDa. When expressed
as a ratio to myosin light chains, used as a loading control, there was no

difference in the level of expression of TP receptor between coronary arteries
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from male and female animals (Figure 3.5 B, C). Immunoblotting also detected
a band at 50 kDa for the FP receptor. In this case, there was a significantly higher
level of expression of the FP receptor in coronary arteries from male animals

compared to female animals (Figure 3.6 B, C).
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Figure 3.5: Comparison of the responsiveness of PCAs to TXA; and the
expression of TP receptor in PCAs from both sexes (A) Log concentration-
response curves to the thromboxane receptor agonist U46619 in female and male
porcine coronary artery segments. Data are expressed as a percentage of the
response to 60 mM KCl and are mean = S.E.M. of 12 female and 9 male arteries.

(B) Representative immunoblot showing expression of TP receptor (40 kDa) and
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MLC (20 kDa) levels in 20 ug of female (F1-F4) and male (M1-M3) PCAs. (C)
Percentage of the expression levels of TP receptor to MLC in male and female
PCAs based on the intensities of their bands (6 female and 8 male PCAS).
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Figure 3.6: Comparison of the responsiveness of PCAs to PGF,, and the
expression of FP receptors in PCAs from both sexes. (A) Contractile response to
serial concentrations of PGF», (0.1-100 uM). Data are expressed as a percentage
of the response to 60 mM KCI and are means + SEM of 10 Female and 7 male

coronary arteries. Data are expressed as mean £ SEM, * indicates P<0.05, **
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indicates P<0.01, two-tailed, unpaired Student’s t-test. (B) Representative
immunoblots showing the expression of FP receptor (50 kDa) and MLC (20
kDa) levels in 20 pg of female (F1-F4) and male (M1-M3). (C) Percentage of
the expression levels of PGF», receptor to MLC in male and female PCAs based

on the intensities of their bands (7 female and 8 male PCAS).

3.3.6 Role of extracellular Ca?"in TXA; action

For further clarification of the mechanism of action of TXA:, role of
extracellular Ca*? was identified in PCAs from both sexes. U46619-induced
contractions were inhibited by pre-incubation of PCAs in Ca?*-free Krebs’
solution containing 2 mM ethylene glycoltetraacetic acid (EGTA) in both
females and males. Vascular response was significantly reduced: Females,
control Rmax = 85.5 + 5 % compared to 23.5 + 1.7 % in Ca?*-free condition;
Males, control Rmax = 77.5 + 4.1 % compared to 20.3 + 2.16% in Ca?*-free
condition (Figure 3.7).
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Figure 3.7: Log concentration-response curves for the vasoconstrictor effects of
U46619 in the absence or presence of Ca®* in female (A) and male PCAs (B).
Data are expressed as a percentage of the contraction to 60 mM KCI and are
mean = S.E.M. of 8(A) - 7(B) experiments. *** indicates P<0.001, 2-tailed,

paired Student’s t-test vs control values.

3.3.7 Role of Rho-kinase pathway in TXA; action
To determine the role of intracellular Ca*? in the contractile effect of TXA,,

coronary arteries are preincubated with and without Rho kinase inhibitor. The
Rho kinase inhibitor Y27632 (10 uM) induced a significant vasorelaxation of
PCAs pre-contracted with U46619 in both sexes compared to controls (Figure

3.8).
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Figure 3.8: Log concentration-response curves for the vasorelaxant effects of
Y27632 in female (A) and male PCAs (B) vs no Y27632 (control). Data are
expressed as a percentage change from U46619-induced tone and are mean +
S.E.M. of arteries from 5(A) - 6(B) different animals. *** indicates P<0.001,
two-way ANOVA followed by a Sidak’s post hoc test vs control values.

3.3.8 Determination of the release of TXA; from PVAT

Although there was no difference in the levels of TXB; in the PVAT from male
and female animals, the possibility that there are differences in the release of
thromboxane from PVAT was explored. Therefore, the levels of TXB; in the
buffer after incubation with PVAT were determined. In these experiments it was
found that the concentration of TXB> was higher in the buffer after incubation
with PVAT from female animals compared to PVAT from male animals (Figure
3.9).
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Figure 3.9: Comparison of the levels of TXB: in the buffer after incubation with
PVAT from female or male pigs for 2.5 hours. Data are expressed as a pg of
TXB: released per ml per gm of PVAT and are mean + S.E.M. of PVAT from
10 female and 9 male animals. * indicates P<0.05, 2-tailed, unpaired Student’s
t-test.

3.3.9 Effects of phospholipase A, stimulation on PVAT-induced contractions

The data indicated that cyclooxygenase produced prostanoids play a role in the
PVAT-induced contraction in the porcine coronary artery. In order to support
these data further, the effects of the phospholipase Az (PLA:) stimulator melittin
was investigated. Pre-treatment with melittin (10 pM) significantly enhanced
PVAT-dependent vasoconstriction compared with that of PVAT alone in
coronary artery segments from both sexes (Figure 3.10). The TP antagonist
GR32191B caused complete inhibition of the PVAT-induced contraction in the
presence of melittin in arteries from female animals and partial inhibition in
arteries from male animals (Figure 3.10 C, D). The FP receptor antagonist
AL8810 had no effects on the PVAT-induced contractions in arteries from male
or female animals (Figure 3.10 E, F). However, in subsequent experiments, it
was demonstrated that pre-incubation with melittin resulted in desensitization of
the FP receptor, but not TP receptor-mediated contraction (Figure 3.11).
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Figure 3.10: (A & B) Contractile responses of the PCAs to fresh PVAT (0.3g)
in the absence (control) or presence of melittin (10uM). Data are expressed as a
percentage of the contraction to 60 mM KCI and are mean £ SEM from arteries
from 5 female (A) and 8 male (B) animals. (C & D) Effect of pre-incubation
with the TP receptor antagonist GR32191B (3 uM) on the PVAT-induced
contraction, in the absence or presence of melittin (10 puM). Data are expressed
as a percentage of the contraction to 60 mM KCI response and are means +

S.E.M. of 5 female (C) and 5 male (D) animals. (E & F) Effect of pre-incubation

81



with the FP receptor antagonist AL8810 (10 uM) on the PVAT-induced
contraction, in the absence or presence of melittin (10 puM). Data are expressed
as a percentage of the contraction to 60 mM KCI response and are means +
S.E.M. of 4 female (E) and 5 male (F) animals. * indicates P<0.05, ** indicates
P<0.01 and ***indicates P<0.001, two-way ANOVA followed by a Sidak’s post

hoc test vs control values.
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Figure 3.11: Original traces of recording showing the vasomotor responses of
PCA to U46619 and PGFy, in the presence and absence of melittin. (A & B)
Original traces of recording showing the response of female PCA to addition of
0.1 uM U46619 in the absence and presence of 10 uM melittin (A and B,

82



respectively). (C & D) Original traces of recording showing the response of PCA
to addition of 1 uM PGF,, in the absence and presence of 10 uM melittin (C and
D, respectively).

3.3.10 Effect of phospholipase A, stimulation on TXB; release from PVAT

To confirm the previous functional effect of melittin in the PVAT from both
sexes, the levels of TXB: released from PVAT was measured in the presence
and absence of melittin. The level of TXB: released was significantly potentiated
after addition of the PLA stimulator (melittin) in both females and males (Figure
3.12 A, B).
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Figure 3.12: Comparison of the levels of TXB: in the buffer after a 2.5 hr
incubation with PVAT without (control)or with melittin (10 uM) from female
(A) or male (B) pigs. Data are expressed as pg of TXB: released per ml per gm
of PVAT and are mean = S.E.M. of 6 female and 7 male PVAT samples. *
indicates P<0.05, ** indicates P<0.01, 2-tailed, paired Student’s t-test vs paired

controls.

3.4 Discussion

The data presented in this chapter demonstrate that fresh PVAT added to
segments of porcine coronary artery produced a contractile response (Figure
3.1), which is in line with previous studies, indicating that the coronary artery
PVAT releases adipose-derived contractile factors (ADCFs) (Owen et al., 2013).
Endothelial denudation did not affect the responses of PCA to applied PVAT
(Figure 3.1C). This contractile response was inhibited by cyclooxygenase

inhibitors, indicating a role for contractile prostanoids in this contractile
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response (Figure 3.2). Interestingly, the contractile response to coronary artery
PVAT from female animals was inhibited by a TP receptor antagonist, whereas
the contractile response to coronary artery PVAT from male arteries was
inhibited by a FP receptor antagonist (Figure 3.3). These data suggest sex
differences in the prostanoids mediating the contractile response.

The role of cyclooxygenase products in the PVAT-induced contraction
is similar to that seen in mouse aorta, although in this previous study, only
thromboxane levels were measured (Meyer et al., 2013). In the present study the
presence of both thromboxane and PGF», was clearly detected in the PVAT of
the porcine coronary artery, although there were no differences in the levels of
these prostanoids between male and female animals (Figure 3.4). In addition, a
concentration-response curve with a TXA: agonist (U46619) was determined to
assess the responsiveness of PCAs to TXA: in both sexes and showed no
difference in the responses of coronary rings from different sexes to TXA..
Moreover, immunoblotting analysis found no difference in TP expression
between female and male coronary arteries (Figure 3.5). These data indicate that
the sex differences in the role of thromboxane in the PVAT-induced contraction
cannot be attributable to either differences in receptor expression or coupling of
the receptor to intracellular signalling pathways mediating contraction.
Therefore, it was determined whether there are differences in the release of
thromboxane from the PVAT by measuring the levels of TXB: in the buffer. Of
note, TXB> has been measured instead of TXA: because TXA; has a half-life of
only 37 seconds under physiological conditions, and the production of TXA:z in
vivo is typically monitored by measurement of TXB». Thromboxane Bz (TXB:)
is produced by the non-enzymatic hydration of TXA>, and has been shown to be
stable. Interestingly, there was a greater amount of TXB: in the buffer containing
PVAT from female animals compared to males (Figure 3.9), suggesting that,
although levels of thromboxane are the same in PVAT from both sexes, a greater
amount of thromboxane is actually released from the PVAT in females.
Although the exact reason for the difference in release of TXB> has not been
addressed in this study, many reasons could be speculated such as the difference
of the expression or function of TXB: transporters. For example, multidrug
resistance protein 4 or other prostaglandin transporters which act as a prostanoid
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efflux pumps (Schuster, 2002; Reid et al., 2003; Rius et al., 2005), or differences
in the turnover of released TXB>,. However, the data explain why the PVAT-
induced contraction in coronary arteries from female animals is inhibited by the

TP receptor antagonist.

The present study indicates that PGF,, is involved in the PVAT-
dependent contraction in male pigs as FP receptor antagonism by AL8810
significantly reduced the resultant vasocontraction. In addition, PGF,, was
detected in PVAT indicating that PGF», has arole as a PVAT-derived contractile
agent. Although there was no difference in the level of PGF», in the PVAT from
male and female pigs, PGF,, itself produced a greater contractile response in
coronary arteries from male animals compared to females. This corresponds with
a greater expression of the FP receptor in coronary arteries from male animals
(Figure 3.6). Therefore, this could be the explanation underlying the sex
differences in the role of the FP receptor in the PVAT-induced contraction in the
coronary artery. However, PGF,, release has not been measured because FP

receptor expression in the vessels is already different.

In order to confirm the role of prostanoids in the PVAT-induced
contraction in the coronary artery, the effects of the PLA, stimulator melittin
were examined. Melittin enhanced the PVAT-induced contraction in coronary
arteries from both sexes, which correlates with the role of the PLAz-arachidonic
acid-cyclooxygenase pathway (Figure 3.10 A,B). Furthermore, melittin
enhanced the production of thromboxane within PVAT and the level of
thromboxane released from the PVAT (Figure 3.12). Antagonism of TP
receptors inhibited the contraction to PVAT in coronary arteries from both male
and female animals, although there was greater inhibition of the contraction in
PCAs from females (Figure 3.10 C,D), which correlates with the fact that TP
antagonism inhibits the PVAT-induced contraction under non-PLA,-stimulated
conditions. Interestingly, the FP antagonist no longer inhibited the PVAT-
induced contractions in either male or female arteries (Figure 3.10 E,F).
However, it was found that melittin could cause desensitization of the PGF,
contraction but not the TXAz,-induced contraction (Figure 3.11), which would
explain the lack of effect of the FP antagonist. It is hypothesized that this

desensitization is caused by release of PGF,, from the coronary artery in

85



response to melittin. Although the hypothesis in the present study focuses on the
PVAT as a source of the PLA>- dependent arachidonic acid pathway that affects
the vascular smooth muscle cells, other potential sources of prostanoids could
not be excluded such as adventitia, endothelial cells and VSMC itself (Stemme
et al., 2000; Tang et al., 2014). In addition, the present study showed the effect
of whole PVAT on the vascular tone of PCA but did not investigate which cell
is responsible for this vasomotor effect as different cells in PVAT express COX
and can produce prostanoids (Stemme et al., 2000; Simmons et al., 2004). A
limitation of this study is the potential selectivity of GR32191B for TP receptors
over FP receptors. However, the data indicate that the larger inhibition of the
PVAT response seen with AL8810 in PCAs from males is likely to be due to
greater responsiveness and FP receptor expression in males compared to
females. Similarly, the greater effect of GR32191B on PVAT responses in

females compared to males appears to be due to greater release of thromboxane.

In conclusion, these data demonstrate that PVAT is able to regulate
porcine coronary arterial tone through the release of thromboxane and PGFy,.
To the best of the author’s knowledge, this is the first study that identifies sex
differences in COX metabolites in the PVAT response, where thromboxane has
a role in PVAT-dependant vasoconstriction in females while PVAT-derived
PGFqplays a role in the contraction of PCAs from males. These differences can
be explained by a greater release of thromboxane from PVAT from female
animals and greater expression of FP receptors on the porcine coronary artery
from males. It is clear that there are sex differences in the regulation of vascular
tone, including the role of EDH (Wong et al., 2014b). The data presented
enhance our knowledge of the mechanisms underlying these sex differences by
demonstrating differences in the adipose-derived contractile factors released
from coronary artery PVAT. Adipose tissue, including PVAT, changes under
pathological conditions such as obesity. In the porcine coronary artery, obesity
enhances the contractile responses of PVAT (Owen et al., 2013). Whether this
is due to altered release of prostanoids is unknown. Furthermore, whether the
sex difference in the release of prostanoids is maintained in obesity is unknown.
Future studies should explore whether these sex differences in PVAT are

maintained under pathological conditions. The following chapter describes
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reactive oxygen species as other ADCFs and shows their connection with
prostanoids in PVAT-coronary arterial tone coupling.

PGF,, pathway TXA, pathway

L )

Figure 3.13 Hypothesized schematic diagram of sex differences in the contractile

response of PCA to fresh PVAT. Present study demonstrated a clear sex differences in
PVAT function where PVAT can mediate vasoconstriction in PCAs via thromboxane

A, (TXA,) and PGF,, in females and males, respectively.
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Chapter Four

Role of reactive oxygen species In
perivascular  adipose  tissue-induced

vasoconstriction: influence of sex
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4.1 Introduction

Reactive oxygen species (ROS), including superoxide anion (O2") and hydrogen
peroxide (H202) are generated by all cell types and act as intercellular and
intracellular signalling molecules (Thannickal and Fanburg, 2000). However,
the highly reactive nature of ROS also possesses potential deleterious effects on
cellular integrity and function resulting in oxidative stress in cardiovascular
diseases such as hypertension and atherosclerosis (de Champlain et al., 2004;
Fortepiani and Reckelhoff, 2005). Although there are many enzymes which can
generate ROS (such as cyclooxygenases, lipoxygenase, xanthine oxidase,
cytochrome P450, enzymes of the mitochondrial electron transport chain),
NADPH oxidases (Nox) have been identified as a major source of ROS
generation within the vasculature (Wind et al., 2010; Wong et al., 2015a). Nox
enzymes are transmembraneous proteins which consist of seven isoforms: Nox1
to Nox5 and Duox1 and Duox2 (Streeter et al., 2013).

It has previously been demonstrated that there are sex differences in the
expression of Nox isoforms in the porcine coronary artery, correlating with
differences in the role of these isoforms in the regulation of endothelium-
dependent relaxant responses, with the indication that Nox-derived ROS inhibits
endothelium-dependent responses in males, but not females (Wong et al.,
2015a). Other studies on rat cerebral arteries and rat aortae have shown that
oxidative stress levels are higher in males compared with females (Brandes and
Mugge, 1997; Miller et al., 2007). In contrast, White et al. (2005) have found
that oestrogen induces vasocontraction of porcine coronary arteries (PCA) via
generation of superoxide (O2) in vascular smooth muscle (White et al., 2005).

PVAT has recently been identified as a source of ROS (Fleenor et al.,
2014). A study conducted by Gao et al., (2006) on the superior mesenteric artery
of Wistar-Kyoto rats has showed that PVAT could augment the arterial
contractile response to perivascular nerve stimulation via the production of ROS,
specifically superoxide (Gao et al., 2006). In addition to sex differences in the
risks for CVD (Villar et al., 2008; Maas and Appelman, 2010), there are also sex
differences in oxidative stress levels (Brunelli et al., 2014). Therefore,
understanding the nature of these differential Nox-induced ROS in females and

males is essential for identifying novel strategies to appropriately target
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cardiovascular diseases. Although it has previously been identified that there are
sex differences in the regulation of coronary arterial tone by Nox-derived ROS,
it is unknown whether there are similar sex differences in the role of Nox in
PVAT-induced regulation of vascular tone. Therefore, in this chapter the role of
Nox isoforms in the contractile responses in coronary arteries from male and

female pigs was compared.
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4.2 Materials and Methods

4.2.1 Tissue preparation

Tissues were set up as previously described in Chapter 2.

4.2.2 Functional responses in the isolated porcine coronary arteries

The method is previously described in Chapter 2. Relevant test compounds were
then added with 60 minutes incubation time. The following test compounds were
used: N-acetyl-L-cysteine (NAC) (10 mM) as a reactive oxygen scavenger,
diphenyliodonium chloride (DPI) (10 uM) as a non-selective Nox inhibitor
(Fleming et al., 2001); 2-acetylphenothiazine (ML171) (100 uM) (Gianni et al.,
2010) as a selective Nox 1 inhibitor, and Phox-12 (100 uM) (Bosco et al., 2012)
as a selective Nox 2 inhibitor to determine the role of Nox1 and Nox2,
respectively. In addition, GKT137831 (10 uM) (Green et al., 2012), a recently
described pyrazolopyridinedione derivative that inhibits Nox4 and Nox1
(Aoyama et al., 2012), was used to further investigate the role of Nox4. All these
inhibitors were incubated with the coronary segment prior to addition of PVAT
(0.3 g). A separate series of experiments were performed to determine the role
of ROS in prostanoid-induced vasoconstriction. Firstly, cumulative
concentration-response curves to the TXA2 mimetic U46619 (1 nM-300 nM)
were constructed in the presence or absence of DPI and ML171 in coronary
artery segments from male and female pigs. Secondly, the response of tissues to
a single concentration of PGF», (1 pM) were determined in the presence and
absence of DPI and ML171 as well. In experiments using DMSO as the solvent
of the drugs (see Materials Section 4.2.6), DMSO 0.1 % (v/v) was added to the

arteries as vehicle controls.

4.2.3 Protein Expression of Nox Subunits

Protein expression of NADPH-oxidase catalytic subunits, Nox1, Nox2, and
Nox4 were measured in both PVAT and coronary artery from male and female
pigs using immunoblotting. PVAT and PCAs were homogenized on ice in lysis
buffer with protease inhibitor cocktail (Calbiochem, VWR International Ltd,
Lutterworth, Leicestershire, UK) (Appendix A) using a 0.2ml glass
homogenizer. Protein concentration was determined using a Lowry assay. After
addition of 6x Laemmli sample buffer (Appendix A) to the samples,

homogenates were heated at 100°C for 5 min and centrifuged at 13000 xg for 1
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min. Equal amounts of protein were loaded onto a 4-20% Mini-PROTEAN TGX
precast gel (Bio-Rad, Hemel Hempstead, Hertfordshire, UK) and transferred
onto nitrocellulose membrane (GE Healthcare, Little Chalfont,

Buckinghamshire, UK) using a Bio-Rad mini-Transblot.

Membranes were blocked in 5% (w/v) non-fat milk in Tris-buffered
saline containing 0.1% (v/v) Tween 20 (TBS-T) (Appendix A) for 1 hour at room
temperature and then incubated overnight at 4°C with the appropriate primary
antibody (rabbit polyclonal anti-NOX1 antibody (ab137603 Abcam®,
Cambridge, UK) (1:500), rabbit polyclonal anti-gp91-phox antibody (sc-20782
Santa Cruz Biotechnology, Insight Biotechnology Ltd, Wembley, Middlesex,
UK) (1:500), rabbit monoclonal anti-NOX4 antibody (ab109225 Abcam®)
(1:1000)). For validating equal loading, mouse anti-myosin light chains (MLC)
antibody (Sigma-Aldrich, Poole, Dorset, UK) (1:1000) or mouse monoclonal
anti-B-actin antibody (Sigma-Aldrich, Poole, Dorset, UK) (1:100,000) were used
as loading controls. After washing with Tris-buffered saline containing 0.1%
(v/v) Tween 20, membranes were then incubated with secondary antibody
IRDye 800CW Goat anti-rabbit 1gG (1:10,000) and IRDye® 680LT Goat anti-
mouse 1gG (1:10,000) (LI-COR Biosciences, Cambridge, UK) for 1 hour at
37°C. After washing with TBS-T buffer, immunoreactive bands were detected
using a LI-COR Odyssey Infrared Imaging Scanner and densities of bands were
determined using Image Studio (Version 3.1 LI-COR Biosciences). Relative
densities of immunoreactive bands were normalized to intensity of

corresponding bands for B—actin or MLC, as appropriate.

4.2.4 Quantification of superoxide anion production by lucigenin
chemiluminescence assay

NADPH oxidase activity (superoxide anion production) of PVAT and PCAs was
measured using lucigenin-enhanced chemiluminescence method (Guzik and
Channon, 2005; Wind et al., 2010). Briefly, fresh PVAT and PCAs from females
and males were finely excised and cut into segments ~2 cm long. Segments of
PVAT and PCAs were then homogenized in Krebs—HEPES buffer (pH 7.4)
consisting of 99 mM NacCl, 4.7 mM KCI, 1.9 mM CaCly, 1.2 mM MgSO4, 1 mM
KH2PO4, 25 mM NaHCOs3, 11.1 mM glucose, 20 mM HEPES and protease
inhibitor cocktail Set | (Calbiochem, VWR International Ltd, Lutterworth,
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Leicestershire, UK) (Appendix A) in a Precellys® 24 Tissue Homogenizer. For
removing cell debris, homogenates were then centrifuged at 1000 xg for 10 min
at 4°C. Protein concentrations of the supernatants were determined by the
Bradford method (Bradford, 1976). Equal amounts of supernatant were
incubated at 37 °C for 20 min in the absence or presence of 10 uM DPI, 100 uM
ML-171, 100 uM Phox-12 or 10 pM GKT137831 with a final concentration of
5 uM lucigenin. In a separate set of experiments, pre-incubation of PVAT and
PCA with and without 1 nM U46619 or 1 uM PGF,, at 37°C for 30 min was
done to investigate the connection between ROS and prostanoids in both sexes
whilst pre-incubation of PVAT with the inflammatory mimetic substance LPS
(5 pg/ml) at 37°C for 4 hrs was performed to investigate the impact of
inflammation on PVAT function (Tomita et al., 2005). To start the reaction, 100
uM NADPH (Sigma-Aldrich, Poole, Dorset, UK) was then added into each well
(total volume of 100 ul) and allowed to equilibrate in a semi-dark environment
for 5 min. Photon emission was measured using Top Count NXT (PerkinElmer,
Cambridge, Cambridgeshire, UK) set to single photon-counting mode for 10 s
per well. Background counts (in the absence of homogenate) were subtracted
and Oz production normalized to total protein content.

4.2.5. Quantification of hydrogen peroxide production using luciferin-enhanced
chemiluminescence assay and Amplex Red

The levels of H>O> production were measured in PVAT and PCA homogenates
using two different sensitive and specific techniques, luciferin-enhanced
chemiluminescence and Amplex Red, to confirm the result, which is not
dependent upon a specific probe employed. After homogenization of the PVAT
and PCA in Tris-buffered saline containing 0.1% (v/v) Tween 20, along with
protease inhibitor cocktail (Calbiochem) (Appendix A), equal volumes of
homogenate (30 pl) were incubated with and without 10 uM GKT137831 at
37°C for 20 min. In a separate experiment, H>O- production was determined by
incubating PVAT samples with and without 5 pg/ml of the inflammatory
mimetic substance LPS at 37°C for 4hrs to investigate the impact of
inflammation on H20: production. H202 production was determined using both
a ROS-Glo™ H,0, assay (G8820, Promega, UK) and Amplex Red (10 uM) in

the presence of horseradish peroxidase (0.6 UmL™). Absorbance was read at 590
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nm with excitation of 530 nm using FLUOstar Galaxy (BMG Labtech Ltd,
Aylesbury, Bucks, UK). In case of ROS-Glo™ H,0; assay, photon emission was
measured using Top Count NXT. In both assays, background counts (in the
absence of homogenate) were subtracted and H20. production normalized to

total protein content.

4.2.6 Materials

All drugs were purchased from Sigma-Aldrich (Poole, Dorset, UK) except for
DPI and ML171 from Tocris Bioscience (Bristol, UK), and GKT137831 and
PGF,, from Cayman Chemicals (Cambridge, UK). Stock solutions of DPI,
ML171, Phox-12, GKT137831 and PGF,, were dissolved in dimethyl sulfoxide
(DMSO) whereas stock solution of NAC and LPS were dissolved in distilled
water. Stock solutions of U46619 were made to 10 mM in ethanol. All further

dilutions of the stock solutions were made using distilled water.

4.2.7 Statistical analysis
Data are presented and were analysed as described in Chapter 2.
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4.3 Results

4.3.1 Role of reactive oxygen species in PVAT-induced vasoconstriction

As shown in the chapter 3, addition of PVAT (0.3 g) to the organ baths caused a
time-dependent contraction of the coronary arteries from both male and female
pigs (Figure 4.1). There was no apparent difference in the profile of contraction
between male and females. To determine the role of ROS in the PVAT
vasomotor effect, PCAs were preincubated with ROS scavenger prior to addition
of PVAT. In the presence of the ROS scavenger, N-acetyl-L-cysteine (NAC),
the PVAT-induced contractions were partially, but significantly attenuated
compared to control in coronary arteries from both male and female pigs (Figure
4.1).
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Figure 4.1: Effects of reactive oxygen species scavenger N-acetyl-L-cysteine on
the PVAT-induced contraction of coronary artery segments from female (A) and
male (B) pigs. Arteries were pre-incubated without (control) or with 10 mM N-
acetyl-L-cysteine before addition of PVAT. Values are expressed as a
percentage of the contraction to 60 mM KCI and are mean + S.E.M. of 10
experiments. * P<0.05 and ** P<0.01, two-way ANOVA followed by a Sidak’s

post hoc test vs control values.

4.3.2 The effects of Nox inhibitors on PVAT-induced vasoconstriction in PCAs
from female and male pigs
In order to determine the role of Nox isoforms in the PVAT-induced contraction,

coronary artery segments were pre-incubated with different Nox inhibitors prior
to addition of PVAT. Treatment with the non-selective Nox inhibitor DPI (10
HM) caused a complete inhibition of the PVAT-induced contraction in coronary

arteries from both male and female pigs (Figure 4.2 A, B). Pre-incubation with
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the Nox1-selective inhibitor ML171 (100 uM) caused partial inhibition of the
contraction (Figure 4.3 A,B), whereas the Nox2-selective inhibitor Phox-12 (10
HMM) caused complete inhibition (Figure 4.3 C,D). The Nox1/4 inhibitor
GKT137831 (10 uM) also inhibited the PVAT-induced contractions, with an
apparent greater effect in coronary arteries from male compared to PCAs from
female (Figure 4.3 E,F).
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Figure 4.2: Effects of non-selective Nox inhibition on the PVAT-induced
contractions of coronary arteries from female and male pigs in the absence
(control vehicle) or presence of 10 uM DPI (A & B). Values are expressed as a
percentage of the contraction to 60 mM KCI and are mean + S.E.M. of 6
experiments. * P<0.05, ** P<0.01 and *** P<0.001, two-way ANOVA followed

by a Sidak’s post hoc test vs control values.
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Figure 4.3: Effects of Nox inhibition on the PVAT-induced contractions of
coronary arteries from female and male pigs in the absence (control vehicle) or
presence of 100 uM ML-171 (A & B); 100 uM Phox-I12 (C & D); or 10 uM
GKT137831 (E & F). Values are expressed as a percentage of the contraction to
60 mM KCI and are mean £+ S.E.M. of 6 experiments. * P<0.05, ** P<0.01 and
*** P<0.001, two-way ANOVA followed by a Sidak’s post hoc test vs control

values.

4.3.3 Measurement of superoxide anion production in coronary artery PVAT

The contractile studies indicated that Nox-derived ROS play a role in the PVAT-
induced contraction in the porcine coronary artery. In order to determine whether
the PVAT could be the source of the ROS, the activity and expression of Nox
isoforms have been measured. In the presence of NADPH, ROS production by

PVAT was significantly augmented in both sexes (Figure 4.4 A, B). Treatment
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of the homogenate with the non-selective Nox inhibitor DPI significantly
blocked ROS production in PVAT from both sexes, confirming that the
ROS detected by chemiluminescence was Nox-dependent. In addition, the level
of DPI-inhibitable chemiluminescence did not differ between sexes (Figure
4.4C). There was no difference in the level of total ROS production in PVAT
from both sexes (Figure 4.4D). Incubation of PVAT homogenate with either the
Nox1 inhibitor ML171 or the Nox2 inhibitor Phox-12 significantly reduced ROS
production in both females and males (Figure 4.5 A-D). In contrast, the Nox 1
and 4 inhibitor GKT137831 did not inhibit the superoxide production in PVAT
from either sex (Figure 4.5 E, F) (Table 1).

A- Female B-Male

=
(=1
(=]
1
=y
[=}
o

co
o
L
o]
o
L

=]

(=]
1

[e2}

(=}
1

B
T

(photon emission/
A
<

background photon count)

5]
(=]
1
[
(=]
1

(photon emission/
background photon count)

(=]
1
o
1

2 &
R
&

",

1504

]

(=1

o
1

=

(3]

[=]
1

100

504

(4]
o
1

(photon emission/
background photon count)

(photon emission/
background photon count)
2
o

o
1

RS

&
@’b

Figure 4.4: NADPH oxidase activities wusing lucigenin-enhanced
chemiluminescence method in PVAT homogenates from female and male pigs.
After 20 min incubation with 5 uM lucigenin and 10 uM DPI, 100 uM NADPH
was added and measurements were taken in an interval of 10 s per well. Data are

expressed as a basal fold from tissue blank and are meant S.E.M. of 10
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experiments. ** P<0.01 and *** P<0.001, paired (A,B) and unpaired (C,D)
Student’s 2-tailed t-test.
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Figure 4.5: Detection of NADPH oxidase activity using the lucigenin
chemiluminescence method in coronary artery PVAT homogenates from male
and female pigs in the absence (control vehicle) or presence of 10 uM DPI or
100 uM ML-171 (A & B); 100 uM Phox-12 (C & D); or 10 uM GKT137831 (E
& F). After 20min incubation with inhibitors, 100 uM NADPH was added and
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measurements were taken in an interval of 10 s per well. Data are expressed as
fold change from tissue blank and are meant S.E.M. of 10 experiments. *
P<0.05, ** P<0.01 and *** P<0.001, one way ANOVA followed by a Sidak’s
post hoc test (A & B) and 2-tailed, Student’s paired t-test (C-F) vs control values.

4.3.4 Measurement of hydrogen peroxide production

Amplex Red assay was used to measure the level of H.O> production in PVAT
from both sexes. There was no effect of the Nox1/4 inhibitor GKT137831 on the
level of H,O> production in PVAT from both sexes (Figure 4.6 A, B)

A-Female B-Male
100+ 80-

80+

units

Arbituary fluorescence

Arbituary fluorescence

Figure 4.6: Measurement of H.O, levels in the PVAT homogenate in the
absence (control vehicle) or presence of 10 uM GKT137831 in (A) female or
(B) male pigs. Data are expressed as arbitrary fluorescence units and are mean +
S.E.M. of 9 experiments.

4.3.5 Measurement of superoxide anion production in coronary artery

Although the contractile responses to PVAT indicate that Nox-derived ROS are
involved in the contraction, the source of the ROS could be within the coronary
artery itself, rather than the PVAT. Therefore, Nox isoform activity and
expression was also determined in coronary artery segments. Nox activity was
detected in PCA homogenates from both females and males with no sex
difference in the total Nox activity (Figure 4.7 A). This ROS production was
significantly inhibited by pre-incubation with DPI, ML171 and Phox-12 in both
females and males compared to their respective controls (Figure 4.7 B-E).
GKT13731 reduced superoxide production in coronary artery homogenates from
female pigs, but was without effect in coronary arteries from male pigs (Figure
4.7 F, G) (Table 4.1).
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Figure 4.7: NADPH oxidase activity detected using the lucigenin
chemiluminescence method in porcine coronary arterial homogenates from male
and female pigs (A) and, in the absence (control vehicle) or presence of 10 uM
DPI or 100 uM ML-171 (B & C); in the absence (control vehicle) or presence
of 100 uM Phox-12 (D & E); and in the absence (control vehicle) or presence of
10 uM GKT137831 (F & G). Data are expressed as fold change from tissue
blank and are mean £ S.E.M. of 9 experiments. * P<0.05, ** P<0.01 and ***
P<0.001, one way ANOVA followed by a Sidak’s post hoc test (B &C), and

Student’s 2-tailed, paired t-test (D-G) vs control values.

Drugs PVAT (Female) | PVAT (Male) | PCA (Female) | PCA (Male)
DPI i e | we L

ML171 | |** V> L * V>

Phox-12 | |** 1* > 1*
GKT137831 1*

Table 4.1: Summary of NADPH oxidase activities using lucigenin-enhanced
chemiluminescence method in tissue homogenates of PVAT and PCA from male
and female pigs and in the absence or presence of 10 uM diphenyliodonium
chloride (DPI), 100 uM ML-171, 100 uM Phox-12 or 10 uM GKT137831. Data
are expressed as mean + S.E.M of control vehicle versus drug. * P<0.05, **
P<0.01 and *** P<0.001, one way ANOVA followed by a Sidak’s post hoc test
(DPland ML171) and Student’s 2-tailed, paired t-test (Phox 12 and GKT137831)

vs control values.

4.3.6 Measurement of hydrogen peroxide production in coronary artery

As the Nox isoforms, including Nox4, are expressed in PCA form both sexes, so
the level of H2O> production was measured using Amplex Red assay. Pre-
incubation with GKT137831 caused a small, but significant inhibition of H2O>
production in PCA homogenates from both sexes (Figure 4.8 A, B). This result
was confirmed using a luciferin-enhanced chemiluminescence assay (Figure 4.8
C, D).
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Figure 4.8: (A & B) Measurements of H20: levels in PCA homogenates using
Amplex Red assay in the absence (control vehicle) or presence of 10 uM
GKT137831 in PCAs from (A) female or (B) male pigs. Data are expressed as
arbitrary fluorescence units and are mean + S.E.M. of 5-6 experiments. (C & D)
Measurement of H20 levels in PCA homogenates using luciferin-enhanced
chemiluminescence assay in the absence (control vehicle) or presence of 10 uM
GKT137831 in PCAs from (C) females or (D) male pigs. Data are expressed as
a basal fold from tissue blank and are mean + S.E.M. of 5-7 experiments. *
P<0.05, ** P<0.01 and *** P<0.001, Student’s 2-tailed, paired t-test vs control

values.
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4.3.7 Expression of Nox isoforms in PVAT

Expression of Nox1, Nox2 and Nox4 isoforms were determined in PVAT from
male and female pigs using immunoblotting. A band at the predicted molecular
weight of 65 kDa was detected with the anti-Nox1 antibody in PVAT from both
male and female pigs, with no difference in expression (Figure 4.9). Similarly, a
band at the predicted molecular weight of 60 kDa was detected with the anti-
Nox2 antibody in PVAT from both male and female pigs, and again there was
no difference in expression (Figure 4.10). The anti-Nox4 antibody detected a
band at the predicted molecular weight of 62 kDa, with no differences in

expression between male and females (Figure 4.11).
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Figure 4.9: Representative immunoblot showing protein expression of the
NADPH oxidase catalytic subunits: Nox1 in PVAT from female and male pigs
(A). Also shown is a bar chart with levels of Nox1 expressed as a percentage to

the loading control B-actin (B). Values are mean = SEM of 6 females and 5

males.
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Figure 4.10: Representative immunoblot showing protein expression of the
NADPH oxidase catalytic subunits: Nox2 in PVAT from female and male pigs
(A). Also shown is a bar chart with levels of Nox2 expressed as a percentage to
the loading control B-actin (B). Values are mean = SEM of 6 females and 5

males.
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Figure 4.11: Representative immunoblot showing protein expression of the
NADPH oxidase catalytic subunits: Nox4 in PVAT from female and male pigs
(A). Also shown is a bar chart with levels of Nox4 expressed as a percentage to
the loading control B-actin (B). Values are mean = SEM of 6 females and 5

males.
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4.3.8 Expression of Nox isoforms in coronary artery

As the activity of the Nox isoforms was identified in coronary arteries, the
expression of Nox isoforms in PCAs was measured using Immunoblotting to
confirm the effect of ROS in the coronary arteries. Bands to Nox1, 2 and 4 were
also detected in porcine coronary arteries from male and female pigs.
Significantly greater Nox1 expression was detected in coronary arteries from
females compared to PCAs from males (Figure 4.12), whilst Nox4 expression
was higher in males compared to females (Figure 4.14). There was no difference

in expression of Nox2 between male and females (Figure 4.13).
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Figure 4.12: Representative immunoblot showing protein expression of Nox1
in coronary arteries from female and male pigs (A). Also shown is a histogram
with level of Nox1 expressed as a percentage to the loading control B-actin (B).
Values are mean = SEM of 6 females and 5 males. *P<0.05, Student’s 2-tailed

unpaired t-test.
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Figure 4.13: Representative immunoblot showing protein expression of Nox2
in coronary arteries from female and male pigs (A). Also shown are histogram
with level of Nox2 expressed as a percentage to the loading control B-actin (B).

Values are mean + SEM of 6 females and 5 males.
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Figure 4.14: Representative immunoblot showing protein expression of Nox4
in coronary arteries from female and male pigs (A). Also shown are histogram
with level of Nox4 expressed as a percentage to the loading control B-actin (B).
Values are mean = SEM of 6 females and 5 males. **P<0.01, Student’s 2-tailed

unpaired t-test.

4.3.9 Effects of Prostanoids on the ROS productions

4.3.9.1 Effect of U46619 on superoxide anion production

Superoxide anion production was determined in the absence and presence of
U46619 in both PVAT and PCAs homogenates from both sexes to determine the
effect of U46619 on ROS production. Pre-incubation with U46619 did not
enhance the superoxide anion production in PVAT homogenate from both sexes
(Figure 4.15 A,B) whilst pre-incubation of the PCA homogenate with U46619
caused an increase in Oz production in PCAs from females only (Figure 4.15
C,D). However, pre-treatment of the coronary rings with DPI inhibited the
U46619-induced contraction in both sexes (Figure 4.16 A, B) whereas selective
Nox1 antagonist (ML171) inhibited the contractile response to U46619 in female
PCAs only (Figure 4.16 C, D).
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Figure 4.15: Measurement of Oz levels in PVAT (A & B) and PCA (C & D)
homogenates using lucigenin-enhanced chemiluminescence assay in the absence
(control vehicle) or presence of 100 nM U46619 in PVAT and PCAs from (A,C)
females or (B,D) male pigs. Data are expressed as a basal fold from tissue blank
and are meanz S.E.M. of 16-12 experiments. * P<0.05, Student’s 2-tailed, paired

t-test vs control values.
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Figure 4.16: Effects of different Nox inhibitors on the U46619-induced
contractions of coronary arteries from female and male pigs in the absence
(control vehicle) or presence of 10 uM DPI (A & B) and 100 uM ML-171 (C &
D). Values are expressed as a percentage of the contraction to 60 mM KCI and

are mean = S.E.M. of 6 experiments. * P<0.05, 2-tailed, paired Student’s t-test

vs control values.

4.3.9.2 Effect of PGF», on superoxide anion production

To determine the effect of another prostanoid, PGF2, on ROS production,
superoxide anion production was determined in the absence and presence of
PGF2, in both PVAT and PCAs homogenates from both sexes. Using the
lucigenin induced-chemiluminescence assay, PGF», had no effect on the Oy
production in PVAT from both sexes (Figure 4.17 A,B). Like U46619, PGFy,
increased the Oz production in PCA homogenate from females only (Figure 4.17
C, D). Functional studies showed inhibition of the contractility of female PCAs
to PGFy, in the presence of Nox antagonists (DPI and ML171) compared to
vehicle control (Figure 4.18 A, B) while there was no effect of the same

antagonists on the PGF.-induced contraction of male PCAs (Figure 4.18 C, D).

112



A Female PVAT B Male PVAT

4001 4001

3001 300

2001 200+

[
o
o

L

100+

(photon emission/
background photon count)
(photon emission/
background photon count)

C Female PCA

w)

Male PCA

2001 200
1504

100

501

(photon emission/
background photon count)

(photon emission/
background photon count)

Figure 4.17: Measurement of O, levels in PVAT (A & B) and PCA (C & D)
homogenates using lucigenin-enhanced chemiluminescence assay in the absence
(control vehicle) or presence of 1 uM PGF», in PVAT and PCAs from (A,C)
females or (B,D) male pigs. Data are expressed as a basal fold from tissue blank
and are mean = S.E.M. of 8 experiments for all graphs. * P<0.05, Student’s 2-
tailed, paired t-test vs control values.
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Figure 4.18: Effects of different Nox inhibitors on the 1uM PGF3,-induced
contraction of coronary arteries from female and male pigs in the absence
(control vehicle) or presence of 10 uM DPI (A & B) and 100 uM ML-171 (C &
D). Values are expressed as a percentage of the contraction to 60 mM KCI and
are mean = S.E.M. of 6 experiments for all graphs. * P<0.05, Student’s 2-tailed,

paired t-test vs control values.

4.3.10 Effect of LPS on PVAT function
To investigate the effects of inflammation on the function of PVAT in

production of ROS, PVAT pieces were incubated with and without 5 pg/ml of
LPS for 4hrs, and then H.O> and O, production are measured. Pre-incubation of
PVAT with LPS significantly enhanced H>O> production in PVAT from both
sexes (Figure 4.19 A,B). However, the same pre-treatment did not affect the Oy

production in PVAT from both sexes (Figure 4.20 A,B).

114



A-Female B- Male

25017 2501 *

2001

Arbituary fluoroscense
units
Arbituary fluoroscense
units

Figure 4.19: Measurement of H2O. levels in the PVAT homogenate using
Amplex Red assay after pre-incubation without (control vehice) or with 5 pg/ml
(LPS) in (A) female and (B) male pigs. Data are expressed as arbitrary
fluorescence units and are mean £ S.E.M. of 6 experiments. * P<0.05, paired

Student t-test vs control values.

A-Female B-Male

w
o
o
1l
=3
o
o
1

2001 400

100 200

(photon emission/
background photon count)
(photon emission/
background photon count)

o

1
(=}
i

Figure 4.20: Measurement of Oz production using lucigenin-enhanced
chemiluminescence method in PVAT homogenates after pre-incubation without
(control vehicle) or with 5 pg/ml lipopolysaccharide (LPS) in (A) female and
(B) male pigs. Data are expressed as a basal fold from tissue blank and are mean

*+ S.E.M. of 5-6 experiments vs control values.

115



4.4 Discussion

Reactive oxygen species (ROS) play an important role in both physiology and
pathophysiology of the vasculature, including hypertension, and can cause either
vasodilatation or vasoconstriction, depending on the species produced
(Montezano and Touyz, 2014). The NADPH oxidase (Nox) family of enzymes
is an important source of ROS within the vasculature. Sex differences have been
previously demonstrated in the expression of Nox isoforms in the porcine
coronary artery, which correlate with sex differences in the role of ROS in the
regulation of endothelium-dependent vasodilatation (Wong et al., 2015a).
Adipose tissue is an important source of ROS and previous studies have
demonstrated that Nox-derived ROS released from the adipose tissue
surrounding blood vessels can regulate blood vessel tone (Gao et al., 2006).
Indeed, ROS may play arole in bi-directional signalling between coronary artery
PVAT and the vascular smooth muscle (Antonopoulos et al., 2015). Noteworthy,
no previous study has specifically addressed whether sex influences the activity
of different Nox isoforms in PVAT in the coronary circulation. In this chapter,
sex differences in Nox expression and ROS production in the PVAT surrounding
the coronary arteries were investigated. Furthermore, it was determined whether
there were sex differences in the regulation of tone by PVAT-derived ROS. This
chapter has showed that the PVAT-induced contraction of the porcine coronary
artery is dependent upon Nox activity, although there are no sex differences in
this response. The source of the ROS could be either the PVAT or the coronary

artery itself as both express Nox isoforms.

ROS regulate vascular tone and, depending on the ROS produced
(hydrogen peroxide or superoxide anion), can elicit both vasorelaxant and
vasoconstrictor effects (White et al., 2005; Wong et al., 2014a). A previous study
in rat superior mesenteric artery indicated that PVAT could produce ROS to
enhance vascular tone (Gao et al., 2006). However, non-selective Nox inhibitors
(apocynin and DPI) were used to elucidate the role of ROS. In fact, no previous
study has specifically addressed which Nox isoforms are expressed in PVAT
and, therefore, which isoforms are involved in the regulation of vascular tone by
PVAT.
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In order to determine the role of Nox-derived ROS in the regulation of
coronary artery tone by PVAT, segments of porcine coronary artery with fat
removed were set up in isolated tissue baths and treated with the Nox inhibitors
prior to re-addition of PVAT. Addition of PVAT produced a slow developing
contraction in line with chapter 3 and other experiments in the porcine coronary
artery (Owen et al., 2013). The antioxidant N-acetylcysteine reduced the
contraction in coronary arteries from male and female pigs (Figure 4.1). These
data suggest that the PVAT-induced contraction in the coronary circulation is
mediated, in part, by endogenous ROS. Pre-incubation with the non-selective
Nox inhibitor DPI completely inhibited the P\VAT-induced contraction (Figure
4.2), indicating a role for Nox-derived ROS in the contractile response. The
Nox1 inhibitor ML171 produced a partial inhibition of the contraction (Figure
4.3 A,B), whereas the Nox2 inhibitor phox-12 caused complete inhibition of the
contraction (Figure 4.3 C,D), indicating a role for Nox1 and Nox2 in the
response. It is possible that phox-12 inhibits Nox1 as well as Nox2, which would
explain why there is complete inhibition with this compound, but only partial
inhibition with ML171. There was no apparent difference in the effect of ML171
and phox-12 between tissues from male and female animals. The Nox1/4
inhibitor GKT137831 also caused partial inhibition of the PVAT-induced

contraction in both male and females (Figure 4.3 E,F).

These data indicate a role for Nox-derived ROS in PVAT-induced
contraction in the porcine coronary artery. The source of the ROS could be from
either the PVAT or the artery itself. In an attempt to clarify the source, the
expression and activity of the Nox isoforms were investigated in the PVAT and
the artery. In this study, protein expression of all three Nox isoforms (Nox1,
Nox2 and Nox4) was identified in the PVAT from both sexes (Figures 4.9, 4.10,
4.11). To measure ROS production, lucigenin-stimulated chemiluminescence
and Amplex Red were used to detect Oz" and H20., respectively. Lucigenin-
enhanced chemiluminescence assay is used because it is one of the most
sensitive and convenient methods to detect ROS released from various cells
(Minkenberg and Ferber, 1984; Caldiz et al., 2007). The lucigenin-enhanced
chemiluminescence has been widely shown to be a useful method for detecting
and quantifying the Oz formation in comparison with other methods of ROS
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detection such as NBT reduction, O consumption and cytochrome c reduction
as the lucigenin probe is very sensitive to ROS (Yamazaki et al., 2011). Amplex
Red is a highly sensitive and stable substrate for horseradish peroxidase (HRP)
with selectivity for H.O> allowing measurement of H>O. at concentrations as
low as 50 nM. This property made the Amplex Red a commonly used technique
for measurement of low levels of H20: in different biological samples. Another
advantage of this assay is that HRP is active over a wide pH range (Rhee et al.,
2010). Using lucigenin, NADPH-stimulated chemiluminescence that was
inhibited by the Nox inhibitor diphenyleneiodonium (DPI) was detected,
indicating a Nox-mediated production (Figure 4.4). Chemiluminescence was
also reduced using the selective Nox1 inhibitor ML171 and the selective Nox2
inhibitor Phox-12 (Figure 4.5), indicating a role for Nox1 and Nox2, correlating
with expression. There was no difference in either expression or activity between
males and females. Although Nox4 expression was detected in PVAT, there was
no evidence for Nox4-induced ROS production since the Nox1/4 inhibitor
GKT137831 had no effect on lucigenin chemiluminescence (Figure 4.5 E,F).
Nox4 produces H2O> (Nisimoto et al., 2014). Therefore, the effect of
GKT137831 on H20. production was determined using Amplex Red. Again,
GKT137831 had no effect on the Amplex Red signal (Figure 4.6), indicating that

there is no detectable Nox4 activity under these conditions.

Nox1, 2 and 4 were also expressed in the porcine coronary artery. Again,
NADPH-stimulated lucigenin chemiluminescence was measured, which could
be inhibited by DPI, the Nox1 inhibitor ML171 and the Nox2 inhibitor phox-12
(Figure 4.7). Although there was a greater expression of Nox1 in arteries from
females compared to males (Figure 4.12), NADPH-stimulated
chemiluminescence in arteries from both male and females was inhibited by
ML171 (Figure 4.7). Furthermore, this difference in Nox1 expression did not
correlate with the sensitivity of the PVAT-induced contraction to ML171, in that
the contraction in males appeared to be inhibited more by ML171 than females.
Nox4 expression was higher in coronary arteries from males compared to
females (Figure 4.14). However, there was no apparent difference in sensitivity
of H20. production to GKT137831. GKT137831 is a dual Nox1/4 inhibitor.
Therefore, it is possible that the increase in expression of Nox4 in arteries from
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males is balanced by the increase in Nox1 expression in females in this case.
Noteworthy, a previous study conducted on the distal part of the coronary
arteries, not the proximal portion like in the present study, showed a different
profile of expression of these three enzymes (Wong et al., 2015a). The authors
showed that Nox1 and Nox2 expression in PCAs was higher in males compared
to females whilst Nox4 was higher in females. The differences may be due to
differences in the thickness and diameter of these two parts. On the other hand,
PVAT is present mostly around the proximal PCA. This can raise an interesting
question; could the existence of PVAT be a possible cause of the variation in
Nox isoform expression between these different anatomical positions? It is for
future work to identify the variation in the signalling in these different parts of

the coronary artery.

The data presented here indicate that PVAT-induced contractions are
mediated by release of ROS. Although Nox isoforms are expressed in both
PVAT and the coronary artery, it is not possible to determine which the source
of ROS leading to the contraction is. It is possible that a substance released from
PVAT stimulates the production of ROS in the coronary artery in order to initiate
a contraction. TP stimulation can increase the production of ROS and
peroxynitrites by up-regulating PKC-dependent Nox activation in bovine aortic
endothelial cells. (Zhang et al., 2011). In addition, Martinez-Revelles et al.,
(2013) showed that COX2 inhibitor celecoxib could normalize the increased Oz
- and H20- production, (Nox1, Nox2 and Nox4) expression and activity, and the
participation of ROS in vascular responses in hypertensive models (Martinez-
Revelles et al., 2013). The same group presented a review indicating that these
two pathways act in concert to induce vascular dysfunction (Hernanz et al.,
2014). Furthermore, it was previously demonstrated in Chapter 3 that the
prostanoids TXA:2 and PGF», are expressed and released from PVAT and play a
role in the PVAT-induced contraction in porcine coronary arteries. Therefore, it
was determined whether these compounds stimulate ROS production in PVAT
or PCAs and whether the contractile response to these compounds involves Nox
activity. Neither the thromboxane mimetic U46619 and PGF,, increased ROS
production in PVAT but both compounds could significantly enhance the ROS
production in female PCAs only, but not male PCAs (Figure 4.15, 4.17). The
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contractility response of PCAs to U46619 was reduced in both sexes in the
presence of DPI, and in females only in the presence of ML171 (Figure 4.16).
Although DPI inhibited the U46619 contraction in both sexes, this could be
explained by the fact that DPI could cause endothelium-independent relaxation
by activation of the guanylate cyclase, which is independent of Nox inhibition
(Dodd-o et al., 1997), and particularly because of the ability of the cGMP to
phosphorylate TXA: receptor, resulting in feedback inhibition (Wang et al.,
1998). In addition, both DPI and ML171 could inhibit PGF,.,-induced
vasoconstriction in females PCAs only (Figure 4.18). These data suggest a
significant role of ROS, at least partly, in the TXA> and PGF.-induced
vasoconstriction in females only. Taking all the data together, it is proposed for
the first time that the ROS-dependency of the PVAT-induced contraction is as a
result of release of prostanoids from the PVAT which subsequently produce a
ROS-dependent contractile response in the PCA from female, rather than PVAT-

derived ROS mediating the contractile response.

In addition, Chapter 6 has showed that another adipocyte-derived
compound chemerin can also signal through Nox in vascular smooth muscle
cells, a finding that is supported by the study of (Neves et al., 2015) (see Chapter
6). Although the roles of prostanoids and chemerin are identified as contractile
agents which are derived from PVAT and could induce the ROS-mediated
vasoconstriction, other adipocytes-derived constrictor factors cannot be
excluded. Angiotensin 11, for instance, stimulates Nox-dependent production of
ROS in smooth muscle cells (Nguyen Dinh Cat and Touyz, 2011), and it has also
been implicated in the regulation of vascular tone by PVAT (Lu et al., 2010).

PVAT has been found to be altered by expanding and accumulating
inflammatory cells in pathophysiological conditions, such as obesity and
diabetes, altering the production of various adipokines and inflammatory
cytokines (Brown et al., 2014). For instance, endovascular wire injury caused
marked downregulation of adiponectin expression and upregulation of
proinflammatory cytokines, such as monocyte chemoattractant protein-1 (MCP-
1), TNF-a, IL-6, and plasminogen activator inhibitor type-1, in PVAT (Takaoka
et al., 2010). PVAT-induced contractions in coronary arteries are enhanced in

obese pigs (Owen et al., 2013). Furthermore, alterations in PVAT signalling in
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blood vessels from overweight patients with type 2 diabetes are associated with
increases in Nox activity in vascular smooth muscle (Antonopoulos et al., 2015).
Indeed, obesity leads to the development of an inflammatory phenotype in
adipose tissue (Calabro and Yeh, 2007). In addition, inflammation is considered
as one of the reasons for enhancing generation of ROS (Yang et al., 2007). So
increased Nox expression and activity in PVAT may also influence the
contractile effects on PVAT in the coronary circulation. To study the effect of
inflammation on PVAT, lipopolysaccharide from Escherichia coli (LPS) was
used. Bacterial LPS has been extensively used in models studying inflammation
because of its ability to stimulate production of different proinflammatory
cytokines, such as TNF-a, IL-1p or IL-6 (Ngkelo et al., 2012). Using LPS to
stimulate inflammation in PVAT, the data in the present study demonstrate that
LPS could enhance H2O> production in PVAT from both sexes (Figure 4.19).
However, there was no effect of LPS on the O2™ generation in PVAT from either
sex (Figure 4.20). In addition, a pilot study attempted to address the effect of
LPS on the contractility response of PCAs. However, LPS inhibited PVAT-
induced contraction rather than enhance PVAT-induced vasoconstriction, as
expected (Appendix C). The latter result could be explained by the enhancement
of nitric oxide synthase (NOS) activity (McKenna, 1992; Nakayama et al., 1992)
or/and the inhibition of Ca?" influx via L-type calcium channel (Hobai et al.,
2015).

In summary, this study demonstrates that PVAT from coronary artery
initiates vasoconstriction through Nox-dependent ROS production. Both PVAT
and the artery itself express Nox isoforms and Nox-dependent ROS production
can be measured in both tissues. TXA: and PGF,, could enhance
vasoconstriction via increasing ROS production in females only. As PVAT can
release these prostanoids and increase the vascular tone of PCAs (Chapter 3), it
also can be concluded that PVAT can induce vasoconstriction by releasing
prostanoids that enhance the ROS activity in PCAs from females only. Despite
sex differences in the expression of Nox isoforms in the porcine coronary artery,
there was no difference in the role of Nox isoforms in the PVAT-induced

contraction between male and female animals.
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Figure 4.16 Hypothesized schematic diagram of sex differences in the
contractile response of PCA to fresh PVAT. Present study demonstrated that
PVAT can mediate vasoconstriction in PCAs via reactive oxygen species

pathway in both sexes with thromboxane A> (TXA2) and PGF., as ADCFs that

could induce this pathway in females only.
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Chapter Five

Effects of sexual dimorphism on the role of
perivascular adipose tissue-derived chemerin
In the regulation of vascular tone of porcine

coronary artery
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5.1 Introduction

Chemerin is a 16 kDa protein that was discovered in 1997 (Nagpal et al., 1997)
and is known to has a role in the maintenance of the normal physiology of the
skin. Chemerin (also known as retinoic acid receptor responder gene 2,
RARRES?2) acts as a chemoattractant for monocytes and macrophages (Nagpal
et al., 1997; Samson et al., 1998), with well-established roles in inflammation
and obesity (Sell et al., 2010; Chakaroun et al., 2012; Landgraf et al., 2012).
Chemerin is present in many isoforms such as chemerin F**® (Meder et al.,
2003), chemerin K*8 (Zhao et al., 2011), chemerin A (Zabel et al., 2005) and
the most active form chemerin S (Yamaguchi et al., 2011).

Elevated levels of chemerin have been positively correlated with
coronary artery disease (Lin et al., 2012), pre-eclampsia (Stepan et al., 2011),
metabolic syndrome (Dong et al., 2011), renal dysfunction, and may be
predictive for other cardiovascular events (Leiherer et al., 2016). In addition, a
recent study in humans has showed a positive correlation between chemerin and
LDL cholesterol and a negative correlation between chemerin and HDL
cholesterol levels in obese patients (Lorincz et al., 2014). In addition to the
discovery of multiple receptors for chemerin and a vast collection of associations
with various pathologies, chemerin has a global role in human physiology and
pathology by regulating chemotactic, adipogenic and angiogenic functions
(Ferland and Watts, 2015). Goralski et al., (2007) have found that
chemerin/CMKLR1 axis has a critical role in signalling in adipocytes by
regulating adipogenesis and metabolic homeostasis. CMKLR1 expression and
chemerin expression and secretion increased with adipogenesis (Goralski et al.,
2007). In addition, chemerin could induce endothelial angiogenesis in human
endothelial cells by activating MAPK and Akt kinases pathways (Kaur et al.,
2010). Although the epidemiology and associations between chemerin and
different pathological conditions is being investigated, knowledge of its general

mechanisms of action has yet to be fully established.

As discussed in the General Introduction, PVAT dysfunction is a major
factor in the pathogenesis of many cardiovascular diseases (CVD) including
hypertension and atherosclerosis. For instance, there is evidence that increased

PVAT mass around coronary artery has been linked with increased prevalence
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of CVD (Mahabadi et al., 2010; Nakamura et al., 2014). Watts and co-workers
have characterized the role of chemerin in PVAT and highlighted the correlation
between PVAT-derived chemerin and augmentation of the vascular tone of
thoracic aorta of mice and rats, and superior mesenteric arteries of rats (Watts et
al., 2013). They found that chemerin can amplify electrical field-stimulated
contraction through activation of the chemerin receptor, ChemR23, in the

isolated rat superior mesenteric artery (Darios et al., 2016).

Sex-related differences have been suggested to contribute to the risk for
cardiovascular diseases in association with obesity and metabolic syndrome
(Coatmellec-Taglioni et al.,, 2002; Lima et al., 2012). A recent report
demonstrated sex differences in chemerin mRNA expression levels of
subcutaneous adipose tissue, with expression significantly higher in women than
men (Alfadda et al., 2012). However, sex differences in the role of PVAT-
derived chemerin in vascular regulation has not been determined. Therefore the
aim of the present study was to investigate the influence of the sex on the PVAT-

derived chemerin in regulating the isolated porcine coronary arterial tone.

5.2 Materials and Methods

5.2.1 Tissue preparation

Tissues were set up as previously described in Chapter 2.

5.2.2 Functional responses in the isolated porcine coronary arteries

The method is described in Chapter 2. Cumulative concentration-response
curves to chemerin-9 (100 nM-30 uM) were constructed in coronary arterial
segments from male and female pigs. To investigate the role of ROS in
chemerin-induced vasoconstriction, coronary segments were incubated with
ML171 (100 uM) as a Nox1 inhibitor (Gianni et al., 2010) for an hour before
adding a single concentration (10 uM) of chemerin-9 to U46619-precontracted
vessels. Pre-incubation with a chemerin antibody (1:500; ABIN1857924,
Antibodies-online Inc., Atlanta, USA) was performed to determine the role of
chemerin in PVAT-induced vasoconstriction. Additionally, other experiments
were performed to determine the role of chemerin in U46619-induced

vasoconstriction. Cumulative concentration-response curves to the U46619 (1
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nM-300 nM) were constructed in the presence or absence of chemerin antibody
in coronary artery segments from pigs. DMSO (0.1% v/v) was used as vehicle

controls, as appropriate.

5.2.3 Determination of levels of MRNA expression of chemerin and ChemR23 by
RT-PCR.

RNA was extracted from PVAT and PCA using Tri-Reagent (Sigma-Aldrich,
USA) and purified with RNeasy (Qiagen, Valencia, CA) columns. RNA was
quantitated using the NanoDrop 2000 (Thermo Scientific, USA)
spectrophotometer. cDNA was prepared by reverse transcription (RT) reaction
from 500 ng total RNA using the Affinity Script Multiple Temperature Reverse
Transcriptase (Agilent Technologies, USA) according to the manufacturer’s
instructions. Chemerin and ChemR23 expression levels were quantified by RT-
PCR using the SYBR Green master mix kit (Applied Biosystem, USA). Primers
for PCR amplifications were ordered from Eurofins Genomics (Ebersberg,
Germany). Primer sequences are listed in Appendix E. gRT-PCR was carried out
using an Applied Biosystem Step OnePlus™ Thermocycler for 40 cycles. In this
study, relative expression levels were determined using the relative standard
curve method. Relative gene expression was normalized to the housekeeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Results are
expressed as the mean £ SEM of the Ct value obtained.

5.2.4 Quantification of NADPH oxidase activity by lucigenin chemiluminescence
assay

The method is previously described in Chapter 4. However, in this chapter, equal
amount of supernatant (30 pl) was incubated at 37°C for 20 min in the absence

or presence of 30 uM chemerin with a final concentration of 5 uM lucigenin.

5.2.5 Statistical analysis
Data are presented and analysed as described in Chapter 2.
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5.2.6 Materials

Chemerin-9 was purchased from GenScript (cat # RP20248; Piscataway, NJ,
USA) while ML171 from Tocris Bioscience (Bristol, UK). Stock solutions of
chemerin-9 was dissolved in distilled water whereas DPI was dissolved in
dimethyl sulfoxide (DMSO).
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5.3 Results

5.3.1 Responsiveness of PCAs to chemerin-9

To investigate the sensitivity of coronary arteries to chemerin, cumulative
concentration-response curves to chemerin-9 were conducted on PCAs segments
from females and males. The responsiveness of female PCAs to chemerin-9 was
greater compared to male PCAs (females: 18.4 + 7.1% of KCI; males: 8.6 £ 1.1%
of KCI) (Figure 5.1).
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Figure 5.1: Log concentration-response curves for the vasoconstrictor effects of
chemerin-9 in coronary arteries from female (n=6) and male (n=9) pigs. Data are
expressed as a percentage of the contraction to 60 mM KCI and are mean +
S.E.M. of experiments. *** indicates P<0.001, 2-tailed, unpaired Student’s t-

test.

5.3.2 ROS production by chemerin-9
In order to determine whether chemerin can act through activation of Nox

enzyme, ROS production have been measured in the presence and absence of
chemerin-9 in coronary arteries from both sexes. Chemerin-9 evoked a
significant ROS production in homogenates of female PCAs compared to their
respective controls whilst no enhancement was noticed in homogenate of male

arteries (Figure 5.2).

128



A-Female PCA B-Male PCA

*

W
s

[ [
o W

(photon emission/
background photon count)

-
W
1
[
g

=
=]
1

—
s

L5
1

(photon emission/
background photon count)

04 0-

Figure 5.2: NADPH oxidase activity determined using lucigenin-enhanced
chemiluminescence method in PCA homogenates from female (A) and male (B)
pigs. After 20 min incubation without (control vehicle) or with 30 uM chemerin-
9 and 5 pM lucigenin, 100 uM NADPH was added and measurements were
taken in an interval of 10 s per well. Data are expressed as a basal fold from
tissue blank and are meanzx S.E.M. of 6(A)-5(B) experiments. * P<0.05, 2-tailed,

paired Student’s t-test vs control values.

5.3.3 The effects of Nox antagonist on chemerin9-induced vasoconstriction
in PCAs

As chemerin only produced ROS in PCAs from females, then the role of Nox in
the chemerin-9 -induced contraction was determined. Therefore, coronary
arterial segments were pre-incubated with ML171 (100 uM) prior to addition of
chemerin-9. Pre-incubation with the Nox inhibitor inhibited the PVAT-induced

contractions in PCA from females, but not males (Figure 5.3).
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Figure 5.3: Effects of Nox inhibitor on the chemerin-9 (30 puM)-induced
contraction of coronary arteries from female (A) and male (B) pigs in the absence
(control vehicle) or presence of 100 uM MLI171. Values are expressed as a
percentage of the contraction to 60 mM KCI and are mean + S.E.M. of 8 (A) and
6 (B) experiments. ** P<0.01, 2-tailed, paired Student’s t-test vs control values.

5.3.4 mRNA expression of chemerin and ChemR23
MRNA expression of ChemR23 in PCAs from both sexes was determined using

RT-PCR in order to investigate whether differences in the contractile response
to chemerin could be due to the sex difference in expression of the chemerin
receptor, and, as a comparison, mMRNA of chemerin in PVAT was also examined.
RT-PCR confirmed the expression of chemerin (RARRES2) mRNA in the
PVAT and ChemR23 receptor (CMKLR1) mRNA in porcine coronary arteries.
However, there were no significant sex differences in the expression of either

chemerin or its receptor ChemR23 (Figure 5.4 A, B).
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Figure 5.4: Expression of chemerin mRNA in PVAT (A) and ChemR23 mRNA
in PCAs (B) in both genders. (A) The relative expression of chemerin mRNA in
PVAT normalised to GAPDH in females (n = 10) and males (n = 10). (B) The
relative expression of ChemR23 mRNA in PCAs normalised to GAPDH in

females (n = 10) and males (n = 8). Data are expressed as mean + SEM.

5.3.5 Role of chemerin in PVAT-mediated vasoconstriction

A previous study has indicated that chemerin acts as an adipocyte-derived
constricting factor. Therefore, the functional role of chemerin in the PVAT-
induced vasoconstriction was examined. Segments of coronary arteries from
both sexes were pre-treated with a chemerin antibody, in order to bind any
released chemerin. In the presence of the chemerin antibody, the PVAT-induced

contraction was abolished in both sexes (Figure 5.5 A,B).
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Figure 5.5: Effects of pre-incubation with chemerin antibody on PVAT
vasomotor function. PVAT (0.3 g)-induced vasoconstriction in the absence
(control vehicle) or the presence of chemerin antibody in PCAs from females

(A) and males (B). Data are expressed as a percentage of the contraction to 60
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mM KCl and are mean £ S.E.M. of 5(A) - 6(B) experiments. ** indicates P<0.01,
*** indicates P<0.001, two-way ANOVA followed by a Sidak’s post hoc test vs

control values.

5.3.6 Role of chemerin in U46619-induced vasoconstriction

In order to investigate whether chemerin can affect another signalling pathway
and cause vasoconstriction, the effect of chemerin on U46619 contraction was
determined. PCAs are preincubated with and without chemerin antibody before
addition of cumulative concentrations of U46619. Pre-treatment of the coronary
arterial rings with chemerin antibody inhibited the U46619-induced contraction
in PCAs in that the log ECso was significantly reduced in the rings pre-incubated
with chemerin antibody (pECso = 7.65 £ 0.13) compared to control (pECso =8 £
0.07) (Figure 5.6).
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Figure 5.6: Log concentration-response curves for the vasoconstrictor effects of
U46619 in the absence (control vehicle) or presence of chemerin antibody in
coronary arteries from pigs. Values are expressed as a percentage of the
contraction to 60 mM KCI and are mean + S.E.M. of 4 experiments. * P<0.05,

2-tailed, paired Student’s t-test vs control values.
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5.4 Discussion

Chemerin is an important mediator in both physiology and pathophysiology.
Chemerin, which could be derived from PVAT, is able to enhance
vasoconstriction but its signalling pathway, or pathways, have not been fully
addressed. This study is noteworthy, in that it demonstrates a novel impact of
sex differences on the chemerin function in regulating the vascular tone of PCA.
In addition, it expands the list of factors which affect PVAT function and
highlights the role of sexual dimorphism in regulation of cardiovascular
pathophysiology.

The effects of chemerin-9 peptide were investigated on the contractility
of PCAs. Chemerin induced vasoconstriction in PCA from both sexes but with
significantly higher response in PCA from females compared to male PCAs
(Figure 5.1). In this study, the peptide chemerin-9 was used because it is the only
peptide that has similar potency as recombinant chemerin in the activation of the
chemerin receptor ChemR23 (Wittamer et al., 2004). A study conducted by
Darios et al., (2016) found that chemerin augmented electrical field-stimulation-
induced vasoconstriction in rat superior mesenteric arteries (Darios et al., 2016),
which supports the idea of the ability of chemerin to increase the vascular tone.
A study in rat aorta and mesenteric blood vessels showed that PVAT-derived
chemerin could be a potential factor which is responsible for arterial contraction.
(Watts et al., 2013). This supports the data presented here, confirming that

chemerin can induce vasoconstriction.

In order to determine whether chemerin is involved in PVAT-induced
contraction, and due to unavailability of chemerin antagonist, an anti-chemerin
antibody was used to bind any chemerin released from the PVAT and prevent it
from activating the receptor on the artery. Under these conditions, the presence
of the chemerin antibody completely prevented the PVAT-induced
vasoconstriction, indicating that chemerin is likely to be the mediator released
from the fat (Figure 5.5). Further experiments have showed that chemerin
antibody can also inhibit the contractile response of PCA to U46619 which
suggests a crucial role of chemerin in TXAz-induced contraction as well (Figure
5.6). Noteworthy, Watts et al., (2013) have reported a similar inhibitory effect
of ChemR23 antagonist CCX832 but on the contractile response to PGF,, and
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phenylephrine (Watts et al., 2013). Thus, the effect of chemerin antibody could
be due to the inhibition of the chemerin itself and/or other bioactive signalling
substances, like TXA,, that are released from PVAT and enhance the
contractility of the coronary arterial segments. Additionally, this raised another
question about whether PVAT-derived chemerin can cause vasoconstriction

directly and/or by stimulating other ADCF to provoke vasoconstriction?

In order to determine whether differences in expression of the chemerin
receptor could explain the sex difference in the contractile response to chemerin,
MRNA expression of ChemR23 in PCAs from both sexes was determined and,
as a comparison, mRNA of chemerin in PVAT was also examined. The RT-PCR
results confirmed the existence of chemerin and its receptor in PVAT and PCA,
respectively. However, no sexual dimorphism was identified in their expression
(Figure 5.4). Although the expression of ChemR23 was investigated here,
chemerin has been identified to act through G protein-coupled receptor 1 (GPR1)
(Barnea et al., 2008) and C-C chemokine receptor-like 2 (CCRL2) (Zabel et al.,
2008) as well. However, this study focused on ChemR23 rather than GPR1 or
CCRL2 receptors because a recent report showed that CCX832, a newly
described ChemR23 antagonist, inhibits chemerin-stimulated contraction.
CCX823 does not possess affinity to the other chemerin receptors (GPR1 and
CCLR2), indicating a major role for ChemR23 in chemerin-induced vascular
smooth muscle contraction (Watts et al., 2013). Interestingly, the results in the
present study are in line with the study by Kostopoulos et al., (2014) conducted
on human aorta and coronary vessels which showed chemerin and ChemR23
expression in human arteries and PVAT (Kostopoulos et al., 2014). Moreover,
this is supported by another study which has identified the presence of highest
MRNA levels of chemerin and its receptor in mature adipocytes which become
even higher after feeding the mice with high-fat diet (Roh et al., 2007).
Therefore, the data presented here demonstrate that chemerin is present in
coronary artery PVAT and the presence of the receptor on the coronary artery
itself indicates that PVAT-derived chemerin has the potential to modify vascular

function.

Because of these previous results and as the sex difference in the

contractile response to chemerin could not be explained by a difference in
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ChemR23 expression, chemerin signalling in PCA was investigated. It has been
already demonstrated that ROS, and particularly Oz, can induce
vasoconstriction in different anatomical regions and different species (Peters et
al., 2000; Gao et al., 2006). In the previous chapter (Chapter 4), it was
demonstrated that ROS can be produced in the PVAT and is involved in PVAT-
induced contractions of the PCA. Chemerin has been shown to activate ROS
generation in human microvascular endothelial cells and VSMC (Neves et al.,
2015). Therefore, the effects of chemerin on the NADPH oxidase (Nox)-derived
ROS production, particularly O2", were determined in PCAs from both sexes.
Using lucigenin-induced chemiluminescence assay, the data of this study
showed for the first time that chemerin can increase O2 production in PCA
homogenate from females but not males (Figure 5.2). As demonstrated in
Chapter 4, many isoforms of Nox are present in PCA but the main 2 isoforms
that are responsible for production of vasocontractile O, are Nox1 and Nox2.
Interestingly, it was found that Nox1 expression was higher in female PCAs
compared to males PCAs while Nox2 levels were the same in both sexes
(Chapter 4). Therefore, differences in chemerin-induced ROS production
through Nox1 could explain the larger contractions to chemerin in PCAs from
female animals. Interestingly, this was confirmed by a functional study
demonstrating that the Nox1-selective inhibitor ML171 inhibited the contractile
responses of the coronary arteries to chemerin only in females (Figure 5.3). This
study is supported by a previous report which, although it did not study the effect
of sex variance, found that incubation of rat aorta with chemerin enhanced ROS
generation along with reduced NO production and guanylyl cyclase activity
(Neves et al., 2014). In this latter study, the relaxant responses to different
vasodilators are reduced in chemerin-treated vessels, then retrieved by using an
O2" scavenger (tiron) and SOD mimetic (tempol). Taken together, these data

indicate that chemerin regulates vascular tone through production of ROS.

ChemR23 receptor has been found to be expressed on smooth muscle
and foam cells in human atherosclerotic lesions (Kostopoulos et al., 2014).
These reports, in addition to reports of an inhibitory effect of chemerin on NO-
induced relaxation and cGMP signalling in the vasculature (Neves et al., 2014),

proposed a potential role of chemerin in atherosclerosis, preeclampsia,
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hypertension, and overall metabolic syndrome. In addition, Bozaoglu et al.,
(2007) reported, for the first time, that serum chemerin levels are associated with
body mass index, circulating triglycerides, and blood pressure. They found that
the higher levels of gene expression of chemerin and its receptor, CMKLR1, in
adipose tissue were significantly associated with obese and type 2 diabetic
Mexican—American subjects (Bozaoglu et al., 2007). A similar study in a
Mauritian and Caucasian population confirmed the correlation between serum
chemerin with adiposity and several key aspects of the metabolic syndrome
(Stejskal et al., 2008). A recent meta-analysis was performed to investigate the
association between chemerin and obesity. It has been reported that chemerin
could play a significant role in the pathophysiology of obesity (Li et al., 2014).
The demonstration in the present study that chemerin induces vasoconstriction
of the porcine coronary artery, may indicate a role for PVAT-derived chemerin
in obesity-related coronary artery disease. Interestingly, other studies have
reported increased serum levels of chemerin in different cardiovascular diseases
such as hypertension (Stejskal et al., 2008; Dong et al., 2011), preeclampsia
(Stepan et al., 2011) and coronary artery diseases (Dong et al., 2011). As sex
differences were demonstrated in the response of the porcine coronary artery to
chemerin, it would be of interest to determine whether the increases in serum
levels of chemerin seen in these conditions are also associated with sex

differences in contractile responses to chemerin, as seen in this present study.

In conclusion, this study demonstrates, for the first time, the presence of
a sexual dimorphism in the contractile response to chemerin. Furthermore, this
study demonstrates the presence of chemerin in coronary artery PVAT and
ChemR23 in coronary arteries themselves. This study also demonstrates a sexual
dimorphism in the ability of chemerin to induce ROS production in PCAs, which
underlies the difference in the contractile response to chemerin. Overall, these
data demonstrate that PVAT is an important source of this adipokine in the
coronary circulation. As chemerin levels change in obesity, these changes in
chemerin levels and/or signalling may have an impact on coronary artery tone.
Establishing chemerin as a key mediator in the PVAT and its impact on coronary
circulation in obesity will allow a better understanding of the cardiovascular

pathophysiology.
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Figure 5.7: Hypothesized schematic diagram of sex differences in the
contractile response of PCA to fresh PVAT. Present study demonstrated that

PVAT-derived chemerin can mediate stronger vasoconstriction in PCAs from

females than males PCAs, with an important role of reactive oxygen species

(ROS) as a signalling pathway in females PCAs only.
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Chapter six

General Discussion
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6.1 Dual effect of PVAT on the vascular tone of PCA

The recognition that perivascular adipose tissue is not simply a reservoir for lipid
storage but is also a complex endocrine organ, has led to substantial research
efforts to establish the mechanistic links between the PVAT and vascular tone
regulation. In addition, female and male animals are often used interchangeably
in experimental studies with little consideration given to differences in PCA
responses to PVAT between the sexes. Therefore, despite numerous reports
outlining the importance of consideration of sex differences in biomedical
research (Miller et al., 2007; Bhatia et al., 2012), little specific information is
available on the mechanisms of the vasomotor effect of PVAT in each sex. The
present study aimed to determine the effects of PVAT on vascular control and
identified clear gender differences and ability of PVAT to reduce and promote

constriction in PCAs, depending on the condition of storing the tissue.

(Chapter 2) The present study suggests a significant relaxant or at least
anticontractile effects of PVAT, which had been stored overnight, on the
coronary arterial tone. The PVAT-mediated relaxation observed in female, but
not male, porcine coronary arteries was identified by using both attached and
separated PVAT, and does not appear to be dependent upon the contractile
agents employed, as similar effects were obtained after cumulative contraction
with both U46619 and ET-1. Studies by Gao et al., (2007) and Malinowski et
al., (2008) have shown that PVAT reduces vascular tone in rat aorta and human
internal thoracic arteries, respectively (Gao et al., 2007; Malinowski et al.,
2008). The present results are consistent with these studies. The functional
responses were studied on isolated tissues in an isometric tension recording
system (organ bath). Although this technique is considered as a corner stone in
the pharmacology and physiology experiments because of a lot of the
advantageous characteristics, some disadvantages could be encounter such as
tissues may experience different degrees of damage during surgical removal or
placement of rings on hooks. Additionally, tissues may change in their
responsiveness throughout the day such that time controls become a necessary
control for every experiment. The involvement of NO and COX metabolites has
been identified in the PVAT response with the most common adipokine,
adiponectin, causing this vasorelaxation. The present study was then extended
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to investigate whether there are any sex differences in the role of PVAT-derived
adiponectin in controlling the vascular tone of the PCAs. Chapter 2 demonstrated
that the increased effect of adiponectin in females was due to the higher
responsiveness of PCA from females to adiponectin compared to males PCA,
rather than a variation in the level of expression or release of adiponectin from
PVAT.

Noteworthy, several clinical studies have demonstrated vascular
protective effects of adiponectin as low plasma levels of adiponectin are
associated with hypertension and other cardiovascular diseases (Imatoh et al.,
2008; Aprahamian and Sam, 2011; Kim et al., 2013) and high levels of
adiponectin are associated with a reduced incidence of acute coronary syndrome
and acute myocardial infarction (Pischon et al., 2004; Mittal et al., 2013). The
present study demonstrates that only PVAT from females has an anti-contractile
effect on the coronary artery tone and thus may contribute to the reduced
incidence of cardiovascular disease in pre-menopausal women. However, further
studies are required to determine whether similar sex differences in the
regulation of tone by PVAT are observed in other blood vessels, and,
importantly, whether similar effects are seen in humans. In addition, it is worth
to study this sexual dimorphism in PVAT function in other pathological

conditions such as obesity.

In addition, the results in Chapter 2 have shown the expression and
activity of both CBS and 3-MPST, but not CSE, in PVAT with no sex
differences. However, the present study showed that the activity of these
enzymes in porcine PVAT was low and there was no evidence that H»S is
involved in the anti-contractile effect of PVAT in the porcine coronary artery.
As there is no functional effect of PVAT-derived H2S on the vascular tone of
PCA under the physiological condition used, and as it is demonstrated that H>S
activity is enhanced in hypoxia and inflammation (Osmond and Kanagy, 2014;
Guo et al., 2016), future studies under different pathological conditions, such as
hypoxia and inflammation, may be required for further verification and
understanding of the H>S role. Furthermore, H>S production in PVAT can be
increased along with the enhancement of its anticontractile effect as a response

to different pharmacological treatments such as rosiglitazone and atorvastatin
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(Wojcicka et al., 2011; Beltowski, 2013). Noteworthy, as there is no inhibitor of
3-MPST, so it cannot be excluded that H2S from 3-MPST is involved in the
PVAT effect.

Next, PVAT was used directly upon arrival from abattoir to check if it
would result in a different response. Surprisingly, response to PVAT was totally
different in that PVAT caused vasoconstriction rather than vasorelaxation. So
the next work was focused on fresh PVAT function. (Chapter 3) It became
increasingly clear that PVAT plays a role in cardiovascular pathophysiology. For
instance, an apparent link has been found between an increase in PVAT and
coronary artery disease (Verhagen and Visseren, 2011). As prostanoids have
previously been proposed to be a novel regulator of arterial vasoconstriction
through the release of COX-derived ADCF factors released from PVAT causing
vasoconstriction in isolated aortae from mice (Meyer et al., 2013), Chapter 3
explored the role of sex differences in PVAT-derived prostanoids in
vasoconstriction in PCAs. The present study has identified that the
cyclooxygenase products (TXA2 and PGF,) are released from coronary artery
PVAT as COX antagonists inhibited the contractile effect of PVAT, while a
PLA: stimulator augmented this vasoconstriction in both sexes. These
observations are in line with a previous work on carotid, thoracic and mesenteric
arteries from mice, which found that PVAT exerted its contractile effects by
secreting prostanoids which could be inhibited by indomethacin in a dose-
dependent manner (Chang et al., 2012b). In addition, the present study
demonstrated that whilst PVAT-derived TXA: plays a role in PCAs from female
pigs, PGF», appears to be more important in the PVAT-induced vasoconstriction
in PCAs from male pigs. These sex variations are due to a greater release of
TXA; from female PVAT and higher responsiveness of PGF,, in males PCAs.
However, further work involving in vivo studies may provide information about
the overall effect on different vascular bed and in different sexes, which may be
important for any clinical use in future. For instances, the effect of the
pharmacological inhibition of these prostanoids can be determined on the blood
pressure in animals of different sexes. In addition, knock out mice in which the
prostanoids machinery of PVAT is targeted can be utilized to identify the
particular role of PVAT in maintenance of blood pressure in either sex.
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(Chapter 4) Chapter 4 demonstrated that PVAT could act via reactive
oxygen species in both sexes. Although immunoblot analysis identified the
expression of different Nox isoforms in both PVAT and PCA, the present study
did not detect any differences in protein expression for Nox enzymes in PVAT
from male and female pigs whilst significant changes were found in PCAs from
different genders in that Nox1 expression was higher in females whereas Nox4
expression was higher in males. In addition, PVAT-induced vasoconstriction
was inhibited by differential inhibition of Nox isoenzymes (Nox1, Nox2 and
Nox4) without sex differences. Although the present study used selective Nox
antagonists such as ML171, Phoxl2 and GKT137831, future studies involving
more selective antagonists may be required. This study was then extended to
examine if there are specific bioactive signalling molecules in PVAT that could
affect the ROS production. As the COX-derived metabolites have been
identified in Chapter 3 as ADCFs, so the prostanoid effects on ROS production
have been investigated in PVAT and PCAs, and in both female and male pigs as
well. Chapter 4 demonstrated that both U46619 and PGF», could augment the
ROS production and, consequently the vasoconstriction in PCAs from females
only. The signalling molecules in PVAT which evoke the ROS-mediated
response in PCA from males were not examined in the present study. Therefore,
further work is required to investigate the mechanism by which PVAT-derived
ROS can enhance the vasoconstriction in males. Indeed, a previous study on
thoracic aorta and superior mesenteric artery of Sprague-Dawley male rat
identified the presence of an active, functional catecholamine pool in arterial
PVAT (Ayala-Lopez et al., 2014). Given that different studies reported that
adrenoceptor activation can induce ROS production (Gayen et al., 2010;
Andersson et al., 2011) so it can be speculated that the adrenergic components
(e.g. noradrenaline) could enhance ROS activity, and subsequently the PVAT-
induced vasoconstriction, in males pigs. However, further studies are required to

prove this speculation.

(Chapter 5) Having demonstrated sex differences in the role of
vasorelaxant adipokine, adiponectin, in PVAT function in Chapter 2, Chapter 5
explored the functional effect of chemerin as another important adipokine that
could be released from PVAT and affect the vascular tone of PCA, and identified
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whether there is any sex difference in its action. The present study showed the
presence of a chemerin signalling pathway in coronary circulation as mRNA
expression of both chemerin and chemerin receptors (ChemR23) have been
identified in PVAT and PCAs, respectively. The responsiveness to chemerin-9
was higher in PCAs from females compared to PCAs from males. Although there
were no sex differences in the expression of both chemerin and its receptor, the
present study found sex variations in chemerin signalling in coronary arteries in
that ROS production is more active in females than males. This sexual
dimorphism in the vascular responsiveness to chemerin is explained by the
difference in downstream regulation as chemerin can stimulate ROS production
in PCAs from females only. Additionally, the present study showed that Nox1
antagonist could inhibit chemerin-induced contraction in females only. The
limitation of the present study was the lack of a direct evidence of the effect of
PVAT-derived chemerin on the vascular tone of PCAs because of the
unavailability of chemerin antagonist. However, using chemerin antibody, as
alternative to ChemR23 antagonist, caused inhibition of PVAT-induced
vasoconstriction in both sexes suggesting the probability of chemerin to be the
mediator released from the fat. Additionally, the present study showed that the
chemerin antibody can reduce the responsiveness of PCAs to U46619. A study
by Watts et al., (2013) has showed that a ChemR23 antagonist could inhibit the
prostaglandin Fx.-induced contraction in male Sprague-Dawley rats (Watts et
al., 2013). The findings of the latter study could explain and link the results of
Chapters 3 and 5 in that chemerin could induce vasoconstriction via

augmentation of PGF», signalling in male PCAs.

Putting together the results from Chapters 2, 3, 4 and 5, the present study
demonstrates a dual effect of the vasomotor function of PVAT on the coronary
arterial tone in that PVAT can produce and release both vasorelaxant and
vasocontractile signalling factors (Figure 6.1). In addition, significant sex
differences have been identified in the PVAT-vascular coupling in all the
chapters which highlights the importance of taking into account potential sex
differences in the responses during performing the cardiovascular research.
Although PVAT from both sexes have the same histological appearance and

expression profile of the studied signalling molecules such as adiponectin,
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TXA2, PGFy, Nox1, Nox2, Nox4 and chemerin, a substantial functional
difference has been revealed in all of these pathways in their vasomotor
regulation. The reason behind these sex differences in fat-vascular coupling were
mostly due to the variations in the coronary artery itself rather than PVAT, apart
from the varied TXA: release from PVAT. Moreover, taken together the results
from Chapters 3 and 4, TXA: released from PVAT can cause vasoconstriction
only in females via, at least partly, evoking ROS production. On the other hand,
PVAT-derived PGF,, can enhance vasoconstriction in males only, and via a
pathway/pathways that does not include ROS metabolites. This could be due to
a greater expression of the O producing enzyme (Nox1) in PCAs from females
compared to males. Noteworthy, Chapter 6 also showed an active ROS
mechanism responsible for chemerin-induced vasoconstriction in PCAs from
females only. It can be speculated that in situations of high oxidative stress, such
as obesity, this variation in PVAT function can be translated into higher PVAT-
induced vasoconstriction in females rather than males. As the available studies
are performed on one sex, a future study is required to investigate the effect of
obesity on these PVAT-derived signalling pathways in different sexes. In
addition, the present study showed that non-physiological conditions could
affect the vasomotor function of PVAT but without sex differences. PLA>
stimulator (melittin) enhanced PVAT-induced vasoconstriction by enhancing
prostanoids action and release from PVAT (Chapter 3). Furthermore,
inflammatory condition caused augmentation of H>O2 production, but not Oz,
in PVAT from both sexes (Chapter 4). A study by (Fleenor et al., 2014) found
that superoxide signalling in aortic PVAT can act as a novel mechanism and
potential therapeutic target in large elastic artery stiffening and increased CVD
risk with aging. Noteworthy, as PVAT from different vessels and different
species are phenotypically and functionally different, further work is needed to
explore the vascular-bed and species differences in PVAT function, and
eventually, to uncover ways to ameliorate cardiovascular disease by targeting

therapeutic approaches to PVAT.
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6.2 Vasomotor effects of PVAT in different conditions

In this study, two different conditions of the PVAT were used which
showed totally different effects. Firstly, PVAT stored overnight at 4°C mediated
vasorelaxation/or at least anticontractile effect in PCA from females only
(Chapter 2) in which adiponectin was identified as ADRF which acts through
NO and COX pathways. Secondly, fresh PVAT, which was added directly upon
arrival from abattoir, induced vasoconstriction in PCAs from both sexes in which
prostanoids, reactive oxygen species and chemerin were the ADCFs that are
responsible for this contraction (Chapter 3, 4, 5). To clarify this variation in the
PVAT vasomotor function, the fat was dissected upon arrival from the abattoir,
maintained in Krebs’-Henseleit solution at room temperature and stored
overnight with continued oxygenation with carbogen (95% O., % CO.) to
investigate the possible effect of hypoxia on PVAT. Interestingly, PVAT-
induced vasoconstriction was restored in both sexes (see in Appendix D). These
data suggest that the contractile response is lost when the tissues become
hypoxic. Noteworthy, the effects of hypoxia on PVAT have been studied in
different anatomical sites and different species, and showed controversial effects
(Maenhaut et al., 2010; Withers et al., 2011). In line with the present study,
Maenhaut et al. (2010) demonstrated that hypoxia can induce the vasorelaxant
effect of PVAT in mouse aorta which was independent of the endothelium and
soluble guanylyl cyclase. Although the authors found no role of lactate,
adenosine, CO and H>S in the hypoxic response they admitted that an
unidentified "adipocyte-derived relaxing factor" could not be excluded
(Maenhaut et al., 2010). On the other hand, hypoxia inhibited the anticontractile
effect of PVAT in mesenteric arteries from rat. Macrophage activation was
considered as a key modulator of the enhancement of the contractility in the
arteries after induction of inflammation by hypoxia and aldosterone (Withers et
al., 2011). Furthermore, it cannot be excluded whether the hypoxia could affect
the stability of the bioactive molecules and/or their receptors in PVAT or PCAs,
respectively. It is for future studies to investigate how hypoxia can affect these

different scenarios in PVAT-vascular coupling.

The present study showed the complexity of PVAT physiology as the
same coronary PVAT has both vasorelaxant and vasoconstrictor signalling
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molecules which are functionally active. Additionally, this study identifies a
significant impact of sex on the PVAT function (Figure 6.1). Understanding the
nature of these differential signalling pathways in females and males is essential
for identifying novel strategies to appropriately target cardiovascular diseases.
Indeed, it is unclear whether it would be better to potentiate the actions of anti-
atherogenic adipocytokines, or inhibit the actions of pro-atherogenic
adipocytokines, or both (Andrade-Oliveira et al., 2015). It is also unclear which
cell type within the PVAT needs to be targeted or which key transcriptional
pathways need to be modified to improve its overall secretory profile. Indeed,
producing a drug that can target adiponectin, TXAz, PGF,, or chemerin in PVAT
to reduce the risk of ischaemic heart disease in a specific gender could be a
promising strategy to treat the cardiovascular diseases (e.g as a meta-analysis
showed a significant increase in plasma adiponectin levels following statin
therapy (Chrusciel et al., 2016), could statins have more advantageous
pleiotropic effects in women rather than men due to the increased adiponectin

activity in females coronary arteries compared to the males arteries?).
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Figure 6.1: Hypothesized schematic diagram of sex differences in the
contractile response of PCA to PVAT. Present study demonstrated that PVAT-
derived adiponectin, chemerin, ROS, PGF», and thromboxane A; can regulate
the vascular tone of PCAs from females (red arrows), males (blue arrows) or
both sexes (black arrows). Adiponectin binds to AdipoR2 and causes
vasorelaxation in females PCAs via signalling through APPL1 and increasing
nitric oxide and prostacyclin. Chemerin binds to ChemR23 and causes
vasoconstriction via increasing ROS in females PCAs and unknown mechanism
in males PCAs. Superoxide anion Ozand hydrogen peroxide H.O> cause
vasoconstriction in both sexes. PGFy, binds to FP receptor and causes
vasoconstriction via increasing ROS in females PCAs and unknown mechanism
in males PCAs. Thromboxane A: binds to TP receptor and causes
vasoconstriction in PCAs from females via increasing ROS, activating Rho
kinase pathway (ROCK) and enhancing influx of calcium through opening L-

type Ca?* channels.

147



6.3 Conclusions

The present study revealed clear sex differences in the PVAT function in PCAs
and addressed diverse effect of PVAT on vascular tone in different conditions
(fresh and stored overnight at 4°C PVAT). This study also investigated different
signalling pathways that are involved in regulation of coronary arterial tone by
PVAT. Chapter 2 showed an anti-contractile response in PCAs to (stored
overnight) PVAT from female, but not male pigs, which appears to be due to
increased adiponectin activity. In contrast, no obvious functional role has been
identified for H2S in this PVAT-induced vasorelaxation despite the identified
expression of its synthesizing enzymes (CBS and 3-MPST).

Chapter 3 further demonstrated sex differences in the PVAT function
where fresh PVAT added to segments of porcine coronary artery produced a
contractile response due to prostanoids release. In addition, this study identified
sex differences in COX metabolites in the PVAT response, where thromboxane
has a role in PVAT-dependant vasoconstriction in females while PVAT-derived
PGF..plays a role in the contraction of PCAs from males. Chapter 4 showed that
the fresh PVAT-induced contraction of the porcine coronary artery is dependent
upon Nox activity, although there are no sex differences in this response. In
addition, Chapter 4 demonstrated that TXA> and PGF,, could enhance
vasoconstriction via increasing ROS production in females only which suggest
also that PVAT can induce vasoconstriction by releasing prostanoids that
enhance the ROS activity only in PCAs from females. Chapter 5 suggested that
PVAT is an important source of chemerin in the coronary circulation.
Furthermore, this study demonstrated a novel impact of sex on the chemerin
function in regulating the vascular tone of PCA as chemerin can induce
vasoconstriction via ROS production in females only. Therefore, this study has
revealed for the first time a significant sexual dimorphism in the signalling
pathways involved in the vascular-PVAT coupling which highlighted the
importance of taking into account potential sex differences in the responses to
PVAT and that sex-specific drug treatment may represent a potential strategy in

the treatment of cardiovascular diseases.
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A. List of buffers and chemicals used for immunoblotting
Table 1. Lysis buffer

Concentration

Tris 20 mM
EGTA 1mM
Sucrose 320 mM
Triton X100 0.1%
Sodium fluoride 1 mM
B-glycerophosphate 10 mM
pH to 7.6

Table 1 List of materials in lysis buffer.

Table 3. Tris-buffered saline containing 0.1% Tween 20 (TBS-T)

Concentration

Tris 25mM
NaCl 125 mM
Tween 20 0.1%
pHto 7.6

Table 3 List of materials in TBS-T.

Table 4. 6x solubilisation buffer

Concentration

24% SDS 4% 2.4
30% Glycerol 5% 3mL
B-mercaptoethanol 5% 3mL
2.5% BPB 0.01% 240 pL
1.5 M Tris-HCI 0.0625 M 25 mL

Make up to 10 mL
(Store at -20°C)

Table 4 List of materials in 6x solubilisation buffer.
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Table 5. Protease Inhibitor Cocktail Set I (Calbiochem)

Product Concentration Target protease
AEBSF hydrochloride 500 uM Serine proteases
Aprotinin, bovine lung, = 150 nM Serine proteases and
Crystalline esterases
E-64 Protease inhibitor 1 puM Cysteine proteases
EDTA, disodium 0.5 mM Metalloproteases
Leupeptin, hemisulfate 1 uM Cysteine and trypsin-like
proteases

Table 5 List of materials in protease inhibitor cocktail Set |

Table 6. 10X electrophoresis buffer

Tris 30.3¢g
Dissolve in dH.0 8L
Add methanol 2L
Store at 4°C

Table 6 List of materials in 10X electrophoresis buffer

Table 7. Transfer buffer

Tris 30.3¢g

Glycine 144 g
SDS 10¢

Make up to 1 L in dH,O
Table 7 List of materials in transfer buffer
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B. Immunoblots

MW

37 KDa

25 KDa UCP1 (30KDa)

20 KDa MLC (20KDa)

BAT BAT WAT F1 F2 F3 F4 M1 M2 M3 M4
1 2

Figure 1: Full immunoblot showing expression of the uncoupling proteinl
(UCP1) in PVAT from female and male pigs compared to interscapular brown
adipose tissue (BAT1), aortic brown adipose tissue (BAT2) and epididymal
white adipose tissue (WAT) (see Figure 2.4).

<«— ADIPOR1 (40KDa)

F1 F2 F3 F4 F5 M1 M2 M3 M4skeletalM5
muscle

MW

75 KDa

50 KDa
37 KDa

ADIPOR2 (42KDa) —» [F.

25 KDa
20 KDa

Rat M4 M3 M2 M1 F5 F4 F3 F2 F1
liver

Figure 2: Full immunoblots of expression of adiponectin receptors. (A)
Expression of AdipoR1 (40 kDa) levels in 20 pg of PCA from female (F1-F6)
and male (M1-M5) pigs. Porcine skeletal muscle is used as a positive control.
(B) Expression of AdipoR2 (42 kDa) (20 kDa) levels in 20 pg of PCA from
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female (F1-F5) and male (M1-M4) pigs. Rat liver was used as a positive control
(see Figure 2.9).

MW
APPL1 (82KDa)— =

75 KDa
B-actin (42KDa) — 50 KDa

37 KDa

25 KDa

M5 M4 M3 M2 M1 F5 F4 F3 F2 F1

Figure 3: Full immunoblot of expression of adiponectin binding protein APPL1
(82 kDa) and B-actin (42 kDa) levels in 20 pug of PCA from female (F1-F5) and
male (M1-M5) pigs (see Figure 2.10).
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MLC(20kDa)

MW

75KDa

S0KDa
FP (50KDa} 50KDa

37KDa

25kDa 25KkDa

20KDa MLC(20KDa) 20K0a

Figure 4: Full immunoblots showing (A) Expression of TP receptor (40 kDa)
and MLC (20 kDa) levels in 20 pg of 6 female and 8 male PCAs. (B) Expression
of FP receptor (50 kDa) and (C) MLC (20 kDa) levels in 20 ug of 7 female and
8 male PCAs (see Figure 3.5 and 3.6).

A B

PGF2-a receptor——p [ o 50KDa
75KDa (50KDa)
50KDa

37KDa

37KDa
25KDa

25KDa MLC (20KDa) —> 20KDa

20KDa

Porcine  Rat PCA PCA
Lung Kidney 2 1

PCA PCA PCA
3 2 1

Figure 5: (A) Negative control blot: Immunoblot incubated with secondary
antibodies only (without primary antibody). (B) Positive control blot:
Immunoblot showing expression of FP receptor (50 kDa) and MLC (20 kDa)
levels in 20 pg of coronary arteries and porcine lung tissue as a positive control

(see Figure 3.6).
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MW

75 KDa
50 KDa
37 KDa

<«— Nox1 (65KDa)
<«— B-actin (42KDa)

25 KDa

F1 F2 F3 F4 F5 fF6 M1 M2M3 M4 M5

B
Mw

75 KDa

50 KDa
37 KDa

Nox2 (60KDa)
B-actin (42KDa)

25 KDa

F1 F2 F3 F4 F5 F6 M1 M2 M3 M4 M5

MW

75 KDa

50 KDa
37 KDa

Sa— ., ___ Nox4 (62KDa)
B« B-actin (42KDa)

25 KDa

F1 F2 F3 F4 F5 F6 M1 M2 M3 M4 M5

Figure 6: Full immunoblots showing protein expression of the NADPH oxidase
catalytic subunits: Nox1(A), Nox2(B) and Nox4(C) in PVAT from female and
male pigs (see Figure 4.9, 4.10, 4.11).
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MW

<«— Nox1 (65KDa)
<«— B-actin (42KDa)

75 KDa
50 KDa
37 KDa

25 KDa

F1 F2 F3 F4 F5 F6 M1 M2 M3 M4 M5
B

MW

75 KDa
50 KDa
37 KDa

25 KDa

<«— Nox2 (60KDa)
<«— B-actin (42KDa)

F1 F2 F3 F4 F5 F6 M1 M2 M3 M4 M5

MW

Y« Nox4 (62KDa)

75 KDa
o« B-actin (42KDa)

50 KDa
37 KDa
25 KDa

F1 F2 F3 F4 F5 F6 M1 M2 M3 M4 M5

Figure 7: Full immunoblots showing protein expression of the NADPH oxidase
catalytic subunits: Nox1(A), Nox2(B) and Nox4(C) in PCA from female and
male pigs (see Figure 4.12, 4.13, 4.14).
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C. LPS effect on PVAT-induced contractions of PCAs (Pilot study)

301
—®— Control (vehicle)

- LPS

KClinduced
contraction

%

0 T T 1
0 20 40 60

Time (min)

Figure 8: Effects of LPS on the PVAT-induced contractions of coronary arteries
from pigs in the absence (control vehicle) or presence of 5 ug/ml LPS. Values
are expressed as a percentage of the contraction to 60 mM KCI and are mean +
S.E.M. of 4 experiments. * P<0.05, ** P<0.01, two-way ANOVA followed by a

Sidak’s post hoc test versus control values.

D. Effect of overnight continuous oxygenation on the vasomotor
effect of PVAT in PCAs

A-Female B- Male

-©- Control -©- control
| -m~ PVAT(stored overnight with O,) | -=~ PVAT(stored ovemight with O.,)
Jodck

-

(3]
-
3]

=
o
1
=
o
1

% KCl induced
contraction
o

(3]
1

% KCI induced
contraction

o

o

0 20 40 60 Time(min)
Time(min)

Figure 9: Contractile responses of the PCAs to (0.3 g) PVAT stored overnight
with continuous oxygenation in female (A) and male (B) PCAs. Data are
expressed as a percentage change from 60 mM KCI and are mean = SEM of
arteries from 6 (A) and 6 (B) different animals. ** indicates P< 0.01, ***P <

0.001 (2-way ANOVA followed by a Sidak’s post-hoc test) versus control

values.
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E. Sequence of primers

1- SYB pig, Sus scrofa retinoic acid receptor responder 2 (RARRES2), mRNA
Forward CAACGGGAGAAAGCGGAAGT
Reverse GTCTCTATGGGGCAGTGAACC.

2- SYB pig, Sus scrofa chemerin chemokine-like receptor 1 (CMKLR1),
mMRNA
Forward TTCTCCCGTCTGGTCAATGC
Reverse CTCAGAGCATGCTGGTCTCC.

3- SYB pig, Sus scrofa glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
MRNA -
Forward GACCAGGTTGTGTCCTGTGAC
Reverse GAGCTTGACGAAGTGGTCGTT.
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