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Abstract

The upregulation of the inducible nitric oxide synthase (iNOS) and nitric oxide (NO)
production have been implicated in inflammatory pathologies. Although research has
revealed that glucocorticoids (GCs) such as dexamethasone and hydrocortisone inhibit INOS
expression and NO production, it remains unclear how these compounds attenuate iINOS
expression and function. In response, this thesis has compared the effects of nonselective
GCs (i.e., dexamethasone and hydrocortisone) with a selective GC namely, fluticasone
propionate (fluticasone) to identify the precise GC actions that regulate the iINOS pathway.
Additional investigations were performed to distinguish the GC and non-GC actions using
receptor antagonists. Since the effects of GCs on upstream signalling pathways remain vague,
further studies were conducted to investigate whether fluticasone regulates the p38 mitogen-
activated protein kinases or protein kinase B (Akt) pathways, both of which have been
reported to be critical for the induction of INOS. All experiments were conducted using
primary cultures of rat aortic smooth muscle cells (RASMCs). The cells were activated with
bacterial LPS (100 pg/mL) and interferon-gamma (IFN-y, 100 U/mL) to induce iNOS and
NO. Nitrite levels in cellular supernatants were quantified by the Griess assay, and
expressions of iNOS, phospho-p38 (P-p38), and phospho-Akt (P-Akt) were investigated by
western blotting.

Dexamethasone (0.1-10.0 uM) inhibited iNOS expression and NO production in a
concentration dependent manner that was significant at higher concentrations (0.3-10.0 uM).
Hydrocortisone (0.01-10.0 uM) also inhibited iNOS expression and NO production in a
concentration dependent manner which was significant at the higher concentrations (0.1-10.0
MM). By contrast, fluticasone (0.1 nM-3.0 puM) inhibited NO production and INOS
expression only partially (~50%), and the effects were significant at 1 nM-3 pM. RU-486 (10

uM), a GC receptor (GCR) blocker, was able to reverse the inhibitions caused by



dexamethasone, hydrocortisone, and fluticasone, though eplerenone (0.1-10.0 puM), the
mineralocortocoid receptor blocker, had no effect. Fluticasone also inhibited the
phosphorylation of p38 and Akt in activated RASMCs. The inhibitions were reversed upon
incubation with RU-486 (10 uM) for 1 h prior to the addition of fluticasone. The partial
inhibition of iINOS and NO by fluticasone suggests that the actions of dexamethasone and
hydrocortisone were not restricted solely to GCR and that other receptors or pathways, if not
both, might regulate iNOS and NO in RASMCs. In conclusion, the nonselective GCs (i.e.,
dexamethasone and hydrocortisone) showed a full inhibition of INOS expression and
function, whereas fluticasone only partially inhibited both processes. The inhibitions were
reversed by RU-486, but not eplerenone, which strongly suggests a GC-mediated response to
all three compounds investigated. Regarding fluticasone, mechanistic studies revealed that
the GC can regulate key signalling pathways associated with the induction of iNOS. More
specifically, fluticasone reduced the phosphorylation of p38 and Akt, thereby suggesting that
its actions can be mediated by suppressing these kinase pathways, which are widely reported

to critically regulate iINOS expression and function.

Keywords: Glucocorticoids, Dexamethasone, Fluticasone propionate, Nitric oxide, Inducible

nitric oxide, P38, Akt
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1. Introduction




1.1. Inflammation
Inflammation derives from the Latin inflammare, meaning ‘to burn’. In the 1st century CE,

Aulus Cornelius Celsus first described signs of inflammation as heat, pain, redness, and
swelling (Tracy, 2006). Although this description matches the classical description of acute
inflammation today, inflammation is currently classified as either acute or chronic, as well as

either local or systemic.

Inflammation is a complicated, nonspecific defensive biological response initiated in the
body to eliminate or repair damaged tissue or to counteract harmful agents (Rankin, 2004).
The initial response to acute inflammation is a change in small blood vessels where arterioles
contract, followed by dilation and, in time, the accumulation of fluid. Lewis (1942) described
those responses in what has been dubbed the ‘triple response of Lewis’, in which
physiological changes in inflammation are accompanied by increased vascular permeability
and cellular responses (Lewis, 1942). In normal conditions, vessels are permeable to the
extent that water and small solutes may pass through them, and increased vessel permeability
allows more water and proteins to pass through the vessels’ walls. Since those proteins
contain immunoglobulins and other components, they eliminate pathogens at the site of
inflammation. Via that same process, endothelial cells contract as a result of the release of
certain chemicals such as histamines. Leukocytes are also attracted to the site of

inflammation through a process termed chemotaxis.

Numerous chemotactic molecules exist. All of the mediators that facilitate inflammation in
terms of vasodilation, vascular permeability, leukocyte migration, and chemotaxis are known
as inflammatory mediators. Molecules that attract neutrophils to the site of inflammation

include cytokines such as interleukin-1 (IL-1) and tumour necrosis factor (TNF), as well as



prostaglandin E2 and leukotriene B4 (Kunkel et al., 1988; Laskin & Pendino, 1995;

McMahon et al., 2006).

The first step of an inflammation cascade is the recognition of the pathogen or injury through
specific receptors including toll-like receptors (TLRs) (Roach et al., 2005), which often lead
to the activation of the nuclear transcription factor kappa B (NF-«B ) (Kawai & Akira, 2007).
After activation, NF-xB translocates to the nucleus where it regulates the transcription of
targeted genes. This transcriptional regulation triggers the expression of proinflammatory
cytokines such as interleukin-1-beta (IL-1pB), interlukin-6 (IL-6), and tumor necrosis factor-
alpha (TNF-a) (Tak & Firestein, 2001). Some key inflammatory signalling systems are

discussed in the sections that follow.

1.2. Kinin system
Kinins constitute a family of vasoactive peptides, of which bradykinin is the most recognised.

Bradykinin has a low molecular weight and is rapidly metabolised by numerous enzymes,
including the angiotensin-converting enzyme (ACE). As such, it plays several biological
roles in smooth muscle contractility regulation, vasodilation, increasing vascular permeability
(Yarovaya & Neshkova, 2015), as well as in hypertension and the release of inflammatory
mediators (Maurer et al., 2011) as shown in Figure 1. Researchers have scrutinised the
physiological role of bradykinin in the body by either blocking receptors (e.g., endothelial B1

and B2) or inhibiting ACE (Han et al., 2002; Madeddu et al., 1999; Regoli & Barabe, 1980).

Kinins act through specific receptors including the B2 receptors which are expressed
constitutively in various cell types such as endothelial cells. The activation of these receptors
results in activation of Phospholipase C downstream, leading to formation of diacylglycerol
and inositol 1, 4, 5-trisphosphate (IP3). Consequently, cytoplasmic concentration of calcium

3



increases. This results in various effects including generation of endothelial NO (Kuhr et al.,
2010) . B2 receptor activation also causes the activation of phospholipase A2, which
catalyses arachidonic acid production. The B1 receptor is mainly induced under abnormal
conditions such as inflammation, and its activation induces NO. Many studies have shown
that B1 expression is implicated in various inflammatory diseases such as septic shock,
asthma, and arthritis (Campos et al., 2006). Consequently, researchers have developed Bl

receptor antagonists as potential anti-inflammatory drugs (Calixto et al., 2004).

Kinin system

Figure 1. Kinin mechanisms of action

1.3. Histamine
Histamine is a nitrogenous compound that mediates various physiological and pathological

conditions—among them, sleepiness, wakefulness, and hormonal secretion (Parmentier et al.,



2002). Histamine is also involved in gastric secretions, as well as implicated in various
pathological conditions such as allergic and inflammatory reactions (Leurs et al., 1995).
Therefore considered to be an important inflammatory mediator, it is produced from
basophils, enterochromaffin-like cells, and mast cells. It acts on different receptors, including
H1, H2, H3, H4, and Hac, which vary in their location of expression, second messengers, and
binding characteristics (MacGlashan, 2003). As a consequence of the involvement of
histamines in allergies and inflammation, various histamine blockers have been developed,
and thousands of studies have been conducted on the topic (Thurmond et al., 2008; Tiligada

et al., 2009).

1.4. Eicosanoids
Eicosanoids are signaling molecules that play a major role in both physiological and

pathological conditions. They involve various families such as prostaglandins and
leukotrienes (Funk, 2001) generated in nearly all cells and are synthesised from
arachidonic acid by cyclooxygenase (COX) isozymes and 5-lipoxygenase pathways
following exposure of cells to stimuli or trauma (Figure 2). COX-1 is responsible for the
biosynthesis of the constitutive basal homeostatic prostaglandins, whereas COX-2 is
mainly responsible for the synthesis of pathophysiological prostaglandins, which mediate

inflammations.

COX-1 is widely and constitutively expressed in most of the tissues of the body and
required for homeostatic function such as regulation of vascular tone and for gastric
cytoprotection (Franco et al., 1999). COX-2 is generally induced as a response to various
inflammatory mediators and also expressed in most cell types (Crofford, 1997). COX-2,
like COX-1 can also be found in normal healthy cell. A significant amount of
cyclooxygenase 2 (COX2) is constitutively expressed in platelets which was more than the

amount of COX1 (Hu et al.,, 2017). In addition, they can both up-regulated under
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pathophysiological conditions (Zidar et al., 2009). As a consequence of the fact that COX-
2 is also produced in normal healthy cell, its inhibition could potentially impair its
homeostatic function resulting in cardiovascular side effects (Grosser et al.,2006; Marnett,

2009).

Leukotrienes are produced by inflammatory cells, including macrophages and mast cells,

and exert chemotactic and vasoconstrictor effects (Dubois et al., 1998; Funk, 2001).

1.5. Platelet-Activating Factor (PAF)
The platelet-activating factor (PAF) ranks among mediators of inflammation derived from

phospholipids by phospholipase A2 (Figure 2). In vivo studies have indicated that PAF is
among the most important mediators of atherosclerotic lesions, as supported by the fact that
using the PAF inhibitor, WEB 2086, has significantly reduced fatty streak formation
(Subbanagounder et al., 1999). Extensive research has confirmed the proinflammatory
actions of PAF, including increases in vascular permeability, leukocyte recruitment, and

leukocyte activation (McManus & Pinckard, 2000).



Fatty acid
|

Phospholipids

Phospholipase A2

Lyso-PAF Arachidonic acid

[ l

5-lipooxygenase pathway Cyclooxygenase pathway

PAF ‘

| Prostaglandins |

Figure 2. Formation of inflammatory mediators from phospholipids

1.6. History and Production of NO
Ranked among the most important inflammatory mediators, NO is produced in large amounts

under certain pathological conditions via induced NO synthases (iNOS). Since its discovery,
NO has been the focus of a great deal of research, including the present thesis.

NO is a diatomic free radical consisting of nitrogen and oxygen. As a major signalling
molecule, NO plays many roles in both physiological and pathophysiological systems, and its
simple chemical structure is responsible for various and even contradictory biological
activities (Evans, 1995; Komers & Anderson, 2003; Scicinski et al., 2015; Wink et al., 1998).
For instance, it has been reported to exert an antiapoptotic effect on different cell types,
including endothelial ones (Ceneviva et al., 1998; Tzeng et al., 1997) and hepatocytes (Wang
et al., 2002), but induces a proapoptotic effect in macrophages (Messmer & Briine, 1996;
Messmer et al., 1995). At the same time, different concentrations of NO exert different
responses. For example, in MCF7 and endothelial cells, low concentrations of NO prompt the

phosphorylation of extracellular signal-regulated kinases, whereas NO prompts the



phosphorylation of protein kinase B (Akt) at higher concentrations (Pervin et al., 2007,

Prueitt et al., 2007; Thomas et al., 2004).

As a dichotomous signalling mediator, NO was first discovered as an endothelial-derived
relaxing factor (EDRF) that induces the relaxation of blood vessels in the presence of an
intact endothelium due to the addition of acetylcholine (Furchgott & Zawadzki, 1980).
Seven years later, it was suggested that NO was itself the relaxing factor (Ignarro et al.,
1987). With that proposal, scientists observed that NO’s effects on vascular smooth muscle
closely mimic the effects of EDRF. At that time, not only did Ignarro et al. (1987) propose
that the EDRF was NO, but Robert F. Furchgott also independently suggested the same
(Moncada & Higgs, 2006). The journal Science named NO ‘The Molecule of the Year’ in
1992 (Cech et al., 1992), and in 1998, the discovery of NO merited the Nobel Prize for
Physiology and Medicine, to Robert F. Furchgott, Louis J. Ignarro, and Ferid Murad

(Moncada & Higgs, 2006; SoRelle, 1998).

1.7. Major Regulatory Roles of NO
Produced naturally in small amounts by neuronal NO synthase and endothelial NO synthase

(eNOS), NO plays important roles in normal physiological functions, including the
maintenance of vascular tone (Knowles & Moncada, 1994), the inhibition of smooth muscle
cell proliferation (Cooke & Dzau, 1997; Sarkar & Webb, 1998), the inhibition of platelet
aggregation and maintenance of coronary perfusion (Drexler & Hornig, 1999; Kojda &
Kottenberg, 1999; Radomski et al., 1996), the maintenance of ventilation and mucus
secretion in the lungs (Hart, 1999; Singh & Evans, 1997), and the modulation of endocrine
secretion (Kadekaro, 2004). NO is also a neurotransmitter and plays a role as a
neuroprotector (Jaffrey & Snyder, 1995). By extension, platelet-derived NO suppresses
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platelet activation and intravascular thrombosis (Gkaliagkousi et al., 2007), and NO interacts
with superoxide to form peroxynitrite, which has a bactericidal activity (Brunelli et al., 1995).

Studies have additionally shown that NO has an anticancer effect (Bian & Murad, 2014)

Perhaps the most vital role of NO is in its regulation of vascular tone. As shown in Figure 3,
NO maintains smooth muscle relaxation; once produced, it activates guanylate cyclase, which
in turn increases the production of 3,5-cyclic guanosine monophosphate (cGMP). cGMP
catalyses a sequence of events that result in the activation of cGMP kinases and, in turn, the
activation of potassium channels and inhibition of calcium channels. Such actions decrease
the concentration of intracellular calcium, which results in smooth muscle relaxation (Jin &
Loscalzo, 2010).

NO is also critical in inhibiting platelet activation and aggregation. NO exerts its antiplatelet
function via its ability to activate cGMP, after which it diffuses into platelets and bind to
soluble guanylyl cyclase, which once activated increases cGMP and decreases intracellular
Ca?* flux (Moro et al., 1996; Rao et al., 1990). This decrease in Ca?* flux may inhibit the
formation of the active conformation of glycoprotein Ilb/Illa and decrease fibrinogen binding
to platelets (Mendelsohn et al., 1990; Michelson et al., 1996). cGMP can also indirectly
increase intracellular cyclic adenosine monophosphate (CAMP). This occurs by the ability of
cGMP to inhibit cAMP breakdown (Maurice & Haslam, 1990). This was suggested to occur
through crosstalk between cGMP and cAMP where they compete for the -catalytic
phosphdiestrease sites. The increase of cGMP level causes it to compete with cAMP for
interaction with these sites and cause CAMP degradation decrease, thus increasing its level
(Francis et al., 2010).Thus the increase of the cGMP level along with cGMP acts

synergistically to inhibit platelet aggregation (Bowen et al., 1989; Stamler et al., 1989).. In



all, the reduction of NO precipitates platelet activation and the development of thrombosis

(Loscalzo, 2001). Figure 3 highlights some of NO’s regulatory functions.
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Figure 3. Some regulatory roles of NO

INOS, which produces NO in large amounts, is expressed in cellular inflammatory conditions
in response to inflammatory mediators. For instance, iNOS is expressed and produced NO in
high amount in septic shock (King et al., 1999), asthma (Al-Ali & Howarth, 1998), and RA
(Farrell et al., 1992; Grabowski et al., 1996; Hilliquin et al., 1997). The expression of this
enzyme results from the induction or exposure to certain cytokines or microbial products
termed proinflammatory mediators. iNOS remains highly stable in terms of both messenger
RNA (mRNA) and protein levels and generates large amounts of NO, which may be
detrimental to cells, tissues, and hosts. Indeed, the expression of iNOS in biological systems

has been linked to inflammatory and autoimmune diseases (Geller & Billiar, 1998;
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MacMicking et al., 1997; Vodovotz et al., 1993). It is therefore vital to regulate iNOS
expression in order to restrict its deleterious actions, as well as to continue to examine its

complexity and functions, particularly concerning various inflammatory diseases.

1.8. NO and Diseases
Due to its important involvement in inflammation, iINOS and its roles in various types of

acute and chronic inflammation have attracted the attention of researchers, as described in the

follow sections.

1.8.1 NO and septic shock
Sepsis, which is categorised as acute inflammation, is among the most common reasons that

patients are admitted to intensive care units all over the world. It is defined as the systemic
response to infection, in which the blood is invaded and contaminated with bacteria (Bone,
1994). Almost 50% of sepsis patients develop septic shock, which has a mortality rate of 40—
60% (Rackow & Astiz, 1991; Thiemermann, 1997; Titheradge, 1999). Despite advances in
medical care, septicaemia continues to rank among the most expensive conditions in US
hospitals, where the total cost of its treatment in 2011 was USD $20.3 billion, or 5.2% of
total US healthcare costs (Torio & Andrews, 2013).

Clinically, septic shock is characterised by systemic hypotension and reflected in vitro by
vascular smooth muscle cell hyporeactivity to adrenergic mimetics (Bone, 1994; Epstein &
Parrillo, 1993). As research suggests, once an infection occurs, circulating concentrations of
catecholamines, glucagon, and cortisol rise, thereby leading to tachycardia and peripheral
vasoconstriction (Rackow & Astiz, 1991). Those elements are followed by progressive
vasodilation, which leads to severe hypotension and cardiac failure. Consequently, a lack of

tissue perfusion occurs, which leads to organs failure (Thiemermann, 1997).
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The main mediator of the high morbidity and mortality of septic shock is the Gram-negative
bacterial membrane component bacterial lipopolysaccharide (LPS). The presence of LPS, as
an exogenous bacterial component, triggers the release of endogenous cytokines such as
TNF-o, IL-1PB, interferon gamma (IFN-y), and IL-6. The release of proinflammatory
cytokines leads to iINOS expression and, in turn, NO production, which in excess can cause
severe hypotension. By using iNOS inhibitors, however, blood pressure may be restored and
endotoxin-induced hypotension reversed in various septic shock models (King et al., 1999;
Matejovic et al., 2004; Nin et al., 2004; Unno et al., 1997). Altogether, such findings

demonstrate the crucial role of iINOS-generated NO in septic shock.

As mentioned earlier, the increase in NO level during septic shock contributes to the
hypotension associated with this condition and may result in poor organ perfusion and the
consequent organ failure. As a result, there has been considerable interest in developing and
investigating iINOS inhibitor in controlling and treating septic shock amongst other
inflammatory diseases associated with NO overproduction. One of the NOS inhibitors
investigated is NG-monomethyl-L-arginine (L-NMMA), a competitive L-arginine analogue
which inhibit NOS and thus NO synthesis (Evans et al., 1994).

Inhibiting NO under the condition above was shown to result in increased blood pressure
and systemic vascular resistance (Avontuur et al., 1998). However, the use of this NOS
inhibitor was shown to be associated with mortality of septic patients. The main limitation is
the fact that it has been found the NOS inhibitor caused a fall in cardiac output which would
exaggerate organ failure (Petros et al., 1994). In addition, septic shock is associated with an
increase in inflammatory mediators. This could be reduced by anti-inflammatory medication
but this could result in a hypo-inflammatory phase. This phase would reduce the patient’s
immunity leading to secondary infection. Thus, a balance between hyper and hypo-

inflammation is requires (Tsirigotis et al., 2016).
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1.8.2 NO and asthma
Ranking among the most common inflammatory diseases, asthma affects roughly 300 million

patients worldwide (Bousquet et al.,, 2010). Characterised by a recurrent reversible
bronchospasm, asthma occurs with the recruitment and activation of mast cells, macrophages,
neutrophils, eosinophils, and T lymphocytes, as well as the increased production of Th2
cytokines such as interleukin-4 (IL-4), IL-5, IL-9, and IL-13 and CD4+ lymphocytes
(Redington, 2006). In effect, such activation precipitates airway inflammation and cellular

infiltration.

NO is among the most important mediators of asthma pathogenesis. Gustafsson et al. (1991)
reported that the exhaled breath of rabbits, guinea pigs, and humans generally contains NO,
whose physiological production appears to play a bronchoprotecive role (de Gouw et al.,
1999). At the same time, other reports have revealed increased NO in the exhaled breath of
asthmatic patients (Al-Ali & Howarth, 1998; Hamid et al., 1993), as well as that selective
INOS inhibitors appear to reduce NO levels (Hansel et al., 2003). In addition, recent research
showed increased iINOS expression in central airway tissue in asthmatic patient but alveolar
compartment showed no change in iNOS mRNA (Tufvesson et al., 2017). By extension, the
overproduction of NO is thought to play a role in tissue injury, which contributes to airway
dysfunction in asthma (Redington, 2006). However, several studies have indicated reduced
NO without any significant effects on early or late asthmatic responses to allergens
(Hesslinger et al., 2009), which suggests that the overproduction of NO might not be critical

in asthma.
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1.8.3 NO and rheumatoid arthritis (RA)
Rheumatoid arthritis (RA) is a common chronic autoimmune inflammatory disease that

affects approximately 1% of the world’s population (Gabriel, 2001). Clinically characterised
by joint pain, stiffness, and swelling, RA and its pathogenesis derive from the critical
involvement of T cells, B cells, and cytokines (Smolen et al., 2007; Smolen & Steiner, 2003).
In RA, T cells differentiate into T helper cells 17, which results in the production of the
potent cytokine IL-17 that plays a pathological role in promoting synovitis in RA as
highlighted in Figure 4. B cells contribute to RA antigen presentation and the production of
antibodies and cytokines (Smolen et al., 2007). RA is also associated with NO production
from iINOS (Farrell et al., 1992; Grabowski et al., 1996; Hilliquin et al., 1997), and studies
using animal models have suggested that NO plays a pathological role in RA, whose severity
dropped with the administration of iNOS inhibitors (lalenti et al., 1993; McCartney—Francis

et al., 1993; Nishida et al., 2000; Stefanovic—Racic et al., 1994).
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Figure 4. Rheumatoid arthritis pathogenesis

1.8.4 NO and osteoporosis

Stemming from the Greek for ‘porous bones’ (Parvez, 2004), osteoporosis is defined as a

progressive systemic bone disorder distinguished by bone loss and the deterioration of bone

tissues, both of which increase the risk of bone fracture. The World Health Organization

ranks osteoporosis among the most serious global diseases, given its worldwide patient

population of approximately 200 million (Goel et al., 2014; Reginster & Burlet, 2006).

In osteoporosis, the accumulation of inflammatory mediators in synovial fluid and imbalance

of bone formation and bone resorption result from oestrogen depletion, which correlates

highly with the condition. As in other inflammatory diseases, iINOS expression plays a
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pathological role in osteoporosis (Khosla et al., 2011), yet can be inhibited, along with NO
production, as part of the anti-inflammatory effect of oestrogen (Cuzzocrea et al., 2003). NO
is also associated with reduced bone density in osteoporosis (Armour et al., 1999), and
interestingly, L-arginine, an NO substrate, has been shown to increase bone mineral density

(Goel et al., 2014).

1.8.5 NO and atherosclerosis
Atherosclerosis is a complex disease characterised by an accumulation of lipids,

macrophages, and smooth muscle cells in the intima of large and medium-sized epicardial
coronary arteries. Atherosclerosis is however not only limited to coronary arteries but also
affects carotid, renal and peripheral arteries. Such accumulation leads to the obstruction of
blood vessels, myocardial infarction, and peripheral vascular diseases (Lamon & Hajjar,
2008; Sanchez & Veith, 1998). The impairment of endothelial integrity and thus its function
plays a critical role in the pathogenesis of atherosclerosis. Among its many functions,
endothelium acts as a barrier between circulation and the arterial wall and produces
endothelial NO, which plays many physiological roles, as mentioned earlier (Anderson,

2004).

Although smooth muscle cells express iNOS and thus NO in atherosclerosis, the role of INOS
in the disease remains controversial insofar as it is either deleterious or anti-inflammatory. In
a mouse carotid artery ligation model and cardiac transplant model, the deletion of an INOS
gene had a deleterious effect, whereas other models have indicated an opposite effect (Tsutsui
et al., 2014). In addition, it has been found that early atherosclerosis development in female
apolipoprotein E-deficient mice is associated with iINOS expression mediating the generation

of reactive oxygen species (Delgado-Roche et al., 2016).

16



1.9 Rat aortic Smooth muscle cells
The aorta is the largest artery in the body, which originates from the left ventricle of the heart

curving down to the abdomen. In general, arteries and veins consist of three main layers

e Tunica adventitia: This is the outermost layer, which is composed of connective
tissue, elastic fibres, and collagen. These fibres provide stability and prevent the blood

vessels from being overstretched during blood flow.

e Tunica media: This is the middle layer, composed of elastic tissues and smooth
muscles. It is located between the tunica intima on the inside and the tunica adventitia

on the outside.

e Tunica intima: This is the innermost layer and consists of endothelial cells and

connective tissue.

In our model, we use the smooth muscle cell to induce expression of iINOS and NO as these
cells have been shown to be key site of expression of INOS within the vasculature in
septicemia (Knowles et al., 1990). Moreover, these cells have been widely used to investigate
the regulation iNOS within the vasculature and well characterized in our laboratory (Baydoun

etal., 1999).

1.10 Synthesis of NO
To produce NO and L-citrulline, NO synthases induce the oxidation of L-arginine in a

process that occurs in the presence of cofactors such as oxygen and nicotinamide adenine
dinucleotide phosphate. First, the NOS enzyme hydroxylates the nitrogen of L-arginine to
produce N-hydroxy-L-arginine, which is oxidised to further produce NO and L-citrulline.
Tetrahydrobiopterin is also required as a cofactor (Forstermann & Sessa, 2012), as shown in
Figure 5A. However, the reduction in BH4 lead to NOS uncoupling which in turn results in
increased superoxide production by the uncoupled enzyme. Superoxide react with NO
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leading to the formation of peroxynitrite as well as a reduction of NO as shown in Figure 5B

(Kuzkaya et al., 2003).
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Figure 5. The L-arginine—nitric oxide pathway; NADPH: Nicotinamide adenine dinucleotide
phosphate, BH4: Tetrahydropterin (Figure A). Peroxynitrite formation in response to

oxidative stress (Figure B)

NO synthesis can be regulated by a family of monomeric cationic amino acid transporters

(CATS) that deliver the substrate L-arginine into cells. In smooth muscle cells, the CATs

protein family has three members: CAT-1, CAT-2A, and CAT-2B (Baydoun et al., 1999).

CAT-1 is ubiquitously expressed in many cell systems, although not in the liver (Baydoun et

al., 1999). By contrast, CAT-2A and CAT-3 are constitutively expressed in a few cell

systems, including those of the liver and brain (MacLeod & Kakuda, 1996). Various external

stimuli, including mitogens, LPS, IL-1pB, insulin, TNF, and angiotensin II, can alter the

expression of CATSs.
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1.11 iNOS and NO Induction
The expression of iINOS has been routinely induced in cells, largely through the use of

proinflammatory mediators such as:

e LPS, a molecule in the membrane of Gram-negative bacteria that can work as an
endotoxin, effectively induce inflammation and immune response in cells, and induce
many mediators involved in septic shock (Raetz & Whitfield, 2002); and

e IFN-y, a cytokine produced after viral or bacterial infection, though its activity is not

fully understood (Doherty et al., 1992).

Having a synergistic effect in inducing inflammation (Weisz et al., 1994), LPS and IFN-y

have been widely used to mimic inflammatory effects in vitro.

1.11.1 LPS
LPS is a significantly important part of the cell membrane of Gram-negative bacteria. It

forms an immunostimulatory element in bacteria, and in the case of abnormal or extreme
signalling, is responsible for the induction of inflammation and sepsis. This component is
responsible for many conditions such as the severe hypotension in septic shock as well as the
production of pro-inflammatory cytokines and proteins. Examples of these cytokines include
tumour necrosis factor-o (TNF-a) and interferon-f (IFN-B) as well as pro-inflammatory
proteins such as iINOS. More specifically, the stimulation of Toll-like receptor 4 (TLR4)
through LPS leads to the release of key proinflammatory cytokines, which are essential to

trigger strong immune responses (Lu et al., 2008).

1.11.2 LPS-binding protein (LBP) and cluster of differentiation 14 (CD14)
LPS begins the signalling pathway by binding to the LPS-binding protein (LBP) (Schumann

et al., 1990), produced in the liver and released into the bloodstream, in either its free or
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intact form (i.e., bacteria) to produce the LPS—LBP complex. The role of LBP is to deliver
LPS to cluster of differentiation 14 (CD14), which also forms a complex, and in turn transfer
LPS to its multipart receptor, which consists of TLR4 and myeloid differentiation (MD)
protein (MD-2) (Tobias et al., 1995). As a soluble protein that interacts directly and binds to
LPS, LBP aids the union of LPS and CD14. As research has shown, CD14 is a
glycosylphosphatidylinositol-anchored protein that can promote the transport of LPS to the
TLR4-MD-2 receptor complex, as well as aid LPS recognition. Two forms of CD14 have
been identified (Lu et al., 2008): a soluble form found in plasma, which aids the transfer of
LPS signals in cells without membrane-bound CD14 such as endothelial and epithelial cells,
and a membrane-bound form found in many types of cells, including monocytes,
macrophages, and granulocytes. As such, LPS can directly bind to those cells (Ferrero &

Goyert, 1988; Sugiyama & Wright, 2001; Wright et al., 1990).

Although earlier findings suggested that CD14 was an LPS receptor (Wright et al., 1990),
more recent research has clarified that the actual receptor is TLR4. Subsequent work has
demonstrated that CD14 binds with LPS, guides it toward MD-2 and TLR4, and is vital for
TLR pathways (Muroi & Tanamoto, 2002). Despite the demonstrated importance of CD14 in
LPS signalling, however, studies with knockout mouse have established CD14’s independent

effects on LPS (Haziot et al., 1996; Haziot et al., 1998).

1.11.3 MD-2
An essential glycoprotein, MD-2 acts as an adaptor protein that facilitates LPS’s activation

of TLR4, as made clear by studies in which mutant forms of MD-2 or MD-2 knockout mice
did not respond to LPS, whereas wild types responded in full (Nagai et al., 2002; Schromm et
al., 2001). It has been reported that MD-2 is also a soluble protein that can noncovalently

associate with TLR4, as well as interact directly with LPS and produce a complex in the
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absence of TLR4 (Gioannini et al., 2004; Nagai et al., 2002; Shimazu et al., 1999). Despite a
lack of evidence that TLR4 can directly bind to LPS, TLR4 can increase LPS’s capacity to
bind with MD-2. Moreover, the novel drug E5531, developed as an LPS inhibitor to treat
endotoxic shock, has been shown to directly inhibit the MD-2-TLR4 complex (Akashi et al.,

2003), thereby suggesting that the drug inhibits MD-2, yet does not interfere with CD14.

1.11.4 TLR4
TLRs are expressed by innate immune system cells activated by structural motifs that are

characteristically expressed by bacteria, viruses, and fungi known as pathogen-associated
molecular patterns (Akira et al., 2006; Janeway & Medzhitov, 2002). Once TLR4 was
identified as the first TLR and dubbed the human Toll (Medzhitov et al., 1997), evidence that
TLR4 was an LPS receptor emerged in studies with mice with a single point mutation in the
Toll-1L-1 receptor (TIR) domain of TLR4 (Poltorak et al., 1998). Other research has added
that LPS analogues such as tetra-acyldisaccharide precursor of lipid A and penta-acyl lipid A

antagonise LPS in humans and act as agonists in mice (Triantafilou et al., 2004).

1.11.5 Adaptor proteins
The TLR4 signalling pathway that mediates LPS’s activation of TLR4 requires adaptor

proteins, with which TLR4 associates via interactions with TIR domains after binding with
LPS and undergoing oligomerisation. Many adaptors have been identified, including myeloid
differentiation factor 88 (MyD88), the MyD88 adaptor-like protein, the TIR-containing
adapter molecule (TICAM), and the TICAM-related adaptor molecule. Depending on the
different roles of those adaptor proteins, TLR4 signalling may be divided into MyD88

dependent or independent (i.e., TICAM-dependent) pathway (Lu et al., 2008).
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1.11.6 MD primary response protein 88-dependent pathway
MD primary response protein 88 contains TIR and death domains (DD), the latter of which

can attract different substances. Following treatment with LPS, MyD88 triggers IL-1
receptor-associated kinase-4, which dissociates and activates TNF receptor-associated factor
6, whose recruitment leads to series of consequences, including the activation of the MAP3
kinase pathway and of the IKKo/B/y complex. As a result, the phosphorylation and
degradation of IkB occurs, which leads to the activation and translocation of NF-xB (Zhang

& Ghosh, 2000).

1.11.7 NF-kB activation
NF-xB is a complex protein that, as a transcription factor, plays an important role in

autoimmune and inflammatory diseases (Ghosh et al., 1998). NF-xB consists of several
protein subunits, including p65, p50, p52, RelB, and c-Rel. Under normal conditions, NF-xB
accumulates in the cytosol in its inactive form noncovalently bound to IkB, which inhibits
NF-kB. Once IkB is phosphorylated, it becomes degraded and releases NF-xB, which
translocates to the nucleus to enhance gene expression, including of iNOS, TNF, and COX-2

(Ghosh et al., 1998).

1.11.8 Interferon- y and signal transducer and activator of transcription alpha

(STAT1) pathway
Signal transducer and activator of transcription (STAT) alpha (STAT1) is a transcription

factor consisting of an SH2 domain that is essential for DNA binding and dimerisation. The
C-terminal domain contains two phosphorylation sites, S727 and Y701. STAT1
phosphorylation at S727 is important for activating the transcription of target genes (Decker

& Kovarik, 2000).
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Although STAT1 activation is critical, it alone cannot activate gene transcription, but instead
requires a series of processes. First, IFN-y binds to IFN-y receptor 1, which in turn induces
JAK?2’s autophosphorylation leading to JAK1’s transphosphorylation. Once activated, JAK1
phosphorylate tyrosine residues of IFN receptor 1 (Schroder et al., 2004) form two adjacent
docking sites for STAT1. STATI1’s phosphorylation subsequently occurs at Y701, which
triggers the dissociation of STATL1 from the receptor (Greenlund et al., 1994; Heim et al.,
1995). STAT1:STATL:IFN regulatory factor (IRF)-9 and STATL:STAT2:IRF-9 (i.e., IFN-
stimulated gene factor 3, or ISGF3) complexes are produced, although to a lesser extent, by
IFN signalling (Paludan, 1998; Schroder et al., 2004). STATL1 is transported to the nucleus
and either initiates or suppresses the transcription of IFN- y regulated genes by binding to
promoter IFN-y activation site (GAS) elements. In fact, IFN-y regulated transcription factors
that initiate the transcription of genes take aid from STAT1:STATL:IRF-9 heterodimers,
ISGF3, and IRF-1, which bind to IFN-stimulated response element (ISRE) promoter regions
in target genes (Paludan, 1998). STATL1:STATL:IFN regulatory factor (IRF)-1 can also
promote the transcription of STAT1 through an unusual ISRE site (IRF-E/GAS/IRF-E)
(Schroder et al., 2004). IFN-y can additionally augment the induction of iNOS via LPS by
stabilising INOS mRNA once induced by LPS (Weisz et al., 1994).

Apart from actions at the nuclear level, LPS and IFN-y may also act upstream, activating key

signalling kinase pathways to initiate iINOS induction.

1.11.9 P38 mitogen-activated protein kinase (MAPK)
Expressed in most cells, p38 mitogen-activated protein kinase (MAPK) plays a significant

role in stimulating immune response (Cuenda & Rousseau, 2007). P38 MAPK belongs to a
class of MAPKSs that respond to many factors, including cytokines, heat shock, and osmotic
shock, and that are critical in various cellular activities, including differentiation, apoptosis,

and autophagy (Sui et al., 2014). Of relevance to this thesis, p38 MAPK is also involved in
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the induction of proinflammatory mediators such as cytokines, COX-2, and iNOS (Schindler
et al.,, 2007). Several reports have additionally demonstrated that p38 regulates iINOS
expression (Baydoun et al., 1999). Additionally, p38 may affect iINOS expression at the post-
transcriptional level by stabilising INOS mRNA (Fechir et al., 2005). The signalling pathway
that activates p38 and other related signalling molecules is summarised in Figure 6.

Convincing evidence that p38 regulates iINOS expression has been generated using potent
inhibitors of the Kkinase, including 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl) 1H-imidazole (SB203580), or with the overexpression of a dominant negative p38
MAPKa protein. In both cases, iNOS mRNA and protein expression were suppressed, which
strongly suggests the critical role of p38 in inducing iINOS (Baydoun et al., 1999; Fechir et

al., 2005).

Stimulus

MKKK

MAPK cascade

JEEEND
1100110
1001010
110011
110000

Cellular response (Survival, Cell cycle, Proliferation, Apoptosis)

Figure 6. Cell signalling pathway: MAPKinase activated system activate various components
as shown in this figure which lead to activation of different cascades leading to its cellular

response involving growth factor, integrin signalling, oxidative stress and interlukin-1.
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1.11.10 Akt
Also known as protein kinase B, Akt is critical as an antiapoptotic protein that regulates cell

survival (Hausenloy & Yellon, 2009) and plays an important role in inflammation and TLR
activation (Troutman et al., 2012). In that regard, LPS has been shown to induce iNOS in rat
aortic smooth muscle cells (RASMCs) by activating Akt, which in turn activates NF-kB. The
use of LY294002, a pharmacological inhibitor of Akt, significantly reduced the
phosphorylation of Akt and inhibited the activation of NF-xB by decreasing the

phosphorylation of IxB (Hattori et al., 2003).

1.11.11 Double-stranded RNA-dependent protein kinase (PKR)
Double-stranded RNA-dependent protein kinase (PKR) is activated by IFN and double-

stranded RNA. Not only has PKR been reported to regulate NF-xB activation in embryo
fibroblasts following stimulation with IFN-y (Kumar et al., 1997), but it could also be
involved in p38 activation in embryonic fibroblasts following activation with LPS (Goh et al.,
2000). PKR also phosphorylates eukaryotic initiation factor 2-a (EIF2a), which in turn
inhibits protein synthesis (Dabo & Meurs, 2012). More important however is the fact that
PKR regulates the expression of iINOS in murine RAW 264.7 macrophages, which suggests

that PKR plays a role in the inducing of iNOS (Maggi et al., 2000).

1.11.12 Regulation of iNOS expression by eukaryotic translation initiation factors
Among the several eukaryotic translation factors that might regulate iNOS expression at the

translational level, the heterotrimer EIF2a consists of an alpha, beta, and gamma subunits.
Alpha subunit is required to initiate the translation stage of protein synthesis, in which the
ribosome builds proteins according to the information encoded in mMRNA.

EIF20 mediates the binding of transfer RNA to the ribosome in a GTP-dependent manner

(Kimball, 1999). Once initiation is completed, EIF2a is released from the ribosome and is
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bound to GDP as an inactive binary complex. To participate in a round of translation
initiation, the GDP is exchanged for GTP (Kimball, 1999). EIF2a is therefore a translation
initiation factor involved in the first regulated step of translation. This factor is generally
reversibly phosphorylated by kinases, including PKR, heme-regulated inhibitor protein
kinase, unfolded protein response kinase, and general control nonderepressible-2 kinase (Wek
et al., 2006). All of those kinases are typically activated in physiological responses to stress,
including heat shock, viral infection, oxidative stress, and amino acid starvation. Once EIF2a.
is phosphorylated, it becomes inactive and suppresses the translation of certain mRNAs
(Harding et al., 2000).

At least one study has claimed that EIF2a plays a key role in regulating iNOS expression in
astrocytes (Lee et al.,, 2003), despite research with macrophages showing that the
translational reduction of iINOS by L-arginine depletion is not associated with the increased
phosphorylation of EIF2a (Konig et al., 2009). More importantly, little is known about the
regulation of EIF2a by GCs and is it not clear whether upstream signalling pathways reported
to regulate iNOS expression do in fact feed through EIF2a and this needs to be investigated.
In addition to the previous mentioned signalling pathways, other pathways could also be

involved in the process of inflammation and these are summarised in Table 1.
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Table 1. Signalling pathways in response to various inflammatory mediators

Mediator Signalling Reference(s)
IFN-v JAK/STATL (Teng et al., 2002)
IL-1p PKC-ERK1/2 (Ginnan et al., 2006)
IL-1B /TNF-o 042 / p44 MAPK (Doi et al., 2000)
LPS+IFN-v c-Jun N-terminal kinase (Chan & Riches, 2001)
LPS Akt (Hattori et al., 2003)
LPS+IFN-y P38 (Baydoun et al., 1999)

1.12 Glucocorticoids (GCs)
Among the most widely prescribed medications worldwide (Oakley & Cidlowski, 2013),

natural glucocorticoids (GCs) and synthetic derivatives exert their biological effects mainly
through binding to GC receptor alpha (GCR-a)). Another form of GCR in which GCR-J is not
activated by GC-ligand binding has been proposed in cases of asthma, as have the roles of

those receptors (Sousa et al., 2000).

Expressed in nearly all tissues, GCR-a belongs to the steroid receptor superfamily. Once
receptors are occupied with high affinity, the activation or repression of targeted transcription
factors occurs. GCRs differ from other steroid receptors due to being located predominantly
in the cytoplasm in the absence of GCs, which, once bound, the GCRs translocate to the
nucleus. Interestingly, some reports have found that GCRs reside in the nucleus in the

absence of GCs (Webster et al., 1994). As GCs are lipophilic, they passively diffuse through
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the plasma membrane. However, at least one study has suggested that active uptake is
required (Rao et al., 1977).

The classical genomic activation of GCs leads to either the transactivation or transrepression
of transcription factors, both of which effects are responsible for both the desired anti-
inflammatory effect and unwanted side effects. GCs, however, have many effects that have

inspired extensive research.

1.12.1 Genomic action
GCs influence the transcription factors of many genes by activating GCRs. Such regulation

can be categorised as either protein-DNA or protein—protein binding interactions.

1.12.2 Gene activation and repression by direct DNA binding
Once GCs bind to their receptors in the cytoplasm, they relocate to the nucleus (Vandevyver

et al., 2012).The ligand-receptor complex binds to the GC responsive element (GRE),
thereby transactivating various genes, including tyrosine aminotransferase and
phosphoenolpyruvate carboxykinase (Newton, 2000), which are involved in liver
gluconeogenesis. This attribute explains the metabolic side effects of GCs. By contrast, the
ligand-receptor complex could bind to the DNA’s negative GRE, which leads to the
repression of genes such as prolactin and serotonin (Newton & Holden, 2007; Revollo &
Cidlowski, 2009). Whereas genes known to be repressed by this mechanism are few, those

repressed by GCs via protein—protein interactions are numerous.

1.12.3 Gene activation and repression by protein-protein interaction
Gene activity can either be activated or repressed by ligand—-receptor binding, although to the

protein and not to the DNA. STATs demonstrate that phenomenon, as in the Janus kinase

signalling pathway (JAK), an important signalling pathway that, when activated, in turn
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activates STATSs that translocate to the nucleus (Revollo & Cidlowski, 2009), where they
interact with response elements on the DNA. Reportedly, STAT5 interacts with GR-a
without directly binding to DNA, which transactivates various genes such as liver insulin-like

growth factor 1 (Revollo & Cidlowski, 2009).

Most gene repression caused by GR-o occurs through protein—protein interactions (i.e.,
transrepression) NF-kB and activator protein 1 (AP-1) are examples of transcription factors
that mediate such interactions. NF-«B is a critical transcription factor that plays an important
role in inflammation. GR-a can bind to the p65 subunit and inhibit the activation of NF-xB in
several ways, including by sequestering NF-kB given GCR-a’s ability to interact with p65
and thereby prevent it from binding to the DNA. GCR-a can also interact with DNA-bound
NF-kB, thus inhibiting the recruitment of transcriptional process (McKay & Cidlowski,
1998).

AP-1 is another transcription factor that mediates gene expression in response to various
physiological and pathological stimuli, including growth factors, cytokines, stress, and
infections (Hess et al., 2004). Similar to NF-xB, GCR-a interacts with AP-1 to suppress its

activation (Schule et al., 1990)

Along with transcription factors, intracellular proteins transduce extracellular signals,
including the SMAD signalling pathway. Together with other critical transcription factors
such as NF-AT and IRF, such proteins can be inhibited by GCR-a (Almawi & Melemedjian,

2002; O’Neill, 2006; Song et al., 1999), which play important roles in inflammation.

1.12.4 Relation of GCRs with MAPKs
Along with the direct actions mentioned above, GCR-a also exerts secondary actions via

components that alter signalling molecules. Studies have demonstrated, for example, that
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GCR-a induces the expression of MAPK phosphatases 1 (MKP-1), which in turn
dephosphorylates and inactivates c-Jun N-terminal kinase and p38 (Abraham et al., 2006),
which are critical in cellular signalling, including the regulation of iINOS expression, as
mentioned earlier. In addition, in human A549 bronchial epithelial cells, dexamethasone
increased the expression of MKP-1 which led to dephosphorylation of p38 and thus reduced

cytokines (Kerénen et al., 2017).

The negative role of MKP-1 in inflammation has also been supported by studies with MKP-1
knockout mice, the models of which showed a far more severe response to inflammatory
mediators and produced significantly greater inflammatory cytokines than the wild type
(Wang et al., 2007). At the same time, in an experimental animal ischemic model,
dexamethasone showed a cardioprotective action via the expression of MKP-1 and
inactivation of p38 (Abraham et al., 2006). It has also been demonstrated in mast cells that
dexamethasone interferes with transcription factors such as AP-1 and NF-xB by
dephosphorylating ERK1/2 by inducing the expression and reducing the degradation of

MKP-1 (Kassel et al., 2001).

1.12.5 Nongenomic action of GCs
GCs are known to exert their effects largely via genomic actions. However, some evidence

supports a nongenomic action involving direct interaction with MAPKs (Ayroldi et al.,
2012). Such nongenomic action differs from genomic actions given their rapid onset, which
can last minutes or even seconds, whereas genomic actions take hours.

The rapid nongenomic effect of steroids was described roughly 80 years ago in reports
suggesting that steroids cause rapid effects, including the induction of anaesthesia within

minutes. Another example of a nongenomic action is the effect of dexamethasone on the
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regulation of eNOS via the PI13k—Akt pathway (Hafezi-Moghadam et al., 2002). In these

studies, dexamethasone stimulated P13k and Akt which led to eNOS activation.

1.12.6 GCs and iNOS
Studies have demonstrated that GCs can inhibit iINOS in vascular smooth muscle cells,

vascular endothelial cells, macrophages, hepatocytes, and epithelial cells, among others (Di
Rosa et al., 1990; Geller et al., 1993; Kanno et al., 1993; Radomski et al., 1990; Salzman et
al., 1996). Various mechanisms have been suggested to explain how GCs inhibit iNOS, and
most findings have demonstrated that the inhibitory effects are regulated at the transcriptional
or post-transcriptional levels. At the transcriptional level, GCs may act through NF-«B,
reducing its nuclear translocation to the nucleus, or by binding to DNA. Such effects might
stem from the ability of GCs to elevate the level of inhibitory IkB (Katsuyama et al., 1999;
Kleinert et al., 1996; Salzman et al., 1996) and thus result in NF-kB’s sequestration in the
cytoplasm in a complex with IkxB, which will inhibit iINOS gene transcription. Such action
may however be cell-type specific, however, since in mesangial cells and mouse
macrophages, dexamethasone reduced iNOS via reduction of INOS mRNA and iNOS protein
stability (Kunz et al., 1996; Walker et al., 2001). In addition, it has been found that
dexamethasone can reverse the increase of iINOS expression and mRNA induced by LPS in
mice lung (Al-Harbi et al., 2016).

On the other hand, there are contradictory reports in the same cell type. For example, in
RASMCs dexamethasone reduced iINOS by suppressing NF-xB (Matsumura et al., 2001),
whereas onother report suggested that dexamethasone enhanced iNOS mRNA but suppressed
INOS protein expression, thereby suggesting an action at the post-transcriptional level
(Thakur & Baydoun, 2012). This could be explained by the difference in methodology which

will be discussed in the discussion chapter.
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1.13 Aims and Objectives of the Research
Currently, the regulation of iINOS expression by GCs, especially dexamethasone, though

documented well, remains largely unclear in terms of the underlying mechanisms that
mediate the reported effects. Indeed, some results have suggested that dexamethasone exerts
its effect on INOS transcriptionally, whereas other studies have suggested a post-
transcriptional action. At the same time, dexamethasone is not a selective GC that acts
exclusively on the GCR, but acts also upon other receptors, including mineralocorticoids,
progesterone, oestrogen, and androgen receptors (Bigsby, 1993; Inder et al., 2010; Lan et al.,
1982; Yang et al., 2001). Such nonexclusivity complicates concluding that dexamethasone
blocks iINOS expression simply with a blockade of GCR. In response, studies were conducted
for this thesis to compare the actions of dexamethasone to those of hydrocortisone, another
nonselective GC that also acts on mineralocorticoids, androgen, and progesterone receptors
(Born et al., 1987; Karalis et al., 1996; Sonneveld et al., 2005), and those of fluticasone, a
selective GC agonist (Austin et al., 2002). The mechanisms by which fluticasone might exert
its effect on iINOS expression and function were also investigated in detail, looking at its
ability to regulate p38 MAPKSs or Akt pathways, both of which have been deemed critical for

inducing iNOS (Baydoun et al., 1999; Hattori et al., 2003).
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2. Materials and Methods
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2.1 Cell Culture of RASMCs
Smooth muscle cells were isolated from male Wistar rat aorta and maintained in complete

medium (CM) comprising Dulbecco’s modified Eagle’s medium (DMEM), 10% foetal
bovine serum, 100 U/mL of penicillin, and 100 pg/mL of streptomycin. RASMCs were
placed in a sterile cell culture hood, and the fat and connective tissues were removed (Figure
7). The aorta was cut longitudinally and the lumen scraped to remove the endothelial layer
before it was cut into 2-mm pieces, four to six of which were distributed in a T25 flask. Four
mL of CM was added to the bottom of each flask, which was stood upright to keep the pieces
of aorta attached to the wall of the flask and prevent them from floating. Each flask was
transferred to the cell culture incubator and kept upright for 3 h (Figure 8) before being
placed horizontally to ensure that the medium covered the tissue segments without dislodging
them. Throughout incubation for 1 week, cells grew from the segments onto the surface of

the flask.

Figure 7. Preparation of rat aorta in CM for explants
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Figure 8. Aortic explants attached to tissue culture flask. Each explant was placed with its
luminal surface downward for attachment to the flask, which was kept upright for 3 h to

allow the firm attachment of the tissue. Four mL of CM was placed in each flask.

2.2 Trypsinization
Confluent monolayers of cells were routinely trypsinized for either passage or plating for

experimentation. In that process, the CM was removed, and the cells were washed three times
with 1x phosphate-buffered saline (PBS) and covered with 2 mL of 1% trypsin for
approximately 5 s. Excess trypsin was aspired to leave approximately 0.5 mL. The flask was
tapped to detach the cells from the wall’s surface, and the cells were suspended with CM as
necessary for either the flasks or plates. After each trypsinization, the passage number

increased by 1.
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2.3 Cell Counting
Cell counting is an essential procedure to determine the amount of cells that survive after

trypsinization. Following trypsinization, cells diluted in CM were centrifuged, and both the
CM and trypsin were removed. The pallet was suspended in 5 mL of CM and mixed. Next,
20 pL of the cell suspension was mixed in an Eppendorf tube with 20 puL of 0.4% trypan
blue. A cover glass was centred on the counting chambers of a haemocytometer, which were
filled with 20 uL of cell suspension to be counted. Under an OLYMPUS™ electronic
microscope, the viable cells appeared translucent, whereas the dead ones were stained blue
due to the penetration of trypan blue into the cytoplasm. Surviving cells were counted on the
four large outer squares (Figure 9) and the average number calculated per Equation 1. To
calculate viable cells in each 1 mL, the average of the cells, which represents 0.1 mm?3, was

multiplied by 10,000.

Total cells / mL = Total cells counted x Dilution factor x 10,000 / Number of chambers (1)
Depending on the number of cells per 1 mL, the required cell density to be plated could be

calculated.

Figure 9. Haemocytometer used for cell counting
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2.4 MTT Assay
A 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to

measure the enzymatic activity of the cells to indicate cell viability and the toxicity induced
after adding different concentrations of drugs. The calometric assay was based on the
reduction of yellow tetrazolium salt 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide to dark blue, water-insoluble formazan crystals by mitochondrial enzyme succinate

dehydrogenase, which occurs in living cells (Figure 10).

A 5-mg/mL MTT was prepared by dissolving 0.05 g of MTT in 10 mL of PBS, which was

diluted to 1:10 in CM to yield a working stock solution of 0.5 mg/mL.

To determine whether the various drugs used in the experiments caused any cytotoxicity, CM
was removed at the end of drug treatment and replaced with 200 pL of 0.5 mg/mL MTT
solution. Next, each plate was incubated for 4 h at 37 °C. The MTT solution was
subsequently removed, and the purple formazan crystals formed from the metabolism of
MTT (Figure 10) were dissolved in 200 pL of isopropanol by placing the plate on a shaker

for 15 min. Absorbance was read at 540 nm on a Multiskan Il plate reader.

Mitochondrial Reductase w
av =y

34, >dimethylthiazol-2-y1)-2, 5-diphenyltetrazalium bromide (E Z}-53-{4,5-dimethylthiazol-2-y1}-1, 3-diphenylformazan
(MTT) (Formazan)

Figure 10. Reduction reaction of MTT to formazan by mitochondrial reductase enzymes
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2.5 Activation of Cells with LPS and IFN-y
Confluent monolayers of cells were treated with LPS (100 pg/mL) and IFN-y (100 U/mL) for

24 h, after which the CM was collected to analyse nitrite production using Griess assay. Cells

were lysed for protein quantification and for western blotting.

2.6 Griess Assay
Griess assay is a spectrophotometric assay to determine nitrite (NO2") levels. The principle of

Griess assay is that unstable NO breaks down to stable measurable nitrite and nitrate. The
assay is a diazotisation reaction established by Griess by which nitrite reacts with 0.2% N-1-
naphthylethylenediamine dihydrochloride (Griess reagent 1) to form a diazonium salt that, in
turn, reacts with 2% sulphanilamide (Griess reagent Il) in 5% phosphoric acid to produce a
pink diazo compound.

After 24 h activation with LPS (100 pg/mL) and IFN-y (100 U/mL), 100 pL of the CM was
removed from each well in triplicate and added to the inner wells of a 96-well plate. Sodium
nitrite standards (1-10 nmol/well) were prepared in CM, and 100 pL of Griess reagent (i.e.,
2% sulphanilamide amine and 0.2% napthylethylenediamine, plus 10% phosphoric acid) was
added to each well. Plates were incubated on a shaker at room temperature for 15 min.
Absorbance readings were taken at 540 nm, and the amount of nitrite was calculated using

the standard curve (Figure 11).
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Figure 11. Nitrite standard curve

2.7 Cell Lysis and Protein Quantification
After Griess assay, cells in 24 well plates were washed with 500 pL of 1x PBS. Each well

was lysed with hot lysis buffer (2 mM Tris-HCI, pH 7.4 and 1% sodium dodecyl sulphate
[SDS]). Cells were scratched, collected in Eppendorf tubes, heated for 5 min at 95 °C, and
sonicated for 30 s three times. Tubes were centrifuged for 25 min at 13,226 xg. The
supernatant was stored at -20 °C. This procedure was amended for the detection of phospho-
proteins by adding a phosphatase inhibitor cocktail (1:100 dilution) to avoid the degradation

of phospho-protein.

2.8 Quantification of Total Cell Protein Using Bicinchoninic Acid (BCA)
Quantification assay relied on reducing Cu*? to Cu** by protein in an alkaline medium with a

highly sensitive, selective colourimetric detection of the chelation of Cu** by BCA reagent,
which forms a purple product measured at 620 nm. To determine total cell protein, a protein
standard curve was constructed by dissolving 0.01 g of bovine serum albumin (BSA) in 1 mL
of distilled water to generate a 10 mg/mL stock solution that was further diluted to produce

various concentrations of BSA standards (Table 2).
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Table 2. Preparation of standards from a 10 mg/mL BSA stock solution

BSA from stock 0.01 g/mL Double-distilled water Final concentration
(uL) (uL) (ng/pLl)
0.0 1,000.0 0.0
20.0 980.0 0.2
40.0 960.0 0.4
60.0 940.0 0.6
100.0 900.0 1.0
200.0 800.0 2.0

Five uL of each working solution was added in triplicate to the outer wells in 96-well plates
together with 5 pL of lysis buffer (1x). Five pL of protein sample was added in triplicate to
the inner wells, together with 5 pL of distilled water. The BCA reagent was prepared by
adding 9.8 mL of reagent A to 0.2 mL of reagent B, after which 100 pL of the final mix was
added to each well. Plates were incubated on a shaker for 45 min and absorbance read at 620

nm. The protein concentration was calculated from the standard curve generated (Figure 12).
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Figure 12. Protein standard curve
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2.9 Western Blotting
Western blotting is a semiquantitative method widely used to detect specific proteins in a

sample. The procedure involves the preparation of cell lysate samples, protein separation
using gel electrophoresis, protein transfer from the gel to a membrane, and the detection of
the protein using specific antibodies. Immunoblotting is used to detect protein bands and

compare their molecular weight to known sizes of the protein ladder.

2.9.1 Sample and gel preparation
A calculated volume of the sample to load 10 pg of protein per lane was determined and

mixed with 1/4 volume of 5x sample buffer, which contained 250 mM of Tris-HCI (pH 6.8)
10% SDS, 30% glycerol, 5% PB-mercaptoethanol, and 0.02% bromophenol blue. A Bio-Rad
Mini-PROTEAN 1l system was used for gel electrophoresis and a resolving gel prepared
(Table 3). The amounts of reagents used were based on the volume of 10 or 20 mL of gels

made.

Table 3. Composition of resolving gels

Resolving gel 10 mL (2 gels) 20 mL (4 gels)
Distilled water 4.64 mL 9.28 mL
30% acrylamide 2.66 mL 5.32 mL
1.5 M Tris-HCI (pH 8.8 at 4 °C) 2.50 mL 5.00 mL
10% SDS stock solution at room temperature 100.00 pL 200.00 pL
10% ammonium persulphate (APS) 100.00 pL 200.00 pL
TEMED (catalytic agent) 6.00 pL 12.00 uL

Ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) were added, and the
mixture was immediately poured between the glass plates to form the gels. A small amount of
isobutanol was added to the top of the resolving gel to remove air bubbles and isolate the gel
from oxygen, which could prevent polymerisation. After the gel set, the isobutanol was
removed using filter paper to absorb the solution. The stacking gel was prepared (Table 4)

and poured over the resolving gel.
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Table 4. Composition of stacking gels

Stacking gel 4 mL (two gels) 10 mL (four gels)
Distilled water 244 mL 6.1 mL
30% acrylamide—bisacrylamide mixture 0.52 mL 1.3 mL
0.5M Tris-HCI (pH 6.8 at 4 °C) 1.00 mL 2.5mL
10% SDS stock solution at room temperature 40.00 pL 100.0 pL
10% ammonium persulphate (starting agent) 20.00 pL 50.0 uL
TEMED (catalytic agent) 4.00 pL 10.0 pL

To create loading wells for samples, a comb was placed inside the stacking gel and kept in
place until the stacking gel set. The gel was placed in the electrophoresis tank and filled with
1% tank buffer (0.025 M Tris, 0.192 M glycine, and 0.1% SDS).

Samples were boiled at 95 °C for 3-5 min before 10 pg of protein was loaded into each well.
Ten pL of molecular weight ladder was loaded into the first well. Electrophoresis was
initiated by running the gels at 20 mA/gel until the samples ran through the stacking phase
and then to 25 mA/gel until the dye front reached the bottom of the gel. The voltage was set

at a constant 220 V throughout the process.

2.9.2 Protein transference from gel to polyvinylidene difluoride membrane
Prior to the transfer of proteins, polyvinylidene difluoride membranes were cut, rinsed with

75% methanol for 30 s, and washed with distilled water for a couple of minutes to make the
membrane hydrophilic. The gel was placed on the membrane, with three filter papers both
above and beneath it. That gel sandwich was assembled on the transfer apparatus and
saturated with 1x transfer buffer consisting of 48 mM Tris base (pH 7.5), 39 mM glycine,
0.0375% SDS, and 20% methanol. The transfer apparatus was set to run at a voltage of 25 V

for 20—25 min.
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2.9.3 Membrane blocking
Blocking buffer was prepared by adding 10 mL of 10x washing buffer (10 mM Tris-base and

100 mM sodium chloride [pH 7.5]), 100 pL of tween 20, 5 g of 5% fat-free milk, and 90 mL
of double-distilled water. The fat-free milk was replaced with 5% BSA for the detection of
phospho-proteins. The membranes were placed into a plastic box with the blocking buffers

and left on the shaker for 1 h.

2.9.4 Incubation with the primary antibody
Five mL of blocking buffer was placed in bijoux, and the relevant primary antibodies were

added at the required dilution (Table 5), along with B-actin antibody 1 pL/5,000 pL of
blocking buffer. The membranes were placed in a plastic bag together with the antibodies,

taped to a shaker, and incubated overnight at 4 °C.

Table 5. Antibodies used

Primary Dilution Molecular weight Secondary Dilution
antibody (KDa) antibody
iINOS 1:2,500 130 Antimouse 1:5,000
P-p38 MAPK 1:1,000 60 Antirabbit 1:2,000
P-Akt 1:1,000 43 Antirabbit 1:2,000
P-PKR 1:1,000 67 Antirabbit 1:2,000
P-EIF2a 1:1,000 38 Antirabbit 1:2,000

2.9.5 Incubation with secondary antibodies
Two L of 1x washing buffer was prepared from a 10x stock (100 mM NaCl, 10 mM Tris [pH

7.4]), and 2 mL of tween 20 was added. The membranes were washed for 10 min with
washing buffer three times. Secondary antibodies were prepared (Table 5), and antibiotin 1

ML/1,000 pL blocking buffer was added and incubated for 1 h with the membranes, as
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described previously. The membranes were washed for 10 min with washing buffer five

times.

2.9.6 Developing the film
The enhanced chemiluminescence solution used to detect the bands was prepared as follows:

e Solution A: 5 mL of 100 mM Tris (pH 8.5), 25 pL/gel of 90 mM p-coumaric acid,
and 50 uL/ gel of 250 mM luminol

e Solution B: 5 mL of 100 mM Tris (pH 8.5) and 3 pL of 30% H20>
Solutions A and B were mixed, poured on the membrane in a sandwich box, and incubated
for 5 min. The membrane was subsequently placed on a cling film, after which a film strip
was cut to size and placed on top of the membrane, and both were transferred into a
developing cassette. The film was exposed for 1 min before being developed until the bands
appeared. The film was washed with water and placed until transparent. Each film was

washed again and left to dry.

2.10. Materials
All materials used in this thesis are presented in the appendix.

2.11. Statistical analysis
Statistical analysis was conducted using Graph Pad Prism 5.0 software. Data are expressed as

M + SEM, as indicated for at least three experiments. Data were analysed using one-way

analysis of variance (ANOVA), followed by Dunnett’s post hoc test.
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3. Cell Culture Techniques and Cell
Activation Model
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3.1. Introduction
Cell culture is an important technique to analyse the biological properties of a targeted cell.

Many factors bear critical influence on the quality and success of cell cultures, including the
facilities and equipment, the selection of appropriate media and growth conditions for the
targeted cell type, propagation, and maintenance of cells for optimal growth.

Good aseptic cell culture techniques produce reliable cultures and, in turn, reliable results. A
starting point of the research in this thesis was therefore to develop techniques for isolating
smooth muscle cells from explants and culturing them in a healthy state over several
passages. Various biochemical protocols were also developed, including the characterisation
of isolated smooth muscle cells for a-actin, the induction of nitrite production by Griess
assay, the determination of cytotoxicity by MTT assay, and the detection of changes in

protein expression by western blotting.

3.2 Materials and Methods

3.2.1 Characterisation of RASMCs
Smooth muscle cells are identified and characterised by the presence of a-smooth muscle

actin, which distinguishes them from morphologically similar cells such as fibroblasts (Skalli
et al., 1986; Hofmann & Goger, 1976). To ensure that cells routinely isolated were smooth
muscle cells, cultures were frequently stained for a-actin. For that assay, cells at passages 3-6
were seeded at low density in CM in Lab-Tek wells and allowed to grow to roughly 50%
within 2-3 d. The medium was removed, and the cells were washed twice with 1x PBS prior
to fixing with ice-cold 100% methanol for 20 min. The fixed monolayers were blocked for 30
min with 5% BSA dissolved in 1x PBS and incubated for 1 h with an anti-SM22 alpha
antibody diluted to 1:200 in 5% BSA in PBS. The cells were washed four times with BPS
every 5 min prior to incubation with a 1:500 dilution of the secondary antibody goat and

antirabbit 1gG secondary antibody (Alexa Fluor® 488) at a dilution of 1:1,000 in 5% BSA.
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The cells were mounted with a drop of 100% glycerol and covered with a cover slip before

visualisation with a Nikon Confocal Microscope TE-2000 U at a magnification of 100x.

3.2.2 Different seeding densities for nitrite measurement
RASMCs were isolated and cultured in CM, as described in section 2.1. Cells were plated in

24-well plates at different seeding densities ranging from 10,000 to 600,000 cells per well,
allowed to grow for 3 d, and activated with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24
h. The CM was collected for nitrite measurement by Griess assay following the method
described in section 2.6. Then, 75,000 cells per well were cultured, as determined from
studies described in section 3.2.2.1. They were allowed to grow to confluence over 3 d, after
which they were activated with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The CM
was collected for nitrite measurement by Griess assay following the method described in
section 2.6. The expression of INOS was determined by western blotting following the

method described in section 2.9.

3.3 Results

3.3.1 Culture of smooth muscle cells from rat aortic explants
As stated in section 2.1, SMCs were cultured from rat aorta using explants stripped of

adipose tissue and endothelium. As Figure 13 shows, the incubation of explants in CM
resulted in the migration of SMCs from the aortic tissue onto the plastic, which was evident
from Day 7 from the migration and proliferation of cells over time. The cells showed a
polygonal, epithelioid shape, but were not tightly packed, thereby exhibiting the characteristic
spindle shape of SMCs (Figure 13; also see Figure 14A). The cultures were routinely

trypsinized and subcultured to expand the cell number and ensure that sufficient cells were
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derived for use in experiments. In culture, the cells proliferated in a uniform monolayer to

reach full confluency in 3-4 d (Figure 14B).

Figure 13. Migration of RASMCs from explants in culture. Rat aorta were stripped of the

fat surrounding the outer wall and of the endothelium in the luminal surface. Each aorta was
cut into 2-mm pieces, which were plated in T25 flasks, and left to grow for 2-3 weeks, with
the media replaced every 3 d. The migration and growth of cells were monitored via
observation under an OLYMPUS™ electronic microscope at a magnification of 40x. The

image in Figure 13 was taken during week 2.

3.3.2 Growth and morphology of RASMCs in culture
Cells at passages 3—6 were used in 24-well plates in all experiments. For the experiments

reported in this section, cells were seeded at 75,000 cells per well and allowed to grow to
confluency, while under daily observation with an OLYMPUS™ electronic microscope.
Figure 14A illustrates the cells in the subconfluent stage of growth 24 h after plating, whereas
Figure 14B shows the cells in the confluent stage of growth 3—4 d after being plated. As
previously described, the cells exhibited a polygonal, epithelioid shape with the characteristic

spindle shape of SMCs, particularly when the cultures appeared as single cells (Figure 14A).
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(A) (B)

Figure 14. Growth and morphology of RASMCs in culture. RASMCs at passage 3 were

seeded at a density of 75,000 cells/mL and cultured to confluency for 3-4 d in a 24-well
plate. The growth medium in the flask was replenished every 2 d. The initial growth and
confluent stages were confirmed through the observation of cells under an OLYMPUS™
electronic microscope at a magnification of 40x. Figure 14A is a photograph taken after 24 h
of plating cells, whereas Figure 14B was taken 3 d after the cells were subcultured and had
reached confluency.

3.3.3 Effects of seeding density on NO production in RASMCs
This study involved investigating the effect of cell seeding density on the ability of RASMCs

to induce NO when stimulated with LPS and IFN-y. Cells were seeded at densities ranging
from 10,000 —600,000 cells per well in a 24-well plate before being activated with LPS (100
ug/mL) and IFN-y (100 U/mL) for 24 h. Results shown in Figure 15 clearly demonstrate that
cell seeding density does indeed affect responses to LPS and IFN-y. As Figure 15
demonstrates, hardly any nitrite was detectable above basal when cells were plated at 10,000
per well. The marginal increase at 50,000 cells per well became even more pronounced at
100,000 cells per well and further increased marginally up to 600,000 cells per well. Higher
seeding densities, however, caused cells to reach full confluency far more quickly than

desired. To prevent that effect in additional studies, a seeding density of 75,000 cells per well
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was selected, at which cell monolayers were well maintained and nitrite production was

significantly above basal levels.
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Figure 15. Effect of cell seeding density on nitrite production in RASMCs. Different
densities of RASMCs were plated in 24-well plates for 3 d, after which they were activated
with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture medium was analysed
by Griess assay to determine total nitrite levels following the method described in section 2.6.
Data are expressed as a percentage of nitrite production, with the response to LPS (100
pug/mL) plus IFN-y (100 U/mL) at the higher seeding density of 600,000 cells taken as 100%.
Data show the M = SEM of at least three independent experiments. Statistical differences
were determined by one-way ANOVA, followed by Dunnett’s multiple comparisons test of

the normalised data; * denotes p < .05 and **p < .01, both compared to t control.

3.3.4 Characterisation of RASMCs by staining for a-actin
To further characterise cells isolated from the aorta, cultures were stained for a-actin. Figure

16 shows that nonconfluent monolayers of cells displayed spindle morphology that, more
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importantly, fluoresced green under ultraviolet light when probed with an anti-a-antibody,

which confirms that the cells isolated were smooth muscle cells.

Figure 16. Morphology and a-actin staining of RASMCs. Smooth muscle cells at passage 4
cultured in Lab-Tek wells were stained for a-actin using a selective anti-a-actin antibody as
described in section 3.2.1. Taken under a Nikon confocal microscope, the photograph

represents at least three experiments performed at different passages and times

3.3.5 Induction of iNOS and NO production by LPS and IFN-y in cells seeded at

75,000 cells per well
In additional experiments, cells were plated at a density of 75,000 cells per well in a 24-well

plate and allowed to reach confluency before being activated with 100 pg/mL of LPS and 100
U/mL of IFN-y for 24 h. Nitrite production was measured by Griess assay and iNOS
expression was determined using western blotting following methods described in sections
2.6 and 2.9, respectively. Control nonactivated cells, activated with IFN-y or with LPS alone
produced little or no nitrite (Figure 17) or iNOS expression (Figure 18), in contrast to a

marked detection of nitrite and iINOS when LPS was used in combination with IFN-y.
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Figure 17. Induction of NO by LPS and IFN-y in RASMCs. Confluent monolayers of
RASMCs in 24-well plates were activated with 100 pg/mL of LPS or 100 U/mL of IFN-y or
both for 24 h. The culture medium was analysed by Griess assay to determine total nitrite
levels following the method described in section 2.6. Data are expressed as a percentage of
nitrite production, with the response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as
100%. Data show the M + SEM of at least three independent experiments. Statistical
differences were determined by one-way ANOVA, followed by Dunnett’s multiple
comparisons test of the normalised data; ** denotes p < .01 compared to the activated

control.
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Figure 18. Induction of iNOS expression by LPS and IFN-y in RASMCs. Confluent
monolayers of RASMCs in 24-well plates were activated with 100 pg/mL of LPS or 100
U/mL of IFN-y or both for 24 h. The expression of iINOS was determined by western blotting
following the method described in section 2.9. The blot is representative of at least three
independent experiments, and the bar graph depicts densitometric data expressed as a
percentage of iNOS expression, with the response to LPS (100 pg/mL) plus IFN-y (100
U/mL) taken as 100%. Data represent the M + SEM of at least three independent
experiments. Statistical differences were determined by one-way ANOVA, followed by
Dunnett’s multiple comparisons test for normalised data; ** denotes p < .01 compared to the

activated control.
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3.4 Discussion
The experiments described in this chapter were performed to establish the cell culture model

needed to conduct the research of this thesis. The key aims were to develop good aseptic cell
culture techniques, as well as to establish a model for the consistent, sustained induction of
INOS. The latter is critical as the bulk of the studies are focused on establishing how the
induction of INOS and thus NO may be regulated by GCs, distinguishing between different
molecules within this class of compounds. The importance of this regulation derives from the
fact that iNOS is widely expressed under inflammatory conditions and that the NO that INOS
produces could play a critical role in mediating some deleterious effects associated with
inflammation. Although GCs are routinely used in inflammatory disease states, their precise
mechanism of action, which potentially includes regulating iNOS expression, remains to be
fully established.

All of the studies described in this thesis were performed in smooth muscle cells
characterised well in terms of INOS expression in vascular inflammation. Smooth muscle
cells were isolated from rat aortas using explants, which constitute a well-established method
of generating viable cultures of cells that respond readily to inflammatory mediators in order
to express iNOS. In culture, the isolated cells grew as a monolayer and were characterised by
their polygonal, epithelioid shape, with single cells that showed characteristic spindle-shaped
morphology, as confirmed with photographs of routine cultures that showed the cells’
characteristic morphology.

Other than morphology, the smooth muscle cells were also characterised in terms of a-actin.
It is essential to rely not only on morphology, since smooth muscle cells can be
indistinguishable from fibroblasts based on morphology alone (Hofmann & Goger, 1976).
Ultimately, the incubation of isolated cultures with an anti-a-actin antibody stained positively
for a-actin, thereby confirming smooth muscle cells. More importantly, the entire monolayer

stained positive, which suggests little or no contamination of cultures with other cell types.
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Good aseptic cell culture techniques were also developed to ensure that cells could be
maintained in continuous culture without being contaminated with microorganisms such as
bacteria, fungus, and yeast. Each cell isolate was successfully cultured over several passages
without infection or loss of morphology.

To study the induction of iINOS, the first step was to determine which cell seeding density
range would yield detectable, reproducible levels of NO. Without that consideration,
inconsistent high seeding density would make cells overly confluent too quickly before being
fully established. Otherwise, too few cells could fail to respond adequately to inflammatory
mediators. Accordingly, the experiments involved examining various seeding densities to
determine the number of cells that would allow full establishment without becoming overly
confluent, as well as respond effectively to LPS and IFN-y in order to express iNOS and NO
production. To that end, seeding densities used ranged from 10,000 to 600,000 cells per well.
Ultimately, the lowest plating density was inadequate because nitrite production was barely
above basal levels. At higher densities, by contrast, nitrite was detectable, but cells became
overly confluent too early, which caused cell loss and inconsistent results. A plating density
of 75,000 cells per well was thus chosen as the ideal seeding density, for it achieved 100%
confluency within 3-4 d and showed a consistent induction of nitrite production and iINOS
protein expression.

Other studies with different cell types have also recognised the importance of cell density on
cellular function and integrity. For example, high seeding density has been shown to enhance
the differentiation of osteoprogenitor marrow stromal cells, yet also diminish proliferation.
Low seeding density, by contrast, diminishes both elements and can cause poor intercellular
communication, whereas high seeding density might produce an unfavourable

microenvironment (Goldstein, 2001).
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Still other studies have found that cell seeding density can affect the expression of some
genes. For example, in cultured granulosa cells, the ratio of oestrogenic to progestagenic
enzyme was altered according to variation in cell density (Portela et al., 2010). In RASMCs,
low cell density and repeated cell passage caused a loss of protein kinase G1, which led to the
proliferation of vascular smooth muscle cells (Lin et al., 2004). Since such results confirm
seeding density’s effects on normal intercellular function and communication, the plating of a
suitable cell number is critical in obtaining consistently reliable results.

Since cell density affects the targeted duration of confluency, it is essential to choose a
seeding density that allows sufficient time for cells to be established but not fail to grow to
confluency. Accordingly, the seeding density selected for the experiments in this thesis was
75,000 cells per well, which allowed confluency within 3-4 d. By contrast, reaching
confluency too early (1-2 d) or too late (>5 d) would have an undesirable impact on cells.
Since studies have shown that trypsinization suppresses bradykinin receptors, if cells are not
allowed sufficient time to re-establish after treatment with trypsin, then they might fail to
respond to bradykinin (Sung et al., 1989). Rapid excess confluency can also arrest growth
due to contact inhibition and, in turn, cell senescence and death. However, too few cells
might take longer to establish and grow to confluency, which could prompt cell ageing and
senescence and thereby alter the biological function of affected cells. As a result, 75,000 cells
per well were chosen because a lower seeding density resulted in inadequate NO production.
In contrast, higher seeding densities caused the cells to reach confluence early and this may
affect their response to treatment.

A multitude of stimuli have been used to induce the expression of INOS and thus NO
production in various types of cells. They include LPS (Liu et al., 2010), and granulocyte—
macrophage colony-stimulating factor (Cruz et al., 2001). In addition, cytokines such as IFN-

Y, TNF-a, IL-1-B, and IL-6 have also demonstrated the capability to induce NO production by

56



inducing iINOS expression (Kleinert et al., 2003). The stimuli used are often determined by
the cell type being investigated, and routinely, smooth muscle cells are activated with LPS
and a cytokine. In the laboratory used for the experiments in this thesis, the cytokine of
choice was IFN-y, which is reported to stabilise INOS mRNA and potentiate the effects of
LPS (Weisz et al., 1994). Accordingly, experiments involved gauging responses to LPS
alone, IFN-y alone, and a combination of the two. Controls were incubated with CM only.
The results obtained confirmed previous reports that no significant amounts of NO or iNOS
expression can be detected with either LPS or IFN-y alone. However, their combination can
generate a profound induction of iINOS and thus NO production, as consistent with previous
results concerning RASMCs (Baydoun et al., 1999). The combination of LPS and IFN-y is
required not only for RASMCs, but for several other types of cells as well, including C6
astroglioma cells and astrocytes (Bonafini et al., 2015; Nicoletti et al., 1998).

IFN-y can stabilise INOS mRNA, as explained earlier, as well as decrease the anti-
inflammatory interleukin 10 (Schroder et al., 2004), which has been found to inhibit LPS-
induced iINOS (Molina—Holgado et al., 2001). It is thus likely that inhibiting IL-10 can also
enhance iINOS expression. The effect of IFN-y is mediated by glycogen synthase kinase-3
(Lin et al., 2008), although whether IFN-y acts via that mechanism in inducing iNOS in
smooth muscle cells remains unclear.

In sum, cell culture techniques have been developed and optimised for culturing smooth
muscle cells from rat aortic explants. Generated cells were successfully used to establish the
model for inducing iNOS and NO production using the combination of LPS and IFN-y,
which provided a basis for the detailed studies of the induction of iINOS by GCs, as described

in the following chapters.
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4. Effect of GCs on iNOS Expression and
Function
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4.1 Introduction
Produced naturally by the adrenal cortex, although also able to be synthesised and

manufactured, GCs are steroid hormones commonly described as double-edged swords given
their therapeutic benefits as well as undesirable effects. One endogenous GC is cortisol, or
hydrocortisone, whereas dexamethasone, one of the most widely studied compounds in the
group, is a synthetic GC (Coutinho & Chapman, 2011) that facilitates anti-inflammatory and
immunosuppressant effects and helps to relieve inflammation (e.g., swelling, heat, redness,
and pain).

Given their potent anti-inflammatory action, GCs have been used extensively in
inflammatory diseases such as asthma, RA, inflammatory skin disorder, and inflammatory
bowel disease. All of those diseases have been associated with the induction of iINOS, which
makes it likely that GCs’ therapeutic benefits involve the regulation of iNOS expression and
function. This is however not conclusive in every instance but interest in the ability of GCs to
regulate iNOS has been significant.

GCs have been shown to inhibit iNOS expression and function in many different cell types,
including hepatocytes (Geller et al., 1993), RASMCs (Wileman et al., 1995), murine
macrophage cell line (Baydoun et al., 1993; Walker et al., 1997), embryonal cortical neurons
(Golde et al., 2003), and mesangial cells (Kunz et al., 1996). Inhibitions have been shown not
only with dexamethasone, but also with hydrocortisone (Suzuki et al., 1994).

The underlying mechanisms that mediate the action of dexamethasone appear to differ by cell
type. Although it reduces INOS transcriptionally by inhibiting NF-«B in RASMCs
(Matsumura et al.,, 2001), rat hepatocytes (De Vera et al., 1997), human A549/8 cells
(Kleinert et al., 1996), and RAW 264.7 cells (Jeon et al., 1998), the expression of iNOS in C6
glioma cells was inhibited by dexamethasone at the post-transcriptional level, given that the
GC reduced INOS protein expression significantly but showed negligible effects on its

MRNA (Shinoda et al., 2003). Dexamethasone has also been reported to destabilise iINOS

59



MRNA in macrophages (Korhonen et al., 2002; Séderberg et al., 2007). This observation
contradicts those made in our laboratory which revealed that dexamethasone enhanced iNOS
MRNA expression but block expression of the protein (Thakur & Baydoun, 2012). Such
inconsistent reports underscore that dexamethasone’s mechanism of action remains unclear
and requires further investigation. Whether other GCs such as hydrocortisone and fluticasone
act on any of the above mentioned targets also remains to be established. Perhaps more
important, however, is determining whether the transcriptional and post-transcriptional
effects already described reflect a true GC action. Such research matters because, as already
highlighted, both dexamethasone and hydrocortisone are not selective GCs and act on steroid
receptors (Bigsby, 1993; Born et al., 1987; Inder et al., 2010; Karaliset al., 1996; Lan et al.,
1982; Sonneveld et al., 2005; Yang et al., 2001). Establishing whether the regulation of iINOS
induction occurs via a GC action has therefore been a primary objective of this thesis, starting
by comparing the effects of dexamethasone and hydrocortisone, as nonselective GCs, with
those of fluticasone, a known selective GC, on the regulation of iINOS expression and
function. The studies in this chapter have also been developed to explore potential cellular
mechanisms that might mediate the effects of GCs. The data of those studies appear in

subsequent chapters.

4.2 Material and Methods

4.2.1 Experimental conditions

4.2.1.1 Time dependent induction of iNOS and NO production in activated RASMCs
To determine the optimal time point for iINOS expression, time course studies were

performed by assessing nitrite production over a 24-h period. In the experiments, confluent
monolayers of RASMCs were treated with LPS (100 pg/mL) and IFN-y (100 U/mL) at

different time points ranging between 1-24 h. The culture medium was analysed by Griess
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assay, following the method described in section 2.6, while the expression of iINOS was

determined through western blotting, following the method described in section 2.9.

4.2.1.2 Effect of dexamethasone on NO production and iNOS expression
Confluent monolayers of cells were preincubated with dexamethasone at a concentration of

0.1-10.0 uM; hydrocortisone (0.01-10.00 uM) or fluticasone (1 nM-3 puM) for 30 min prior
to activation with LPS (100 pg/mL) and IFN-y (100 U/mL) for 24 h. NO production and
INOS expression were determined by Griess assay and western blotting, respectively,
following methods described in sections 2.6 and 2.9, also respectively. MTT assay, as
described in section 2.4, was also performed to determine whether any of the observed effects

with dexamethasone were associated with cytotoxicity.

4.3 Results

4.3.1 Effects of GCs on the viability of RASMCs
Experiments were conducted to determine whether different concentrations of the GCs

studied exerted a cytotoxic effect. Control cells were considered 100% viable and compared
to the different concentrations of dexamethasone (Figure 19), hydrocortisone (Figure 20), and
fluticasone (Figure 21), with and without the activation of cells. Although a decrease in MTT
metabolism was observed, it was marginal and not statistically significant in any
concentration used. The full concentration range of each compound was thus used in

subsequent experiments.
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Figure 19. Effect of different concentrations of dexamethasone on the viability of RASMCs.
Confluent monolayers of RASMCs in a 96-well plate were pretreated with either CM or with
different concentrations of dexamethasone (0.1-10.0 uM) for 30 min prior to activation with
both LPS (100 pg/mL) and IFN-y (100 U/mL) for 24 h. The metabolism of MTT was
determined colourimetrically following the method described in section 2.4. The white bars
represent controls, and the black ones represent activated cells. Data are presented as the
percentage of viable cells compared to controls and represent the M + SEM of at least three
individual experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; p > .05 confirmed

that there was no significant difference compared to the nonactivated control.
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Figure 20. Effect of different concentrations of hydrocortisone on the viability of RASMCs.
Confluent monolayers of RASMCs in a 96-well plate were pretreated with either CM or with
different concentrations of hydrocortisone (0.01-10.0 uM) for 30 min prior to activation with
both LPS (100 pg/mL) and IFN-y (100 U/mL) for 24 h. The metabolism of MTT was
determined colourimetrically following the method described in section 2.4. The white bars
represent controls, and the black ones represent activated cells. Data are presented as the
percentage of viable cell compared to the controls and represent the M + SEM of at least
three individual experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; p > .05 confirmed

that there was no significant difference compared to the nonactivated control.
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Figure 21. Effect of different concentrations of fluticasone on the viability of RASMCs.
Confluent monolayers of RASMCs in 96-well plate were pretreated with either CM alone or
with different concentrations of fluticasone (0.03-3.00 uM) alone for 30 min prior to
activation with both LPS (100 pg/mL) and IFN-y (100 U/mL) for 24 h. Metabolism of MTT
was determined colourimetrically following the method described in section 2.4. The white
bars represent controls, and the black ones represent activated cells. Data are presented as the
percentage of viable cells compared to the controls and represent the M £ SEM of at least
three individual experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; p > .05 confirmed

that there was no significant difference compared to the nonactivated control.

4.3.2 Time dependent induction of iNOS and NO production in activated RASMCs
To identify the optimal time point for iINOS expression and NO production, candidate time

points of activation with LPS and IFN-y during a 24-h period were examined. Nitrite was
clearly detected after 12 h of activation and increased in a time dependent manner past 24 h
postactivation (Figure 22). A similar trend was found with iNOS expression, which emerged

at 12 h and increased steadily during the remainder of the 24-h period (Figure 23).
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Figure 22. Time dependent increase in nitrite production in activated RASMCs. Confluent
monolayers of RASMCs in a 24-well plates were activated with a combination of LPS (100
pug/mL) and IFN-y 100 U/mL at different time points. The culture medium was analysed by
Griess assay to determine total nitrite levels following the method described in section 2.6.
Data are expressed as the percentage of nitrite production, with the response to LPS (100
ug/mL) plus IFN-y (100 U/mL) for 24 h taken as 100%. Data are the M = SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; ** denotes p < .01

compared to the control.
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Figure 23.Time dependent increase in iINOS expression in activated RASMCs. Confluent
monolayers of RASMCs in 24-well plates were activated with a combination of LPS (100
pg/mL) and IFN-y (100 U/mL) at different time points. The expression of iINOS was
determined by western blotting following the method described in section 2.9. The blot is
representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as a percentage of iINOS expression, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) for 24 h taken as 100%. Data represent the M £ SEM of
at least three independent experiments. Statistical differences were determined by one-way
ANOVA, followed by Dunnett’s multiple comparisons test for normalised data; ** denotes p

< .01 compared to the control.
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4.3.3 Effects of dexamethasone on NO production
To confirm that dexamethasone can regulate induced nitrite production, cells were pretreated

with the compound (0.1-10.0 uM) 30 min prior to activation with 100 pg/mL of LPS and 100
U/mL of IFN-y for 24 h. An increased concentration of dexamethasone decreased nitrite
production in a concentration dependent manner. The nitrite level was decreased from 17.3 £
2 to 1.4 £ 1.1 nmol/ml at 10 uM dexamethasone. The decrease in NO production was
statistically significant at concentrations of >0.3 uM compared to levels detected with LPS or

IFN-y alone.
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Figure 24. Effect of different concentrations of dexamethasone on nitrite production.
Confluent monolayers of RASMCs in 24-well plates were pretreated with concentrations of
dexamethasone for 30 min before activation with 100 pg/mL of LPS and 100 U/mL of IFN-y
for 24 h. The culture medium was analysed by Griess assay to determine total nitrite levels
following the method described in section 2.6. Data are expressed as a percentage of nitrite
production, with the response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as 100%.
Data are the M £ SEM of at least three independent experiments. Statistical differences were
determined by one-way ANOVA, followed by Dunnett’s multiple comparisons test of the

normalised data; * denotes p < .05 and **p < .01, both compared to the activated control.
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4.3.4 Effects of dexamethasone on iNOS expression
To confirm that dexamethasone regulated iNOS expression, cell lysates were generated after

removing the culture medium for Griess assay and subjected to western blotting. As Figure
25 shows, no INOS was induced under control conditions, though it did induce after
treatment with LPS and IFN-y. Moreover, the induction was blocked by dexamethasone in a

concentration dependent manner, which was significant at 1-10 puM.
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Figure 25. Effect of dexamethasone on iNOS expression. Confluent monolayers of RASMCs
in 24-well plates were pretreated with concentrations of dexamethasone for 30 min before
activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of iNOS
was determined by western blotting following the method described in section 2.9. The blot is
representative of at least three independent experiments, and the bar graph depicts the
densitometric data expressed as a percentage of iNOS expression, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M + SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; * denotes p < .05

and **p < .01, both compared to the activated control.
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4.3.5 Effects of hydrocortisone on NO production
To investigate whether hydrocortisone could regulate induced nitrite production, cells were

pretreated with the compound (0.01-10.00 uM) 30 min prior to activation with 100 pg/mL of
LPS and 100 U/mL of IFN-y for 24 h. NO production was also inhibited in a concentration
dependent manner, which was statistically significant at 0.01-10.00 uM hydrocortisone
compared to levels detected with LPS or IFN-y alone (Figure 26). The higher concentration
of hydrocortisone decreased nitrite level from 189 £+ 3.8 to 1.8 + 1.4 nmol/ml.
Hydrocortisone appeared more potent than dexamethasone at the lower concentration range

(0.1-0.3 uM).
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Figure 26. Effect of different concentrations of hydrocortisone on nitrite production.
Confluent monolayers of RASMCs in 24-well plates were pretreated with concentrations of
hydrocortisone for 30 min before activation with 100 pg/mL of LPS and 100 U/mL of IFN-y
for 24 h. The culture medium was analysed by Griess assay to determine the total nitrite
levels following the method described in section 2.6. Data are expressed as a percentage of
nitrite production, with the response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as
100%. Statistical differences were determined by one-way ANOVA, followed by Dunnett’s
multiple comparisons test of normalised data; ** denotes p < .01 compared to the activated

control.
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4.3.6 Effects of hydrocortisone on iNOS expression
To confirm whether hydrocortisone regulated NO production by suppressing iINOS

expression, cell lysates were generated after removing the culture medium for Griess assay
and analysed by western blotting. As Figure 27 shows, no iNOS was induced under control
conditions, but it did induce following treatment with LPS and IFN-y. Moreover, the
induction was blocked by hydrocortisone, which appeared to completely abolish the
expression of iINOS protein at 10 uM. The reduction was significant at concentrations of 0.1—

10.0 uM.
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Figure 27. Effect of hydrocortisone on iNOS expression. Confluent monolayers of RASMCs
in 24-well plates were pretreated with concentrations of hydrocortisone for 30 min before the
activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of iNOS
was determined by western blotting following the method described in section 2.9. The blot is
representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as a percentage of iNOS expression, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M + SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; ** denotes p < .01

compared to the activated control.
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4.3.7 Effects of fluticasone on NO production
To investigate whether fluticasone could regulate induced nitrite production, cells were

pretreated with the compound (0.03-3.00 uM) for 30 min prior to activation with 100 pug/mL
of LPS and 100 U/mL of IFN-y for 24 h. Each concentration of fluticasone used decreased
nitrite production in a way seemingly independent of concentration, given that the extent of
inhibition was similar in each case. The decrease in NO production was nevertheless
statistically significant at all concentrations (0.03-3.00 uM), as Figure 28 shows. Moreover,
the inhibitions with fluticasone were only partial, in contrast to the near-maximal inhibitions

caused by dexamethasone and hydrocortisone.

) LPS+IFN-y i

c 100- - )
o 3=
O 80-
o F "
U : i L ']
o & 60
o 0O
o i

3 40
O -
= O 204
= X
-_ O
Z ~ O"'ﬁ T

Cc 0 0.03 0.1 03 1 3
Fluticasone (uM)

Figure 28. Effect of different concentrations of fluticasone on nitrite production. Confluent
monolayers of RASMCs in 24-well plates were pretreated with concentrations of fluticasone
for 30 min before activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The
culture medium was analysed by Griess assay to determine total nitrite levels following the
method described in section 2.6. Data are expressed as a percentage of nitrite production,
with the response to LPS (100 ug/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent
the M £ SEM of at least three independent experiments. Statistical differences were
determined by one-way ANOVA, followed by Dunnett’s multiple comparisons test of the

normalised data; ** denotes p < .01 compared to the activated control.
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4.3.8 Effects of lower concentrations of fluticasone on NO production
Since all concentrations of fluticasone exerted a similar effect on NO production, it was

worthwhile to investigate lower concentrations (0.1-30.0 nM). As in previous studies, cells
were incubated with each concentration for 30 min prior to activation with 100 pg/mL of
LPS and 100 U/mL of IFN-y for a 24 h. The experiments demonstrated that fluticasone
decreased nitrite production in a concentration dependent manner, with the maximum effect
achieved at 1 nM (Figure 29). The higher concentration of fluticasone decreased nitrite level

from 21.7 £ 3.4 10 9.8 + 2.3 nmol/ml
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Figure 29. Effect of lesser concentrations of fluticasone on nitrite production. Confluent
monolayers of RASMCs in 24-well plates were pretreated with concentrations of fluticasone
for 30 min before activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The
culture medium was analysed by Griess assay to determine total nitrite levels following the
method described in section 2.6. Data are expressed as a percentage of nitrite production,
with the response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data are the M
+ SEM of at least three independent experiments. Statistical differences were determined by
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one-way ANOVA, followed by Dunnett’s multiple comparisons test of the normalised data;

** denotes p < .05 compared to the activated control.

4.3.9 Effects of fluticasone on iNOS expression
Consistent with previous observations, Figure 30 shows that there was no iNOS under control

conditions. The enzyme was significantly induced following treatment with LPS and IFN-y.
Moreover, induction was reduced only partially, as consistent with nitrite’s trend, and was

significant at 1-30 nM.
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Figure 30. Effect of fluticasone on iNOS expression induced by LPS and IFN-y in RASMCs.
Confluent monolayers of RASMCs in 24-well plates were pretreated with concentrations of
fluticasone 30 min before activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24
h. The expression of INOS was determined by western blotting following the method
described in section 2.9. The blot is representative of at least three independent experiments,
and the bar graph depicts densitometric data expressed as a percentage of iNOS expression,
with the response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Statistical
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differences were determined by one-way ANOVA, followed by Dunnett’s multiple
comparisons test of the normalised data; ** denotes p < .05 compared to the activated

control.

4.4 Discussion
The aim of this chapter was to investigate the effect of different GCs on iINOS expression and

NO production in order to determine whether they affect those processes in the same manner
and potentially through a common mechanism. The studies were pursued because, despite the
wide use of dexamethasone as the standard experimental GC for regulating inflammation, its
effects on iINOS expression and function have not always been clearly ascribed to a pure GC
action. Accordingly, experiments were performed to examine the actions of three compounds,
including dexamethasone, as well as hydrocortisone and fluticasone, the last of which was
deemed a selective GC that works primarily on GCR.

Before the experiments, the potential cytotoxic effects of the different concentrations of GCs,
both with and without LPS and IFN-y, were excluded according to the results of MTT assay,
which revealed that none of the drugs caused any statistically significant change in the
metabolism of MTT, meaning that they were tolerated well in RASMCs and caused little or
no cytotoxicity even at the high concentrations tested. The decreases in MTT metabolism
observed were no more than 15 % of the maximum and were not statistically significant
when compared to controls. The standard error of the mean was within 10% of the mean
showing consistency in the effect with less variability. moreover, this did not show any
concentration dependency and because of this the N value was maintained at a minimum of
three independent experiments per condition. The time dependent effects of LPS and IFN-y
on NO production and iINOS expression were also investigated to confirm the time points at
which the processes peaked. Findings showed that both increased in a time dependent manner

and that changes in NO production mirrored those observed in iINOS expression. In both

76



instances, levels increased for over 24 h, which confirmed the findings of previous studies
with RASMCs (Hattori et al., 1999), L6 rat skeletal myoblast cells stimulated with IL-1p—
IFN-y or IL-1B—-IFN-y—TNF-a (Adams et al., 2002), frog urinary bladder epithelial cells
activated with LPS (Nikolaeva et al., 2012), and J774 macrophages activated with LPS
(Baydoun et al., 1993).

After establishing the effects of LPS and IFN-y on iNOS and NO production, experiments
were performed to confirm the actions of GCs on both processes. Different concentrations of
each GC were investigated, and each was found to inhibit both NO production and iNOS
expression. More importantly, interesting trends emerged among the three compounds, in that
dexamethasone at 0.1-10.0 uM and hydrocortisone at 0.01-10.00 uM both inhibited NO and
INOS expression in a concentration dependent manner, virtually abolishing both at 3-10 uM.
By contrast, the inhibitions caused by fluticasone were only partial. In fact, increasing its
concentration to 3 uM showed no further decrease in NO production. Such observations
reveal that the selective GC was only partially effective in suppressing the induction of iNOS
and NO production, which suggests that dexamethasone and hydrocortisone could exert their
effects not only via the classic GCR pathway but potentially also independently of the latter.
Results generated with dexamethasone are consistent with previous findings showing that it
decreases nitrite production and iNOS expression in different types of cells, including
mesangial cells (Kunz et al., 1996), human lung epithelial cells (Robbins et al., 1994),
hepatocytes (Geller et al., 1994), cultured rat cardiocytes (Tsujino et al., 1994), human joint-
derived cells such as chondrocytes, synovial fibroblasts, and osteoblasts (Grabowski et al.,
1996), human airway epithelial cells (Kao et al., 2001), cultured rat astrocytes (Lavista et al.,
1999), J774 macrophages (Korhonen et al., 2002), C6 glioma cells (Shinoda et al., 2003),
neonate rat brain cells (Wang et al., 2005), chromaffin cells (Pérez—Rodriguez et al., 2009),

and RASMCs (Thakur & Baydoun, 2012; Wileman et al., 1995).
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Research focusing on mechanisms by which dexamethasone inhibits iINOS expression and
NO production has tended to claim that the mechanisms are either transciptional or post-
transcptional. At the transcriptional level, dexamethasone is reportedly able to inhibit NF-xB,
possibly by reducing the nuclear translocation or DNA binding of NF-«B, if not both
(Katsuyama et al., 1999; Kleinert et al., 1996; Salzman et al., 1996). By contrast, the post-
transcriptional effect of GCs (i.e., dexamethasone) has been suggested in C6 glioma cells
(Shinoda et al., 2003), with a proposed post-transcriptional mechanism of action on iINOS
expression by which dexamethasone destabilises INOS mMRNA in machrophages (Korhonen
et al., 2002; Soderberg et al., 2007). Other findings suggest that the post-transcriptional
mechanism operates via dexamethasone’s ability to enhance the process of iNOS protein
degradation, at least in mouse machrophages and rat mesangial cells (Kunz et al., 1996;
Walker et al., 2001).

Numerous studies with RASMCs have investigated the potential mechanisms by which
dexamethasone regulates iINOS expression and functions, including the inhibition of INOS
expression and its function by suppressing NF-«xB induced by IL-1p (Katsuyama et al., 1999)
or by LPS together with IFN-y (Matsumura et al., 2001). By constrast, other research has
suggested that dexamethasone does not affect iNOS expression at the transcriptional level but
most likely does at the post-transcriptional level, given its suppression of iNOS protein but
not MRNA expression (Thakur & Baydoun, 2012).

The most important GC for humans, hydrocortisone is essential for sustaining life by
regulating and supporting various vital cardiovascular, metabolic, immunologic, and
homeostatic functions. It is also used both in replacement therapy for GC deficiency and as
an immune system suppressant. Hydrocortisone is moreover widely used in septic shock
(Sprung et al., 2008) and, along with binding to GC receptors, performs mineralocorticoid

activity that distinguishes it from other synthetic GCs (Druce et al., 2008). It has additionally
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been found to inhibit INOS expression and functions in many cell types, including LPS-
activated rat microglial cells (Lieb et al., 2003), LPS-activated murine macrophages and
bovine chondrocytes (Patel et al., 1999), and IL-1-activated human chondrocytes (Palmer et
al., 1993), as well as IL-1p-induced NO production in RASMCs (Suzuki et al., 1994).
Consistent with those results, data from this thesis have shown that hydrocortisone can inhibit
INOS expression and function. However, it remains unclear whether that effect is mediated
purely thorugh its GC or mineralocorticoid action or both.

Studies have also indicated that, apart from dexamethasone and hydrocortisone, the selective
GC fluticasone might regulate iNOS and reduce bronchial NO flux in asthmatic patients
(Lehtimaki et al., 2001). Such findings suggest that iINOS expression might be regulated via a
GC action, which the studies in this thesis have confirmed. Data clearly show that fluticasone
exerts direct action on the induction of iNOS and thus NO production, by suppressing both
processes in RASMCs treated with LPS and IFN-y. Notably, fluticasone caused only partial
inhibitions even at the highest concentrations, in contrast to the actions of dexamethasone and
hydrocortisone, which caused complete reductions.

Several factors could account for the differences in responses. Dexamethasone is a
nonselective GC with mineralocorticoid activity that shows roughly 30% affinity for
mineralocorticoid receptors (MR), as Lan et al. (1982) have revealed. Moreover,
dexamethasone may act on other receptors, including those for progesterone, oestrogen
(Bigshy, 1993; Yang et al., 2001), and androgen (Inder et al., 2010). All these receptors have
a potential role in inflammation and on NO production (Cronauer et al., 2007; Juliet et al.,
2004; Karpuzoglu & Ahmed, 2006; Lei et al., 2014). It is therefore possible that they may
also regulate NO production, but this remains to be established especially by implicating an

action of dexamethasone through these protein targets to regulate NO synthesis.
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Hydrocortisone, like dexamethasone, is not a selective glucocorticoid and additionally exerts
effect on minerlaocortcoid (Born et al., 1987), as well as androgen (Sonneveld et al., 2005)
and progesterone receptors (Karalis et al., 1996). By contrast, fluticasone is a highly selective
and potent GC agonist with a negligible or nonexistent effect on the steroid nuclear receptor
family. It has no effect on oestrogen receptors, and it is a weak antagonist of MRs and
androgen and progesterone receptors (Austin et al., 2002). Such characteristics could explain
the differences between the compounds in regulating iNOS expression and NO synthesis.
More importantly, data from the present research suggest that both processes can be only
partially regulated via the GC signalling pathway and that complete inhibition with
dexamethasone and hydrocortisone might be due to additional non-GC actions. The EC50 of
dexamethasone, hydrocortisone and fluticasone are 2nM, 25nM and 0.1nM respectively
(Adcock et al., 1999; Johnson, 1995). However, in our project, higher concentrations showed
effect on INOS expression and NO production. The reason behind that is the difference in the
system where EC50 measured in ideal system in test tube. However, the cell system is much
more complex and not as tightly controlled as in a test tube. Thus, the effective concentration

in the two different conditions is expected to vary.
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5. Potential Involvement of GCRs and

MRs on iNOS Expression and Function
in RASMCs
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5.1 Introduction
Dexamethasone, hydrocortisone, and fluticasone inhibited iNOS expression and function, as

reported in the previous chapter. The selective GC fluticasone caused partial inhibition,
whereas dexamethasone and hydrocortisone virtually abolished iINOS expression and
function. Such findings suggest that the induction of iINOS might be only partially regulated
through the GC pathway and that the significant inhibitions caused by dexamethasone and
hydrocortisone could be due to their other non-GC actions, presumably involving
mineralocorticoids. Additional experiments were therefore conducted to examine the effects
of RU-486 (i.e., a GCR antagonist) and eplerenone (i.e., an MR antagonist) on the inhibition

of INOS expression and NO production caused by GCs.

5.2 Methods

5.2.1 Effect of GCR and MR antagonism on NO production and iNOS expression
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with RU-486 at

10.0 uM or eplerenone at 0.1-10.0, followed by the addition of dexamethasone (3 UM and 10
pMM), hydrocortisone (3 uM and 10 pM), or fluticasone (1 and 3 nM) 30 min prior to
activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for an additional 24 h. In parallel
experiments, dexamethasone, hydrocortisone, and fluticasone were omitted, and the cells
were treated only with RU-486 at 10 uM for 1 h before activation with 100 pg/mL of LPS
and 100 U/mL of IFN-y for 24 h. The culture medium was analysed by Griess assay to
determine total nitrite levels following the method described in section 2.6. The expression of
INOS was determined by western blotting, and changes in cell viability were examined by the

MTT following the methods described in sections 2.9 and 2.4, respectively.
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5.3 Results

5.3.1 Effects of RU-486 on the viability of RASMCs in the presence of GCs
This experiment was conducted to determine whether different concentrations of RU-486

exerted a cytotoxic effect in the presence of GCs in either control or activated cells. In pilot
studies, RU-486 alone did not show much cytotoxicity. The metabolism of MTT by control
cells was taken as 100% viability and compared to responses seen with different
concentrations of RU-486 (0.1-10.0 puM) in the presence of dexamethasone (10 uM,;
Figure31), hydrocortisone (10 uM; Figure 32), or fluticasone (3 nM; Figure 33) in activated
and nonactivated cells. Despite decreases in the metabolism of MTT, the effects were
marginal and not statistically significant. As such, the combination of RU-486 with any of the
three GCs meant no cytotoxicity for the cells, and consequently, additional experiments were

performed using the full concentration range investigated above.
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Figure 31. Effect of different concentrations of RU-486 on the viability of RASMCs in the
presence of dexamethasone. Confluent monolayers of RASMCs in 96-well plates were
pretreated with different concentrations of RU-486 (0.1-10.0 uM) 1 h prior to the addition of
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10 uM dexamethasone for 30 min before activation with LPS (100 ug/mL) and IFN-y (100
U/mL) for 24 h. Metabolism of MTT was determined colourimetrically following the method
described in section 2.4. The white bars represent controls, and the black ones represent
activated cells. Data are presented as the percentage of viable cells compared to the controls
and represent the M £ SEM of at least three individual experiments. Statistical differences
were determined by one-way ANOVA, followed by Dunnett’s multiple comparisons test of
the normalised data; p > .05 confirmed that there was no significant difference compared to

the nonactivated control.
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Figure 32. Effect of different concentrations of RU-486 on the viability of RASMCs in the
presence of hydrocortisone. Confluent monolayers of RASMCs in 96-well plates were
pretreated with different concentrations of RU-486 (0.1-10.0 uM) 1 h prior to the addition of
10 uM of hydrocortisone for 30 min before activation with LPS (100 pg/mL) and IFN-y (100
U/mL) for 24 h. The metabolism of MTT was determined colourimetrically following the
method described in section 2.4. The white bars represent controls, and the black ones
represent activated cells. Data are presented as the percentage of viable cells compared to the
controls and represent the M + SEM of at least three individual experiments. Statistical

differences were determined by one-way ANOVA, followed by Dunnett’s multiple
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comparisons test of the normalised data; p > .05 confirmed that there was no significant

difference compared to the nonactivated control.
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Figure 33. Effect of different concentrations of RU-486 on the viability of RASMCs in the
presence of fluticasone. Confluent monolayers of RASMCs in 96-well plates were pretreated
with different concentrations of RU-486 (0.1-10.0 uM) 1 h prior to the addition of 3 nM
fluticasone for 30 min before activation with LPS (100 pg/mL) and IFN-y (100 U/mL) for 24
h. The metabolism of MTT was determined colourimetrically following the method described
in section 2.4. The white bars represent controls, and the black ones represent activated cells.
Data are presented as the percentage of viable cells in comparison to the controls and
represent the M £ SEM of at least three individual experiments. Statistical differences were
determined by one-way ANOVA, followed by Dunnett’s multiple comparisons test of the
normalised data; p > .05 confirmed that there was no significant difference compared to the

nonactivated control.

5.3.2 Effects of MR blocker eplerenone on the viability of RASMCs in the presence
of GCs
This experiment was conducted to determine whether different concentrations of eplerenone

exert a cytotoxic effect in the presence of GCs in either control or activated cells. As in

85



previous studies, the metabolism of MTT by control cells was taken as 100% viability and
compared to responses of the different concentrations of eplerenone (0.1-10.0 uM) in the
presence of dexamethasone (10 uM; Figure 34), hydrocortisone (10 uM; Figure 35), or
fluticasone (3 nM; Figure 36) in activated and nonactivated cells. Despite decreases in the
metabolism of MTT, the effects were only marginal and not statistically significant. The
combination of eplerenone with any of the three GCs thus did not mean any cytotoxicity for
the cells, and consequently, additional experiments were performed using the full

concentration range investigated above.
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Figure 34. Effect of different concentrations of eplerenone on the viability of RASMCs in the
presence of dexamethasone. Confluent monolayers of RASMCs in 96-well plates were
pretreated with different concentrations of eplerenone (0.1-10.0 uM) 1 h prior to the addition
of 10 uM dexamethasone for 30 min before activation with LPS (100 pg/mL) and IFN-y (100
U/mL) for 24 h. The metabolism of MTT was determined colourimetrically following the
method described in section 2.4. The white bars represent controls, and the black ones
represent activated cells. Data are presented as the percentage of viable cells compared to the

controls and represent the M £ SEM of at least three individual experiments. Statistical
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differences were determined by one-way ANOVA, followed by Dunnett’s multiple
comparisons test of normalised data; p > .05 confirmed that there was no significant

difference compared to the nonactivated control.
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Figure 35. Effect of different concentrations of eplerenone on the viability of RASMCs in the
presence of hydrocortisone. Confluent monolayers of RASMCs in 96-well plates were
pretreated with different concentrations of eplerenone (0.1-10.0 uM) 1 h prior to the addition
of 10 uM hydrocortisone for 30 min before activation with LPS (100 pg/mL) and IFN-y (100
U/mL) for 24 h. The metabolism of MTT was determined colourimetrically following the
method described in section 2.4. The white bars represent controls, and the black ones
represent activated cells. Data are presented as the percentage of viable cells compared to the
controls and represent the M + SEM of at least three individual experiments. Statistical
differences were determined by one-way ANOVA, followed by Dunnett’s multiple
comparisons test of the normalised data; p > .05 confirmed that there was no significant

difference compared to the nonactivated control.
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Figure 36. Effect of different concentrations of eplerenone on the viability of RASMCs in the
presence of fluticasone. Confluent monolayers of RASMCs in 96-well plates were pretreated
with different concentrations of eplerenone (0.1-10.0 uM) 1 h prior to the addition of 3 nM
of fluticasone for 30 min before activation with LPS (100 pg/mL) and IFN-y (100 U/mL) for
24 h. The metabolism of MTT was determined colourimetrically according to the method
described in section 2.4. The white bars represent controls, and the black ones represent
activated cells. Data are presented as the percentage of viable cells compared to the controls
and represent the M £ SEM of at least three individual experiments. Statistical differences
were determined by one-way ANOVA, followed by Dunnett’s multiple comparisons test of
the normalised data; p > .05 confirmed that there was no significant difference compared to

the nonactivated control.

5.3.3 Effect of different concentrations of RU-486 on the inhibition of NO

production by dexamethasone
Cells were activated with LPS (100 pg/mL) and IFN-y (100 U/mL) in the presence and

absence of dexamethasone (10 uM) and its receptor antagonist RU-486 (0.1-10 uM). Not
only did dexamethasone significantly inhibit NO production, as consistent with earlier

results, but 3-10 uM of RU-486 moreover reversed inhibition in a concentration dependent
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manner and restored nitrite production back to the activated control level (Figure 37).

Accordingly, 10 uM of RU-486 will be used to compare GCs.
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Figure 37. Effect of different concentrations of RU-486 on the inhibition of NO production
by dexamethasone. Confluent monolayers of RASMCs in 24-well plates were pretreated for 1
h with 0.1-10.0 uM of RU-486, followed by the addition of 10 mM dexamethasone for 30
min before activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture
medium was analysed by Griess assay to determine total nitrite levels following the method
described in section 2.6. Data are expressed as a percentage of nitrite production with the
response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data are the M = SEM
of at least three independent experiments. Statistical differences were determined by one-way
ANOVA, followed by Dunnett’s multiple comparisons test of the normalised data; **

denotes p < .01 compared to the activated treated with dexamethasone.
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5.3.4 Effect of RU-486 on NO production
To investigate whether RU-486 alone had any effect on NO production, experiments were

performed to investigate its effects against LPS and IFN-y-activated cells. Results showed
that RU-486 had no effect on either basal or induced NO production. Thus, the responses

seen above must reflect antagonism of the actions of dexamethasone.
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Figure 38. Effect of RU-486 on NO production. Confluent monolayers of RASMCs in 24-
well plates were pretreated for 1 h with RU-486 at 10 uM prior to activation with 100 pg/mL
of LPS and 100 U/mL of IFN-y for a further 24 h. The culture medium was analysed by
Griess assay to determine total nitrite levels following the method described in section 2.6.
Data are expressed as a percentage of nitrite production, with the response to LPS (100
pug/mL) plus IFN-y (100 U/mL) taken as 100%. Data are the M £ SEM of at least three
independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; p > .05 confirmed
that there was no significant difference.
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5.3.5 Effect of RU-486 on iNOS expression
To investigate whether RU-486 had any effect on iNOS expression, changes in iNOS

expression were examined in cells treated with RU-486 in the absence and presence of LPS
and IFN-y. As with NO production, RU-486 did not alter basal or induced iNOS expression

(Figure 39), as consistent with the lack of effect seen on NO synthesis as well.
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Figure 39. Effect of RU-486 on iNOS expression. Confluent monolayers of RASMCs in 24-
well plates were pretreated for 1 h with RU-486 at 10 uM prior to activation with 100 pg/mL
of LPS and 100 U/mL of IFN-y for 24 h. The expression of iNOS was determined by western
blotting following the method described in section 2.9. The blot is representative of at least
three independent experiments, and the bar graph depicts densitometric data expressed as a
percentage of iNOS expression, with the response to LPS (100 pg/mL) plus IFN-y (100
U/mL) taken as 100%. Data represent the M + SEM of at least three independent
experiments. Statistical differences were determined by one-way ANOVA, followed by
Dunnett’s multiple comparisons test of the normalised data; p > .05 confirmed that there was

no significant difference.
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5.3.6 Effect of RU-486 on the inhibition of NO production caused by
dexamethasone
To determine whether the effects of dexamethasone on the inhibition of NO production

involved interaction with the GCR, experiments were performed using RU-486 in which cells
were pretreated with 10 mM RU-486 1 h prior to the addition of dexamethasone (3—10 uM)
30 min prior to activation with LPS (100 ug/mL) and IFN-y (100 U/mL). The presence of the

receptor blocker showed a clear reversal of the inhibited NO (Figure 40).
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Figure 40. Effect of RU-486 on the inhibition of NO production caused by dexamethasone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with RU-486 at
10 uM, followed by the addition of 3 and 10 uM of dexamethasone 30 min prior to activation
with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture medium was analysed
by Griess assay to determine total nitrite levels following the method described in section 2.6.

Data are expressed as a percentage of nitrite production, with the response to LPS (100
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pug/mL) plus IFN-y (100 U/mL) taken as 100%. Data are the M + SEM of at least three
independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data;** denotes p < .01

compared to activated control.

5.3.7 Effect of RU-486 on the inhibition of iNOS expression caused by
dexamethasone
To determine whether effects of dexamethasone on the inhibition of INOS expression

involved an interaction with the GCR, experiments were conducted in the presence of RU-
486, in which cells were pretreated with 10 uM of RU-486 1 h prior to the addition of
dexamethasone 30 min prior to activation with LPS (100 pg/mL) and IFN-y (100 U/mL). The

presence of the receptor blocker indicated a clear reversal of the inhibited NO (Figure 41).
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Figure 41. Effect of RU-486 on the inhibition of INOS expression caused by dexamethasone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with RU-486 at
10 uM, followed by the addition of 3 and 10 uM of dexamethasone 30 min before activation
with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of iNOS was
determined by western blotting following the method described in section 2.9. The blot is
representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as a percentage of iNOS expression, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M + SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; **denotes p < .01

compared to activated control.

5.3.8 Effect of RU-486 on the inhibition of NO production by hydrocortisone
To determine whether the effects of hydrocortisone on the inhibition of NO production

involved an interaction with the GCR, experiments were performed with RU-486. As in the
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studies with dexamethasone, cells were pretreated with 10 uM of RU-486 1 h prior to the
addition of hydrocortisone (3—10 uM) 30 min prior to activation with LPS (100 ug/mL) and
IFN-y (100 U/mL). The presence of RU-486 prevented the inhibition of NO synthesis with

hydrocortisone (Figure 42).
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Figure 42. Effect of RU-486 on the inhibition of NO production caused by hydrocortisone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with RU-486 at
10 uM, followed by the addition of 3 and 10 UM hydrocortisone 30 min prior to activation
with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture medium was analysed
by Griess assay to determine total nitrite levels following the method described in section 2.6.
Data are expressed as a percentage of nitrite production, with the response to LPS (100
ug/mL) plus IFN-y (100 U/mL) taken as 100%. Data are the M + SEM of at least three
independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; **denotes p < .01

compared to activated control.
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5.3.9 Effect of RU-486 on the inhibition of iNOS expression by hydrocortisone
As with dexamethasone, experiments were performed to determine whether the

hydrocortisone inhibition of iINOS expression involved an interaction with the GCR. Cells
were pretreated with 10 uM of RU-486 for 1 h prior, followed by hydrocortisone (3 —10 uM)
for 30 min prior to activation with LPS (100 ug/mL) and IFN-y (100 U/mL). Consistent with
its effects on nitrite production and responses to dexamethasone, RU-486 reversed inhibitions
of INOS expression caused by hydrocortisone and restored protein levels nearly back to the

activated control level (Figure 43).
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Figure 43. Effect of RU-486 on the inhibition of iINOS expression caused by hydrocortisone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with RU-486 at
10 uM, followed by the addition of 3 and 10 uM of hydrocortisone 30 min prior to activation
with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of iNOS was
determined by western blotting following the method described in section 2.9. The blot is
representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as a percentage of iNOS expression, with the LPS (100 pg/mL)
plus IFN-y (100 U/mL) response taken as 100%. Data represent the M + SEM of at least three
independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; **denotes p < .01

compared to activated control.
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5.3.10 Effect of RU-486 on the inhibition of NO production by fluticasone
To complete the series of studies to determine whether the GCs acted via the GCR in

suppressing NO synthesis, cells were pretreated in parallel experiments with 10 uM of RU-
486 for 1 h, followed by treatment with fluticasone (1-3 nM) for 30 min prior to activation
with LPS (100 ug/mL) and IFN-y (100 U/mL). As in the experiments described above, the
presence of the receptor blocker completely reversed the partial inhibitions in nitrite
accumulation caused by fluticasone (Figure 44), thereby indicating the involvement of the

GC receptor in the actions of fluticasone, as well as dexamethasone and hydrocortisone.
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Figure 44. Effect of RU-486 on the inhibition of NO production caused by fluticasone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with RU-486 at
10 uM followed by the addition of 1 and 3 nM fluticasone 30 min prior to activation with 100
pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture medium was analysed by Griess
assay to determine total nitrite levels according to the method described in section 2.6. Data
are expressed as a percentage of nitrite production, with the response to LPS (100 pg/mL)
plus IFN-y (100 U/mL) taken as 100%. Data are the M £ SEM of at least three independent
experiments. Statistical differences were determined by one-way ANOVA, followed by
Dunnett’s multiple comparisons test of the normalised data; **denotes p < .01 compared to

activated control.

99



5.3.11 Effect of RU-486 on the inhibition of iNOS expression caused by
fluticasone
To determine whether the inhibition of iINOS expression by fluticasone is also mediated via

the GCR, cells were pretreated with 10 uM of RU-486 1 h prior to the addition of fluticasone
(2 =3 nM) 30 min prior to activation with LPS (100 pg/mL) and IFN-y (100 U/mL). The

presence of RU-486 reversed the inhibition of iINOS caused by fluticasone (Figure 45).
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Figure 45. Effect of RU-486 on the inhibition of INOS expression caused by fluticasone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with RU-486 at
10 uM, followed by the addition of 1 and 3 nM of fluticasone 30 min prior to activation with
100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of iNOS was determined
by western blotting following the method described in section 2.9. The blot is representative
of at least three independent experiments, and the bar graph depicts densitometric data
expressed as a percentage of iNOS expression, with the LPS (100 pg/mL) plus IFN-y (100
U/mL) response taken as 100%. Data represent the M + SEM of at least three independent
experiments. Statistical differences were determined by one-way ANOVA, followed by
Dunnett’s multiple comparisons test of the normalised data; *denotes p < .05 compared to

activated control.
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5.3.12 Effect of MR blockade on the inhibition of NO production by
dexamethasone
Since dexamethasone and hydrocortisone exert effects independent of their actions on the

GCR, additional studies were conducted to determine whether dexamethasone or
hydrocortisone, if not both, had any additional effects, especially on the MR, that could
contribute to the actions demonstrated on NO production and iNOS expression. Fluticasone
was also investigated in this series of experiments to establish the selectivity of the MR
antagonist eplerenone.

To investigate dexamethasone in particular, confluent monolayers of cells were pretreated
with eplerenone (0.1-10.0 uM) 1 h prior to the addition of dexamethasone at 10 uM 30 min
before activation with LPS and IFN-y. Ultimately, eplerenone failed to reverse the inhibition
of nitrite production caused by dexamethasone, even at concentrations of up to 10 uM
(Figure 46), in marked contrast to RU-486, which completely reversed the inhibitions of NO
caused by dexamethasone, thereby suggesting that the latter might not act via MR in

suppressing NO synthesis.
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Figure 46. Effect of eplerenone on the inhibition of NO production caused by
dexamethasone. Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h
with eplerenone at 0.1-10.0 uM, followed by the addition of 10 uM of dexamethasone 30
min prior to activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture
medium was analysed by Griess assay to determine total nitrite levels following the method
described in section 2.6. Data are expressed as a percentage of nitrite production, with the
response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data are the M = SEM
of at least three independent experiments. Statistical differences were determined by one-way
ANOVA, followed by Dunnett’s multiple comparisons test of the normalised data; **

denotes p < .01 compared to the activated control.
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5.3.13 Effect of MR blockade on the inhibition of iNOS expression by

dexamethasone
To determine whether the effects of dexamethasone on the inhibition of iINOS expression

occured via an interaction with the MR, further experiments looked at changes in iINOS
expression in the presence of eplerenone (0.1-10.0 uM) which was preincubated with
confluent monolayers of cells 1 h prior to the addition of dexamethasone at 10 uM, for 30
min before activation with LPS and IFN-y for 24 h. Consistent with data on nitrite
accumulation, eplerenone did not alter inhibitions of INOS expression by dexamethasone,
confirming that it did not act through MR in suppressing the expression of iNOS in the

smooth muscle cell model used for the studies of this thesis.
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Figure 47. Effect of eplerenone on the inhibition of INOS expression caused by
dexamethasone. Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h
with eplerenone at 0.1-10.0 uM, followed by addition of 10 uM of dexamethasone 30 min
prior to activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression
of INOS was determined by western blotting following the method described in section 2.9.
The blot is representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as a percentage of iNOS expression, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M + SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; ** denotes p < .01

compared to the activated control.
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5.3.14 Effect of MR blockade on the inhibition of NO production by

hydrocortisone
Following the studies with dexamethasone, hydrocortisone was investigated to determine

whether its inhibition of NO production occured via an interaction with the MRs. As already
described, eplerenone (0.1-10.0 uM) was incubated with confluent monolayers of cells for 1
h prior to the addition of hydrocortisone at 10 uM for 30 min before activation with LPS and
IFN-y for 24 h. However, no significant change in the inhibition of INOS expression levels

caused by hydrocortisone resulted (Figure 48).
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Figure 48. Effect of eplerenone on the inhibition of NO production caused by hydrocortisone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with eplerenone
at 0.1-10.0 uM, followed by the addition of 10 uM of hydrocortisone 30 min prior to
activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture medium was
analysed by Griess assay to determine total nitrite levels following the method described in
section 2.6. Data are expressed as a percentage of nitrite production, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data are the M = SEM of at least three
independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; ** denotes p < .01

compared to the activated control.
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5.3.15 Effect of MR blockade on the inhibition of iNOS expression by

hydrocortisone
Consistent with its lack of effect on the inhibition of NO production, eplerenone (0.1-10.0

MM) also failed to reverse inhibitions of INOS expression by hydrocortisone when
coincubated with confluent monolayers of cells for 1 h prior to the addition of hydrocortisone

at 10 uM for 30 min before activation with LPS and IFN-y for 24 h.
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Figure 49. Effect of eplerenone on the inhibition of INOS expression caused by
hydrocortisone. Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h
with eplerenone at 0.1-10.0 uM, followed by the addition of 10 uM hydrocortisone 30 min
prior to activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression
of INOS was determined by western blotting following the method described in section 2.9.
The blot is representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as a percentage of iNOS expression, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M + SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; ** denotes p < .01

compared to the activated control.
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5.3.16 Effect of MR blockers on the inhibition of NO production by fluticasone
In parallel experiments, the effects of eplerenone (0.1-10.0 puM) on fluticasone-induced

inhibition of NO production were investigated, despite knowledge that fluticasone does not
act on MR. The purpose of this study was to determine the selectivity of eplerenone should it
have any effect on the actions of dexamethasone or hydrocortisone. Ultimately, eplerenone
neither altered responses to either compund nor affected the inhibition of induced nitrite

accumulation caused by fluticasone (Figure 50).

110



LPS+IFhN-7

I i
x5

- 100 | {
o = . 3nid fluticasone |
il ¥ B0 T L
u =
= =

+ B4
2w
=
£ 5
:.E EE Eﬁ"
< ,mml

c 0 01 65 4 5 10
Eplerenonei{u M)

Figure 50. Effect of eplerenone on the inhibition of NO production caused by fluticasone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with eplerenone
at 0.1-10.0 uM, followed by the addition of 3 nM of fluticasone 30 min prior to activation
with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture medium was analysed
by Griess assay to determine total nitrite levels following the method described in section 2.6.
Data are expressed as a percentage of nitrite production, with the response to LPS (100
ug/mL) plus IFN-y (100 U/mL) taken as 100%. Data are the M £ SEM of at least three
independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data. ** denotes p < .01

compared to the activated control.

5.3.17 Effect of MR blockade on the inhibition of iNOS expression by fluticasone
For completeness, the potential effect of eplerenone on fluticasone inhibition of iNOS

expression was investigated as well. However, as with NO production, eplerenone (0.1-10.0
p1M) did not regulate the inhibitory actions of fluticasone (3 nM) on the induction of iNOS

(Figure 51).
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Figure 51. Effect of eplerenone on the inhibition of iINOS expression caused by fluticasone.
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with eplerenone
at 0.1-10.0 uM, followed by the addition of 3 nM of fluticasone 30 min prior to activation
with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of iNOS was
determined by western blotting following the method described in section 2.9. The blot is
representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as a percentage of iINOS expression, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M + SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; * denotes p < .05

and **p < .01, respectively, compared to the activated control.
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5.4 Discussion
The aim of this chapter was to investigate whether GCRs or MRs, if not both, are involved in

GCs’ inhibition of iNOS expression and NO production. As an MTT assay demonstrated, the
different concentrations of GCR or MR blockers studied with different GCs in both the
presence and absence of LPS and IFN-y had no cytotoxic effect. Such responses of the
compounds are thus taken as a true representation of their pharmacological effects, not as a

consequence of cytotoxic action.

Investigating the role of GCR in the cell system developed for this thesis involved the
classical GCR antagonist RU-486, which is both a GC and progesterone receptor antagonist
(Mao et al., 1992) widely used in implicating or regulating GC actions (Gagne et al., 1985;
Hu et al., 2003; Jung-Testas & Baulieu, 1983; Shibata et al., 2009), in abortions, and in
Cushing’s syndrome (El-Refaey et al., 1995; Johanssen & Allolio, 2007). Moreover, RU-486
has been reported to suppress the effect of dexamethasone on NO production and iNOS
expression in different cell types, including RASMCS (Godfrey et al., 2011), rat embryonal
cortical neurons (Golde et al., 2003), and RAW 264.7 cells (Walker et al., 1997). Such action
was confirmed in the studies conducted for this thesis to extend beyond dexamethasone to
include hydrocortisone and fluticasone, neither of which have been investigated in RASMCs.
In doing so, it was particularly important to demonstrate action on the GCR since both
dexamethasone and hydrocortisone have non-GCR targets. Both compounds also abolished
INOS expression and function, whereas the more selective GCR agonist, fluticasone, only
partially suppressed iNOS expression and NO production. Data showed that RU-486
prompted a complete reversal of the inhibitory actions of not only fluticasone, but also
dexamethasone and hydrocortisone. Those findings confirm that all three compounds act

through the GCR in regulating the LPS and IFN-y induction of iNOS, at least in RASMCs.

113



Moreover, data representing dexamethasone are consistent with previous findings regarding

the same type of cell (Godfrey et al., 2011).

Data generated with hydrocortisone showed that RU-486 reverse the inhibition of iINOS
expression and function, as consistent with findings in N9 murine microglia (Chang & Liu,
2000). However, no data representing similar effects in RASMCs or on fluticasone are
available other than the findings of this thesis, which makes its data novel. Moreover, we
have also demonstrated that inhibition of NO production occurred as a consequence of the
inhibition of INOS expression which was seen over the same concentration range as those
found to inhibit nitrite accumulation.

RU-486 act as a glucocorticoids antagonist with Ki = 6 nM, and Ki = 15 nM for progesterone
(Eda et al., 2015). Again, these concentrations do not correlate with the concentrations used
in this thesis and indeed in other publications in the literature due to the complexity of cell

systems compared to test tubes.

Mineralocorticoids constitute a class of corticosteroids with a critical role in salt and water
homeostasis (Edelman et al., 1963). MRs, by extension, are expressed in many cells,
including vascular smooth muscle and endothelial cells (Jaisser & Farman, 2016), and their
antagonists (e.g., spironolactone) are used as antihypertensives. Such antagonists, however,
can cause severe adverse side effects, including menstrual disturbances and male impotence
(Hughes & Cunliffe, 1988). In response, more selective mineralocorticoid blockers have been
developed, including eplerenone (Pitt et al., 2003), which is used in treating congestive heart
failure and hypertension (Craft, 2004). Eplerenone is more selective than spironolactone,
which has progestogenic and antiandrogenic actions that pose potentially severe side effects

(de Gasparo et al.,, 1987; Struthers et al., 2008). Their blockade of mineralocorticoids
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prevents the action of its agonist, aldosterone, which raises blood pressure by increasing
sodium reabsorption.

The main mineralocorticoid hormones have demonstrated an ability to inhibit INOS
expression and function in many cell types. Aldosterone, for instance, inhibits iNOS in
neonatal rat cardiomyocytes, in which the effects were reversed by spironolactone (Chun et
al., 2003), as well as inhibits iINOS in RASMCs, which was reversed with RU-486 but not
with mineralocorticoid antagonists spironolactone and eplerenone (Godfrey et al., 2011). By
contrast, aldosterone had no effect on iNOS in mouse macrophages (Harizi et al., 2008).
Interestingly, other studies have found that spironolactone inhibits iINOS in RASMCs
(Godfrey et al., 2011) and in rat aortic adventitia (Deng et al., 2010), a contraindication
possibly explained by species differences or, if not also, the nonselectivity of spironolactone,

which might interfere with different receptors or pathways, if not both.

To identify whether MRs play any role in inducing iNOS or producing NO in the cell system
developed for the studies of this thesis, experiments were performed using eplerenone over a
concentration range within the range used to block MRs in other studies. Interestingly,
blocking MRs with eplerenone did not affect inhibited iINOS expression or NO production by
GCs. Such findings confirm that MRs play no significant role in our system and that the
observed inhibitory actions of dexamethasone, hydrocortisone, and fluticasone are highly
likely to be mediated predominantly via the GCR. Unclear, however, is why the more
selective GC, fluticasone, caused only partial inhibition, where dexamethasone and
hydrocortisone virtually abolished iNOS and NO synthesis. The role of other steroids such as
sex steroids could be investigated in future work. Sex steroids are hormones including
Oestrogens, progesterone and androgens that play a critical role in reproductive function.

Oestrogens is a female hormone which is responsible for the development and regulation of
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the female reproductive system. Oestrogens is also produced at a low level in males and is
responsible for physiological and pathological conditions (Lombardi et al., 2001). It acts by
binding to oestrogenic receptors which when bound translocate from the cytosol into the
nucleus then interact with a class of nuclear proteins which lead to activation of transcription.
Progesterone is another steroid hormone which binds to progesterone receptors and plays a
critical role in in reproductive function and bone metabolism (von et al., 2016). In addition,
androgen is one of the important hormonal steroids which play a significant role in
development of the male reproductive system and binds to androgen receptors to regulate
gene expression. In addition to the regulation of sex steroids in reproductive function, sex

steroids are also very important in inflammation regulation (Gilliver, 2010).

In this thesis, we focused on GCs and MRs involvement in the action of GCs in the reduction
of iINOS expression and function. However, Other steroid receptors could be involved in this
action, but due to time constraints, this potential involvement will have to be investigated in

future.
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6. Role of p38 MAPKSs and Akt on
Fluticasone-Induced Inhibition of iNOS

expression and NO Production in
RASMCs
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6.1 Introduction
P38 MAPKSs are protein kinases activated in response to various stimuli such as cytokines,

heat shock, and stress (Cuadrado & Nebreda, 2010). Biological responses associated with p38
activation include various inflammatory diseases (Hollenbach et al., 2004; Johnson & Bailey,
2003), apoptosis (Wada & Penninger, 2004), and cell differentiation (Hu et al., 2003). More
relevant to this thesis, p38 MAPK is critically involved in the expression of iINOS expression

and NO production in RASMCs (Baydoun et al., 1999).

Akt, or protein kinase B, is a serine-threonine kinase that regulates a multitude of biological
processes, including cell survival and apoptosis, as well as acts as part of signal transduction
in response to growth factors and extracellular stimuli (Song et al., 2005). More importantly,

it is involved in INOS expression and function in RASMCs (Hattori et al., 2003).

Since data found earlier in the studies for this thesis have shown that fluticasone reduces
INOS expression and function, additional experiments were performed to determine whether
those effects occur via p38 or Akt, if not both. The studies focused on those kinases due to
time constraints, and it is acknowledged that other signalling pathways are possibly involved,
including the p42 or p44 MAPK (Doi et al., 2000), protein kinase C (Scott—Burden et al.,
1994) or c-Jun N-terminal kinase (Chan & Riches, 2001). Time constraints also limited the
studies in this thesis to fluticasone, partly due to its focus on the GC component that regulates
INOS induction. At the same time, of the three compounds investigated, fluticasone is not as
well characterised in relation to iINOS expression. Nevertheless, it is worth establishing
whether dexamethasone or hydrocortisone directly regulate p38 or Akt, if not both, the

findings regarding which could be further extended to other kinase pathways.
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6.2 Material and Methods

6.2.1 Experimental conditions

6.2.1.1 Time dependent activation of phospho-p38 (P-p38) MAPK
Confluent monolayers of RASMCs were treated with LPS (100 pg/mL) and IFN-y (100

U/mL) at different time points between 0.5 and 24 h. The expression of phospho-p38 (P-p38)

was determined by western blotting following the method described in section 2.9.

6.2.1.2 Effect of different concentrations of SB203580 and LY294002 on NO production
and iNOS expression
Confluent monolayers of RASMCs in 24-well plates were pretreated for 1 h with SB203580

at 0.1-10.0 uM or LY294002 at 0.1-10.0 uM prior to activation with 100 pg/mL of LPS and
100 U/mL of IFN-y for 24 h. The culture medium was analysed using Griess assay to
determine total nitrite levels following the method described in section 2.6, and the
expression of iINOS was determined by western blotting following the method described in
section 2.9. Changes in cell viability were examined by MTT assay following the method

described in section 2.4.

6.2.1.3 Effects of fluticasone, SB203580, and LY294002 on iNOS expression, nitrite
production, and P-p38 and P-Akt expression
Confluent monolayers of RASMCs were pretreated for 1 h with RU-486, SB203580, or

LY294002 at 10 uM, followed by the addition of fluticasone at 3 nM for 30 min prior to
activation with LPS and IFN-y. The culture medium was analysed by Griess assay to
determine total nitrite levels. The expressions of iINOS, P-p38, and P-Akt in cell lysates were

determined by western blotting following the method described in section 2.9.
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6.3 Results

6.3.1 Effects of SB203580 or LY294002 on the viability of RASMCs
This experiment was conducted to determine whether different concentrations of SB203580

or LY294002 with or without activation with LPS and IFN-y exerted any cytotoxic effects on
the cell model. Considered to be 100% viable, control cells were compared to cells treated
with different concentrations of SB203580 and LY?294002 in the presence and absence of
LPS and IFN-y.

Despite the decreased metabolism of MTT, the decrease was marginal, as concentrations of
either SB203580 (Figure 52) or LY294002 (Figure 53) increased, and were not statistically
significant. Additional studies were therefore performed using the concentration range

examined in the studies on cytotoxicity.
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Figure 52. Effect of different concentrations of SB203580 on cell viability in RASMCs.
Confluent monolayers of RASMCs in 96-well plates were pretreated with only CM, different
concentrations of SB203580 (0.01-10.00 uM), or only SB203580 (0.01-10.00 uM) for 1 h
prior to activation with both LPS (100 pg/mL) and IFN-y (100 U/mL) for 24 h. The
metabolism of MTT was determined colourimetrically following the method described in
section 2.4. The white bars represent controls, and the black ones represent activated cells.
Data are presented as the percentage of viable cells compared to the controls and represent
the M £ SEM of at least three individual experiments. Statistical differences were determined
by one-way ANOVA, followed by Dunnett’s multiple comparisons test of the normalised
data; p > .05 confirmed that there was no significant difference compared to the nonactivated

control.
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Figure 53. Effect of different concentrations of LY294002 on cell viability in RASMCs.
Confluent monolayers of RASMCs in 96-well plates were pretreated with either CM alone,
with different concentrations of LY294002 (0.01 to 10.00 uM) alone, or with LY294002
(0.01-10.00 uM) for 1 h prior to activation with both LPS (100 pg/mL) and IFN-y (100
U/mL) for 24 h. The metabolism of MTT was determined colourimetrically following the
method described in section 2.4. The white bars represent controls, and the black ones
represent activated cells. Data are presented as the percentage of viable cells compared to the
controls and represent the M + SEM of at least three individual experiments. Statistical
differences were determined by one-way ANOVA, followed by Dunnett’s multiple
comparisons test of the normalised data; p > .05 confirmed that there was no significant

difference compared to the nonactivated control.

6.3.2 Effect of different concentrations of SB203580 on NO production
This experiment was conducted to investigate the effect of different concentrations of the p38

MAPK inhibitor on NO production. Confluent monolayers of cells were pretreated with
different concentrations of SB203580 (0.1-10.0 uM) 1 h prior to activation with LPS and
IFN-vy. Results in Figure 54 show that SB203580 decreased NO in a concentration dependent
manner significant at 1-10 puM, with peak responses at 10 pM given nitrite levels that

matched basal control levels.
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Figure 54. Effect of SB203580 on NO in RASMCs. Confluent monolayers of RASMCs in
24-well plates were pretreated with concentrations of SB203580 at 0.1-10.0 uM for 1 h prior
to activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture medium
was analysed by Griess assay to determine total nitrite levels following the method described
in section 2.6. Data are expressed as a percentage of nitrite production, with the response to
LPS (100 ug/mL) + IFN-y (100 U/mL) taken as 100%. Data are the M £ SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of normalised data; ** denotes p < .01

compared to the activated control.

6.3.3 Effect of different concentrations of SB203580 on iNOS expression
Following observations that SB203580 blocked nitrite production, additional experiments

were performed to determine whether that effect was due to the suppression of iINOS
expression. Confluent monolayers of cells were pretreated with different concentrations of
SB203580 (0.1-10.0 uM) 1 h prior to activation with LPS and IFN-y. Results in Figure 55

shows consistency with earlier changes found in NO production, in that SB203580 decreased
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INOS expression in a concentration dependent manner and to a statistically significant degree
at 1-10 pM, as well as virtually abolished iNOS expression with 10 uM of the drug, which

mirrors its actions on NO synthesis (Figure 54).
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Figure 55. Effect of SB203580 on iNOS expression in RASMCs. Confluent monolayers of
RASMCs in 24-well plates were pretreated with concentrations of SB203580 at 0.1-10.0 uM
for 1 h prior to activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The
expression of iINOS was determined by western blotting following the method described in
section 2.9. The blot is representative of at least three independent experiments, and the bar
graph depicts densitometric data expressed as a percentage of iNOS expression, with the
response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M *
SEM of at least three independent experiments. Statistical differences were determined by
one-way ANOVA, followed by Dunnett’s multiple comparisons test of the normalised data; *
denotes p < .05 and **p < .01 compared to the activated control.
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6.3.4 Time dependent activation of P-p38 MAPK
That SB203580 inhibited both iINOS and NO production suggests a critical role for p38

MAPK in the induction of those processes. Experiments were therefore conducted to
investigate the time dependent activation of p38 MAPK via its phosphorylation by LPS and
IFN-y. Data in Figure 56 show that the p38 MAPK was activated in a time dependent manner
following exposure to LPS and IFN-y. More importantly, the response appears to be biphasic,
with levels of the phosphorylated protein increasing rapidly in the first hour, then declining
by 2 h, and increasing in a time dependent fashion. In this second phase, levels of P-p38

expression at 12—-24 h postactivation exceeded those in the first hour.
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Figure 56. Time dependent activation of P-p38 MAPK. Confluent monolayers of RASMCs
in 24-well plates were pretreated with 100 pg/mL of LPS and 100 U/mL of IFN-y at different
time points. The expression of P-p38 expression was determined by western blotting
following the method described in section 2.9. The blot is representative of at least three
independent experiments, and the bar graph depicts densitometric data expressed as a
percentage of iNOS expression, with the response to LPS (100 pg/mL) plus IFN-y (100
U/mL) for 24 h taken as 100%. Data represent the M £ SEM of at least three independent
experiments. Statistical differences were determined by one-way ANOVA, followed by
Dunnett’s multiple comparisons test for normalised data; * denotes p < .05 and **p < .01

compared to the control.
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6.3.5 Effect of different concentrations of LY294002 on NO production
Another experiment was performed to confirm whether Akt signalling is also required for the

activation of iINOS expression and NO production in RASMCs. Confluent monolayers of
cells were pretreated with different concentrations of LY294002 (0.1-10.0 uM) 1 h prior to
activation with LPS and IFN-y. LY294002 also decreased NO production in a concentration
dependent manner, which was significant at 10 uM (Figure 57). However, LY294002 was

seemingly less potent than SB203580 at lower concentrations due to less marked inhibitions.
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Figure 57. Effect of LY294002 on NO production in RASMCs. Confluent monolayers of
RASMCs in 24-well plates were pretreated with concentrations of LY204002 at 0.1-10.0 uM
for 1 h prior to activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The
culture medium was analysed by Griess assay to determine total nitrite levels following the
method described in section 2.6. Data are expressed as a percentage of nitrite production,
with the response to LPS (100 ug/mL) + IFN-y (100 U/mL) taken as 100%. Data are the M +
SEM of at least three independent experiments. Statistical differences were determined by
one-way ANOVA, followed by Dunnett’s multiple comparisons test of normalised data; **

denotes p < .01 compared to the activated control.
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6.3.6 Effect of different concentrations of LY294002 on iNOS expression
Additional experiments were conducted to investigate the effect of different concentrations of

the Akt inhibitor on iINOS expression. Confluent monolayers of cells were pretreated with
different concentrations of LY294002 (0.1-10.0 uM) 1 h prior to the activation of cells with
LPS and IFN-y. LY294002 also decreased iNOS expression in a concentration dependent

manner in a trend mirroring that observable on NO production (Figure 58).
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Figure 58. Effect of LY294002 on iNOS expression in RASMCs. Confluent monolayers of
RASMCs in 24-well plates were pretreated with concentrations of LY204002 at 0.1-10.0 uM
for 1 h prior to activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The
expression of iINOS was determined by western blotting following the method described in
section 2.9. The blot is representative of at least three independent experiments, and the bar
graph depicts densitometric data expressed as a percentage of iINOS expression, with the
response to LPS (100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M +
SEM of at least three independent experiments. Statistical differences were determined by
one-way ANOVA, followed by Dunnett’s multiple comparisons test of the normalised data; *

denotes p < .05 and **p < .01 compared to the activated control.
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6.3.7 Summary of the effects of fluticasone, SB203580, LY294002, and RU-486 on

NO production
The experiments conducted to investigate the effects of p38 inhibitor, Akt inhibitor,

fluticasone and RU486 on NO production are summarised in Figure 59 below for further
clarification. Confluent monolayers of RASMCs were pretreated for 1 h with RU-486,
SB203580, or LY294002 at 10 uM, followed by the addition of fluticasone at 3 nM.
Fluticasone was added 30 min prior to the activation of LPS and IFN-y. Data show a
significant reduction of induced NO production using SB203580, LY294002, and fluticasone,
but not with RU-486. The effect of fluticasone was reversed, however, with the use of RU-

486 (Figure 59).
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Figure 59. Effects of fluticasone, SB203580, LY294002, and RU-486 on NO production.
Confluent monolayers of RASMCs were pretreated for 1 h with RU-486, SB203580, and
LY294002 at 10 uM, followed by the addition of fluticasone at 3 nM 30 min prior to
activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The culture medium was
analysed by Griess assay to determine total nitrite levels following the method described in
section 2.6. Data are expressed as the percentage of nitrite production, with the response to
LPS (100 pg/mL) + IFN-y (100 U/mL) taken as 100%. Data are the M £ SEM of at least
three independent experiments. Statistical differences were determined using a one-way
ANOVA, followed by Dunnett’s multiple comparisons test. ** denote p < .01 compared to
the activated control.
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6.3.8 Summary of the effects of fluticasone, SB203580, LY294002, and RU-486 on

iNOS expression
Experiments conducted to investigate the effects of the p38 inhibitor, Akt inhibitor,

fluticasone, and RU-486 on iNOS expression are summarised in Figure 60. Confluent
monolayers of RASMCs were pretreated for 1 h with RU-486, SB203580, or LY 294002 at 10
uM, followed by the addition of fluticasone at 3 nM. Fluticasone was added 30 min prior to
the activation of LPS and IFN-y. Data show a significant reduction of iNOS expression using
SB203580, LY294002, and fluticasone, but not with RU-486. The effect of fluticasone was

reversed, however, with the use of RU-486 (Figure 60).
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Figure 60. Effects of fluticasone, SB203580, LY294002, and RU-486 on iNOS expression.
Confluent monolayers of RASMCs were pretreated for 1 h with RU-486, SB203580, and
LY294002 at 10 uM, followed by the addition of fluticasone at 3 nM 30 min prior to
activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of iNOS
was determined by western blotting following the method described in section 2.9. The blot is
representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as a percentage of iNOS expression, with the response to LPS
(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M + SEM of at least
three independent experiments. Statistical differences were determined by one-way ANOVA,
followed by Dunnett’s multiple comparisons test of the normalised data; * denotes p < .05

and **p < .01 compared to the activated control.
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6.3.9 Effects of fluticasone, SB203580, LY294002, and RU-486 on P-p38

expression
The results presented above demonstrate clearly that iNOS expression and, in turn, NO

production depended on p38 activation. Additional experiments were therefore performed to
determine whether the inhibition of both iINOS and NO synthesis by fluticasone was
mediated by the suppression of the p38 MAPK pathway by the GC. Results were expected to
be of considerable interest, since no evidence currently suggests that fluticasone or any other
GCs exert their effects by inhibiting intracellular MAPK signalling in RASMCs. For the
experiments, confluent monolayers of RASMCs were pretreated either with only fluticasone
(3 nM) or for 1 h with RU-486 (10 uM), followed by the addition of fluticasone at 3 nM for
30 min prior to the activation of LPS and IFN-y. Cells treated with SB203580 and LY294002
at 10 uM were used for comparison. Lysates were generated 24 h postactivation and
subjected to western blotting in order to detect P-p38 MAPK. Results showed significant
inhibitions of the activation of p38 MAPK by SB203580, LY294002, and fluticasone. In each
case, P-p38 levels were significantly lower than those in LPS- and IFN-y-activated cells
(Figure 61). More importantly, fluticasone suppressed the activation of p38 MAPK to levels
also observed with SB203580 and LY294002, thereby suggesting that fluticasone is as potent
in regulating p38 activation and its signalling as the two pharmacological inhibitors.
Interestingly, SB203580, which is reported to inhibit the activity of p38 MAPK instead of its
activation, also blocked p38 phosphorylation.

In additional studies with RU-486, results showed that RU-486 could reverse the inhibition of
P-p38 by fluticasone and restore P-p38 levels to those of the activated controls (Figure 61).
RU-486 alone did not alter basal or activated P-p38 expression. Altogether, and as this study
demonstrates for the first time, the findings strongly suggest that fluticasone inhibits p38

activation by acting on its GCR.
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Figure 61. Effects of fluticasone, SB203580, LY 294002, and RU-486 on P-p38 expression.
Confluent monolayers of RASMCs were pretreated for 1 h with RU-486, SB203580, or
LY294002 at 10 pM or with fluticasone at 3 nM for 30 min prior to activation with 100
pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of P-p38 was determined by
western blotting following the method described in section 2.9. The blot is representative of
at least three independent experiments, and the bar graph depicts densitometric data
expressed as a percentage of P-p38 expression, with the response to LPS (100 pg/mL) plus
IFN-y (100 U/mL) taken as 100%. Data represent the M = SEM of at least three independent
experiments. Statistical differences were determined by one-way ANOVA, followed by
Dunnett’s multiple comparisons test of the normalised data; * denotes p < .05 and ** p < .01

compared to the activated control.
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6.3.10 Effects of fluticasone, SB203580, LY294002, and RU-486 on P-Akt
Other experiments were performed to gauge whether fluticasone also regulates P-Akt

expression. Confluent monolayers of RASMCs were pretreated either with fluticasone (3 nM)
alone or for 1 h with RU-486 (10 uM), followed by the addition of fluticasone at 3 nM for 30
min prior to the activation of LPS and IFN-y. As in previous experiments, cells treated with
SB203580 and LY294002 at 10 uM were used for comparison. Lysates were generated after
activation and subjected to western blotting in order to detect P-Akt. Data in Figure 62 reveal
that control cells had high levels of P-Akt, which suggest the unanticipated basal activation of
the kinase. Activation with LPS and IFN-y, however, nearly doubled the levels of P-Akt.
More importantly, that increase was blocked as fluticasone reduced P-Akt back to control
levels, in an inhibition reversed by RU-486. Levels of inhibition with fluticasone were
comparable to those with SB203580 and LY?294002, which again suggests that fluticasone is
as effective in regulating Akt activation and signalling as SB203580 and LY294002 (Figure

62).
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Figure 62. Effects of fluticasone, SB203580, LY294002 and RU-485 on P-Akt expression.
Confluent monolayers of RASMCs were pretreated for 1 h with RU-486, SB203580, or
LY294002 at 10 uM or with fluticasone at 3 nM 30 min prior to activation with 100 ug/mL
of LPS and 100 U/mL of IFN-y for 24 h. The expression of P-Akt was determined by western
blotting following the method described in section 2.9. The blot is representative of at least
three independent experiments, and the bar graph depicts densitometric data expressed as the
percentage of P-Akt expression, with the response to LPS (100 pg/mL) plus IFN-y (100
U/mL) taken as 100%. Data represent the M + SEM of at least three independent
experiments. Statistical differences were determined by one-way ANOVA, followed by
Dunnett’s multiple comparisons test of the normalised data; * denotes p < .01 compared to

the activated control.
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6.4 Discussion
The studies described in this chapter sought to determine whether fluticasone has any effect

on P-p38 or P-Akt expression, if not both, since they play a critical role in regulating iNOS
expression (Baydoun et al., 1999; Hattori et al., 2003). Prior to initiating the studies, the
potential cytotoxic effect of the different concentrations of SB2035 and LY294002, both with
and without LPS and IFN-y, were ruled out by way of MTT assay. Results showed that both
compounds were tolerated quite well and caused little or no change in the metabolism of

MTT under all conditions examined.

P38 MAPK has been activated via various stimuli, including proinflammatory cytokines and
LPS, which prompts the expression of P-p38. Such phosphorylation accounts for various
biological effects, including the activation of transcription factors such as NF-xB (Saklatvala,

2004).

Changes in the phosphorylation of p38 MAPK were investigated to identify the time course
of activation by monitoring changes in the levels of expression of the phosphorylated
proteins. Interestingly, the activation of p38 MAPK in the cell system examined in the studies
for this thesis appears to be biphasic, with an initial peak response after 1 h that declined at 2
h, yet increased again in a time dependent manner over 24 h, during which levels of P-p38
were greater than those in the first hour of activation. That finding suggests that the activation
of p38 is in parallel with the expression of iNOS. Moreover, the initial phase of the biphasic
response is consistent with the findings of other studies showing that LPS and IFN-y
activated p38 at 0.5 and 1 h postactivation, but decreased thereafter (Lamon et al., 2010;

Yamakawa et al., 1999).
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To confirm whether the p38 MAPK was indeed involved with the induction of INOS and thus
a potential target for fluticasone in regulating iNOS expression and function, additional
experiments were performed that exploited SB203580, a potent inhibitor of the p38a and B
MAPKSs (Zarubin & Jiahuai, 2005). Results confirmed a role for p38, since SB203580
inhibited both INOS expression and nitrite accumulation in a concentration dependent
manner. Those observations are consistent with the findings of previous studies with the same
cell type (i.e., RASMCs), in which SB203580 reduced iNOS expression and function in a
concentration dependent manner (Baydoun et al., 1999). Interestingly, in the earlier study,
SB203580 caused a biphasic action in which lower concentrations (0.1 uM) increased NO
productions, but higher concentrations (>1 uM) inhibited it (Baydoun et al., 1999). No such
enhancement occurred in the current studies, although higher concentrations reduced iNOS
expression and function in a concentration dependent manner. The reason for the discrepancy
remains unclear and requires further investigation. What is clear, however, is that p38
activation might be critical for inducing iINOS and that its inhibition prompts the suppression

of iINOS.

Consistent with the findings reported above, p38 was activated via phosphorylation, and the
levels of the phosphorylated protein increased in activated cells expressing iNOS.
Intriguingly, the expression of P-p38 was significantly suppressed in the presence of
SB203580, which suggests that SB203580 can act upstream to block p38 activation. That
effect, however, would contradict the known pharmacological action of SB203580 as an
inhibitor of p38 MAPK. Indeed, it has been reported that SB203580 competes with ATP for
its binding site and inhibits the activity of p38 MAPKSs, particularly the a and B isoforms
(Kumar et al., 1999). In doing so, it inhibits the downstream MAPKAPK-2 and other targets

of p38. The inhibition of P-p38 expression was not further investigated in the studies for this
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thesis due to time constraints; however, it can be speculated that SB203580 might not be as
specific for p38 as reported, since at certain concentrations (=10 uM) it can also interact with
other signalling pathways that directly regulate p38 phosphorylation. Interestingly, other
reports have suggested that SB203580 can inhibit the activation of p38 by binding to the
inactive form and thus reducing the active form (Frantz et al., 1998). Such action could
explain the data presented in this thesis, although further clarification of it and the other

proposed mechanism is necessary.

Apart from investigating the p38 MAPK pathway, the studies for this thesis also sought to
determine whether Akt signalling was critical to the cell system used. Studies were therefore
performed to investigate that pathway using LY294002, an inhibitor of phosphatidylinositol 3
kinase (PI3K) that causes the inhibition of Akt, which plays a critical role in iNOS expression
and function. Indeed, the incubation of cells with the antagonists prior to activation with LPS
and IFN-y significantly inhibited iNOS expression and, in turn, NO production, especially at
concentration of 10 uM. That result is consistent with previous findings regarding RASMCs
also highlighting that LY294002 reduced iNOS expression and function in a concentration

dependent manner by inhibiting the activation of NF-xB (Hattori et al., 2003).

In addition to the effects reported above, Akt phosphorylation enhanced in activated cells
even though basal expression was relatively high. The reasons for the latter result remain
unclear; however, since Akt is activated in response to growth factors, the pathway could
have been activated basally by growth factors in the CM. In any case, basal levels enhanced
following activation, as inhibited by both SB203580 and LY294002; the latter’s action was
expected because its inhibition of PI3 kinase also inhibits Akt activation. By contrast,

SB203580 was not expected to have caused any inhibition of the pathway since it is
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reportedly selective of p38 MAPK and inhibits its activity. However, as already noted,
SB203580 inhibits p38 phosphorylation, and at least one report has suggested that high
concentrations of SB203580 can inhibit the phosphorylation of Akt in cytokine-activated
lymphocytes (Lali, et al., 2000). Similarly, cross-talk between Akt and p38 has been
demonstrated in macrophages, in a process in which SB203580 inhibits the phosphorylation
of Akt (McGuire et al., 2013). Accordingly, SB203580 might have other off-target effects
that could explain responses observed regarding P-Akt in the present studies, which could be
inhibited via other actions of the compound not yet determined. Further studies are clearly

needed to address those discrepancies.

Perhaps the most novel finding of the studies reported in this chapter is that fluticasone
blocked both p38 and Akt phosphorylation and that its effects were sensitive to inhibition by
RU-486, which suggests an action via GCRs. This present study is the first to identify that
novel mechanism of action that could explain the inhibition of iINOS expression and function
by fluticasone. The finding is also consistent with that of another study, which demonstrated
that fluticasone reduces both P-p38 and P-Akt in respiratory syncytial virus-infected human
foetal lung fibroblasts (Seki et al., 2013). Although dexamethasone and hydrocortisone were
not investigated in the current study due to time constraints, it has been reported in mast cells
that dexamethasone reduces the phosphorylation of Akt via the GCR (Andrade et al., 2004).

Similar actions could also be possible in our cell model.

Although the mechanism by which fluticasone inhibits the activation of p38 and Akt was not
investigated in the current study, others have reported that fluticasone can induce
phosphatases that, in turn, dephosphorylate p38 and Akt. The potential phosphatase is MKP-

1, which fluticasone induced in airway smooth muscle cells (Manetsch et al., 2013).
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Dexamethasone has also been reported to inactivate p38 MAPK via its ability to induce
MKP-1 in HelLa cells (King et al., 2009; Lasa et al., 2002) and RA fibroblast-like
synoviocytes (Toh et al., 2004). An important GC action is via the GC-induced leucine
zipper, which studies have shown inhibits Akt (Ayroldi & Riccardi, 2009). It is also possible
that the responses observed in the present studies are mediated by that action, although such a
hypothesis requires further investigation.

SB203580 IC50 is 0.5 uM and the 1C50 of LY294002 is 0.97 uM (Chaussade et al., 2007;
Lali et al., 2000). This is however in cell free assay. As mentioned earlier the cell model is
more complex and therefore requires higher concentrations compared to test tube studies
using purified targets under well controlled and defined conditions. For example, LY204002
concentration used in cell lines is up to 50 uM instead of 0.5 uM in cell free assay (Semba et

al., 2002).
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7. Transcriptional and Post-
Transcriptional Regulation of iNOS
Expression by Fluticasone
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7.1 Introduction
The basic principles of the central dogma is that DNA codes for RNA, which in turn codes

for protein (Figure 63), in a process involving both the transcription and translation of the

gene coding for the target protein leading to its synthesis and expression.

Central Dogma

Figure 63. The central dogma

Results show that GCs reduce iNOS protein levels, and additional data generated in the
studies for this thesis suggest that their actions, or at least those of fluticasone, might be
mediated in part via the regulation of key intracellular signalling pathways, including that of
p38 MAPK and Akt. It remains unclear, however, whether those GCs act at transcriptional,
translational, or post-translational levels, if not in some combination of those means.

Previous reports have suggested that dexamethasone might reduce iNOS by suppressing NF-

kB (Matsumura et al., 2001), whereas in RASMCs, the same compound enhanced iNOS
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MRNA but suppressed iNOS protein expression, which implies action at the post-
transcriptional level (Thakur & Baydoun, 2012).

In response, this chapter sought to investigate whether GCs regulate iNOS protein expression
by action at the translational level. Studies conducted to that end focused on protein kinase R,
an important translational regulator that acts via the phosphorylation of eukaryotic translation
initiation factor EIF2a. The imidazolo-oxindole PKR inhibitor C16 was used to determine
whether PKR regulated iNOS expression and function. Additional investigations were also

performed to identify the role of fluticasone on PKR and EIF2a activation.
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7.2 Material and Methods

7.2.1 Real-time quantitative reverse transcriptase polymerase chain reaction
(qPCR) of iNOS’s mRNA expression
Polymerase chain reaction (PCR) is a technique developed in 1983 by Kary Mullis (Mullis et

al., 1986) and enables the researcher to amplify and produce multiple copies of a targeted
DNA sequence. Real-time PCR has the same principle as PCR but has many advantages,
including the fact that amplification can be quantified and watched with the reaction
progression in ‘Real Time’ using florescence probes. This precise quantification of the

amplified DNA allows the researchers to analyse their samples concisely.

During the PCR reaction, the reaction mix was heated to 95°C, at which point the double
stranded DNA “melted” into single strands. The temperature was then decreased to 60°C in
order to allow the primer to bind to the targeted gene. After this, the temperature was rise to
75°C, which is the optimal temperature for the polymerase. At the end of this cycle, the
targeted gene had amplified twice. The PCR machine repeats this cycle around 45 times,

yielding a large amount of amplified targeted DNA.

The amount of the amplified DNA correlates to the fluorescence, which is measured and
plotted during each cycle. The Cycle threshold (Ct) is an intersection between the
amplification curve and the threshold line, which represent the amount of florescence where
the amount of fluorescence exceeds the background fluorescence. A higher C; value indicates
lower amplified DNA and vice versa. All PCR reactions were performed on a Quantica real

time machine (Techne. UK)
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7.2.2 Isolation of RNA
Cells were grown in a T25 tissue culture flask to confluence and incubated with LPS (100

pug/mL) and IFN-y (100 U/mL) for 24 h before being treated with 1 mL of RNA STAT-60
and repeatedly pipetted. For complete dissociation of nucleoprotein complexes, the
homogenate was transferred to Eppendorf tubes and stored at room temperature for 5 min.
Next, 0.2 mL of chloroform was added to each tube for every 1 mL of RNA STAT-60, and
the tubes were vigorously shaken for at least 15 s. Each tube was centrifuged for 15 min at 4
°C at 13,226 xg. Layers of homogenate separated clearly into a top aqueous layer containing
RNA, an intermediate white layer containing DNA and proteins, and a lower red layer
containing chloroform. Each aqueous layer was transferred into a new Eppendorf tube, 0.5
mL of isopropanol was added, and the tubes were mixed and stored for 10 min at room
temperature, followed by centrifugation at 13,226 xg at 4 °C for 10 min. The supernatant was
removed and the precipitated RNA at the bottom of the tube washed with 1 mL of 75%
ethanol per 1 mL of RNA STAT-60. Each tube was centrifuged at 4,402 xg for 5 min at 4 °C
and the supernatant discarded. The RNA pallet was subsequently dried and dissolved in 36

pL of autoclaved distilled water.

7.2.3 Purification of isolated RNA
TURBO DNase was used to remove the contaminant DNA from RNA samples by adding

0.1volume of 10x TURBO DNase buffer to the previously dissolved RNA followed by the
addition of 1 pL of TURBO DNase. This mixture was then properly mixed and incubated on
a digital heat plate for 30 min at 37 °C. One pL of DNase inactivation reagent was added to
the mixture and incubated at room temperature for 5 min with frequent mixing, followed by
centrifugation at 9,469 xg for 1.5 min. The colourless supernatant contained the RNA,
whereas the DNase inactivation reagent precipitated at the bottom. The colourless supernatant

was transferred into another Eppendorf tube and quantified.
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7.2.4 Agarose gel electrophoresis
Agarose gel electrophoresis was undertaken to determine the purity of the isolated RNA

samples. After 1% of agarose was prepared in a gel running buffer, the mixture was placed in
a microwave (450 W) for 1-2 min to dissolve the agarose. The mixture was allowed to cool,
after which a comb was placed in the cassette, and the agarose solutions were poured into the
cassette. The gel set for 30 min, after which the comb was removed and the cassette placed
into the tank, which was then filled with gel running buffer.

One pL of RNA sample was mixed with 3 pL of loading buffer and 6 pL of RNase-free
water. The marker was prepared by adding 2 pL of bromophenol blue and 2 pL of DNase-
free water. The marker and samples were loaded into the wells and run at 100 V until the
loading buffer migrated three quarters of the gel, which took approximately 90 min. The gel
was transferred into a 0.5 ug/mL ethidium bromide staining solution for 15 min, destained
using distilled water for 15 min, and visualised under ultraviolet light to examine the 28S and

18S ribosomal bands.

7.2.5 RNA quantification
After 200 puL of sterile distilled water in a cuvette was prepared as the blank and calibrated to

zero, 10 pL of RNA samples were diluted in 190 pL of sterile distilled water. The quantity
and purity of RNA concentration was measured using a UV spectrophotometer (Eppendorf
Biophotometer, Germany). RNA quantity and purity was determined using a
spectrophotometer by determining the ratio of absorbance at 260 nm and at 280 nm
(A260/A280) in DDW. The purity of the RNA was considered of high quality if the 260/280
ratio was >1.8. It was therefore ensured that the RNA used in all gPCR studies in this thesis

exceeded 1.8 and on average the 260/280 ratio determined was between 1.92 to 2.12.
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7.2.6 Reverse transcription of RNA to cDNA
A high-capacity RNA-to-cDNA kit was used to convert RNA to cDNA. A total volume of 20

mL of the reaction (Table 6) was prepared using 2 g of the total RNA isolated.

Table 6. Preparation of samples for reverse transcription (RT)

Component +RT -RT
2x RT buffer 10 uL 10 uL
20x Enzyme mix 1L -
RNA sample Calculated volume =2 pg Calculated volume =2 ug
Nuclease-free water Up to 20 pL Up to 20 pL
Total per reaction 20 pL 20 pL

7.2.7 Master mix preparation
The master mix was prepared by mixing SYBR Green with forward and reverse iNOS

primers and the previously prepared cDNA. The iNOS primer sequence is shown in Table 7.
A total of 100 uM of the primers was prepared as a stock solution in autoclaved distilled

water, and 10 uM of the working solution was used in the master mix (Table 8).

Table 7. Primer sequences used in PCR analysis

gene Forward primer reverse primer design

iNOS GGAAGAGGAACAACTACTG AAATACCGCATACCTGAAG (Garr, 2014)
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Table 8. Master mix preparation

Component Volume (pL)
SYBR Green 10
Forward primer 1
Reverse primer 1
cDNA sample 2
Nuclease-free water 6
Total 20

7.2.8 Calculation of relative gene expression levels
The fold change of expression was calculated as:

/\ Ct target = Ct control - Ct sample
A Ct Reference = Ct control - Ct sample

The final standard deviation equalled the square root of the SD of target Ct, + SD of reference
Cta.

A A Ct Target = ACt Target -A Ct Reference

The fold change equalled 2-Ct target sample.

7.2.9 Housekeeping genes (HKGs) as reference genes
Housekeeping genes (HKG) are genes expressed and required for maintaining basic cellular

function. In PCR, HKGs are used to normalise and validate results. Among the most
commonly used HKGs is glyceraldehyde-3-phosphate dehydrogenase, although several
HKGs were examined as part of the studies for this thesis in order to ensure that the most

stable HKG was selected. Those examined included cyclophilin A (CYC A), tyrosine 3-
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monooxygenase/tryptophan 5-monooxygenase activation protein zeta, calnexin, ubiqutin C,
ribosomal protein L13A (RPL13A), B-actin, glyceraldehyde-3-phosphate dehydrogenase, and
B2-microglobulin. The result from the initial screen indicated that the most stable HKGs were
RPL13A, followed by CYC A (Garr, 2014). RPL13A was thus used in additional studies.
Housekeeping genes were purchased from PrimerDesign (UK) and their functions are
highlighted in Table 9.

Table 9. Housekeeping genes and their functions

HKG function
p2-microglobulin (p2N) major histocompatibility complex
cyclophilin A (CYC A) takes part in protein-folding processes

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) glycolysis

Tyrosine 3-monooxygenase/tryptophan

j-monooxygenase activation protein, zeta (Y WHAT) potential role in regulating msulin sensitivity
Calnexin (CANI) protein folding
Ribosomal protein L13A (RPL13A) Eukaryotic translational regulation

7.2.10 Experimental conditions

7.2.10.1 Time dependent activation of iNOS mRNA expression
Confluent monolayers of RASMCs in T25 flasks were pretreated with culture medium or

with LPS (100 pg/mL) and IFN-y (100 U/mL) for time points ranging from 1 to 24 h. Levels

of INOS mRNA were determined following the method described in section 7.2.

7.2.10.2 Effect of fluticasone on iNOS mRNA expression
Confluent monolayers of RASMCs in T25 flasks were pretreated with 3 nM of fluticasone for

30 min before incubation with LPS (100 pg/mL) and FN-y (100 U/mL) for 24 h. Levels of

INOS mRNA were determined following the method described in section 7.2.
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7.2.10.3 Effect of PKR inhibitor on NO production and iNOS expression
Confluent monolayers were pretreated with C16 (30—300 nM) for 30 min prior to activation

with LPS (100 pg/mL) and FN-y (100 U/mL). The culture medium was analysed by Griess
assay to determine total nitrite levels following the method described in section 2.6, and the
expression of iINOS was determined by western blotting following the method described in
section 2.9. The changes in cell viability were examined by MTT assay following the method

described in section 2.4.

7.2.10.4 Time course induction of P-PKR or P-EIF2a
Confluent monolayers of RASMCs in a 24-well plate were incubated with LPS (100 pg/mL)

and IFN-y (100 U/mL) at different time points from 0.25 to 24 h. The expression of P-PKR
and P-EIF2a were determined in cell lysates by western blotting following the method

described in section 2.9.

7.2.10.5 Effect of fluticasone on P-PKR expression and P-EIF2a expression
Confluent monolayers of RASMCs in a 24-well plate were pretreated with fluticasone 30 min

prior to activation with LPS (100 pg/mL) and IFN-y (100 U/mL). In parallel studies, cells
were activated with LPS and IFN-y in the absence of fluticasone or with medium alone. The
expression of P-PKR and P-EIF2a was monitored by western blotting in lysates generated at

1, 3, and 24 h after activation.

7.3 Results

7.3.1 Confirmation of quality of isolated RNA
This experiment was conducted to ensure that the RNA used in the study was pure. This

quality check was conducted using agarose gel electrophoresis. Results (Figure 64) indicate

that the RNA was pure and without contamination or degradation, given clear bands of 28S
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and 18S ribosomal RNA fragments without evidence of degradation or smear. Such
conditions were true not only for controls, but also for cells treated with fluticasone alone and

together with LPS and IFN-y.
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Figure 64. Agarose gel electrophoresis of RNA isolated from controls and cells treated with
fluticasone in the absence and presence of LPS and IFN-y. Total RNA samples were
extracted from confluent untreated control or cells treated with 3 nM fluticasone in the
absence and presence of LPS (100 ug/mL) and IFN-y (100 U/mL). The samples were mixed
with bromophenol blue (1:1) and subjected to gel electrophoresis at 5 VV/cm for 45 min on 1%
agarose gel. The gel was transferred into a chamber with TBE buffer containing 10 pug/mL
ethidium bromide for 20 min and visualised under a transilluminator. The figure represents at

least three independent experiments.
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7.3.2 Time dependent activation on iNOS mRNA expression
Time dependent activation on iINOS mRNA expression was assessed to investigate the time

course of expression of INOS mRNA after cell activation with LPS and IFN-y for 1, 3, 6, 12,
and 24 h. As Figure 65 shows, iINOS mRNA increased after 6 h and peaked after 24 h of

activation.
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Figure 65. Time dependent of activation on INOS mRNA in RASMCs. Confluent
monolayers of RASMCs in a T25 flask were activated with LPS (100 pg/mL) and IFN-y (100
U/mL) at different time points. Levels of INOS mRNA were determined following the
method described in section 7.2. Data are expressed as fold-based changes, with the response
to LPS (100 pg/mL) and IFN-y (100 U/mL) at 24 h taken as one fold. Data are the M = SEM
of at least three independent experiments. Statistical differences were determined by one-way
ANOVA, followed by Dunnett’s multiple comparisons test of the normalised data; **

denotes p < .01 compared to the control.
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7.3.3 Effect of fluticasone on iNOS mRNA
The effect of fluticasone on iINOS mRNA in cell activation was evaluated with LPS and IFN-

y for 24 h. Data in Figure 66 show little iINOS mRNA in controls, which was significantly
induced in cells activated with LPS and IFN-y. Such findings are consistent with the fact that
INOS is not constitutively expressed in smooth muscle cells but induced following activation.
More importantly, the induction of INOS mRNA was significantly inhibited by fluticasone

and reduced levels by more than 50%.
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Figure 66. Effect of fluticasone on INOS mRNA expression in RASMCs. Confluent
monolayers of RASMCs in T25 flasks were pretreated with 3 nM of fluticasone for 30 min
before incubation with LPS (100 pg/mL) and FN-y (100 U/mL) for 24 h. Levels of iNOS
MRNA were determined following the method described in section 7.2. Data are expressed as
fold changes, with the response to LPS (100 pg/mL) plus IFN-y (100 U/mL) for 24 h taken as
one fold. Data are the M + SEM of at least three independent experiments. Statistical
differences were determined by one-way ANOVA, followed by Dunnett’s multiple
comparisons test of the normalised data; ** denotes p < .01 compared to the activated
control.
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7.3.4 Effect of PKR inhibitor C16 on the viability of RASMCs
Another experiment was conducted to determine whether different concentrations of C16

either with or without LPS and IFN-y exerted any cytotoxic effects on the model by way of
MTT assay following the method described in section 2.4. Confluent monolayers of
RASMCs were pretreated with different concentrations of C16 (30-1,000 nM) only or with
C16 30 min prior to activation with LPS and IFN-y. Data showed that C16 was tolerated well
except at the highest concentration (1 [1M), which appeared to cause a statistically significant
suppression of MTT metabolism by reducing it by approximately 30% (Figure 67). That

concentration was therefore excluded from subsequent experiments.
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Figure 67. Effect of C16 on the viability of RASMCs. Confluent monolayers of RASMCs in
96-well plates were incubated with only CM, different concentrations of C16 (30—1,000 nM),
or preincubated with C16 (30—1000 nM) for 30 min prior to activation with LPS (100 pg/mL)
and IFN-y (100 U/mL) for 24 h. The metabolism of MTT was determined colourimetrically
following the method described in section 2.4. The white bars represent controls, and the
black ones represent activated cells. Data are presented as the percentage of viable cells
compared to the controls and represent the M £ SEM of at least three individual experiments.
Statistical differences were determined by one-way ANOVA, followed by Dunnett’s multiple
comparisons test of the normalised data; * denotes p < .05 compared to the nonactivated

control.

7.3.5 Effect of PKR inhibitor on NO production
Prior to investigating whether PKR is regulated in activated RASMCs and by GCs, studies

were performed to determine whether PKR plays any critical role in the expression of INOS
and NO production. Cells were preincubated with increasing concentrations of C16 (30—-300
nM) for 30 min prior to activation with LPS and IFN-y. Nitrite levels were subsequently
determined in the culture medium using Griess assay following the method described in

section 2.6. As Figure 68 shows, C16 inhibited NO production in a concentration dependent
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manner, albeit only partially with the highest concentration used (300 nM). Higher

concentrations could not be used due to the cytotoxicity previously demonstrated.
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Figure 68. Concentration dependent effect of C16 on nitrite production. Confluent
monolayers of RASMCs in 24-well plates were pretreated with concentrations of C16 at (30—
300 nM) for 30 min before activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24
h. Controls were incubated with CM only. The culture medium was analysed by Griess assay
to determine total nitrite levels following the method described in section 2.6. Data are
expressed as a percentage of nitrite production, with the response to LPS (100 pg/mL) plus
IFN-y (100 U/mL) taken as 100%. Data are the M = SEM of at least three independent
experiments. Statistical differences were determined by one-way ANOVA, followed by
Dunnett’s multiple comparisons test of the normalised data; * denotes p < .05 and ** p <.01

compared to the activated control.

159



7.3.6 Effect of PKR inhibitor on iNOS expression
Changes in iINOS expression were also investigated using cell lysates generated under

identical conditions. As data in Figure 69 show, C16 inhibited iINOS expression in a similar

manner and over the same concentration range as for NO production.
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Figure 69. Concentration dependent effect of C16 on INOS expression. Confluent
monolayers of RASMCs in 24-well plates were pretreated with C16 (30-300 nM) for 30 min

before activation with 100 pg/mL of LPS and 100 U/mL of IFN-y for 24 h. The expression of

INOS was determined by western blotting following the method described in section 2.9. The

blot is representative of at least three independent experiments, and the bar graph depicts

densitometric data expressed as a percentage of iINOS expression, with the response to LPS

(100 pg/mL) plus IFN-y (100 U/mL) taken as 100%. Data represent the M + SEM of at least

three independent experiments. Statistical differences were determined by one-way ANOVA,

followed by Dunnett’s multiple comparisons test of the normalised data; * denotes p < .05

and ** p < .01 compared to the activated control.
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7.3.7 Time course induction of P-PKR
Since the findings reported above suggested that PKR might be involved in inducing iNOS,

additional experiments were performed to determine whether PKR is expressed in RASMCs
and, more importantly, whether its phosphorylated form is altered following the activation of
cells to express iNOS. Confluent monolayers of cells were incubated with LPS and IFN-y for
different time points ranging from 0.25 to 24 h. Results showed high levels of expression of
P-PKR in both control and activated cells. Interestingly, no significant difference emerged
between the two (Figure 70), which suggests that the kinase is perhaps already highly
phosphorylated under basal conditions. Alternatively, PKR might not be responsive to LPS
and IFN-y, though that hypothesis would contradict the findings with C16 that suggest a role

for PKR and thus requires additional investigation.
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Figure 70. Time course activation of P-PKR. Confluent monolayers of RASMCs in 24-well
plates were incubated with LPS (100 pg/mL) and IFN-y (100 U/mL) at different time points
ranging from 0.25 to 24 h. The expression of P-PKR was determined by western blotting
following the method described in section 2.9. The blot is representative of at least three
independent experiments, and the bar graph depicts densitometric data expressed as the
percentage of P-PKR, with control responses taken as 100%. Data represent the M + SEM of
at least three independent experiments. Statistical differences were determined by one-way

ANOVA, followed by Dunnett’s multiple comparisons test.

7.3.8 Effect of fluticasone on P-PKR expression
Another experiment was conducted to investigate whether fluticasone has any effect on P-

PKR expression. Confluent monolayers of RASMCs were incubated with fluticasone (3 nM)

at different time points ranging from 1 to 24 h for 30 min prior to activation with LPS and
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IFN-y. Results shown in Figure 71 indicated that the expression of P-PKR was not

significantly affected by fluticasone at any time point examined.
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Figure 71. Effect of fluticasone on P-PKR expression at different time points. Confluent
monolayers of RASMCs in 24-well plates were incubated with CM alone or activated with
LPS (100 pg/mL) and IFN-y (100 U/mL) for 1, 3, and 24 h in the absence and presence of
fluticasone (3 nM), which was added 30 min prior to activation. The expression of P-PKR
was determined by western blotting following the method described in section 2.9. The blot is
representative of at least three independent experiments, and the bar graph depicts
densitometric data expressed as the percentage of P-PKR expression, with control responses
taken as 100%. Data represent the M £ SEM of at least three independent experiments.
Statistical differences were determined by one-way ANOVA, followed by Dunnett’s multiple

comparisons test.
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7.3.9 Time course induction of P-EIF2a
Another experiment was performed to determine whether RASMCs express P-EIF2o0 and

whether the activation of cells altered its expression. Confluent monolayers of RASMCs were
incubated with LPS and IFN-y for different time points ranging from 0.25 to 24 h. Cell
lysates were probed for P-EIF2a expression by western blotting. Control cells expressed
significant levels of P-EIF2a, and as with PKR, the levels did not change significantly

following the activation of cells with LPS and IFN-y.
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Figure 72. Time course activation of P-EIF2a. Confluent monolayers of RASMCs in 24-well
plates were incubated with LPS (100 pg/mL) and IFN-y (100 U/mL) at different time points
ranging from 0.25 to 24 h. The expression of P-EIF2a was determined by western blotting
following the method described in section 2.9. The blot is representative of the M £ SEM of
at least three independent experiments, and the bar graph depicts densitometric data
expressed as the percentage of P-EIF2a expression, with the control response taken as 100%.
Statistical differences were determined by one-way ANOVA, followed by Dunnett’s multiple

comparisons test.

7.3.10 Effect of fluticasone on P-EIF2a expression
The effects of fluticasone on P-EIF2a were also investigated under conditions identical to

those described for P-PKR. Consistent with the findings on P-PKR, P-EIF2a expression was
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not significantly affected by fluticasone. Taken together, those data strongly suggest that the
PKR-EIF2a signalling pathway might not be affected by LPS and IFN-y; however, it cannot
be ruled out that the pathway might already be optimally activated under basal conditions.
Consequently, it remains to be investigated whether the PKR-EIF2a. signalling pathway can

be implicated in the induction of iINOS.
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Figure 73. Effect of fluticasone on P-EIF2a expression at different time points.Confluent
monolayers of RASMCs in 24-well plates were incubated with CM alone or activated with
LPS (100 pg/mL) and IFN-y (100 U/mL) for 1, 3, and 24 h in the absence and presence of
fluticasone at 3 nM, which was added 30 min before activation. The expression of P-EIF2a
was determined by western blotting following the method described in section 2.9. The blot is
representative of the M = SEM of at least three independent experiments, and the bar graph
depicts densitometric data expressed as the percentage of P-EIF2a expression, with control
responses taken as 100%. Statistical differences were determined by one-way ANOVA,

followed by Dunnett’s multiple comparisons test.
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7.4 Discussion
This final chapter of results sought to link pretranscriptional cellular signalling events to

those that might occur at the translational level, by particularly focusing on a less well-
studied signalling pathway involving PKR and EIF2a. PKR appears to play a central role in
mediating responses to stress signals and is reported to interact with other stress-mediated
signalling pathways, including that involving p38 MAPK, which was investigated in chapter
6. EIF2a, by contrast, is required to initiate the translation stage of protein synthesis, in which

the ribosome builds proteins according to information encoded on the mRNA.

The strategy to determine whether PKR—EIF2a might be the downstream pathway leading to
INOS expression first involved investigating the effects of C16 on induced NO synthesis and
INOS expression. That step was followed by establishing the expression profiles of both P-
PKR and P-EIF2a, followed by studies with fluticasone to determine whether its actions are
mediated by the PKR—EIF2a pathway. First, however, studies were performed to examine the
time course of activation of INOS mRNA expression using gPCR analysis. For such studies,
it was important to ensure that high-quality mRNA was isolated from cells, as established by
gel electrophoresis of the purified mRNA, which showed clear bands of 28s and 18s without
smear, degradation, or contamination. Such an outcome provided assurance of the samples

generated, which were subsequently used in PCR.

The analysis of total mMRNA using specific INOS primers revealed a detectable increase of
INOS mRNA at 6 h, which peaked at 24 h. That result is consistent with the findings of

previous research (Hecker et al., 1999). Interestingly, the time course for the maximal
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expression of INOS mRNA seems to vary depending on the cell type. In smooth muscle cells,
expression seems to require 24 h to peak. In macrophages stimulated with LPS, by contrast,
INOS mRNA is expressed far earlier at 2 h and plateaued at 12 h after activation (Tajima et
al., 2012). Although the reason for the time difference in expression is unclear, in any case

the protein produced functions equally well in the different cell systems.

In different cell types, GCs have been suggested to inhibit iINOS expression and function at
the transcriptional level by interfering with transcription factor NF-kB (Katsuyama et al.,
1999; Kleinert et al., 1996; Salzman et al., 1996). However, contradictory reports suggest that
dexamethasone inhibits INOS expression, functions post-transcriptionally, and actually
enhances iINOS mRNA at the transcriptional level (Thakur & Baydoun, 2012). It was thus
unclear whether other GCs such as fluticasone also exerted similar actions on iNOS mRNA
expression. Fluticasone was thus investigated for its possible effect on INOS mRNA
expression. In contrast to data obtained with dexamethasone (Thakur & Baydoun, 2012), data
for fluticasone showed decreased iINOS mRNA, which is consistent with its inhibition of

INOS expression and functions.

To demonstrate whether PKR played a role in expressing iNOS, the imidazolo-oxindole PKR
inhibitor C16 was exploited. First, however, studies were performed to determine whether it
caused any cytotoxicity to RASMCs, with the chief aim of examining whether different
concentrations of C16 had any cytotoxic effect on RASMCs. The compound appeared to be
tolerated well, though a higher concentration of 1 UM indicated a significant reduction of cell

viability. Thus, that concentration was excluded from subsequent studies.
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The PKR inhibitor showed a concentration dependent reduction of iINOS expression and
function. Such an effect has not been investigated in RASMCs, meaning that this thesis
marks the first report of such action for C16. This novel finding can be explained by the fact
that PKR can activate NF-xB (Kumar et al., 1994), which has been proven critical for iNOS
induction. The inhibition of PKR by C16 therefore inhibits NF-kB, which results in inhibiting
INOS expression. Other studies have reported that PKR is required for p38 MAPK activation
and for the innate immune response to bacterial endotoxin (Goh et al., 2000). Accordingly,
the inhibition of PKR by C16 would inhibit p38 MAPK, which could result in a blockade of
NF-xB and thus iNOS expression. All of those potential mechanisms now remain to be

confirmed.

Fluticasone did not show any significant effect on the phosphorylation of PKR, which
suggests that the kinase might not be involved in fluticasone’s effect on iNOS expression and
function. Since PKR is linked to EIF2a, additional studies were performed to investigate the
effect of fluticasone on its phosphorylation. As with PKR, EIF2a was also not affected by
fluticasone; thus, fluticasone’s effect on the inhibition of iNOS expression and function does
not seem to occur via those factors. However, research of different cell types has indicated
the involvement of PKR on iNOS expression via the activation of NF-xB, and p38 MAPK
(Goh et al., 2000; Kumar et al., 1994; Maggi et al., 2000). Additionally, in astrocytes,
arginine depletion reduces iNOS protein, but not mRNA, via the phosphorylation of EIF2a

(Lee etal., 2003).

Collectively, the results of the studies indicate that C16 reduces iNOS expression and
function. However, that effect does not seem to occur via the PKR-EIF2a signalling

pathway, meaning that the actual mechanism involved now remains to be established.
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8. General Discussion
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The research described in this thesis was conducted to dissect the GC component that
regulates iNOS expression and function. The research was completed in part by comparing
previously used nonselective GCs (i.e., dexamethasone and hydrocortisone) with a more
selective GC (i.e., fluticasone). Other studies were also performed to investigate the possible
mechanisms behind the effect of GC.

The exposure of vascular smooth muscle cells to cytokines resulted in the production of
inflammatory proteins such as iNOS, which subsequently resulted in the production of high
amounts of NO that could be responsible for pathological effects associated with the
xpression of iNOS, including the vasorelaxation and hypotension that accompanies septic
shock (Kirkebgen & Strand, 1999). This proves that the use of RASMCs in our model is
justifiable as the results obtained are consistent with several other reports and with our
previous findings demonstrating that RASMCs readily respond to LPS and IFN-y to induce
iINOS and NO production (Baydoun et al., 1999; Knowles et al., 1990) cost-effective and

producible.

As expected, iINOS was routinely induced in response to LPS and IFN-y and caused the
sustained release of NO, and both LPS and IFN-y peaked after 24 h of activation. Table 10

summarises the induction of iNOS in different type of cells in response to various stimuli.

171



Table 10. Cell activation with inflammatory mediators

Inflammatory Cell types Reference

mediator

LPS Human macrophage cell line THP-1  Liu et al. (2010)

TNF Dendritic cells Serbina et al. (2003)

IL-4 Rat eosinophils Paoliello—Paschoalato et al.
(2005)

LPS J774 macrophages Chen et al. (1999)

IL-1B + IFN-y Skeletal muscle cells Adams et al. (2002)

LPS + IFN-y RASMCs Baydoun et al. (1999)

IL-1p RASMCs Katsuyama et al. (1999)

The results of the studies conducted for this thesis are consistent with those of the research
summarised in Table 10, especially those using LPS and IFN-y. Although the precise
mechanisms that mediate iINOS expression and NO production are complex, it has been
suggested that LPS might induce iNOS mRNA, whereas IFN-y acts to stabilise it (Weisz et
al., 1994). In skeletal muscle cells, IFN-y has been shown to augment the ability of IL-1p to
induce iNOS via different mechanisms involving IFN-y’s elevation of the expression of IL-
1B receptor mRNA to enhance iNOS expression (Adams et al., 2002).

Many studies have investigated the effects of GCs on INOS expression in various cell

systems, yet all have proposed a different mechanism, as summarised in Table 11.
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Table 11. Inhibitory mechanisms of iNOS and NO by GCs

GC Cell type Mediator  Proposed Reference(s)
mechanism
Dexamethasone RASMCs IL-1B Inhibits NF-xB Katsuyama et al. (1999)
and Matsumura et al.
LPS + (2001)
IFN-y
Dexamethasone RASMCs LPS + Occurs post- Thakur and Baydoun
IFN-y transcriptionally ~ (2012)
Dexamethasone  Human TNF-a Inhibits NF-kB Kleinert et al. (1996)
epithelial
cells IL-1p
IFN-y
Dexamethasone  Mouse LPS Inhibits NF-xB Jeon et al. (1998)
macrophages
Dexamethasone  Mouse LPS + Decreases INOS  Sdderberg et al. (2007)
macrophages MRNA stability
IFN-y
Dexamethasone Rat IL-1B Decreases INOS  Kunz et al. (1996)
mesangial protein stability
cells

The different mechanisms can be explained in part by the fact that the studies used different
cell types and species.

Other data have shown that dexamethasone inhibits iINOS expression in different cell types,
including mesangial cells (Kunz et al., 1996), human lung epithelial cells (Robbins et al.,
1994), hepatocytes (Geller et al., 1994), cultured rat cardiocytes (Tsujino et al., 1994), human
joint-derived cells such as chondrocytes, synovial fibroblasts, and osteoblasts (Grabowski et

al., 1996), human airway epithelial cells (Kao et al., 2001), cultured rat astrocytes (Lavista et
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al., 1999), J774 macrophages (Korhonen et al., 2002), C6 glioma cells (Shinoda et al., 2003),
neonate rat brain cells (Wang et al., 2005), chromaffin cells (Pérez—Rodriguez et al., 2009),
and RASMCs (Thakur & Baydoun, 2012; Wileman etal., 1995). Hydrocortisone has also
been reported to inhibit iINOS expression and function in several different cell types,
including rat microglial cells (Lieb et al., 2003), murine macrophages and bovine
chondrocytes (Patel et al., 1999), human chondrocytes (Palmer et al., 1993), and RASMCs
(Suzuki et al., 1994). Fluticasone, by contrast, has been less well characterised but has been
shown to reduce human bronchial NO flux in asthmatic patients (Lehtimaki et al., 2001). No
studies on fluticasone’s effects on iNOS expression in smooth muscle cells have been
previously conducted, however. In the studies conducted for this thesis, dexamethasone and
hydrocortisone showed a complete inhibition of INOS and NO production, as consistent with
the findings of previous research. By contrast, fluticasone showed only a partial inhibition.
Since fluticasone is a more selective GC, it is reasonable to conclude that the induction of
INOS is only partially regulated by GCs. Dexamethasone and hydrocortisone are not
selective GCs, and the complete inhibitions reported might therefore involve other receptors,
as summarised in Table 12.

Table 12. Different GCs and their action at different receptors

GC Receptor(s) Reference(s)

Dexamethasone ~ GCRs, MRs, progesterone, Bigsby (1993), Inder et al. (2010), Lan et
oestrogen, and androgen al. (1982), and Yang et al. (2001)

Hydrocortisone MRs, androgen, and Born et al. (1987), Karalis et al. (1996), and
progesterone Sonneveld et al. (2005)
Fluticasone Primarily GCRs Austin et al. (2002)

To further explore the GC component of the effects of dexamethasone, hydrocortisone, and
fluticasone, studies were performed using RU-486, a compound widely used as a GCR
antagonist. In the studies conducted for this thesis, RU-486 reversed the inhibition of iNOS

expression and NO production caused by all three GCs. That finding is consistent with the
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results of several other studies that have used dexamethasone and hydrocortisone (Table 13);
however, the present studies are the first to demonstrate that RU-486 also blocks the

inhibitory effects of fluticasone on INOS expression, especially in RASMCs.

Table 13. RU-486’s reversal effects on the inhibition of iNOS expression and function by
GCs

GC Cell type Reference
Dexamethasone RASMCs Godfrey et al. (2011)
Dexamethasone Rat embryonal cortical neurons Golde et al. (2003)
Dexamethasone RAW 264.7 cells Walker et al. (1997)
Hydrocortisone N9 murine microglia cell line Chang and Liu (2000)

Although RU-486 is widely used to implicate actions mediated via GCRs, it also acts as a
progesterone antagonist by blocking its receptor. It is therefore likely that both
dexamethasone and hydrocortisone regulate iINOS expression not only via GCRs, but
potentially also via the progesterone receptor.

Additional studies were performed using eplerenone as an MR antagonist, with the aim of
determining whether MRs mediated the regulation of expression of iNOS. The compound
was without effect, for it failed to modify the inhibitions caused by either dexamethasone or
hydrocortisone. Eplerenone can therefore be ruled out as a critical player in the cell system
developed for the studies of this thesis.

Earlier studies found that p38 MAP kinase activation is associated with the induction of
proinflammatory mediators (Schindler et al., 2007), as well as that the activation of p38
MAPK is associated with iINOS expression and function in RASMCs, in which SB203580
inhibits INOS expression and function (Baydoun et al., 1999). At the same time, Akt has been
shown to play a crucial role in the inflammation and activation of TLR (Troutman et al.,

2012), as well as in iINOS expression and function via the activation of NF-xB (Hattori et al.,
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2003). Data from the studies conducted for this thesis indicated that fluticasone reduced the
activation of both p38 MAPK and Akt. Such results could explain the mechanism by which
fluticasone reduced iNOS expression and function.

In human foetal lung fibroblasts, fluticasone reduced the activation in both p38 and Akt as
well (Seki et al., 2013). That reduction was reversed by RU-486, which suggests that
fluticasone reduced the activation of those signalling pathways via GCRs. Additionally,
fluticasone and other GCs have been shown to induce MKP-1 (King et al., 2009; Lasa et al.,
2002; Manetsch et al., 2013; Toh et al., 2004). Thus, the selective GC might activate a
phosphatase that dephosphorylates both p38 and Akt, which could explain the actions of
fluticasone in inhibiting INOS expression reported in this thesis, the proposed pathway for
which is summarised in Figure 74.The regulation of iNOS expression often involves
regulating its mMRNA, which could be a target for GCs. Indeed, several studies have shown
that GCs regulate INOS mRNA in several different cell systems (Table 14).

Table 14. Ability of GCs to reduce iNOS mRNA in different cell types

GC Cell type Reference(s)

Methylprednisolone  Rat lung Sukumaran et al. (2012)

Dexamethasone Rat lung cells Yu et al. (2009)

Dexamethasone Neonatal rat brain cells Wang et ail. (2005)

Budesonide or Colonic biopsy cells from Linehan et al. (2005)

prednisolon ulcerative colitis patients

Dexamethasone RASMCs Katsuyama et al. (1999) and Matsumura
etal. (2001)

Dexamethasone Rat alveolar macrophages Hammermann et al. (2000)

Dexamethasone Rat hepatocytes De Veraet al. (1997)

Although no studies have reported similar effects for fluticasone, one has claimed that

fluticasone can act on upstream signalling pathways to regulate transcriptional events. By
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extension, studies were performed to determine whether that GC regulated upstream kinases
(i.e., p38 and Akt) associated with iINOS induction and whether it altered INOS mRNA
expression. Results of the latter study clearly show that fluticasone inhibited INOS mMRNA
expression at concentrations that blocked the enzyme protein expression. Again, the studies
conducted for this thesis are the first to report that finding and confirm that fluticasone can
act at the transcriptional level to suppress iNOS induction.

Other studies have shown that GCs reduced iNOS expression and function post-
transcriptionally. In rat hepatocytes, dexamethasone reduced iNOS expression and function
by destabilising INOS mRNA, presumably because dexamethasone inhibited the INOS gene
antisense transcript, which is responsible for stabilising INOS mRNA (Ozaki et al., 2010). In
addition, in C6 glioma cells, dexamethasone caused an 83% inhibition of iINOS expression,
but reduced INOS mRNA by only 10%, which suggests that dexamethasone acts at the post-
transcriptional level (Shinoda et al., 2003). In RASMCs, dexamethasone showed a reduction
in INOS expression and function but enhanced iINOS mRNA (Thakur & Baydoun, 2012).
That outcome contradicts findings in the same cell types in Table 14. Although the reason for
the discrepancy remains unclear, it could reflect differences in experimental approaches. In
Matsumura et al.’s (2001) study, iNOS mRNA was detected after incubation with LPS and
IFN-y for 6 h, whereas in the present studies the activation period was 18 h. In addition,
Katsuyama et al. (1999) reported that the cells were activated by IL-1p, whereas they were
activated by LPS and IFN-y in this study.

Little is known about the regulation of iINOS at the post-transcriptional level, and targets for
such studies are limited. Of interest, however, is the double-stranded RNA-dependent PKR
activated by IFNs and double-stranded RNA. PKR can activate NF-kB and thus iNOS
expression in human astrocytes (Auch et al., 2004), which suggests it role in INOS

expression. Additionally, the activation of the kinase phosphorylates translation factor EIF2a
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and, in turn, reduces protein expression. That pathway was therefore investigated, and results
showed that PKR inhibitor reduced iNOS expression and function. Interestingly, the
activation of cells with LPS and IFN-y showed no difference in P-PKR and P-EIF2a
expression. Fluticasone also had no effect on the expression of either protein. Such
observations suggest that PKR and EIF2a might not be involved in the cell model developed
for the studies of this thesis; however, that conclusion might be oversimplified, especially
since data with the PKR inhibitor show that the latter blocked iINOS expression and function.
Further studies are required to fully understand the role of at least PKR in similar systems and

to determine whether the inhibitor does indeed regulate iNOS by blocking PKR.

P-p38 *
P-Akt Phosphatases¢—
Fluticasone
G(vi‘Rs\
INOS mRNA |
INOS

Figure 74. Suggested mechanism by which fluticasone reduces iNOS expression and function
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Conclusions
The mechanisms by which GCs regulate INOS expression and function are not fully

understood. The two nonselective GCs (i.e., dexamethasone and hydrocortisone) inhibited
INOS expression and function completely, whereas the more selective GC (i.e., fluticasone)
showed only partial inhibition. Consequently, other additional receptors or pathways might
mediate the actions observed with the nonselective GCs. The selective GC could
dephosphorylate p38 and Akt, which are critical in regulating iNOS expression and function.
These novel data suggest that fluticasone reduce iNOS expression and function via p38 and
Akt. That action of fluticasone seems to occur via GCRs, whereas MRs are excluded.
Moreover, the induction of INOS and NO in RASMCs seems to occur independently of

ElIF2a.
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Future Studies
The studies conducted in this thesis have shed some light on the potential role of GCs and the

underlying mechanisms through which they act to regulate the induction of iNOS, at least in
RASMCs. The studies have, however, also indicated several additional objectives for future
research, including
e To investigate the effect of dexamethasone and hydrocortisone on p38 and Akt, given
data showing that fluticasone acts via those signalling pathways;
e To investigate the effect of GCs on transcription factor (NF-xB), since the activation
of NF-kB is important for the expression of iNOS;
e To investigate the effect of fluticasone on MKP-1, since it could be activated by
fluticasone and responsible for its dephosphorylation action;
e To investigate the effect of nonselective GCs on iNOS expression and function in the
presence of steroid antagonists including oestrogens, progesterone, and androgens
since existing data suggest that other receptors could be involved in the inhibitory

action of dexamethasone and hydrocortisone on iNOS expression and function.
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Appendix

Table of Chemicals and Suppliers

Chemical

Supplier

Anti-SM22 alpha antibody
BCA reagents
Bromophenol blue
BSA

Dexamethasone
Dulbecco’s modified Eagle’s medium
Eplerenone

Foetal bovine serum
Fluticasone propionate
Griess reagent |

Griess reagent Il
Housekeeping genes
Hydrocortisone

IFN-y

iNOS antibody

iNOS primers

LPS

Luminol

LY?294002

Methanol

MTT

P-Akt antibody

PBS

p-Coumaric acids

Abcam, UK

Fisher Scientific, UK
Sigma-Aldrich UK
Fisher Scientific, UK
Sigma-Aldrich UK
Fisher Scientific, UK
Tocris Bioscience, UK
Fisher Scientific, UK
Sigma-Aldrich, UK
Sigma—Aldrich, UK
Sigma-Aldrich, UK
PrimerDesign, UK
Sigma-Aldrich, UK
Calbiochem, UK

BD Biosciences, UK
PrimerDesign, UK
Sigma, UK

Sigma-Aldrich, UK

Merck Chemicals Ltd, UK

Fisher Scientific, UK
Sigma-Aldrich UK
Cell Signalling, UK
Invitrogen, UK

Sigma-Aldrich, UK
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P-EIF2a

Penicillin

Phosphatase inhibitor cocktail

P-p38 MAPK antibody
P-PKR

PVDF
RNA-to-cDNA kit
RU-486
SB203580

SDS

Sodium chloride
Streptomycin
SYBR green
Transfer apparatus
Tris-HCI

Trypan blue
Trypsin

Tween 20

B-mercapitalethanol

Cell Signalling, UK
Fisher Scientific, UK
Sigma-Aldrich UK

Cell Signalling, UK
Sigma-Aldrich UK
Fisher Scientific, UK
Applied Biosystems, UK
Sigma—Aldrich, UK
Sigma-Aldrich UK
Sigma-Aldrich UK
Fisher Scientific, UK
Fisher Scientific, UK
Applied Biosystems, UK
Thermo Scientific, UK
Fisher Scientific, UK
Fisher Scientific, UK
Invitrogen, UK

Fisher Scientific, UK

Sigma-Aldrich UK
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