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SUMMARY

Mechanisms involved in diabetes-induced vascular dysfunction are not clearly
understood. Endothelial dysfunction, including an inability to produce the
correct balance of vasoconstrictors and vasodilators, specifically nitric oxide
(NO) is a major manifestation of vascular dysfunction. This study aimed to
characterize the roles of the receptor tyrosine kinases (RTKSs), epidermal
growth factor receptor (EGFR) and ErbB2, and their downstream signalling
pathways in diabetes-induced vascular dysfunction. Studies in the mesenteric
vascular bed of streptozotocin (STZ)-induced diabetic rats showed that
exaggerated vasoconstrictor responses to noradrenaline and endothelin-1, and
attenuated vasodilator responses to carbachol in STZ-diabetic rats were
normalized by treatment with either genistein (general RTK inhibitor) or with
AG1478 (selective EGFR inhibitor). Higher levels of phosphorylated (p)EGFR
and pErbB2 were seen in mesenteric tissues from diabetic rats, which were
prevented by treatment with AG1478, AG825 (ErbB2 inhibitor) and with
genistein, further suggesting a role for EGFR and ErbB2. Response to the
endothelium-independent vasodilator sodium nitroprusside remained normal in
tissue from STZ-diabetic animals, suggesting a dysfunction at the level of the
endothelium. Studies in human endothelial-like ECV-304 cells grown in high
glucose also showed alterations in EGFR and ErbB2 signalling. Glucose-
induced upregulation of pEGFR and pErbB2 levels was accompanied by
increased phosphorylation of the downstream molecule PKC and of eNOS at
threonine 495, which inactivates the molecule and reduces NO production.
Studies using isolated rat aortic tissue revealed that EGF has a vasodilator
effect in endothelium-intact tissue but a vasoconstrictive effect in endothelium-
denuded tissue. These studies along with cell culture studies also suggest that
glucose changes EGFR signalling properties from mediating a pro-relaxant
effect in normal glucose to producing a pro-contractile effect in high glucose
conditions. These results suggest an important role for EGFR, ErbB2 and PKC
signalling in mediating diabetes-induced vascular dysfunction, and as such may
represent novel therapeutic targets.
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1.0 Introduction



1.1. Diabetes Mellitus

Diabetes mellitus, most commonly referred to as diabetes, is a highly prevalent
and complex metabolic disorder characterized by impaired insulin signalling and
hyperglycaemia (Zierath and Kawano 2003). It is predicted to be one of the
western world’s biggest public health concerns of the 21* century (Engelgau, et al

2004, Zimmet, et al 2001).

There are two major types of diabetes, type I and type II; there is also a minor type
known as gestational diabetes or type III (World Health Organization 1999). Type
I diabetes, also known as insulin-dependent diabetes mellitus or as adolescence
onset diabetes mellitus, is the least common of the two major types. It is
characterized by an absolute lack of insulin due to the autoimmune destruction of
B cells in the pancreatic islets of Langerhans (Donath, et al 2003, Tognini, et al
2003). A combination of genetic susceptibility (Jahromi and Eisenbarth 2006,
Radha, et al 2003) and environmental factors such as viral infection (Tognini, et al
2003, Yoon and Jun 2006), exposure to toxins, perinatal infections (Dahlquist, et
al 1995), vaccine administration, and early infant diet may be responsible for
triggering the autoimmune process leading to the destruction of B cells (Zimmet, et
al 2001). Type 1I diabetes, also known as non-insulin-dependent diabetes mellitus
or as mature onset diabetes mellitus, accounts for more than 90 % of the diagnosed
cases of diabetes world wide (Zimmet, et al 2001). Though its pathology is not

very well understood, it is thought that over time the sufferer progressively



develops insulin resistance, and sometimes defective insulin secretion (Tognini, et
al 2003, Zimmet, et al 2001) resulting from the adverse effects of chronic
hyperglycaemia and hyperlipidaemia on B cell function (Poitout and Robertson
2002). The major causes are environmental and behavioural, including increasing
obesity and the sedentary and stressful modern lifestyle (Ludvigsson 2006, Poitout
and Robertson 2002). There is also believed to be some genetic component
(Radha, et al 2003) as well as demographic characteristics such as ethnicity (Abate
and Chandalia 2001), age (Kesavadeyv, et al 2003, Zimmet, et al 2001), and sex, in
increasing the risk of developing type II diabetes. Gestational diabetes is
uncommon, with only around 4 % of women developing this type of diabetes
during their pregnancy, however in most cases the condition subsides soon after

child-birth (Ben-Haroush, et al 2004).

1.1.1 Incidence and Prevalence of Diabetes

It is estimated that, world wide, over 180 million individuals suffer from diabetes
(World Health Organization 2006). Over 1.9 million of these cases are in the
United Kingdom, with a further 595,000 individuals believed to be suffering from
the condition, but to remain undiagnosed (British Heart Foundation 2007). These
figures are escalating at an alarming rate, if this trend continues it has been
estimated that the number of people diagnosed with diabetes will more than double
by the year 2030 (Wild, et al 2004, World Health Organization 2006). This
metabolic disease and its associated complications puts a heavy economic burden

on the health care services (Bagust, et al 2002). It has been estimated that around



£5.2 billion a year, 9 % of the National Health Service’s annual expenditure, goes

on treating diabetes and its complications (Currie, ef al 1997).

1.1.2 The Development and Pathophysiology of Diabetes

Carbohydrates are used as the body’s main source of fuel. Complex carbohydrates
that are consumed are most commonly broken down into monosaccharides, mostly
glucose molecules. Glucose molecules are then absorbed from the intestine into
the blood stream. Once in the blood stream glucose is transported to all cells of the
body where it is metabolized, providing energy to drive essential cellular
processes. Cells need a constant supply of carbohydrates but excessive glucose can
have deleterious consequences on the biological system. Thus, a steady blood
glucose concentration must be maintained in order for the body to function
normally. Throughout the day, typically, blood glucose concentration will
fluctuate, for example after meals, between meals and during the overnight fast.
The body maintains a constant blood glucose concentration during these times

through a process known as glucose homeostasis (Fig. 1.1).

Glucose homeostasis is maintained by hormones produced in the pancreatic islets
of Langerhans. Excess glucose in the blood stimulates the release of the hormone
insulin, which is secreted and released by the f cells. Insulin stimulates the storage
of excess glucose in the liver and muscles, as long chains known as glycogen, in a

process known as glycogenesis. Insulin also increases glucose uptake from the



plasma into the peripheral tissues. In response to low blood glucose, the hormone
glucagon is secreted from the pancreatic a cells to stimulate the breakdown of
stored glycogen into glucose in a process known as glycogenolysis. Furthermore,
in response to threatening or stressful situations, adrenaline is secreted by the
adrenal medulla which acts on B-adrenoreceptors in the liver to rapidly increase

glycogenolysis (Storey 2004).

Glycogenesis -Muscle
cells take up more
Hyperglycaemia B cells stimulated to > glucose, and liver stores
release insulin into the more glucose as long
blood stream chains known as
\ lycogen
Decrease ;j
[Blood glucose] T Blood l
e.g. after meal [Blood glucose]
Normoglycaemia

[Blood glucose] l

e.g. between meals, [Blood glucose] T
overnight fast Decl‘fy

Glycogenolysis- Liver
a cells stimulated to breaks down glycogen
. lease glucagon into the into glucose, which is
H p T€ > ose,
ypoglycaemia blood stream released into the blood
stream
Adrenaline

Figure 1.1 Glucose homeostasis

The interplay between these regulatory mechanisms keeps the whole blood

glucose concentration of normoglycaemics within the range of 3.5 — 8 mM (Clark



and Kumar 2005). However occasionally there is a breakdown in these
mechanisms, usually due to impaired insulin signalling, which can lead to chronic
abnormally high blood glucose concentration. If left untreated, chronic
hyperglycaemia can develop into full blown diabetes which is characterized by
impaired insulin signalling and high blood glucose (Zierath and Kawano 2003).
Diabetes is recognized when fasting plasma glucose concentration is over 7 mM,
coupled with symptoms such as polydipsia, polyuria and unexplained weight loss

(World Health Organization 1999).

1.1.3 Diabetes-induced Complications and Pathologies

Uncontrolled chronic diabetes is associated with the development of numerous
pathologies and complications which can lead to a shortened expected life span
and to a generally lower quality of life. Many of the major organs, the neuronal

system and the vascular system can be affected by uncontrolled diabetes.

Diabetes-induced pathologies of the vasculature are often divided into
microvascular and macrovascular complications (Hammes 2003, Tognini, et al
2003), both lead to impaired blood flow to organs and tissues. Diabetes-induced
microvascular complications are frequently debilitating and include pathologies
such as retinopathy due to damage of small arterioles and capillaries (Hammes
2003). Diabetes is one of the leading causes of blindness amongst adults in
England and Wales (Bunce and Wormald 2006). Diabetes also increases the risk

of non-traumatic lower-limb amputation due to impaired wound healing leading to



the development of gangrene in the feet, in a condition known as ‘“diabetic foot

infection”(Lipsky, et al 2006).

Diabetes-induced macrovascular complications are generally life threatening
conditions such as coronary heart disease, atherosclerosis, and nephropathy.
Diabetes sufferers are 2 - 4 times more likely than the general population to die
from coronary artery disease or stroke (Du, et al 2001, Sacco 2002) and more than
75 % of deaths in diabetics are attributed to causes related to atherosclerosis (Hurst
and Lee 2003). Diabetes can also lead to hypertension, which if left untreated can
further increase the risk of developing heart disease (Vijan and Hayward 2003).
Additionally these macrovascular events occur at a much earlier age in people
suffering from diabetes, and progressive diseases such as carotid atherosclerosis
occur at an accelerated rate (Wagenknecht, er al 2003). Much of the damaging
effects of diabetes on the vascular system progresses from its effect on the

vascular endothelium (Taylor 2001).

1.2 The Endothelium

Vascular smooth muscle cells (VSMCs) and macrovascular endothelial cells are
the two major components of arteries. VSMCs are found in the middle thickest
layer of the blood vessel known as the tunicia media, and the endothelial cells are
found in the inner most layer of the vessel known as the endothelium, or tunicia
intima. The tunica adventitia is the outer layer composed mostly of connective

tissue.



The vascular smooth muscle (VSM) is important for regulating blood flow and
blood pressure by contracting and relaxing in response to circulating hormones,
shear stress, or local mediators secreted by sympathetic nerve terminals or by the
endothelium (Rang, et al 1999). The VSM contracts via the actin-myosin
cytoskeletal system which acts in response to increasing intracellular calcium
concentration ([Ca2+]i). Vasoconstrictors and vasodilators can either cause a
change in [Ca2+]i or in the contractile machinery’s sensitivity to [Ca2+]i (Hofmann,

et al 2000).

The endothelium is a multifunctional inner layer found in all blood vessels and
plays a major role in the control of vascular function, thus it is a key player in
determining the state of health or disease of a blood vessel. Not only is the
endothelium an efficient selective filter between plasma and the blood vessel, it
also has many other actions, important for maintaining the blood vessel in an anti-
atherogenic state (Galley and Webster 2004). The endothelium produces
vasodilators such as prostacyclin, endothelium-dependent hyperpolarising factor
(EDHF) and nitric oxide (NO), which act upon the VSM. It also produces
vasoconstrictors including endothelin-1 (ET-1), thromboxane A, and prostaglandin
H; (Avogaro, et al 2006, Gordon 2004, Schalkwijk and Stehouwer 2005). The
endothelium is also important for controlling the processes of blood coagulation
and haemostasis, by synthesizing anti-thrombotic factors such as tissue type

plasminogen activator. However, the endothelium can also produce pro-coagulant



factors such as Von Willebrand’s factor (vWF) and the anti-fibrinolytic factor
plasminogen activator inhibitor-1 (PAI-1). It is also believed to play a role in
inflammatory and immune responses through expressing selectins, intercellular
cell adhesion molecules (ICAMs) and vascular cell adhesion molecule-1 (VCAM-
1), which regulate adhesion of blood cells, including leucocytes, and permeability
to the vascular tissue (Galley and Webster 2004, Guerci, et al 2001). It also
regulates the composition of the sub-endothelial matrix by decreasing
concentrations of components of the extracellular matrix such as collagen type I

and II (Myers and Tanner 1998).

One of the most potent substances produced by the endothelium is NO. NO
performs a myriad of functions which maintain the vessel in an anti-atherogenic,

healthy state (Naruse, et al 1994).

1.2.1 Nitric Oxide (NO)

In 1980 Furchgott and Zawadzki demonstrated that an intact endothelium was
necessary for the vasodilatory effects of acetylcholine. From this observation the
group developed the concept of an endothelium-derived relaxing factor (EDRF), a
mediator secreted by the endothelium, which was in part responsible for
vasodilator-induced relaxation of VSM (Furchgott and Zawadzki 1980). Seven
years later two groups found EDRF and NO to have undistinguishable biological

and chemical characteristics, and thus concluded that EDRF was in fact NO



(Ignarro, et al 1988a, Ignarro, et al 1987a, Ignarro, et al 1987b, Ignarro, et al

1988b, Palmer, et al 1987).

1.2.1.1 The Role of NO in Blood Vessels

NO is a free radical gas secreted by the endothelium, it can also be released as a
metabolic product of NO donor drugs such as sodium nitroprusside (SNP) (Marks,
et al 1991), spermine NONOate (Keefer, ef al 1996) and glyceryl trinitrate (Marks,
et al 1992). These drugs can be used for the treatment of conditions such as
ischemic heart disease and arterial hypertension (Ignarro, ef al 2002). NO has
many important roles to play in the cardiovascular system including the regulation
of vascular tone through its relaxant effect on vascular tissue (Palmer, er al 1988,
Palmer, er al 1987). It also plays a role in inflammatory and immune responses,
and in blood coagulation by, among other processes, regulating leucocyte and
monocyte adhesion and platelet aggregation (Bath, er al 1991, Guzik, et al 2003,
Radomski, et al 1990). NO also plays a role in the inhibition of VSMC
proliferation (Nunokawa and Tanaka 1992). Its importance in the cardiovascular
system is reflected by the fact that a lack of NO can lead to cardiovascular
damage, such as the damage seen in atherosclerosis (Naruse, et al 1994). It is now
known that NO also plays an important role in the nervous system where it acts as

a neurotransmitter (Belvisi, et al 1992, Bredt and Snyder 1992).
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1.2.1.2 Nitric Oxide Synthase (NOS) Isozymes

NO is formed as a product of the reaction between L-arginine and molecular
oxygen, catalysed by a family of dimeric enzymes known as the NO synthase
(NOS) isozymes. A by-product of the reaction is citrulline (Andrew and Mayer

1999, Bredt and Snyder 1990, Mayer and Hemmens 1997, Palmer, et al 1988).

The NOS family of isozymes includes three distinct isoforms: neuronal (n)NOS/
NOS-1, endothelial (¢)NOS/ NOS-III and inducible (i)NOS/ NOS-II. The first
isozyme, nNOS, is found mainly in neurons including the central and peripheral
nervous system, it can also be found in cardiac and skeletal muscles (Mungrue and
Bredt 2004). eNOS is found mainly in the endothelium but can also be found in
cardiac myocytes (Feron, et al 1998), gastrointestinal tract (Berg, er al 2004), brain
hippocampus (Hashiguchi, et al 2004), ovaries (Zackrisson, et al 1996), and in
platelets (Randriamboavonjy and Fleming 2005). Under physiological conditions
both eNOS and nNOS are produced constitutively, however their production can
be enhanced by certain stimuli. On the other hand, the expression of iNOS which
is mostly found in immune cells such as macrophages and in most vascular cells is
very low. High level expression of iNOS can be induced in response to

inflammatory agents such as cytokines (Andrew and Mayer 1999).

NOS isozymes are dimers made up of two identical monomers. A NOS monomer
possesses an N-terminal oxygenase domain and a C-terminal reductase domain,

which makes NOS functionally bimodal (Andrew and Mayer 1999, Griffith and
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Stuehr 1995). NOS has many bound prosthetic groups, the oxygenase domain
binds protoporphyrin IX (haem), tetrahydrobiopterin (BH,) and the NOS substrate
L-arginine (Andrew and Mayer 1999, Griffith and Stuehr 1995). The reductase
domain binds flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD)
and nicotinamide adenine dinucleotide phosphate (NADPH) (Nakane, et al 1993).
In between the reductase and the oxygenase domains lies a calmodulin (CaM)
binding domain (Abu-Soud and Stuehr 1993). These prosthetic groups and binding
sites are necessary for the dimerization and activation of NOS and for the NOS
catalysed production of NO (Fig. 1.2). The role of each prosthetic group and
binding site is discussed in detail in a review by Andrew and Myer (1999). The
enzyme catalysed reaction is complex and is believed to involve the transfer of
electrons from NADPH through the flavins FAD and FMN to the haem iron. The
haem iron then binds with oxygen and catalyses the oxidation of L-arginine to L-
citrulline and NO. This mechanism is discussed in detail by Griffith and Stuehr

(Griffith and Stuehr 1995).

Serl14 Thr495 Ser633 Ser1177
I | | |
N—[ L-arginine Haem BH, CaM FMN FAD NADPH ]— C
|
Ser615
N\ _J g J

Oxygenase domain Reductase domain

Figure 1.2 Domain structure, prosthetic groups and phosphorylation sites of an eNOS monomer.
Haem = protoporphyrin IX, BH, = tetrahydrobiopterin, CaM = calmodulin, FMN = flavin
mononucleotide, FAD = flavin adenine dinucleotide, NADPH = nicotinamide adenine dinucleotide
phosphate.
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1.2.1.3 eNOS Activation

As mentioned earlier, eNOS is constitutively but sub-maximally active under the
basal conditions of resting endothelial cells. However, the catalytic activity of
eNOS as well as nNOS can be enhanced or attenuated by certain mediators. The
main mechanism for enhancement of eNOS activity involves an increase in
[Ca®*]i. This is in contrast to iNOS, where CaM is constitutively bound to the
enzyme and its activity is thought to be independent of [Ca®*]i (Andrew and

Mayer 1999, Boo and Jo 2003).

The two basic pathways for eNOS activation are receptor-stimulated, and flow-
dependent. Receptor-stimulated eNOS activation is initiated by stimuli such as
acetylcholine, bradykinin or substance P, which can activate downstream
pathways that lead to an increase in the release of Ca’* from intracellular stores,
and an increase in extracellular Ca®* influx. The increase in [Ca®*]i leads to Ca*
binding to CaM, the Ca**/CaM then binds to eNOS, resulting in eNOS activation

(Andrew and Mayer 1999, Griffith and Stuehr 1995, Rang, et al 1999).

Studies have revealed that mechanical, shear stress-induced eNOS activation
occurs in two phases. The first phase is dependent on Ca**/CaM and lasts only
seconds in response to the initial shear stress. The second phase is independent of
[Ca2+]i and lasts as long as the shear stress is maintained. This second phase which

is insensitive to Ca®*/CaM is thought to involve activation of the signalling
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molecules phosphoinositide 3-kinase (PI3K) and Akt. This mode of eNOS
activation is important for the tonic production of NO to decrease systemic blood

pressure (Boo and Jo 2003, Gallis, et al 1999).

The interaction between eNOS and proteins other than CaM is also important in
controlling eNOS activity. For example heat shock protein 90 (HSP90) can act as
a scaffold for eNOS, facilitating its affiliation with regulatory enzymes such as

CaM and Akt, thus HSP90 enhances eNOS activity (Mount, ef al 2006).

Post-translational modifications can also contribute to the regulation of eNOS
catalytic activity through enhancing or reducing its activity, and mediating its
stability in response to both hormones and shear stress. For example the
posttranslational addition of lipid moieties palmitate and myristate at the N-
terminus facilitate eNOS targeting to the caveolae. The association of eNOS with
caveolin renders the enzyme inactive thus myrisotylation and palmitoylation

negatively regulates eNOS activity (Goligorsky, et al 2002, Liu, et al 1996).

Another very important mediator of eNOS activity is the phosphorylation of
certain residues of the enzyme. The activity of eNOS, in response to humoral
factors such as bradykinin or insulin or shear stress can be enhanced or weakened
at a given [Ca™]i by the phosphorylation of specific eNOS residues. This can
increase or decrease activity of eNOS without a corresponding alteration in [Ca**]i

or shear stress. There are five serine (Ser)/threonine (Thr) phosphorylation sites
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know to affect eNOS activity upon phosphorylation. In the human eNOS
sequence, these sites are Serl14 located in the oxygenase domain, Thr495 found in
the CaM binding domain, and Ser633, Ser615 and Serl1177 located in the
reductase domain (Mount, er al 2006). It is known that the phosphorylation of
eNOS at Ser1177 and Ser633 increases eNOS activity (Bauer, et al 2003,
Dimmeler, et al 1999, Mount, et al 2006), whilst eNOS phosphorylation at Thr495
inhibits eNOS activity (Fleming, et al 2001, Mount, et al 2006). However, it is not
yet known what effect phosphorylation at Ser615 and Ser114 has on the enzyme’s

activity.

It is believed that phosphorylation of eNOS at site Ser1177 results in a
conformational change of eNOS rendering the molecule more active (Lane and
Gross 2002, Mount, et al 2006). Many factors have been implicated in the
phosphorylation of eNOS at Ser1177 including cyclic adenosine monophosphate
(AMP)-dependent protein kinase, AMP-activated protein kinase (AMPK), , Akt,
Ca®*/CaM dependent protein kinase II, protein kinase G and the phosphatase
protein 2A. Also, protein kinase C (PKC) is known to inhibit eNOS activity by

dephosphorylating Ser1177 (Boo and Jo 2003, Mount, et al 2006).

The residue Thr495 is found in the CaM binding domain of eNOS, this may
explain the inhibitory effect that phosphorylation at this site has on eNOS activity,
as it may interfere with the binding of Ca®*/CaM to the enzyme (Fleming, et al

2001, Matsubara, et al 2003). PKC is known to phosphorylate eNOS at Thr495
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both in vitro and in vivo (cultured endothelial cells), but it is not yet known which
PKC isoform is responsible (Matsubara, et al 2003, Michell, et al 2001). It has
been shown in rat hearts that AMPK also phosphorylates eNOS at Thr495 (Chen,
et al 1999). In cultured endothelial cells, reduction in basal eNOS phosphorylation
at Thr495 can contribute to the activation of eNOS. eNOS dephosphorylation at
Thr495 is thought to happen in synchrony with the phosphorylation of eNOS at
Ser1177 to activate the molecule in response to vasodilators such as bradykinin,
vascular endothelial growth factor (VEGF), ionomycin and hydrogen peroxide

(H,0,) (Mount, et al 2006, Thomas, et al 2002).

1.2.1.4 NO-mediated VSMC Relaxation

The enzyme eNOS is activated in the endothelium and catalyses the production of
NO, which has a high affinity for haem. NO produced in the endothelium migrates
to the VSM and activates soluble guanylate cyclase (sGC) through binding to its
haem group. The activated sGC then goes on to initiate the intracellular production
of the 2™ messenger cyclic guanosine monophosphate (¢cGMP). An increase in
c¢GMP levels can modulate protein kinase G, cyclic nucleotide-gated cation
channels, cyclic AMP-specific phosphodiesterases (PDE), cyclic GMP-dependent
kinases and other smooth muscle proteins. The main action of cGMP is through
these intermediary molecules to lower [Ca®*]i, which subsequently affects the
contractile machinery (actin-myosin cytoskeletal system) in a way that reduces
VSMC contraction. Alternatively, cGMP through intermediary molecules can

change the sensitivity of the contractile machinery to Ca** (Hofmann, et al 2000,

16



Murad 1986, Rang, et al 1999). The enzyme PDES5 inactivaes ¢cGMP by

hydrolysing it to the inactive form, GMP (Lincoln 2004) (Fig. 1.3).

Receptors

(for e.l?l:a%(;liti)r,\'ic:\ho"ne’ Mechanical shear stress

Substance P)

eNOS
(inactive)

ENDOTHELIAL
CELL

Citrulline +NO < Arginine

§ sGC
(activated)
PDES5

GMP +————— cGMP GTP

(inactive) \

RELAXATION

Figure 1.3 Regulation of soluble guanylyl cyclase (sGC) by nitric oxide (NO) which is produced in
the endothelium. Adapted from (Rang, et al 1999). CaM = Calmodulin, PDES = Phosphodiesterase
enzyme type 5, GMP = guanosine monophosphate, cGMP = cyclic GMP, GTP = guanosine tri
phosphate.
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1.3 Endothelial Dysfunction

Abnormalities in endothelial, or VSM function, or a breakdown in the relationship
between the two can result in vascular dysfunction. A breach in the endothelial
barrier leaves the blood vessel susceptible to the development of vascular disease.
Initiation and progression of many of the commonest arterial diseases is partly due

to endothelial dysfunction (Cuevas and Germain 2004).

Endothelial injury or dysfunction can lead to various kinds of vascular pathologies
including atherosclerosis in which there is deposition of cholesterol at the sub-
endothelial layer of arteries, this can form plaques. Macrophages can pass through
the endothelium and scavenge these cholesterol deposits and accumulate in
atherosclerotic lesions, which narrow the artery, this is known as stenosis. Also,
blood clots can form at the site of the lesion, which is known as thrombosis
(Gerrity 1981). This can lead to serious consequences such as myocardial
infarction (heart attack) when a coronary artery becomes blocked. Also aneurysms
can occur when the blood vessel becomes weakened at the site of the atheroma,
leaving it susceptible to rupture, which is very serious if the blood vessel is a
major artery such as the aorta or a brain artery, which can lead to a stroke (Clark
and Kumar 2005). Also, importantly, damage caused to the endothelium impairs
the endothelium’s function as a regulator of vascular tone as it can no longer
produce and secrete the appropriate balance of vasoactive factors such as NO and

ET-1 to maintain vascular health (Galley and Webster 2004).
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There are many factors that can contribute to endothelial dysfunction, including
cigarette smoke (Heitzer, et al 1996), insulin resistance, obesity (Caballero 2003),
hypercholesterolaemia (Steinberg, et al 1997), low levels of high-density
lipoprotein cholesterol (Hurst and Lee 2003), hypertension (Panza 1997), and
hyperglycaemia (Schalkwijk and Stehouwer 2005). Other than cigarette smoke, all
of the risk factors mentioned above are associated with diabetes, thus it is not
surprising that there is an increased risk of vascular dysfunction associated with

diabetes.

1.3.1 Diabetes-induced Endothelial Dysfunction

Metabolic abnormalities such as hyperglycaemia and insulin resistance, associated
with diabetes can induce a whole host of changes to the normal function of the
vasculature. Such alterations include enhanced response to vasoconstrictors and
attenuated response to vasodilators (Makino, et al 2000, Mayhan, et al 1999). The
development of endothelial dysfunction is considered the major manifestation of
diabetes that contributes to alterations in vascular function (Avogaro, et al 2006,
De Caterina 2000). In fact it has been shown that in the presence of risk factors
such as diabetes, endothelial dysfunction precedes the onset of vascular disease
such as atherosclerosis, suggesting its role in the initiation of such pathologies
(Reddy, et al 1994). Two groups have revealed that out of the risk factors for
developing cardiovascular disease associated with diabetes, chronic

hyperglycaemia is the biggest contributor to vascular damage in both type I and
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type II diabetes (Diabetes Control and Complications Trial Research Group 1993,
UK Prospective Diabetes Study (UKPDS) Group 1998). Studies have revealed that
hyperglycaemic conditions elicit destructive actions upon the endothelium
changing it deleteriously from functioning as an anti-atherogenic to functioning as

a pro-atherogenic tissue.

High glucose concentrations have been shown to increase apoptosis, decrease
proliferation and injure endothelial cells (Baumgartner-Parzer, et al 1995, Choy, et
al 2001, Curcio and Ceriello 1992, Han, et al 2005, Ido, et al 2002), which can
contribute to the development of endothelial dysfunction. Hyperglycaemia-
induced dysfunctional endothelium can no longer act as a barrier to protect the
vessel from atherosclerosis and thrombogenesis. Studies have revealed that even
short-term hyperglycaemia increases vascular permeability (Zuurbier, et al 2005).
Also diabetes-induced dysfunctional endothelium may produce increased amounts
of adhesion molecules and C-reactive protein leading to increased inflammation.
There may also be increased thrombogenesis due to increased production of
procoagulant proteins such as vVWF and PAI-1 (Du, er al 2000, King, er al 2003,
Schalkwijk and Stehouwer 2005, Vaidyula, et al 2006). Furthermore, diabetes
affects basement membrane composition as it increases the production of collagen
type IV and fibronectin which thickens the basement membrane (Cagliero, er al
1988, Cagliero, et al 1991). However, a major consequence of diabetes-induced

endothelial-dysfunction is reduced endothelium-dependent vasodilation
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(Hogikyan, er al 1998, Makimattila, et al 1999, McVeigh, et al 1992, Watts, et al

1996, Williams, et al 1996).

1.3.2 The Effect of Diabetes on Endothelial Vasodilators and Vasoconstrictors

Hyperglycaemia or diabetes-induced dysfunctional endothelium results in aberrant
vascular reactivity to vasodilators and vasoconstrictors, one of the main reasons is
the reduced bioavailability of endothelium derived vasodilators, such as NO,
required for maintaining normal vascular tone (Gordon 2004, Li and Forstermann
2000). There have been reports suggesting that the synthesis of NO is actually
increased by diabetes and that it is only the bioavailability of NO that is reduced
by high glucose (Cosentino, et al 1997). However, many studies have shown that
high glucose can in fact reduce eNOS expression and activity, and NO synthesis
(Ding, et al 2000, Du, ef al 2001). Studies have shown diabetes-induced reductions
in conversion of L-arginine to NO in type II diabetic patients (Avogaro, et al
2003b, Gomes, et al 2005, Williams, er al 1996). Also, studies have shown an
increase in the level of the endogenous NOS competitor/ NO inhibitor, asymmetric
dimethylarginine (ADMA), has been shown in type II diabetic patients after
consuming a high fat meal. This rise in ADMA found in diabetic patients
correlated inversely with vasodilation, suggesting its contribution to vascular
dysfunction (Fard, er al 2000). It is known that insulin itself can stimulate the
production of NO by signalling through PI3K and Akt. Thus it is not surprising
that defective insulin signalling seen in diabetes results in defective insulin

stimulated vasodilation (Scherrer, et al 1994, Zeng, et al 2000). Some
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vasoconstrictors, including a adrenergic agonists such as noradrenaline, in synergy
with their vasoconstrictor effect, can also release NO Thus, a decrease in NO
bioavailability results in an imbalance between vasoconstrictor and vasodilator
effect resulting in elevated noradrenaline-induced vasoconstriction and
hypertension (Amerini, et al 1995). Furthermore, NO’s other vasoprotective
activities are diminished such as its anticoagulant activity and its role in immune
responses, again contributing to the development of atherosclerosis (Russo, et al

2002).

Another endothelium-dependent vasodilator, namely prostacyclin is also found to
be reduced in the diabetic person, which leads to impaired vasodilation. Also
prostacyclin inhibits platelet adhesion and aggregation, thus reduced protacyclin
increases these processes, which leads to the development of atherosclerosis
(Gordon 2004, Jennings 1994). However, it has been shown that the inhibition of
cyclooxygenase (COX), an essential enzyme for the generation of prostacyclin
does not have an effect on agonist induced changes in vasodilation in type II
diabetic patients. This suggests that the contribution of prostaglandins to diabetes
induced abnormal endothelial function is only minor compared to the role of NO

(Taylor 2001, Williams, et al 1996).

Diabetes not only decreases the production of important endothelial vasodilators
but can also further tip the balance towards the development of atherosclerosis by

increasing the production of vasoconstrictors, such as ET-1 and angiotensin II
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(Angll). Renin secreted from the juxtaglomerular apparatus cleaves the precursor
molecule angiotensinogen, giving rise to angiotensin I. Subsequently, angiotensin I
is converted by angiotensin-converting enzyme into the potent vasoconstrictor
Angll (Rang, et al 1999). It is believed that diabetes, through increased
hyperglycaemia-induced production of reactive oxygen species (ROS), upregulates
production of Angll. Increased Angll production increases NADPH oxidase which
further catalyses ROS and superoxide production. Increased ROS production
further induces vascular damage and NO scavenging, which is the reaction of NO
with ROS, such as superoxide (O,"), to produce peroxynitrite (ONOO”) in VSMC
and cardiac cells. This not only leads to increased vascular tone but also to
increased apoptosis and necrosis (Frustaci, et al 2000, Nakashima, er al 2006,
Nickenig and Harrison 2002) and increased VSMC proliferation (Lee, et al 2003,

Seshiah, et al 2002).

Prepro-ET-I is cleaved to big ET which is further processed by endothelin
converting enzyme to produce the potent endothelium derived vasoconstrictor ET-
1 (Rang, et al 1999). Elevated levels of ET-1 have also been observed in the
plasma of patients with type II diabetes, again leading to increased vascular tone

(Takahashi, et al 1990a).
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1.3.3 Possible Mechanisms Responsible for Diabetes-induced Endothelial-
dysfunction

1.3.3.1 Increased ROS Production

It is believed that a major contributor to diabetes-induced endothelial dysfunction
is an increased production of ROS, triggered by hyperglycaemia. A large
proportion of hyperglycaemia-induced ROS including O,", H,O, and ONOO™ are
produced and released by the mitochondria (Brownlee 2001, Nishikawa, et al
2000). However, studies have shown that NADPH oxidase is the most potent ROS
provider in vascular cells (Lee, et al 2003), and increased NADPH oxidase
activation has been shown in monocytes from patients with type II diabetes

mellitus (Avogaro, et al 2003a).

Redox imbalance occurs when ROS production outweighs cellular antioxidative
mechanisms, which leads to a state of oxidative stress. Under certain conditions of
oxidative stress such as that caused by diabetes, BH,, the essential co-factor for
eNOS function, is destroyed. In the absence of BH4, eNOS becomes uncoupled,
resulting in the production of superoxide anions instead of NO. Superoxide can as
mentioned earlier scavenge NO by reacting with it to form OONO~ which causes
further vascular damage partly by nitrating important vascular proteins such as
actin, leading to the initiation of atherogenesis (Ballinger, et al 2000, Beckman
and Koppenol 1996, Shinozaki, et al 1999, Vasquez-Vivar, et al 1998, White, et al

1994).
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ROS can also activate oxidative stress triggered pathways, which initiate
expression of genes whose products act destructively upon the vascular cells,
initiating vascular pathologies and dysfunction (Griendling and FitzGerald 2003,
Lee, et al 2003). It is thought that hyperglycaemia-induced ROS can also initiate
endothelial-dysfunction by increasing flux through certain biochemical pathways,
including advanced glycation end-product (AGE) production and the polyol
pathway (sorbitol pathway). Initiation of these pathways can directly elicit
destructive effects on endothelial function as well as further increase the

production of ROS.

1.3.3.1.1 Advanced Glycation Endproduct Pathway

Nonenzymatic glycation, in which reducing sugars covalently attach to proteins,
lipids and nucleic acids that accumulate in the vessel wall, can result in the
production of AGEs. The first stage of the reaction leads to the production of a
Schiff base, which rearranges itself into an Amadori product. This initial stage of
the reaction is reversible, but Amadori products are fairly stable. However, if the
concentration of glucose is persistently high, a series of subsequent reactions and
rearrangements will occur which produces the irreversible AGE (Schalkwijk and
Stehouwer 2005). Normally, AGE formation occurs during the aging process
however studies have shown that hyperglycaemia associated with diabetes
enhances the production of AGEs (Bierhaus, et al 1998). Increased AGE
production can initiate an array of deleterious effects upon the vasculature such as

initiating the production of foam cells, resulting in the development of
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atherosclerosis (Brownlee, et al 1985). AGEs can also reduce the vessel wall’s
elasticity by cross-linking collagen and deleteriously changing its biochemistry,
which may lead to vascular dysfunction (Reddy 2004). AGE generated ROS
activate nuclear factor-kappa B which promotes the expression of genes such as
those responsible for the production of inflammatory cytokines, adhesion
molecules and procoagulant tissue factor, leading to vascular injury and
dysfunction (Basta, et al 2004, Srivastava 2002). AGEs also induce the expression
of VEGF which increases vasoconstriction through inducing the expression of ET-
1 (Quehenberger, et al 2000). Importantly, AGEs can also quench NO activity,
leading to impaired vasodilatory responses (Bucala, et al 1991, Hogan, et al

1992)..

1.3.3.1.2 The Polyol Pathway

The polyalcohol (polyol) pathway is a metabolic pathway in which a small portion
of consumed glucose is reduced to the polyol sorbitol. This redox reaction is
catalysed by the enzyme aldose reductase, which also catalyses the oxidation of
NADPH to NADP' and reduces NAD* to NADH. Sorbitol is subsequently

converted to fructose by sorbitol dehydrogenase.

Aldose reductase is the rate limiting enzyme in the polyol pathway. Normally
aldose reductase has very low affinity for glucose so usually this reaction takes
place very slowly. However, under hyperglycaemic conditions of diabetes more

sugar is available and flux through the polyol reaction is increased (Brownlee
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2001). Increased aldose reductase leads to vascular abnormalities. Accumulation
of sorbitol leads to osmotic stress, AGE synthesis and oxidative stress which
impair endothelial function (Schalkwijk and Stehouwer 2005, Williamson, et al
1993). It has been shown that inhibiting aldose reductase restores reduced
endothelium-dependent vasodilation back to normal in diabetic rat aorta
(Tesfamariam, et al 1993). Presently, an aldose reductase inhibiting, orally
available drug named ranirestat is in development for the treatment of diabetic
complications. Such complications include cataracts, due to the insoluble deposits
of sorbitol in the lens, and also retinopathy, neuropathy and nephropathy

(Giannoukakis 2006).

1.3.3.2 Activation of Receptor Tyrosine Kinase Signal Transduction Pathways

Protein tyrosine kinases (PTKs) are enzymes that catalyse the transfer of a
phosphate group from adenosine tri-phosphate (ATP) to a tyrosine residue of the
target protein. There are two main classes of PTKs: receptor tyrosine kinases
(RTKs) and non-receptor tyrosine kinases. Examples of RTKs include the insulin
receptor, platelet-derived growth factor receptor and the epidermal growth factor
receptor (EGFR/ErbB1) (Alberts 2002). Activation of these RTKs initiates an
array of downstream signal transduction cascades. It is known that diabetes and
hyperglycaemia can induce abnormal signalling of various RTK-associated
pathways including mitogen activated protein kinase (MAPK) pathways, the Akt

pathway and the PKC pathway.
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1.3.3.2.1 MAPK Pathways
MAPK signalling cascades are a group of signal transduction pathways which
include the extracellular signal-regulated kinase 1/2 (ERK1/2), p38MAPK, c-jun

N-terminal protein kinase, and bigMAPK 1 pathways (Cowan and Storey 2003).

Upon RTK activation, Ras, a small monomeric guanosine triphosphatase, relays
the signal down to the ERK1/2 pathway, and through a series of serine threonine
phosphorylations down to the nucleus, to regulate cell cycle, cell growth and
differentiation (Jorissen, et al 2003, Kolch 2000). Diabetes and hyperglycaemia
are known to increase MAPK signalling in various cell types and tissues. For
example, studies have shown increased MAPK signalling in mesangial cells
treated with high glucose (Haneda, er al 1995). Also there is increased MAPK
signalling in glomeruli from streptozotocin (STZ)-induced diabetic rats (Awazu, et
al 1999), which may contribute to the development of diabetic nephropathy. Also
hyperglycaemia induced in patients using hyperglycaemic clamps, has been shown
to increase MAPK signalling in veins (Schiekofer, ef al 2003). In coronary arteries
from the diabetic pig, hyperglycaemia-induced AGEs increased ERKI1/2
activation, which induced the expression of inflammatory genes, leading to
accelerated development of atherosclerosis (Zhang, er al 2003). These studies
suggest that increased MAPK signalling may have a role to play in diabetes-
induced pathologies and hyperglycaemia-induced atherosclerosis. Furthermore,
ERK1/2 signalling is known to be associated with eNOS activity; however there

are conflicting reports as to whether the inhibition of ERK1/2 enhances (Bernier,
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et al 2000), attenuates (Mineo, ef al 2003) or has no effect on eNOS activity
(Schmidt, er al 2002). It is believed that the effect of ERK1/2 on eNOS activity
depends very much upon the cell or tissue type used in the study and the agonist
used to stimulate eNOS activity (Cale and Bird 2006). Thus, aberrant ERK1/2

signalling could lead to aberrant eNOS signalling and to endothelial-dysfunction.

The p38MAPK pathway can also be initiated through the activation of RTKs
(Fitzgerald, er al 2005). However it is normally activated by various stress and
inflammation signals including, oxidative stress (Sen, et al 2007), ultraviolet (UV)
radiation (Keller, et al 1999), hyperosmolarity (Denkert, et al 1998),
lipopolysaccaride (Nick, et al 1996), proinflammatory cytokines e.g. tumour
necrosis factor-a and interleukin-1 (Modur, et al 1996, Raingeaud, et al 1995) and
heat shock (Dorion, et al 2002). It has been shown that glucose can in part mediate
endothelial dysfunction through activating stress activated pathways such as
p38MAPK (Evans, et al 2002). Human aortic endothelial cells treated with high
glucose undergo increased apoptosis in a mechanism involving increased
p38MAPK phosphorylation (Nakagami, et al 2001). Also, using inhibitors of
p38MAPK hyperglycaemia-induced increased p38MAPK signalling has been
shown to contribute to the development of endothelial dysfunction by triggering an
inflammatory response in STZ-induced diabetic rats (Riad, et al 2007), and by
having an anti-proliferative effect on endothelial cells (McGinn, et al 2003). Also,
in rat aortic VSMCs, high glucose has been shown to increase p38MAPK activity

in a time-dependent manner, which is thought to affect cell survival, and
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contribute to the development of vascular dysfunction (Igarashi, et al 1999).
Furthermore, the p38MAPK pathway is also thought to have an involvement in
NOS activity, specifically inducible NOS (iNOS). It has been shown in rat aortic
VSMCs that hyperglycaemia and hyperinsulinaemia increase p38MAPK activity
and block the induction of iNOS protein expression (Begum and Ragolia 2000).
Thus, the p38MAPK pathway could also potentially be implicated in diabetes-

induced vascular dysfunction.

1.3.3.2.2 The PI3K/Akt Pathway

Upon RTK activation in response to an external survival signal, signalling through
the Akt (protein kinase B) pathway is initiated. Akt signalling promotes cell
survival by inhibiting activators of cell death or by inhibiting the transcription of
genes that encode them (Brunet, ef al 1999, Cardone, et al 1998, Yao and Cooper
1995). Studies have shown the Akt pathway is also important in the control of
insulin-mediated glucose transport and glycogen synthesis (Barthel, et al 1999,
Cross, et al 1995, Hajduch, er al 1998). A previous study showed that by inhibiting
PI3K which is the upstream mediator of Akt, increased responses to
vasoconstrictors and attenuated responses to vasodilators induced by diabetes are
normalized (Yousif, et al 2006). Furthermore, hyperglycaemia-induced impaired
PI3K-Akt signalling has been shown to lead to a decrease in endothelial cell
proliferation and cell survival (Varma, er al 2005). Also, insulin activation of Akt

in endothelial cells can activate eNOS (Kim, et al 2001), thus it is plausible that
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aberrant Akt activity leads to aberrant eNOS activity, and therefore vascular

dysfunction.

1.3.3.2.3 The PKC Pathway

phospholipase-C-y (PLC-y) is activated by RTKs such as EGFR (Chattopadhyay,
et al 1999, Kamat and Carpenter 1997), which then hydrolyses phosphatidyl
inositol 4,5-bisphosphate (PIP;) localized in the inner plasma membrane bilayer.
The 2™ messengers, soluble inositol 1,3,5 — triphopshate (IP;) and membrane
bound diacyl glycerol (DAG) are generated. IP; mediates the release of Ca** from
Ca®* stores such as the endoplasmic reticulum. This increased Ca>* can lead to the
activation of serine/ threonine PKC. The other 2™ messenger, DAG, also acts as a
cofactor in the activation of PKC. The rise in Ca’* levels changes the conformation
of PKC so that it translocates to the cytoplasmic side of the plasma membrane

(Jorissen, et al 2003) (Fig 1.4).

Currently there are 12 known PKC isoforms which can be classified into 3 main
groups. At the plasma membrane conventional or classical PKCs (o, BL, BII, y) are
activated by Ca”**, DAG and the membrane phospholipid phosphatidyl serine (PS).
Novel PKCs (8, 6, n, &, p) are also activated by PS and DAG but do not require
Ca®. The third class of PKCs, atypical PKCs (A, ¢, v, only require PS and

phosphatidylinositides for activation (Newton 2001).
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Figure 1.4 PKC pathway. EGFR = epidermal growth factor receptor, PLCy = phospholipase-C-y,
PIP, = phosphatidylinositol 4,5-bisphosphate, DAG = diacyl glycerol, IP; = inositol 1,3,5 -
triphopshate, PKC = protein kinase C.

Activation of PKC can initiate transcription of many gene regulatory proteins
important in many cell processes. Cell processes that can be modulated by PKC
signalling include permeability (Lynch, et al 1990), contraction (Webb 2003),
migration (Wang, er al 2002), hypertrophy (Takeishi, et al 2000), proliferation
(Leszczynski, et al 1996), and apoptosis (Niwa, et al 2002). PKC is also known to
be involved in many vascular functions including the regulation of vascular cell
growth and differentiation, vascular permeability, vasodilator mediator release and

endothelial activation (Sheetz and King 2002). PKC is also involved in smooth
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muscle contraction as receptors for contraction of smooth muscle e.g.
phenylephrine through a adrenergic receptors or Angll through the angiotensin
receptor, are believed to activate PLC and subsequently PKCs (Dixon, et al 1994,
Husain, et al 2004). PKC can then phosphorylate downstream proteins that cause
smooth muscle contraction for example L-type Ca** channels or proteins involved
in the regulation of actin-myosin cross-bridge cycling. Also IP3; can cause
contraction by release of Ca®* from the sarcoplasmic reticulum (Webb 2003).
Furthermore, phorbol esters such as 12-O-tetra-decanoyl-phorbol-13-acetate which
are synthetic compounds known to activate PKC through mimicking the actions of

DAG, can cause smooth muscle contraction (Webb 2003).

Hyperglycaemia associated with diabetes increases glycolytic pathway flux, and
the production of intermediates such as glycerol-3 phosphate (G3P). Increased
G3P levels leads to an increases in the de novo synthesis of DAG, which
subsequently increases PKC activation, mainly the B isoform (Hink, et al 2003,
Koya and King 1998, Sheetz and King 2002, Xia, et al 1994). Increased PKC
activation can lead to a host of deleterious changes in the vasculature that may lead
to the development of diabetic vascular pathologies. Such changes include
increased permeability of blood vessels, increased expression of adhesion
molecules (ICAM, VCAM and E-selectin), increased leucocyte adhesion,
increased platelet activation, increased basement thickening through production of

collagen IV and increased activation of ROS generating enzymes such as NADPH
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which has adverse effects on the vasculature (Avogaro, et al 2006, Fumo, et al

1994, Hink, et al 2003, Nonaka, et al 2000, Park, et al 2000, Sudic, et al 2006).

Importantly, increased PKC leads to NO dysregulation, as PKC can increase levels
of uncoupled eNOS, that produce O,  which reacts with and inactivates NO.
Furthermore PKC can inhibit the activity of NO’s downstream target sGC (Hink,
et al 2003). As mentioned earlier PKC also phosphorylates eNOS at Thr495
which inhibits its enzymatic activity, thus reduces NO synthesis (Fleming, et al
2001, Mount, et al 2006). Also PKC’s role in mediating smooth muscle
contraction may result in enhancing the action of some vasoconstrictors such as
Angll. PKC further tips the balance towards vasoconstriction by increasing
production and release of ET-1 (Chen, et al 2000, Koya and King 1998, Sheetz

and King 2002).

1.4 The ErbB Family of RTKs

As previously mentioned the signal transduction pathways mentioned above can
be activated by a family of RTKs known as the type 1 ErbB family. EGFR is a 170
kDa, enzymatic cell surface receptor and was the first member of the ErbB family
of RTKs to be discovered (Carpenter, ef al 1978). The ErbB family includes three
other members, ErbB2 (Neuw/HER2), ErbB3 (HER3) and ErbB4 (HER4). The
receptors share a similar structure made up of three domains: a ligand-binding
glycosylated ectodomain, a predominantly hydrophobic amino acid

transmembrane domain and an internal cytoplasmic domain which holds the
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enzymatic tyrosine kinase activity (Garrett, et al 2003, Prenzel, et al 2001,
Tommasi, et al 2004) (Fig. 1.5b). The ErbB family of receptors lie at the start of a
complex network of signal transduction cascades. Signalling from ErbB receptors
plays a part in the regulation of many cellular processes including mitogenesis,
apoptosis, growth, angiogenesis, migration, proliferation and differentiation

(Dreux, et al 2006).

1.4.1 The Biology of the ErbB Family of Receptor Tyrosine Kinases

The transduction of stimulus from the outside of the cell via the transmembrane
ErbB receptors, through downstream transduction cascades and to the nucleus
involves many steps. Firstly the ErbB receptor’s intrinsic tyrosine kinase activity is
stimulated in a mechanism involving ligand binding and receptor dimerization.
Once activated, the receptor pair can trans-phosphorylate tyrosine residues within
each other’s cytoplasmic domain. Phosphorylated receptors can subsequently
recruit target proteins, which then go on to initiate complex signalling cascades.
The signal perpetuates downstream until it reaches and activates its targets, usually
transcription factors that can promote the transcription of genes and produce the
appropriate cellular output. To add to the complexity, ErbBs can also be activated
in a ligand independent mechanism. The steps mentioned above are further

discussed in the sections that follow.
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1.4.2 Ligand Binding, Receptor Dimerization and Tyrosine Kinase Activation

Tyrosine kinase activity of an ErbB receptor can be initiated upon binding of a
growth factor ligand to the receptor’s ectodomain. Ligands include epidermal
growth factor (EGF), heparin-binding epidermal growth factor (HB-EGF),
transforming growth factor-oo (TGF-ot), amphiregulin (AR), neuregulin (NRG),
betacellulin (BTC), epiregulin (EPR) and epigen (Yarden 2001). All of these
ligands posses an EGF-like motif which contains six cysteine residues that interact
to form three loops. Each ligand favours binding to a particular receptor or
receptors (Table 1.1). The cysteine loops found in the EGF-like motif are essential
to confer specificity for binding of ligand to the ectodomain of particular receptors
(Casalini, et al 2004, Harris, et al 2003). Ligands originally exist in proform as
transmembrane proteins which are cleaved from the cell membrane through
regulated proteolysis by a disintegrin and metalloproteinases (ADAMSs). The
resulting 49-85 amino acid, soluble growth factor ligand can signal in an autocrine,
paracrine or endocrine manner. However it is believed that certain ligands,
including TGFa, amphiregulin and HB-EGF, can also signal in a juxtracrine
manner i.e. from the signalling cell to the neighbouring target cell when still

tethered to the membrane (Singh and Harris 2005).

Table 1.1 Binding specificities of ErbB family ligands to ErbB family members

Ligand Receptor
EGF, AR, TGFa, epigen EGFR

BTC, HB-EGF, EPR EGFR, ErbB4
NRG-1, NRG-2 ErbB3, ErbB4
NRG-3, NRG-4 ErbB4
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Each receptor has a protruding dimerization arm, this is essential for interacting
with an adjacent receptor (Ogiso, et al 2002). The conformational arrangement of
ErbB receptors is such that without external stimulation the receptor is in a “closed
conformation”, the dimerization arm is buried and unable to interact with other
receptors. In this autoinhibited state receptors are unlikely to form stable dimers
and are unable to phosphorylate tyrosine residues. Ligand binding induces
substantial rearrangements of the receptor’s allosteric conformation resulting in
the receptor adopting an “open conformation” which releases the receptor from its
autoinhibited state and frees the dimerization arm to interact with its dimerzation
partner (Ferguson, et al 2003, Roskoski 2004). It was initially thought that ligand
binding was necessary to facilitate receptor dimerization, however recent reports
suggest that ErbB receptors can exist as dimers independently of ligands, however
the binding of ligands facilitates dimer stability, receptor interaction and the

activation of tyrosine kinase activity (Schlessinger 2000, Yu, et al 2002).

Dimerization occurs between two receptors, either two of a kind e.g. EGFR and
EGFR, known as homodimerization, or two different members of the ErbB family
e.g. ErbB2 and EGFR, known as heterodimerization. Theoretically all four EGFR
family members can pair up with any other ErbB receptor in ten combinations to
form four distinct homodimers and six distinct heterodimers (Tzahar, et al 1996).
Following ligand binding and receptor dimerization the receptor tyrosine kinase

activity is enhanced and it can catalyse ATP dependent self-phosphorylation as the
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v phosphate of ATP is transferred to the C-terminal domain of five tyrosine
residues on the receptor (Fig. 1.5a). The tyrosine kinase domain on one of the
receptors in the dimer can cross-phosphorylate its partner to complete the

activation, this is known as trans-phosphorylation (Roskoski 2004, Sako, et al

2000).
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Figure 1.5 a) activation of ErbB receptor dimer b) domain structure and tyrosine residue
phosphorylation sites of i) ErtbB2 and ii) EGFR
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Autophosphorylation of tyrosine residues increases receptor activity, however,
phosphorylation of threonine residues deactivates the molecule. For example
EGFR can be activated by phosphorylation of tyrosine residues 992, 1068, 1086,
1148 and 1173 (Fig 1.5b), however it can be deactivated by phosphorylation at
Thr669 or Thr654 catalysed by PKC (Rijken, er al 1998, Roskoski 2004). Once
phosphorylated the residues act as docking sites for proteins that transduce the

signal downstream and initiate signalling cascades.

1.4.3 The Advantage of Heterodimerization for Diversity

As mentioned earlier each ligand has a certain affinitiy for each ErbB receptor,
thus heterodimerization adds to the diversity of recognized ligands. The affinity of
the ligand for the receptor conditions the strength and duration of the signal. To
date, there is no known ligand that specifically binds and activates the 185 kDa
receptor ErbB2. X-ray crystallographic studies have revealed that ErbB2 is in an
autoactivated state, with a constitutively free dimerization arm poised to interact
with other ErbB receptors, similar to ligand bound members of the ErbB family.
Thus, ErbB2 is constitutively primed to dimerise without the need for growth
factors. Studies have also revealed that the conformation of its ligand pockets
makes it inaccessible to ligands (Garrett, et al 2003). Hence, ErbB2 homodimers
cannot bind ligands, however, ErbB2 heterodimers formed with other family
members can bind ligands and is indeed necessary for ErbB2 activation. (Citri, et

al 2003, Garrett, et al 2003). Upon heterodimerization the other ErbB receptor
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transphosphorylates the ErbB2. Then by an intermolecular mechanism ErbB2
undergoes autophosphorylation on five tyrosine residues 882, 1028, 1143, 1226/7
and 1253, leading to allosteric activation of its tyrosine kinase domian (Zhang, et

al 1998) (Fig. 1.5b).

Heterodimerization further plays a part in diversity, since different receptor dimers
have a unique set of phosphorylated C-terminal proteins that can be recognised by,
and that can activate a unique set of second messengers. As such, distinct ErbB
receptor dimers initiate distinct signaling pathways, leading to specific cellular
responses (Graus-Porta, et al 1997). Also, the strength of the signal varies
depending on the individual receptors in each pair. ErbB2 decreases ligand
dissociation from the dimer, and dimer downregulation, thus signaling from an
EGFR-ErbB2 heterodimer is more potent than signaling from an EGFR
homodimer (Graus-Porta, et al 1997, Worthylake, et al 1999). ErbB2 is the
preferential heterodimerization partner for all receptors regardless of which ligand
is bound (Graus-Porta, er al 1997). Receptor dimers that contain ErbB2 are
predominant, meaning a more potent signal resulting in increased activation of the
cytoplasmic effectors and thus, increased number of signaling pathways activated

(Tzahar, et al 1996).

1.4.4 EGFR Transactivation
Additional to direct modulation by soluble ligands, EGFR activity can be

modulated by G protein-coupled receptors (GPCRs) through cross talk. EGFR can
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mediate GPCR mitogenic signalling through a mechanism known as
transactivation. Stimulation of GPCR with agonists such as Angll, ET-1,
lysophosphatic acid and thrombin, causes a release of signalling molecules such as
PKC, or a release of ROS which can activate metalloproteinases such as ADAMs.
In turn ADAMs cleave membrane bound EGFR ligands such as pro HB-EGF
which bind and activate EGFR, and initiate downstream signalling pathways

(Daub, er al 1996, Eguchi, et al 2003, Hackel, et al 1999).

1.4.5 Alternative Mechanisms of EGFR Activation

The kinase activity of ErbB receptors can also be activated independently of ligand
binding. For example the EGFR receptor can be activated by being phosphorylated
by other kinases such as src (Tice, et al 1999) or janus tyrosine kinase 2

(Yamauchi, et al 1997).

Exogenous, non-physiologic agents such as gamma and UV irradiation are also
known to mediate EGFR activation and have been shown in vitro (Warmuth, et al
1994) and in vivo (Fisher, et al 1998) to activate EGFR. One study indicated that
UV irradiation activates EGFR in cultured human skin keratinocytes in a manner
similar to activation induced by EGF or interleukin-1f ligand binding (Wan, et al
2001). Other activators of EGFR include heavy metal ions, substances that affect
the osmotic state of the cell, oxidant and alkylating agents, H,O, and iodoacetic

acid. It is thought that the common mode of action of these agents is through
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preventing EGFR dephosphorylation (Hackel, et al 1999, Knebel, er al 1996).
Also Ca® influx can induce tyrosine phosphorylation and activation of EGFR

(Rosen and Greenberg 1996).

1.4.6 Molecular Targets of Activated EGFR, and Intracellular Signalling

The phosphorylated ErbB receptor kinase domain can act as docking sites
recognized by adaptor molecules such as growth factor receptor-bound protein 2
and Dok-R (Jorissen, et al 2003). These molecules interact with the receptor
through their src-homology 2 (SH2) or phosphotyrosine-binding domains that bind
to phosphotyrosine on the active receptor. Adaptor molecules with one or more
src-homology 3 and SH2 domains can transduce the signal by phosphorylating
other adaptor or effector molecules (Sudol 1998). This leads to the stimulation of a
number of different signalling pathways such as the MAPK, PKC and Akt
pathways, which leads to the activation of many transcription regulators (Jorissen,
et al 2003). Molecules other than adaptor proteins, some with enzymatic activity
(signal transducer proteins) can associate directly with EGFR e.g. PLC- v,
phosphatases such as protein tyrosine phosphatase-1B and SHP1, and tyrosine
kinases such as Src and Abl can affect downstream molecules with no need for
adapter proteins (Bogdan and Klambt 2001, Hackel, et al 1999, Jorissen, et al
2003). Other molecules such as the zinc-binding protein, ZPR-1, can associate
with inactive, unphosphorylated EGFR but are released and activated upon EGFR

activation (Galcheva-Gargova, er al 1996).
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1.4.7 EGFR Signalling and its Role in Diabetes-induced Vascular Dysfunction

Studies have shown that signalling from EGFR is influenced by high glucose and
diabetes, in organs and tissues of both genetically diabetic and chemically induced
diabetic animals. Studies have revealed a decreased EGFR expression in the liver
of both alloxan and STZ-induced diabetic rats (Lev-Ran, er al 1986). Another
study showed depressed EGFR messenger ribonucleic acid (mnRNA) expression in
the liver of genetically diabetic, and STZ-induced diabetic mice (Kasayama, et al
1989). Tyrosine phosphorylation of EGFR was shown to be downregulated by
high glucose in rat 1 fibroblasts (Obata, er al 1998). In contrast another study
showed that the levels of EGFR and EGF mRNAs were higher in the kidney of
STZ-induced diabetic rats (Sayed-Ahmed, ef al 1996). A group working on kidney
cells also showed increased local levels of EGF, and suggested that this might
contribute to diabetic renal hypertrophy. However they did not observe a change in
EGFR numbers (Yang, et al 1997). A marked increase in EGFR expression was
shown in the gastric mucosa of STZ-induced diabetic rats. It is thought that EGFR
activation, through TGF-a, initiated by diabetes is involved in inducing
spontaneous gastric mucosal injury (Khan, et al 1999). Studies also suggest that
there is dysregulation of endocytosis and recycling of the EGFR/ligand complex in
diabetic tissues such as hepatocytes. This leads to a decrease in down regulation of
EGFR and enhanced endocytosis leading to increased EGFR recycling and

signalling (Dahmane, et al 1996).
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EGFR and its downstream molecules are known to influence VSMC contraction
(Berk, et al 1985, Florian and Watts 1999). EGFR and ErbB2 can alter Ca**
homeostasis, which may lead to increased VSMC contraction (Dittmar, et al 2002,
Feldner and Brandt 2002, Peppelenbosch, et al 1991). Also, vasoconstrictors such
as Angll and ET-1 are known to transactivate EGFR, which initiates ERK1/2
signalling pathway and VSMC contraction (Kagiyama, et al 2002, Kawanabe and
Nauli 2005). Also, as mentioned earlier some of EGFR’s downstream signalling
proteins are known to affect the synthesis of the potent endothelium-derived
vasodilator NO, through modulating eNOS activity. Furthermore, a study showed
that inhibiting RTKs, including EGFR and ErbB2, normalized diabetes-induced
abnormal vascular reactivity in rat carotid artery (Yousif, er al 2005). The
underlying mechanism that bridges hyperglycaemia and endothelial dysfunction
remains unclear. It is plausible that EGFR and its signalling cascades may be key
components in the mechanism leading to endothelial dysfunction induced by

hyperglycaemia, possibly by modulating NO homeostasis.

1.5 Objectives of the Thesis

Studies have shown that diabetes leads to vascular complications such as an
altered response to vasoconstrictors and vasodilators (Abebe, er al 1990, Kamata,
et al 1989, Makino, et al 2000, Mayhan, ef al 1999, Oyama, et al 1986). NO is a
powerful endothelium derived vasodilator, and its bioavailability and activity is

known to be reduced in diabetes. This lack of NO production from diabetic



endothelium is believed to contribute to diabetes induced vascular dysfunction
(Avogaro, et al 2003b, Fard, et al 2000, Williams, et al 1996). The precise
molecular mechanisms leading to diabetes induced impairment in vascular
reactivity are not yet fully understood. However, there is evidence to implicate the
involvement of RTKs, specifically EGFR and ErbB2 in the development of
diabetes induced vascular pathologies. Studies have shown EGFR to be
abnormally expressed or activated in tissues from diabetic animals (Kasayama, et
al 1989, Kashimata, et al 1987, Khan, et al 1999, Lev-Ran, et al 1986, Okamoto,
et al 1988, Sayed-Ahmed, er al 1996). Also, a study using the RTK inhibitor
genistein and the EGFR and ErbB2 inhibitors AG1478 and AGS825, have
implicated RTKs including EGFR and ErbB2 in the development of vascular

dysfunction in rat carotid artery (Yousif, et al 2005).

The aim of the present thesis was to investigate the roles of the RTKs, EGFR and
ErbB2, in diabetes induced vascular dysfunction. Specifically to investigate the
hypothesis that EGFR and ErbB2 activities, through downstream signalling, alter
NO synthesis or activity in the diabetic endothelium, and that this alteration
contributes to diabetes induced vascular dysfunction. Studies used to investigate

this hypothesis include:

1. Perfusion studies to examine the response to vasodilators and
vasoconstrictors, of vascular tissue from diabetic rats and from diabetic

rats treated with EGFR and RTK inhibitors.
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. Establishing a suitable cell model system for studying the effects of

hyperglycaemia on EGFR and ErbB2 signalling.

. Western blotting and immunoprecipitation to examine the effect of
diabetes and hyperglycaemia on EGFR and ErbB2 activity in diabetic

rat tissue, and cells grown in high glucose.

. Western blotting to investigate the effect of hyperglycaemia on
downstream molecules Akt, p38MAPK, ERK1/2 and PKC in cells

grown in high glucose.

Western blotting and pharmacological techniques to investigate the

effect of hyperglycaemia on NO, and to examine the role of EGFR

activity in the regulation of NO production.
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2.0 Materials and Methods
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2.1 Materials

2.1.1 General Equipment

Eppendorf centrifuge 5417R was purchased from Eppendorf, Germany. Hearaeus
multifuge 3 S-R with a BIOshield rotor was obtained from Kendro, UK. Sartorius
CP124S and CP620I weighing scales were purchased from Sartorius AG,
Germany. Fisherbrand hydrus 300 pH meter and FB300 powerpack was purchased
from Fisher scientific, UK. Techne dri-block® heating block was purchased from
Techne, UK. Millipore Elix water purification system and milli-Q synthesis
system was from Millipore Corporation, MA. Nine hundred and fifty Watt

microwave was from Currys, UK.

2.1.2 Disposables and Plastic Ware

Kwill filling tubes and BD plastipak syringes were obtained from Western
Laboratory Service Ltd. Ministart® 0.2 um filters were from Sartorius, Germany.
Sterile disposable stripettes (5 ml, 10 ml and 25 ml), 50 ml falcon tubes, T-25, T-
75 and T-150 flasks, 24 well plates and 96 well plates were purchased from
Corning Inc, USA. Eppendorf tubes were purchased from Elkay, Ireland.
Universals and cell scrapers were purchased from Fisher scientific, UK. Sterile
needles (BD microlance™) were purchased from Becton Dickinson Ltd, UK.
Gilson pipetman pipettes were purchased from Anachem Ltd, UK. Powerpette plus
pipette controller and sealpette multi-channel pipettor were purchased from
Jencons Ltd, UK. Disposable pipette tips and polymerase chain reaction (PCR)

tubes were purchased from Elkay, Ireland.
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2.1.3 General Chemicals and Drugs

Methanol, ethanol, electrode storage solution, buffer solution pH 10, buffer
solution pH 7, buffer solution pH 4, hydrochloric acid (5 M), molecular biology
grade chloroform and laboratory reagent grade propan-2-ol (isopropanol) were all
purchased from Fisher scientific, UK. NaCl was obtained from USB Corporation,
USA. Dimethyl sulfoxide (DMSO) was from Sigma Aldrich, UK. Tris
(tris(hydroxymethyl)aminomethane) was purchased from Amersham Biosciences.

Liquid nitrogen and 95 % O,: 5 % CO, were supplied by BOC.

2.1.4 Vascular Pharmacology

Streptozotocin (STZ), () noradrenaline-bitartrate (NA), endothelin-1 (ET-1),
carbachol, sodium nitroprusside (SNP), (-) phenylephrine hydrochloride (PE) and
acetyl methylcholine (Mch) were purchased from Sigma-Aldrich Co Ltd., UK.
Citric acid, MgSO,, KCl, CaCl,.6H,0, KH,PO4 and NaHCOj; were all from Fisher,
UK. Diadzein was purchased from Tocris-Cookson Ltd, UK. Female Wistar rats
(200-500g) were bred in house and male Sprague Dawley rats (250-300g) were

purchased from Harlan UK Ltd, UK.

2.1.5 Cell Culture
ECV-304 (human urinary bladder carcinoma) cells were purchased from European
Collection of Cell Cultures, UK. Medium 199 (M199), and trypan blue solution

(0.4 % w/v), L-glucose and epidermal growth factor (EGF) were purchased from
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Sigma-Aldrich Co Ltd., UK. FBS (Foetal Bovine Serum), trypsin/ethylenediamine
tetraacetate (EDTA), L-glutamine 200 mM (100 x), sterile phosphate buffered
saline (PBS), penicillin-streptomycin and cell culture freezing medium-DMSO
were purchased from Invitrogen Life Technologies Corporation, UK. AG1478 and
AG825 were purchased from Tocris, UK. Bisindoylmaleimidine (Ro-31-8220)
was purchased from Sigma-Aldrich, UK. GO6983 and TPA (12-O-tetra-decanoyl-
phorbol-13-acetate) were purchased from Calbiochem, UK. D-glucose was

purchased from Fisher, UK.

2.1.6 Cell Lysis and Western Blotting

Ethylene glycol tetracetic acid, Triton-X 100, sodium orthovanadate, sodium
fluoride, phenyl-methyl-sulfonyl-fluoride, sodium molybdate, leupeptin, aprotinin
and bovine serum albumin (BSA) were purchased from Sigma-Aldrich Co Ltd,
UK. Acrylamide/bis-acrylamide 30 % v/v solution, glycerol and bromophenol
blue, Tween® 20 (Polyethylenesorbitan monolaurate), ponceau S stain, and sodium
azide were purchased from Sigma-Aldrich Co Ltd, UK. Ammonium persulphate
(APS) and TEMED (N,N,N,N’-tetramethylethylenediamine) were purchased from
Usb Co, USA. Bio-Rad protein assay kit, upper buffer pH 6.8 and lower buffer pH
8.8 were purchased from BioRad laboratories Ltd, UK. Sodium dodecyl sulphate
(SDS) was purchased from Fisher scientific Ltd, UK. DDT (DL-Dithiothreitol)
was purchased from Promega Corporation, USA. Protan®Nitrocellulose transfer

membrane (0.2 pM) was purchased from Schleicher and Schuell bioscience GmbH
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Whatman group, Germany. Filter paper grade 3 was purchased from Whatman,
UK. Western blocking reagent was purchased from Roche Diagnostics Ltd,
Germany. Marvel® dried skimmed milk was purchased from Premier international
foods, UK. Full range and low range rainbow™ molecular weight markers were
purchased from Amesham biosciences Ltd, UK. Chemiluminescent supersigna1®
west dura and femto substrates were purchased from Pierce, USA. X-0-fix-fixer
and X-0-dev-develpoer were purchased from X-0-graph Imaging System, UK. The
primary antibodies used, their source, the molecular weight of the protein they
detect, the company they were purchased from and their catalogue number can be
seen in table 2.1. The secondary antibodies used were anti-rabbit IgG, horse radish
peroxidase linked whole antibody (from donkey) and anti mouse Ig, horseradish
peroxidase linked whole antibody (from sheep) and were purchased from
Amersham biosciences Ltd, UK. Protein A-agarose immunoprecipitation reagent

(beads) SC-2001 was purchased from Santa Cruz Biotechnology, USA.
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Table 2.1 A list of primary antibodies with their source, the molecular weight of the protein they detect, the company they were purchased from and their
catalogue number. Epidermal growth factor receptor (EGFR), extracellular signal-regulated kinase 1/2 (ERK1/2), p38 mitogen activated protein kinase

(p38MAPK), protein kinase C (PKC) and endothelial nitric oxide syhthase (eNOS).

Antibody Source Molecular weight (kDa) Company and catalogue number

EGFR Rabbit 175 Cell Signalling Technology, UK (2232)
Phospho EGFR(Tyr1068) Rabbit 175 Cell Signalling Technology, UK (2234)
ErbB2 Rabbit 185 Santa Cruz Biotechnology, USA (Sc-284)
Phospho ErbB2 (Tyr1248) Rabbit 185 Upstate Biotechnology, UK (06-229)
Akt Rabbit 60 Cell Signalling Technology, UK (9272)
Phospho Akt (Ser473) Mouse 60 Cell Signalling Technology, UK (4051)
ERK1/2 Rabbit 42,44 Cell Signalling Technology, UK (9102)
Phospho ERK1/2 (Thr202, Tyr204) Rabbit 42,44 Cell Signalling Technology, UK (4377)
p38MAPK Rabbit 43 Cell Signalling Technology, UK (9212)
Phospho p38MAPK(Thr189/ Rabbit 43 Cell Signalling Technology, UK (9211)
Phospho PKC (Pan) (betall Ser660) Rabbit 78,80,82,85 Cell Signalling Technology, UK (9371)
eNOS Rabbit 140 Cell Signalling Technology, UK (9572)
Phospho eNOS (Thr495) Rabbit 140 Cell Signalling Technology, UK (9574)
Phospho eNOS (Ser1177) Rabbit 140 Cell Signalling Technology, UK (9571)
p-actin Mouse 42 Sigma-Aldrich, UK (A1978)

52



2.1.7 Reverse Transcriptase-polymerase Chain Reaction (RT-PCR)

Tri-reagent, 1M magnesium chloride, 2 % gelatine and ethidium bromide were
purchased from Sigma-Aldrich Co Ltd., UK. Molecular grade pure water was
purchased from Invitrogen Life Technologies Corporation, UK. Moloney murine
leukaemia virus reverse transcriptase (MMLV-RT) and DTT were purchased from
Invitrogen. Agarose, BioTag . diribonucleic acid (DNA) polymerase, hyperladder
I and hyperladder IV were purchased from Bioline, UK. RNase inhibitor was
purchased from Promega, UK. Deoxyribonucleotide triphosphates (dANTPs) and
random hexamers were purchased from Amersham, UK. PCR primers were
purchased from MWG biotechnology (Table 2.2). Primers were designed using the
OLIGO primer design software from Med probe AS, Norway. The specificity of
primers was tested using the basic local alignment search tool program from the

European Molecular Biology Laboratory — Genebank database software.

53



Table 2.2 Forward and reverse sequences of PCR primers

Forward sequence

Reverse sequence

ErbB2 5" CCTCTGACGTCCATCATCTC 3°
EGFR 5’ CAACATCTCCGAAAGCCA ¥

TGFo. 5’ CCACACTCAGTTCTGCTTCC 3
Epiregulin 5’ TCCATCTTCTACAGGCAGTCC 3’
Amphiregulin 5’ TCCTCGGGAGCCGACTATGAC 3’
HB-EGF 5’ CGGACCCTCCCACTGTATC 3’
Betacellulin 5 ACTGCATCAAAGGGAGATGC 3’
EGF 5’ GAGTCTGACTCAGTCCAGAA 3’
Connexin 43 5’ TTCATGCTGGTGGTGTCCTTGGTG 3’

B-actin 5’ GGAGCAATGATGTTGATCTT 3’

STATCTTCTGCTGCCGTCGCTT 3°

5’ CGGAACTTTGGGCGACTAT 3’

5 TCTTTATTGATCTGCCACAGTC 3’

5" AGAATCACGGTCAAAGCCAC 3

5 GGACTTTTCCCCACACCG 3

5 TGACAGCACCACAGCCAC ¥

5’ CCTGAGACACATTCTGTCCA 3’

5’ TCTACTTGGAGCAACAGTGG 3’

5’ GCTCACTTGCTTGCTTGTTGTAATTGC 3’
5’ CCTTCCTGGGCATGGAGTCCT 3’
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2.2 Methods

2.2.1 Isolated Mesenteric Bed Studies

Methods in section 2.2.1 were carried out by Dr Mariam Yousif and Prof
Ibrahim Benter of the Department of Pharmacology and Toxicology, Faculty of

Medicine, Kuwait University (Benter, et al 2005a).

The following experiments conform to the guidelines for the care and the use
of laboratory animals published by the US National Institute of Health

(publication Number 85-23, revised 1985).

2.2.1.1 Induction of Diabetes and Treatment with Genistein, Diadzein and
AG1478

Diabetes was induced in rats using STZ (Fig. 2.1e). The basal glucose levels of
female Wistar rats (200-250g) were determined using an automated blood
glucose analyser (Glucometer Elite XL). Then diabetes was induced by a single
intraperitoneal injection of STZ (55 mg/kg body weight) dissolved in citrate
buffer (pH 4.5). Age-matched control rats were injected with citrate buffer
vehicle only. Blood glucose was determined again 48 hours after STZ
injection. Rats with a blood glucose concentration above 300 mg/dl were

declared diabetic.

Eight groups of rats were used in this study. These groups are shown in table

2.3. Rats were treated with 1.5 mg/kg body weight (intraperitoneal on alternate

days, n = 8) of genistein (receptor tyrosine kinase inhibitor) (Fig. 2.1a),
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AG1478 (EGFR inhibitor) (Fig 2.1c), diadzein (inactive analogue of genistein)
or vehicle only (Fig. 2.1b), with groups 5, 6, 7 and 8 treated on the same day as
the induction of diabetes and every other day for 4 weeks. The concentrations
of AG1478 and genistein used to treat the rats were based on preliminary
experiments in which the effects of these drugs were tested at different
concentrations (Personal communication with Dr Mariam Yousif). Genistein,
diadzein and AG1478 were not present ex-vivo in the perfusion studies.
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Figure 2.1 Chemical structures of a) genistein, b) diadzein, ¢) AG1478, d) AG825 and e) STZ
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Table 2.3 The eight groups of rats used in the perfusion studies

Rat

g
g
=

Control (non-diabetic)-vehicle treated
Control-genistein treated
Control-AG1478 treated
Control-diadzein treated
Diabetic-vehicle treated
Diabetic-genistein treated
Diabetic-AG1478 treated
Diabetic-diadzein treated

RN A W

2.2.1.2 Isolation of the Mesenteric Vascular Bed

The mesenteric bed was carefully removed and placed in a dish of oxygenated
Krebs solution (118 mM NaCl, 4.6 mM KCl, 2.5 mM CaCl,, 1.2 mM MgSOy,
25 mM NaHCOs;, 1.2 mM KH,PO4 and 11.2 mM glucose) and then it was
cannulated via the mesenteric artery using a polyethylene cannula. The
cannulated mesenteric bed was placed in a warm water jacketed chamber at
37°C and perfused with Kreb’s solution at a constant flow rate of 6 ml/min
using a multichannel masterflex® peristaltic pump (Cole-Palmer Instrument Co

LTD, UK) The Krebs solution was oxygenated with 95 % O, and 5 % CO,.

2.2.1.3 Measurement of Perfusion Pressure

Perfusion pressure was recorded using a pressure transducer connected to a
Lectromed chart recorder. Preparations were always allowed to equilibrate for
at least 30 minutes. Tissue responsiveness was tested at the beginning of each

experiment using a bolus injection of NA ( 107 mol).
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2.2.1.4 Vasoconstriction Studies

After the period of equilibration, successive doses of NA (10°®, 107 and 10°
mol) or ET-1 (10'“, 10"% and 10° mol) were added to the perfusate at regular
intervals and the vasoconstrictor response of the perfused mesenteric bed was

recorded in mmHg.

2.2.1.5 Vasodilation Studies

After the period of equilibration, the perfused mesenteric bed was
preconstricted by a constant infusion of NA (10° M). After establishing a
steady level of preconstriction, successive doses of carbachol (10’9 and 10®
mol) or SNP (10", 10 and 10® mol) were added to the perfusate at regular
intervals. The vasodilator response was recorded and was expressed as % of

the preconstriction induced by NA (10° M).

It should be noted that each vasoconstrictor and vasodilator was tested using
the same vascular bed. The order of testing was NA, carbachol, SNP then ET-
1. The order used was based on the time needed to establish dose response
curves for each vasoconstrictor and vasodilator. The response to ET-1
develops slowly and may be difficult to wash out, thus, it was always tested

last (personal communication with Dr Mariam Y ousif).
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2.2.1.6 Statistics and Data Analysis for Isolated Mesenteric Bed Studies
Results were analyzed using Graph Pad Prism 4 software. Where indicated in
the text the number of experiments (n) is the number of rats used and the

standard error of mean (+ SEM) is represented with vertical bars on graphs.

Values were compared using analysis of variance (ANOVA) followed by post

hoc Bonferroni tests. A value of p < 0.05 was considered to be significant.

2.2.2 Aortic Rings

2.2.2.1 Preparation of Isolated Tissue

Animals were maintained in accordance with the Animals (Scientific
Procedures) Act 1986. Male Sprague Dawley rats (250-300g) were sacrificed
by a blow to the back of the head followed by fracturing of the neck. The rib
cage, heart and lungs were removed exposing the thoracic aorta. After
removing the connective tissue, the whole aorta was removed and dispensed
into a dish of Krebs solution (118.4 mM NaCl, 4.7 mM KCIl, 25.0 mM
NaHCO; 1.2 mM MgS04-2H,0, 1.2 mM KH,PO4-2H,0, 11.7 mM glucose
and 2.5 mM CaCl,-2H,0 dissolved in double distilled water). The aorta was
cut into 3 mm rings and suspended between two stainless steel hooks. Then the
preparations were placed in 20 ml tissue baths containing Krebs solution
oxygenated with 95 % O, and 5 % CO; and maintained at 37°C. As a control,
previous studies had shown that aortic rings behave similarly when treated the

same (Personal communication with Prof Kenneth Broadley).
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2.2.2.2 Measurement of Contractile Tension

The upper hook was connected to a Dynamometer UF1 isometric transducer (+
55 g sensitivity range) (Pioden Controls, UK). The signal was amplified using
a bridge amplifier (PowerLab, ADInstruments, UK) and was converted from
analogue to digital data and passed to a computer with Powerlab 200 hardware
and Chart v.5.5 (sampling frequency 4 Hz) software both from PowerLab,
ADInstruments, UK. An initial tension of approximately 0.5 g was applied to
all tissues. The preparations were washed and then allowed to equilibrate for a

minimum of 60 minutes before the addition of any drugs.

2.2.2.3 Denuding Endothelium

Where stated in the text, a proportion of aortic rings were denuded of
endothelium. For this, before mounting the aorta in the tissue bath, the aorta
was gently rotated on a needle. Removal of endothelium was confirmed by loss
of endothelium-dependent responses to Mch in preconstricted tissue. For any
given experiment preparations were either all with- or all without-

endothelium.

2.2.2.4 Effects of EGF on Resting Unconstricted Aorta

Preparations were taken from the animal and placed in organ baths. After the
period of equilibration tissue either with- or without- endothelium was exposed
to a singe concentration of EGF (100 ng/ml) or vehicle alone for 10 minutes

and the tension was recorded.
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2.2.2.5 Cumulative Concentration-response Curve to Mch

In order to determine a submaximal concentration suitable for relaxing the
aorta, a cumulative concentration-response curve to Mch was constructed.
Firstly the aortic rings were preconstricted using 5 x 10° M U46619
(thromboxane A2 mimetic). When the tension had reached a plateau a
cumulative concentration-response curve was constructed using Mch starting at
a concentration of 10° M and increasing at half log intervals up to a maximum
of 10>° M. From the concentration response curve the EC50 (concentration

(M) required to induce 50% of the response to Mch) was calculated.

2.2.2.6 Effect of EGF on Mch-induced Relaxation

The effects of a single concentration or cumulative concentrations of EGF were
examined on rat aorta preconstricted and submaximally relaxed with Mch. Two
preparations were taken from the animal and placed in organ baths. Both aortic
rings were preconstricted with 5 x 10° M U46619 and then relaxed with Mch.
To the first tissue bath a single concentration (100 ng/ml) of EGF or
cumulative concentrations (1, 10 and 100 ng/ml) of EGF were added. To the

other tissue bath vehicle alone (10 mM acetic acid + 0.1% BSA) was added.

2.2.2.7 Effect of EGF on U46619 Cumulative Concentration-response Curve
The effect of a single concentration of EGF (100 ng/ml) was examined on the
EC50 and maximum response of a U46619 cumulative concentration-response

curve. Two preparations were taken from the animal and placed in organ baths.
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Both were exposed to cumulative concentrations of U46619 starting with a
concentration of 10"* M and increasing at log intervals up to a maximum of
10"'" M. The baths were then washed out 3 times with Krebs solution. After the
tension had stabilized back to a base line, 100 ng/ml of EGF was added to the
first organ bath. To the second organ bath vehicle alone (10 mM acetic acid +
0.1 % BSA) was added. After 10 minutes of exposure the cumulative

concentration-response curve to U46619 was repeated.

2.2.2.8 Effect of EGF on PE Cumulative Concentration-response Curve

The effect of a single concentration of EGF (100 ng/ml) was examined on the
concentration-response curve to an alternative vasoconstrictor, PE, on aorta
with- or without endothelium. Three preparations were taken from each animal
and placed in organ baths. All three were exposed to cumulative concentrations
of PE starting with a concentration of 10™'® M and increasing at log intervals up
to a maximum of 10 M. The baths were then washed out 3 times with Krebs
solution. When the tension had stabilized back to a base line, 100 ng/ml of
EGF was added to the first organ bath. To the second organ bath vehicle alone
(10 mM acetic acid + 0.1 % BSA or PBS + 0.1 % BSA as stated in the text)
was added. To the last bath Krebs solution was added as a naive control. After
10 minutes of exposure the cumulative concentration-response curve to PE was

repeated.
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2.2.2.9 Effect of EGF on PE Preconstricted Aorta

The effect of a single concentration of EGF was examined on the EC50 and
maximum response of a PE constricted aorta with endothelium. Two
preparations were taken from the animal and placed in organ baths. Both were
constricted with 107 M PE. After the contraction had reached a plateau, 100
ng/ml of EGF was added to the first organ bath. To the second organ bath

vehicle alone (PBS + 0.1 % BSA) was added for 10 minutes.

2.2.2.10 Statistics and Data Analysis for Aortic Ring Studies
The data was analyzed using Graph Pad Prism 4 software. Where indicated in
the text the number of experiments (n) is the number of rats used and the

standard error of mean (+ SEM) is represented with vertical bars on graphs.

ECS50 with 95 % confidence intervals and maximum response values (+ SEM)
were derived from individual non-linear curve fitted concentration-response
curves for PE. An example of non-linear curve fitting for an individual data set
(from +EGF) is shown in figure 2.2. Values were calculated for the first PE-
induced contractions in the absence of EGF (or vehicle) and for the second PE-
induced contractions in the presence of EGF (or vehicle). EC50 and maximum
response were also calculated for naive control 1 and naive control 2, which are

the first and second PE-induced contractions without EGF or vehicle.
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Also calculated was the % of maximum or EC50 of the second concentration
response curve (in the presence of EGF or vehicle) to the maximum or EC50 of

the first concentration response curve (in their absence).

For comparing two measurements from the same sample (before and after
treatment), and two samples from the same animal (EGF treated and vehicle
treated), mean values were compared using a 2 tailed, paired Student’s t-test
and a 2 tailed, unpaired Student’s t-test respectively. A value of p < 0.05 was

considered to be significant.
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Figure 2.2 Example of non-linear curve fitting for an individual data set (set 2 from +EGF).
The R2 value for the plot is 0.9936 and the equation is y = min + (max-min) / (1x10%°€E¢302))
(Y = Response, X= Logarithm of concentration). From the plot the -logEC50 and the
maximum were calculated as -6.539 and 0.4207 respectively. ~logEC50 and maximum values
for each individual data set were meaned.

2.2.3 Cell Culture
2.2.3.1 Cell Culture Conditions
Cell culture was performed in a Heraeus safe type II laminar hood (Jencons

PLS, UK) that had been decontaminated firstly with Precept® and then with a
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70 % ethanol wash. All consumables used for cell culture were sterile and were
decontaminated using 70 % ethanol and opened inside the hood. Cells were
incubated and maintained in a Heraeus Hera Cell incubator (Jencons PLS, UK)
with atmosphere of 5 % CO, and a temperature of 37°C, 95 % humidified with
water humidifying trays containing copper II sulphate. Medium and PBS were

always warmed to 37°C before adding to the cells.

2.2.3.2 Cell Line and Culture Medium

ECV-304 cells were grown in M199 medium supplemented with 10 % FBS,
and 1 % penicillin streptomycin. For certain studies serum-free media was
required, for this, the above media was used without the addition of FBS. To
avoid the possibility of phenotypic drift, each batch of cells was used for a

maximum of 10 passages.

2.2.3.3 Subculturing (Passaging) and Maintenance of Cells

Stock cultures were fed with fresh medium every 2-3 days and subcultured
every 3 days or upon reaching 70-80 % confluency. To subculture, spent
medium was aspirated, and cells washed 3 times with PBS. Then 1 x Trypsin/
EDTA was added to the cells (1 ml for every 25 cm’ vessel surface area) and
incubated until cells were detached from the flask. Adding 10 ml of fresh
medium to the flask stopped trypsinisation, due to the presence of trypsin
inhibitors in serum. The cell-containing medium was then transferred to a
centrifuge tube and centrifuged at 150 gravity (g) for 5 minutes. The

supernatant was aspirated and the cells were resuspended in the appropriate
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volume of fresh medium. Cells were counted using an inverted Nikon Eclipse
TS100 microscope (Jencons PLS, UK), on a Neubauer haemocytometer
(Marinefield, Germany) and aliquoted into flasks at the required seeding

density.

2.2.3.4 Cryopreservation of Cells

Cells were grown in culture flasks to around 60 % confluency, and trypsinised
as described above, counted and pelleted by centrifugation at 150 g for 5
minutes. The pellet was reconstituted in normal medium and pelleted again at
150 g for 5 minutes. The resulting pellet was reconstituted in freezing media
with an average of 10° cells/ml of freezing medium. One ml was placed in each

cryovial, and these were kept at -80°C overnight, and the following day stored

in liquid nitrogen at -196°C.

2.2.3.5 Thawing Frozen Cells

Cells were taken out of liquid nitrogen storage and quickly thawed at 37°C in a
water bath. The cells were transferred to a centrifuge tube containing 10 ml of
normal medium and centrifuged at 150 g for 5 minutes. The supernatant was
then decanted, and the pellet gently resuspended in 7.5 ml of fresh medium and
then placed in a 25 cm flask to grow as normal. After 24 hours spent media

was aspirated and fresh media was added.
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2.2.3.6 Cell Count and Viability

The trypan blue exclusion test was used to assay the viability of cells. Cells
were washed with PBS, and then trypsinised and resuspended in a known
volume of medium. One hundred pl of trypsinised cells was mixed with 100 pl
of trypan blue (0.4 % solution) and left to stand for 2-3 minutes. A coverslip
was placed on the haemocytometer and 10 pl of the suspension was taken and
transferred to the counting chambers of a two counting grid Neubaeur
haemocytometer with a depth of 0.1 mm and an area of 1/400 mm?. The cells
in the 5 x 5 counting grid were counted using a light microscope at a
magnification of x100, this was repeated four times. For calculating the
number of cells/ml the mean count was taken excluding the non-viable cells

stained with trypan blue and used in the calculation formula:

Cells/ml = mean count x 10* x dilution factor

2.2.3.7 Cell Growth Curve for ECV-304 Cells

Cells were plated at a seeding density of either 12,500, 25,000 or 50,000 in a
24 well cell culture plate using 1 ml of medium per well. After 12 hours spent
medium was aspirated from 3 wells for each seeding density and the wells
were washed 3 times with PBS. Trypsin (100 pl) was added to each well and
the plate was incubated for 5 minutes. The trypsinisation was stopped by
adding 100 pl of normal medium to each well. The detached cells were

transferred into an eppendorf tube, and the cells counted. This was repeated

67



every 12 hours for 5 days, and every 24 hours thereafter up to 9 days. Every 3

day, spent medium was aspirated and replaced with fresh medium.

2.2.3.8 Cell Growth Curve for ECV-304 Cells Grown in Normal and High
Glucose Conditions

Cells were plated at a seeding density of 25,000 cells/well in a 24 well cell
culture plate using 1 ml of medium per well, and incubated for 24 hours. Cell
medium was then changed to either fresh medium with a concentration of 5.5
mM glucose or to medium containing 25.5 mM glucose. After 8 hours, spent
medium was aspirated from 6 of the wells (3 with normal medium and 3 with
medium containing 25.5 mM glucose), and the wells were washed 3 times with
PBS. The cells were detached for counting as described above, in section
2.2.3.7. This was repeated every 10-12 hours for the first 4 days and just once
on the 5™ day. On the 3™ day after treatment with glucose, spent medium was
aspirated and replaced with fresh medium and treatments. For ECV-304

growth curves, SEM is represented with vertical bars on graphs.

2.2.3.9 Exposing Cells to EGF

ECV-304 cells were seeded in a T-75 T-flask at a seeding density of 1 million
cells per flask with 20 ml of medium. Cells were incubated for 24 hours, after
which 1, 10 or 100 ng/ml of EGF was added for 1, 10 or 60 minutes (as stated

in the text). After which the cells were lysed as described in section 2.2.4.
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2.2.3.10 Exposing Cells to Glucose and Treatment with ErbB Inhibitors:
AGI1478 and AG825

ECV-304 cells were seeded in a T-75 T-flask at a seeding density of 1 million
cells per flask with 20 ml of medium. Cells were incubated for 24 hours, after
which the medium was aspirated and cells washed 3 times with PBS. Then
serum-free medium was added to the cells, and incubated for a further 24
hours. Stock solution of 1.4 M of D-glucose was prepared and filtered. The
appropriate volume of the stock solution was added to serum free medium to
give the final concentration of glucose, as stated in the text. For control cells
conventional serum-free medium that contained 5.5 mM glucose was added
straight to the cells. For osmotic control D-glucose was replaced with L-

glucose (Fig. 2.3)

Where stated, and at concentrations stated in the results section, AG1478 or
AG825 (Fig. 2.1d) (in DMSO) was added simultaneously with glucose. The
overall DMSO concentration in medium was kept at 1 %. Cells were incubated
with treatment for various time periods as stated in the results section and then
lysed for western blotting as described in section 2.2.4 or ribonucleic acid

(RNA) was extracted as described in section 2.2.5.

D-glucose L-glucose

Figure 2.3 Chemical structure of a) D-glucose and b) L-glucose
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2.2.3.11 Treatment of Cells with PKC Activator TPA, and PKC Inhibitors RO-
31-8220 and GO6983

ECV-304 cells were seeded in T-75 T-flasks at a seeding density of 1 million
cells per flask and incubated for 24 hours in 20 ml of serum-containing media.
Then media was aspirated and replaced with fresh media alone for untreated
control, or containing the following treatments: 100 nM TPA for 3, 24 and 48
hours; 0.05, 0.1, 0.25 and 0.5 uM RO-31-8220 for 24 hours; and 0.1, 0.5, 1, 5
and 10 pM GO6983 for 24 hours. After which cells were lysed as described in

section 2.2.4 for western blotting.

2.2.4 Cell Lysis and Western Blotting

Western blotting is a semi-quantitative technique used for the analysis of
protein, and was first introduced by Towbin and co-workers in 1979 (Towbin,
et al 1979). It involves many steps, first of which is the harvesting of protein
from cells or tissue and the loading of protein samples onto an SDS-gel.
Negatively charged SDS binds to protein molecules, causing each protein
moecule to become negatively charged. Molecules of similar size bind the
same amount of SDS, thus have a similar negative charge. Thus, an electrical
current can be used to separate proteins according to mass and not to charge,
since all proteins will migrate towards the anode with larger proteins retarded
by the gel matrix more so than smaller proteins. The separated proteins are then
transferred from the gel onto a nitrocellulose membrane. After transfer, the blot

is blocked using milk, this reduces background interference from antibody
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binding to non-specific sites on the nitrocellulose blot. Following this the blot

incubated in diluted se

O

ondary antibody, which in this case is conjugated with

the enzyme horseradish peroxidase (HRP). The secondary antibody binds to
the primary antibody, and since each primary antibody has several epitopes that

amplified. After washing off excess secondary antibody, substrate is added to
the blot. The substrate is catalysed by HRP on the secondary antibody, to
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2.2.4.1 Preparation of ECV-304 Cell Lysates

Cell medium was aspirated and cells washed 3 times with PBS. For every 1
cm® of culture vessel area approximately 10 pul of lysis buffer (50 mM tris base,
5 mM EGTA, 150 mM NaCl, Triton 1 %) was added to the cells. To protect
the cellular protein from proteolysis by peptidases, protease inhibitors (2 mM
Na3VO4, 50 mM NaF, 1 mM PMSF, 20 uM phenylarsine, 10 mM sodium
molybdate, 10 pg/ml leupeptin and 8 pg/ml aprotinin) were added to the lysis
buffer immediately prior to lysis. Cells were scraped with a cell scraper, and
left on ice for 15 minutes. Cells were further scraped, transferred to eppendorf
tubes and left on ice for a further 15 minutes. Samples were then centrifuged

for 15 minutes at 13,000 g at 4°C. The supernatant was then collected,

aliquoted and frozen at -20°C and the pellet was discarded.

2.2.4.2 Lysis of Rat Mesenteric Bed

Rat mesenteric vascular bed tissue from the perfusion experiments had been
stored at —80°C until the tissue was required for further experiments. The tissue
was thawed on ice. After complete thawing, lysis buffer was added, and the
tissue homogenised 3 times with a homogenizer (Fisher scientific Inc, UK) at
speed 2 for 20 seconds each time. The tissue was then left on ice for a further
30 minutes. The lysates were centrifuged at 13,000 g for 20 minutes at 4°C.
The resulting supernatant was collected, aliquoted and frozen at —20°C until

required and the pellet was discarded.
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2.4.3 Proiein Determination
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determination in prepared cell or tissue lysates. A BSA standard curve was se

up in triplicate in a plastic 96 well plate, at concentrations of 0, 0.05, 0.1, 0.15,

o
=]
@
gl
]
.
o
o

concentration versus absorbance (595 nm) was drawn for standards, see

=

example in figure 2.5 below. The concentration was then worked out as showr
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Figure 2.5 Examplc standard curve showing absorbance (595 nM) of proteins at standard
concentrations with the linear curve eguation



The linear equation y = mx + ¢ (y = absorbance, m = slope of the line, x =
concentration and c¢c = y intercept) was used to calculate the protein
concentration of lysate samples. From a best-fit line through the standard curve
the values for ‘m’ and ‘c’ were derived. Using the protein sample’s absorbance
value as ‘y’, the equation (x = (y-c)/m) was rearranged to find ‘x’. Then ‘x’
was multiplied by the dilution factor (in this case 10) which gave the protein

sample’s concentration in nM.

2.2.4.4 SDS Polyacrylamide Gel Electrophoresis

Electrophoresis was completed using Mini-PROTEAN® 3 electrophoresis cell
with accessories (BioRad Laboratories, UK). Polyacrylamide gel was prepared
and placed in a gel tank filled with running buffer (25 mM tris base, 192 mM
glycine and 0.01 % SDS at pH 8.3 dissolved in double distilled water). Recipes
for acrylamide gels are shown in table 2.4 and table 2.5. The percentage of
resolving gel used depends on the size of the protein to be detected as shown in
table 2.4. Sample loading buffer (2 % SDS, 10 % glycerol, 60 mM tris pH 6.8,
bromophenol blue and 20 mM DTT dissolved in double distilled water) was
added to protein samples (1:1, v/v) and then heated at 100°C for 10 minutes.
Samples containing 20-50 pg of protein were then loaded, into the pre-formed
wells of the gel. Also 10 pl full range molecular weight rainbow marker (10-
250 kDa) or low range molecular weight rainbow marker (2.5- 45 kDa) was
loaded into one well of each gel. The gel was run at a constant voltage of 150
V and 35 mA per gel for 90 minutes or until the blue bromophenol dye in the

sample-loading buffer had run off the bottom of the gel.
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Table 2.4 Recipes for 8, 10 and 12 % resolving gels with the protein range of separation

% Resolving gel 8 10 12
Protein range for separation (kDa) 70-200 20-100 10-70
Acrylamide (30 %) (ml) 2.7 33 4.0
Distilled water (ml) 4.6 4.0 33
1.5M Tris pH 8.8 (ml) 2.5 2.5 25
10% SDS (ml) 0.1 0.1 0.1
10% APS (ml) 0.1 0.1 0.1
TEMED (ml) 0.02 0.02 0.02

Table 2.5 Recipe for 5% stacking gel

5% Stacking gel (ml)
Acrylamide 1.67
Distilled water 5.83
1.5M Tris pH 6.8 2.5

10% SDS 0.1

10% APS 0.05
TEMED 0.01

2.2.4.5 Electrophoretic Transfer

The separated proteins were transferred onto protan nitrocellulose transfer
membrane with 0.2 um pores using mini trans-blot® cell apparatus (BioRad
Laboratories, UK). Transfer buffer was made up of 0.25 M tris base, 1.92 M
glycine and 20 % methanol dissolved in double distilled water. A sandwich
consisting of sponge, 3 sheets of filter paper, SDS gel, nitrocellulose, another 3
sheets of filter paper, and sponge (all first soaked in transfer buffer) was
assembled. Air bubbles caught between the gel and nitrocellulose were
carefully removed, and the entire group was placed inside a support grid (Fig.
2.6). This was placed in the transfer apparatus full of transfer buffer making

sure that the transfer from gel to nitrocellulose was going from cathode to
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anode, due to the negative charge on the proteins. Transfer was performed at
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Following blotting the nitrocellulose was placed in ponceau S stain for

visualizing of transferred proteins, showing efficiency of transfer. The red
ponceau S stain was then washed off with tris buffered saline (1 1 tris base
and 150 mM NaCl dissolved in double distilled water) containing 0.05 %

tween2G (TBS/iween). The blot was blocked by incubating it in 5 % (w/v)

Marvel® dried skimmed milk in TBS/tween for 1 hour at room temperature

2.2.4.7 Western Blot Membrane Probing with Antibodies
Following blocking, the nitrocellulose blot was washed for 10 minutes with
TBS/tween, and then the appropriate primary antibody was added, diluted

1:1000 in TBS/tween and 5 % Western blocking reagent. The concentrations of



antibody used were based on preliminary experiments were each antibody was
fully optimized. The blots were incubated in the primary antibody overnight at
4°C on a Stuart roller mixer SRT2 (Bibby Sterilin Ltd, UK). Following
primary antibody treatment, the nitrocellulose membrane was washed 3 times
with TBS/tween for 10 minutes each time on an orbital shaker at room
temperature. Then the membrane was treated with HRP-conjugated secondary
antibody diluted 1:10,000 in TBS/tween and 5% Western blocking reagent.

This was incubated at room temperature on a roller mixer for 1 hour.

2.2.4.8 Chemiluminescence Detection

After antibody treatments the membrane was washed again 3 times with
TBS/tween for 10 minutes each time at room temperature on an orbital shaker
at high speed. Excess TBS/tween was carefully taken off the membrane before
it was placed between sheets of thin clear plastic. Under safe light, equal
volumes of chemiluminescence reagents 1 (peroxide buffer) and 2
(luminol/enhancer solution) supersignal west dura extended duration substrate
(supersignal west femto substrate was used to detect endothelial nitric oxide
synthase (eNOS) at Thr495) was then applied to the blot and left for 5 minutes.
Excess chemiluminescence substrate was removed, and the blot was placed in
an autoradiograph cassette. An autoradiograph film was placed in the cassette

with the membrane, and the film was developed.
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2.2.4.9 Measurement of f-actin as an internal control

Under most conditions the level of B-actin should not vary between samples,
thus can be used as an internal control (Liao, et al 2000). To ensure that an
equal amount of protein was loaded into each lane, after western blotting for a
specific protein, the blot was washed 3 times with TBS/tween. The blot was
then probed with antibodies and subjected to chemiluminescence detection as
above, except the primary antibody was at a concentration of 1:10000

incubated for 30 minutes.

2.2.4.10 .Co-immunoprecipitation

Co-immunoprecipitation is a method used for the analysis of protein:protein
interactions. The protein of interest and any proteins that are complexed with it
are precipitated from the rest of the cell lysate. Antibody specific for the
protein of interest is added to the sample and an antibody:protein complex
forms. Then an immobilized antibody binding protein, in this case protein A-
agarose beads, is added to the sample. The protein A recognizes and binds to
the Fc region of the antibody in the antibody:protein complex and due to the
bound agarose beads the complex can then be easily isolated out of solution by
centrifugation. Unbound proteins are washed away and the antibody:protein
complex is eluted from the immobilized protein A. The protein of interest and

any protein in complex with it can then be analysed using western blotting.

Co-immunoprecipitation was performed as follows: Anti-EGFR antibody was

added to 1 mg of cell lysate samples at a dilution of 1:50, and incubated on a
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tube rotator (NeoLab, Germany) overnight at 4°C. Then 20 ul of protein A-
agarose beads was added to the samples and incubated on a tube rotator at 4°C
for a further 3 hours. Then the bead pellets were washed 5 times with excess
lysis buffer (400 ul), making sure to keep the samples on ice for the duration of
the washes. Between each wash the samples were centrifuged at the maximum
speed for 5 seconds. Finally the pellets were resuspended in 20 ul of 2 x SDS-
sample buffer and vortexed for 3 seconds. Then the samples were centrifuged
again, after which the samples were heated to 100°C for 5 minutes. Finally 10
ul of sample per well was added to two SDS-gels and western blotting was

performed. One blot was probed for EGFR and the other for ErbB2.

2.2.5 RT-PCR

PCR is a technique used to enzymtically amplify DNA, invented by Kary
Mullis in 1983 (Mullis 1990). In this instance total RNA was isolated and
converted into the more stable ¢ (complimentary) DNA by the process of RT-
PCR. Then cDNA was amplified using PCR, and was detected on a stained

agarose gel.

2.2.5.1 Isolation of Total RNA

Spent medium was aspirated from a 25 cm? flask of confluent ECV-304 cells,
and washed 3 times with excess PBS. After removing all PBS, 2 ml of TRI
reagent was added. Then a cell scraper was used to harvest the cells. The cell-
containing suspension was aliquoted into 1 ml portions in eppendorf tubes.

Then 0.2 ml of chloroform was added and vortexed for approximately 20
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seconds. These were centrifuged for 15 minutes at 19,000 g and 4°C. This
resulted in 3 layers; the clear fraction at the top containing RNA, the middle
DNA containing layer and the bottom protein fraction. The top RNA fraction
was removed very carefully and transferred into a new sterile eppendorf tube,
and then 0.5 ml of isopropanol was added. This was then left to stand at room
temperature for 10 minutes. Then it was centrifuged again at 19,000 g and 4°C
for 10 minutes, a pellet of RNA resulted. Then very carefully not to disturb the
pellet the supernatant was removed, and the pellet washed with 75 % ethanol,
by vortexing, and then centrifuging at 19,000 g and 4°C for 5 minutes. The
ethanol was pipetted off, and the pellet of RNA was left to air dry. Then the

pellet of RNA was resuspended in 50 pl of deionised water.

2.2.5.2 Assessing Purity and Yield of Total RNA

A denaturing gel was used to asses the purity of RNA. A 1 % denaturing
agarose gel was prepared. 10 pl of RNA loading solution was added to 1 ul of
total RNA, mixed and heated for 15 minutes at 70°C. This was then cooled on
ice for 1 minute and loaded onto the denaturing gel. The gel was left to run at
50 V, until the dye had migrated 3-4 cm from the wells. Two bright bands at
approximately 4.5 and 1.9 kb (28S and 18S ribosomal RNA) indicated pure

RNA

Total RNA’s absorbencies at 260 nm and 280 nm were measured using an

Ultrospec 3100 pro UV/visible spectrophotometer (Amersham Biosciences,

UK). The ratio of the absorbencies at 260 and 280 nm indicated RNA’s purity.
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RNA with a ratio of 1.7-2.0 was declared pure. Since an absorbance of 1 unit at
260nm corresponds to 40 pug RNA/ml based on an extinction coefficient
calculated for RNA in water, then to determine RNA concentration in pg/ml

the absorbance at 260 nm was multiplied by 40 and then by the dilution factor.

2.2.5.3 RT: Preparation of cDNA

RT-PCR and PCR were undertaken in a Labconco purifier PCR enclosure
(GRI, UK). RNA (1 pg) made up in RNase/DNase free water in a total volume
of 7.5 pl was added to 11 pl of RT master mix comprising of 5 ul dNTPs (2.5
mM), 2 ul (10 x) PCR buffer (100 mM tris HCI (pH 8.3), 500 mM KCl, 15
mM MgCl, and 0.01 % gelatine dissolved in RNase/DNase free water), 2 ul
DTT (0.1 M) and 2 pl of random hexamers. Samples were vortexed then
denatured at 95°C for 5 minute in a MJ research PTC-100 programmable
thermal controller PCR machine (GRI, UK). Then they were incubated on ice
for 2 minutes. 1 pl of MMLV-RT and 0.5 pl of RNase inhibitor was added. A
negative control was always used which was a reaction excluding RNA,
presence of a band or bands in an RT-PCR gel picture would indicate
contamination with RNA from an external source. The samples were gently
flick mixed and pulse spun in a micro-centrifuge. The tubes were returned to
the PCR machine and reverse transcribed following the protocol: 22°C for 10
minutes (annealing), 42°C for 40 minutes (RT extension) and finally 95°C for 5

minutes (denaturing).
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2.2.5.4 PCR

cDNA coding for known genes was amplified exponentially using PCR. First,
0.5 pl of cDNA produced in the RT step was added to the master mix
comprising of: 18.24 ul of ddH20, 2.5 pl PCR buffer (10x), 2 ul dNTPs (2.5
mM), 0.625 pl each of 100 pmol/pl forward and reverse primers, 0.156 ul each
of 100 pmol/ul B-actin forward and reverse primers and 0.2 pl of Taq
polymerase giving a final volume of 25 pl per sample. Then, PCR reactions
were set up in PCR tubes on ice and the Taq was always added at the latest
possible time. A negative control was always used which was a reaction
excluding cDNA, presence of a band or bands in a PCR gel picture would
indicate contamination with DNA from an external source. In preliminary
experiments the annealing conditions were fully optimized for each primer
pair. Tubes were placed in the PCR machine and amplified using the following
thermocycling program:

First cycle:

95°C for 2 min

55°C for 1 min

72°C for 5 min

PCR cycles (x no. cycles):

95°C for 1 min

55°C for 30sec

72°C for 1 min

Final cycle:

94°C for 1 min
60°C for 5 min

The number of PCR cycles varied between primers as shown in table 2.6.
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Table 2.6 Primers and the number of PCR cycles performed

Primer Number of PCR cycles
EGFR 27
ErbB2 27
TGF a 30
Betacellulin 35
Epiregulin 27
Amphiregulin 30
HB-EGF 35
EGF 35
Connexin 43 30

The product was resolved on a 2 % agarose gel containing ethidium bromide in
1x Tris-Acetate-EDTA (TAE) buffer at 70 V for 30 minutes. Samples were
loaded using 1x loading buffer (50 % glycerol in 1 x TAE with 1 %
bromophenol blue). Then gels were viewed and analysed using an alpha
innotech corporation alpha digidoc RT gel documentation system and the

alphaEase FC software (v4.1.0) (GRI, UK).
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3.0 Results
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3.1 Modulation of Epidermal Growth Factor Receptor and ErbB2, and the
Effect of Receptor Tyrosine Kinase Inhibition on Vascular Tone in the

Mesenteric Bed of Streptozotocin-induced Diabetic Rats

Introduction

It has previously been shown that diabetic vascular tissues show an enhanced
response to vasoconstrictors and an attenuated response to vasodilators (Abebe,
et al 1990, Kamata, et al 1989, Makino, et al 2000, Mayhan, et al 1999,
Oyama, et al 1986). Studies suggest that this aberrant vascular response could
be due to diabetes-induced abnormalities of several important mechanisms
involved in vascular reactivity. Possibilities include a diabetes-induced rise in
calcium levels or sensitivity (Abebe, et al 1990, Beenen, e al 1995), diabetes-
induced changes in vascular response to endothelium derived hyperpolarising
factor (EDHF) (Makino, et al 2000) and a diabetes-induced reduction in the
levels of vascular cyclic GMP (cGMP), due to aberrant nitric oxide (NO)
production (Kamata, e al 1989, Li and Forstermann 2000). However, the exact

underlying mechanisms involved remain unclear.

It is known that epidermal growth factor (EGFR) activity is increased in some
diabetic tissues from streptozotocin (STZ)-induced diabetic rats, such as the
gastric mucosa (Khan, et al 1999). Also, under high glucose conditions, the
transactivation of EGFR is increased in the proximal tubules of human kidneys
(Saad, et al 2005). Additionally, the involvement of EGFR and ErbB2

signalling pathways have been implicated in the development of diabetes-
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induced vascular dysfunction in rat carotid artery (Yousif, et al 2005). The aim
of this section was to investigate the involvement of EGFR in diabetes-induced
abnormal vascular reactivity in rat mesenteric bed, by use of receptor tyrosine
kinase (RTK) inhibitors, and to look at the levels of phosphorylated (p)EGFR

and pErbB2 in the mesenteric bed of diabetic rats.

Results

Effects of Genistein and AG1478 on Vascular Tone of Perfused Mesenteric Bed
from STZ-induced Diabetic Rats

Firstly the effect of EGFR inhibition on aberrant vascular reactivity seen in
diabetic vascular tissues was examined using perfusion experiments. Perfusion
experiments were carried out by Dr Mariam Yousif and Prof Ibrahim Benter of
the Department of Pharmacology and Toxicology, Faculty of Medicine,

Kuwait University (Benter, et al 2005a).

Before commencing with the experiments, the blood glucose concentration of
each rat was tested. STZ is a potent diabetogenic agent that destroys the
insulin-producing B cells and was thus used to generate a type I diabetes
experimental animal model. The STZ-treated diabetic rats had significantly
higher blood glucose concentrations at 4 weeks (610 + 24 mg/dl) as compared
to the non-diabetic control rats (86 + 5 mg/dl). Treatment of diabetic rats with
the highly potent and specific EGFR inhibitor AG1478 (550 + 28 mg/dl) or the

general tyrosine kinase inhibitor genistein (538 + 26mg/dl) did not have a
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significant effect on blood glucose concentration as compared to the diadzein

control (532 %= 23 mg/dl), which is an inactive analogue of genistein.

Upon confirmation of the successful induction of diabetes in the STZ treated
rats, perfusion studies within the isolated mesenteric vascular bed were carried
out using the vasoconstrictors noradrenaline (NA) (adrenergic agonist) and
endothelin-1 (ET-1). The vasoconstrictor responses to 10®, 107 and 10 mol
NA were significantly exaggerated in the perfused mesenteric vascular bed
from STZ-diabetic rats (85 +9, 160 £ 7 and 177 + 7 mmHg) as compared to
non-diabetic control rats (39 +7, 106 + 11 and 124 + 6 mmHg) (Figs. 3.1a and
3.1b). The augmented responses to 107 and 10°® mol NA were significantly (n
= 8, p < 0.05) prevented by 4 week treatment of diabetic rats with the tyrosine
kinase inhibitors genistein (97 + 18 and 119 + 23 mmHg) (Fig. 3.1a) and
AG1478 (91 = 13 and 114 = 11 mmHg) (Fig. 3.1b). The vasoconstrictive
responses to 107'? and 10 mol ET-1 were also significantly (n = 8, p < 0.05)
exaggerated in the perfused mesenteric beds from STZ-diabetic rats (138 + 14
and 198 + 7 mmHg) as compared to control (75 + 14 and 99 + 8 mmHg) (Figs.
3.2a and 3.2b). The exaggerated response to 10" mol ET-1 was again
significantly normalized by 4 week treatment of diabetic rats with either
genistein (66 = 18 mmHg) (Fig. 3.2a) or AG1478 (80 + 25 mmHg) (Fig. 3.2b).
The effect of AG1478 and genistein were overcome at the highest

concentration of ET-1 (10'9 mol) (Figs. 3.2a and 3.2b).
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Perfusion studies were next carried out using the vasodilators, carbachol
(muscarinic agonist) and sodium nitroprusside (SNP, NO donor) to examine
the effect of endothelium-dependent and independent vasodilators,
respectively. There was a significant (n = 8, p < 0.05) reduction in the
vasodilator response to 10 and 10® mol carbachol in the perfused mesenteric
vascular bed from STZ-diabetic rats (44 = 7 and 59 + 6 %) compared to non-
diabetic control rats (78 +.5 and 100 + 6 %) (Figs. 3.3a and 3.3b). This reduced
response to 10® and 10™® mol carbachol was significantly (n = 8, p < 0.05)
prevented in STZ-diabetic rats treated with either genistein (89 + 17 and 86 +

6%) (Fig. 3.3a) or AG1478 (78 =9 and 92 + 14%) (Fig. 3.3b).

The vasodilator responses to 107°, 10® and 10® mol SNP in the perfused
mesenteric vascular bed of the STZ-diabetic rats (37 £ 8, 66 + 6 and 80 = 7 %)
were similar to those observed in the perfused mesenteric beds of the control
rats (28 £ 3, 69 =7 and 94 + 6 %). The treatment of STZ-diabetic rats with
genistein (56 +9,75 + 8 and 86 + 6 %) or AG1478 (38 £ 10,62 + 8 and 73 + 8
%) did not have a significant effect on SNP-induced changes in perfusion

pressure in STZ-diabetic rats (Fig. 3.4).

Control studies were carried out, which showed that 4 week treatment of non-
diabetic rats with either genistein or AG1478 did not have a significant effect
on vasoconstrictor response to NA (108, 107 and 10 mol) and ET-1 (10, 10
1% and 10 mol) nor on vasodilator response to carbachol (10”° and 10® mol)

and SNP (10‘10, 10° and 10 mol) (Figs. 3.1c, 3.2¢, 3.3c and 3.4c). Control
g
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studies were also carried out using diadzein. A 4 week diadzein treatment of
control rats and STZ-diabetic rats did not have a significant effect on NA (108,
107 and 10® mol) or ET-1 (10"}, 10'° and 10 mol) induced vasoconstrictor
response nor on carbachol (10'9 and 108 mol) or SNP (10'10, 10® and 10°® mol)

vasodilator response as compared to control (Figs. 3.1d, 3.2d, 3.3d and 3.4d).

The Effect of RTK Inhibition on EGFR Phosphorylation at Tyrosine 1068 in
STZ-induced Diabetic Rats

Next western blot studies were conducted to examine whether the level of
pEGFR was increased at tyrosine (Tyr)1068 in the mesenteric bed of STZ-
induced diabetic rats, and whether the level of pEGFR could be reduced using
the inhibitors AG1478 and genistein. This would show whether the recovery of
vasoconstrictor and vasodilator response following genistein and AG1478

treatment was a result of these agents inhibiting EGFR activity.

In all cases throughout this text, western blots for pEGFR and pErbB2 showed
single bands at 175 kDa and 185 kDa respectively as estimated using molecular
weight markers, these were the expected molecular weights for each protein.
To ensure that an equal amount of protein was loaded into each lane levels of
B-actin were always detected by means of western blot. In all cases throughout
the text, levels of B-actin remained constant, indicating equivalent loading of

protein.
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Higher level of pEGFR in mesenteric bed tissue from STZ-diabetic rats was
seen as compared to control rats. This increase in pEGFR seen in the diabetic

rats was prevented by treatment with AG1478 and with genistein (Fig. 3.5a).

The Effect of RTK Inhibition on ErbB2 Phosphorylation at Tyrosine 1248 in
STZ-Induced Diabetic Rats

Since ErbB2 is the preferred heterodimerization partner for EGFR (Graus-
Porta, et al 1997), whether ErbB2 phosphorylation at Tyr1248 was also
elevated in mesenteric bed from STZ-induced diabetic rats, and whether
phosphorylation of ErbB2 could be reduced using genistein, or using the ErbB2

inhibitor AG825 which is selective for ErbB2 over EGFR was examined.

Western blotting showed a higher level of pErbB2 in the mesenteric bed tissue
from STZ-diabetic rats as compared to control rats. This increase in pErbB2
seen in mesenteric bed tissue from diabetic rats was reduced back to near

control levels by treatment with genistein and with AG825 (Fig. 3.5b).

90



Figure 3.1

a -&- Control
=i—- Diabetes
5 200- =O— Diabetes + genisteLn
z E N
E 150-
2
=]
@
o 100+ =
s +
s +
‘5 901
<
g
c g L L] L] L}
-8.0 -7.5 -7.0 -6.5 -6.0
Log concentration NA (mol)
b 8- Control
=i~ Diabetes

5 200+ =3 Diabetes + AG147*8
I sk
(=
E 150~
[}
=
=
@
o 100-§ . +
Q
g 5
5 50
=
o
n- c Ll L ] L] 1 ] L]

-8.0 -7.5 -7.0 -6.5 -6.0

Log concentration NA (mol)

91



Figure 3.1 continued
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Figure 3.2
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Figure 3.2 continued
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Figure 3.3
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intraperitoneal injection of 55 mg/kg body weight. Values were compared using ANOVA
followed by post hoc Bonferroni tests, * significantly different from control, + significantly
different from diabetic, P < 0.05, n = 8.
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Figure 3.4
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a
Phospho-
EGFR
Pactin
b
Control Diabetic Diabetic + Diakbetic+
AGS825 genistein
- 1.{',- . L o
Phospho- ;
ErbB2

Effects of chronic genistein and AG1478 treatments on EGFR phosphorylation, and the effects
of chronic genistein and AG825 treatments on ErbB2 phosphorylation in the mesenteric bed of
diabetic rats. a) Western blot analysis of EGFR phosphorylation in the mesenteric vascular bed
tissue of conirol, diabeiic, chronic AG1478-ireated diabetic and chronic genistein-treated

diabetic rats and b) western blot analysis of ErbB2 ph

osphorylaiion in ihe mesenieric bed tissue
of control, diabetic, chronic AG825-treated diabetic and chronic genistein-treated diabetic rats.
Genistein, AG1478 and AGR2S treatments were for four weeks with 1.5 mg/kg body weight
intraperitoneal injections on alternate days. Diabetic rats were STZ-induced wiith a single
intraperitoneal injection of 55 mg/kg body weight. B-actin was used as a control to verify an
equal protein loading in each lane, # = 3 for both a} and b).
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3.2 Characterization of Human ECV-304 Cells and the Effect of High

Glucose on EGFR and ErbB2 in These Cells

Introduction

Section 3.1 demonstrated reduced action of the endothelium-dependent
vasodilator carbachol in tissues from STZ-induced diabetic rats, suggesting
reduced NO-mediated vasodilation. Additionally, vascular response to SNP, a
NO donor, was unaltered in STZ-induced diabetic rats suggesting that vascular
smooth muscle responses to NO were unaffected. These results suggest that the
attenuated vasodilator effect observed in the STZ-induced diabetic rat tissue is
due to an abnormality at the level of the endothelium. The more common
human endothelial cell model human umbilical vein endothelial cells
(HUVECs) were not available for the present studies. As a result, further
investigations of the role of EGFR in diabetes induced vascular dysfunction
were carried out using the human endothelial-like cell line ECV-304. ECV-304
cells were until recently believed to be spontaneously transformed endothelial
cells derived from human infant’s umbilical cord (Takahashi, et al 1990b).
However, more recently there have been some discrepancies regarding the cell
line’s true identity and questions raised regarding its validity as a human
endothelial cell model (Brown, et al 2000, Masters, et al 2001). Nevertheless,
studies have shown that ECV-304 cells display many features and markers
characteristic of endothelial cells (Takahashi, et al 1990b), thus ECV-304 is

still widely used as an endothelial cell model (Paulino, et al 2007, Shi, et al
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2007). In this section, the aim was to further investigate the effects of high

glucose on EGFR and ErbB2 using the human ECV-304 cells.

Results

Characterization of ECV-304 Cells

Before proceeding with the investigations, a basic characterization of the cell
line was undertaken to confirm the usefulness of ECV-304 as an endothelial
cell model. Polymerase chain reaction (PCR) or western blotting techniques
were used to confirm the presence of endothelial nitric oxide synthase (eNOS)
(140kDa) and connexin 43 (289 bp), which are both proteins found in the
endothelium. Also the presence of EGFR (636 bp/ 175kDa) and ErbB2 (98 bp/
185kDa) were confirmed in these cells (Figs. 3.6a and 3.6b). For each protein
western blotting revealed a single band at the expected molecular weight, as
estimated by means of molecular weight markers. Also for each gene PCR

showed a single band at the expected size, as estimated using hyperladder IV.

ECV-304 Growth Curve

Cell sets at 3 seeding densities (12,500, 25,000 and 50,000 cells/well) showed
similar growth profiles and growth rates, with exponential growth from 24 up
to approximately 120 hours. By approximately 168 hours after seeding, growth
rates of all three cell sets slowed proportional to seeding density. By 218 hours
after seeding the number of cells was equivalent for all three cell sets (Fig.

3.7).
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Effect of High Glucose on ECV-304 Cell Growth

Cells grown in 5.5mM glucose showed exponential growth (log phase) until
approximately 62 hours after seeding. Following which a plateau was reached
indicating cell confluency. Cells grown in 25.5mM glucose demonstrated a lag
phase between 0 and approximately 24 hours after seeding, where there was no
growth. Then these cells grew exponentially for approximately 48 hours after
which a short plateau was reached. Then at the 72 hour point cell numbers
began to decline. At the final count, approximately 120 hours after seeding the

number of cells was less than the number originally seeded (Fig. 3.8).

Effect of High Glucose on EGFR and ErbB2 Expression and Phosphorylation:
Concentration-response Relationships

ECV-304 cells exposed to 10.5 - 25.5 mM of glucose in serum free medium for
72 hours demonstrated increased levels of pPEGFR and pErbB2 as compared to
control cells grown in 5.5mM glucose. A glucose concentration of 25.5 mM
was subsequently chosen for further studies, and is further referred to as high

glucose in this text (Figs. 3.9a and 3.9b).

Time Course

Treatment of ECV-304 cells with 25.5 mM (high) glucose for 1 hour and 6
hours had no observable effect on levels of pEGFR or pErbB2. Twenty four
hours of high glucose treatment increased levels of both pEGFR and pErbB2,

as compared to their respective controls. EGFR and ErbB2 phosphorylation
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was further increased following 72 hours of treatment with high glucose (Figs.

3.10a and 3.10b).

Seventy two hours of high glucose exposure had no effect on levels of EGFR
protein and mRNA expression shown by western blot and PCR respectively
(Figs. 3.11a and 3.11b). Similarly 72 hours of high glucose exposure failed to
affect the levels of ErbB2 protein and mRNA expression (Figs. 3.12a and

3.12b).

Osmotic Control

To account for the osmotic effect of glucose, ECV-304 cells were exposed to
its metabolically inactive stereoisomer L-glucose. The treatment of ECV-340
cells for 72 hours with L-glucose did not have any observable effect on the
levels of pEGFR and pErbB2 as shown by western blot (Figs. 3.13a and

3.13b).

Effect of EGFR and ErbB2 Blockade with AG1478 and AG825

AG1478 and AG825 were both solubilized using dimethyl sulfoxide (DMSO).
However, above a particular concentration DMSO becomes -cytotoxic,
therefore, before using this solvent the threshold concentration for DMSO
cytotoxicity in ECV-304 cells was established. ECV-304 cells survived when
exposed to < 2 % DMSO before a major drop in cell numbers was observed. At

4 % DMSO was cytotoxic, reducing cell numbers by more than 50 % (Fig.
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3.14). Therefore, 1 % (v/v, final concentration) of DMSO was used in

experiments involving the use of AG1478 or AG825.

Treatment of ECV-304 cells grown in high glucose with increasing
concentrations of AG1478 for 72 hours resulted in a concentration-related
inhibition of EGFR phosphorylation at Tyr1068 (Fig. 3.15a). In all further cell
culture studies that involved the use of this inhibitor maximal effect was
desired thus, from the inhibitor concentration-response relationship 0.5 uM of
AG1478 was always used. At this concentration 72 hours of AG1478 treatment
was more selective for reducing phosphorylation of EGFR compared to ErbB2
in ECV-304 cells grown in high glucose, although a reduction in the levels of

pErbB2 was observed with this agent (Fig. 3.16).

Treatment of cells grown in high glucose with increasing concentrations of
AG825 similarly decreased levels of ErbB2 phosphorylation at Tyr1248 in a
concentration dependent manner (Fig. 3.15b). Again maximal effect was
desired thus, from the inhibitor concentration-response relationship 20 pM of
AG825 was used in future cell culture studies that involved the use of this
inhibitor. At this concentration AG825 was more selective for reducing
phosphorylation of ErtbB2 compared to EGFR following a 72 hour treatment of

ECV-304 cells (Fig. 3.16).

Also the effect of AG1478 and AG825 on EGFR and ErbB2 phosphorylation

in control ECV-304 cells grown in 5.5 mM glucose was investigated. In these
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cells, AG1478 treatment for 72 hours decreased levels of pEGFR and pErbB2
as compared to control. A 72 hour treatment with AG825 had little effect on
EGFR phosphorylation in these cells but markedly lowered ErbB2

phosphorylation (Figs. 3.17a and 3.17b).

Effect of High Glucose on EGFR and ErbB2 Heterodimerization

A co-immunoprecipitation assay was developed to detect protein-protein
interactions between EGFR and ErbB2. The effect of high glucose, AG1478
and AG825 on EGFR/ErbB2 heterodimerization was investigated in these

cells.

Immunoprecipitation revealed a direct interaction between EGFR and ErbB2 in
ECV-304 cells that was increased by 72 hours of high glucose. The increase in
molecular interaction induced by high glucose was decreased by treatment of
the cells for 72 hours with AG1478 and decreased to less than control levels by
treatment with AG825. Levels of immunoprecipitated EGFR remained equal,

indicating equal total EGFR protein level (Fig. 3.18).

In this section in each case where B-actin was used to verify an equal loading

of protein or mRNA levels of B-actin which were found at the expected size

(204 bp/ 42 kDa) remained constant.
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Figure 3.6

Connexin 43 EGFR ErbB2

phospho- phospho-
EGFR ErbB2

Characterization of ECV-304 cells. a) PCR showing connexin 43, EGFR and ErbB2 mRNA
expression and b) western blot analysis of EGFR and ErbB2 phosphorylation and total eNOS

protein expression in control ECV-304 cells grown in normal M199 medium for 72 hours, r =
3 for both a) and b).
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Figure 3.7
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Effect of seeding density on ECV-304 cell growth. Growth curves for ECV-304 cells over 9
days in normal M199 medium (+ SEM). Cells were seeded in 24 well plates at seeding
densities of 12500, 25000 and 50000 and were counted every 12 hours for the first 5 days and
every 24 hours thereafter, n = 3.
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Figure 3.9

5.5 10.5 15.5 20.5 25.5 mM glucose

Phospho-
EGFR

55 105 155 205 255  mM glucose

Effects of increasing glucose concentrations on EGFR and ErbB2 phosphorylation in ECV-304
cells. Cells were grown in normal M199 medium for 24 hours and in serum-free medium for a
further 24 hours. Then the cells were exposed to various concentrations of glucose for 72
hours, then protein was extracetd for western blotting. a) Western blot analysis of pEGFR and
b) western blot analysis of pErbB2. B-actin was used as a control to verify and equal protein
loading in each lane, » = 3 for both a) and b).
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Figure 3.10

a
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Effect of high glucose on EGFR and ErbB2 phosphorylation at increasing time points in ECV-
304 cells. Cells were grown in normal M199 medium for 24 hours and in serum-free medium
for a further 24 hours. Then the cells were exposed to 5.5 and 25.5 mM glucose and protein
was extracted for western blotting at various time points. a) Western blot analysis of pEGFR
and b) western blot analysis of pErbB2. B-actin was used as a control to verify and equal
protein loading in each lane, n = 3 for both a) and b).
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Figure 3.11

a
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EGFR
B-actin
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Total- e » *
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Effects of high glucose on EGFR mRNA and protein expression in ECV-304 cells. Cells were
grown in normal M199 medium for 24 hours and in serum-free medium for a further 24 hours.
Then the cells were exposed to 5.5 and 25.5 mM glucose for 72 hours and RNA was extracted
for PCR analysis or protein was extracted for western blotting. a) PCR analysis of EGFR
mRNA expression and b) western blot analysis of total EGFR protein expression. B-actin was
used as a control to verify and equal mRNA or protein loading in each lane, n = 3 for both a)

and b).

111



Figure 3.12

a
5.5 255 -ve mM glucose
B-actin
ErbB2
b
55 25.5 mM glucose
Total-
ErbB2
Bactin

Effects of high glucose on EtbB2 mRNA and protein expression in ECV-304 cells. Cells were
grown in normal M199 medium for 24 hours and in serum-free medium for a further 24 hours.
Then the cells were exposed to 5.5 and 25.5 mM glucose for 72 hours and RNA was extracted
for PCR analysis or protein was extracted for western blotting. a) PCR analysis of ErbB2
mRNA expression and b) western blot analysis of total ErbB2 protein expression. f-actin was

used as a control to verify and equal mRNA or protein loading in each lane, n = 3 for both a)
and b).
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Figure 3.13
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Effects of high L-glucose on EGFR and ErbB2 Phosphorylation in ECV-304 cells. Cells were
grown in normal M199 medium for 24 hours and in serum-free medium for a further 24 hours.
Then the cells were exposed to 5.5 and 25.5 mM L-glucose for 72 hours and protein was
extracted for western blotting. a) Western blot analysis of pEGFR and b) western blot analysis
of pErbB2. B-actin was used as a control to verify and equal protein loading in each lane, n = 3

for both a) and b).
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Figure 3.14
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Effect of DMSO exposure on ECV-304 cell survival. Cells were grown for 72 hours in serum
free medium in the absence or in the presence of DMSO at various concentrations, and then the
cells were counted. Cell numbers are expressed as log cells per well (x S.EM, n = 3).
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AGI1478 and AG825 concentration-responses for inhibiting the phosphorylaticn of EGFR and
ErbB2 respectively in ECV-304 cells. Cells were grown in normal M199 medium for 24 hours
and in serum-free medium for a further 24 hours. Then the cells were exposed to high glucose
+ RTK inhibitors for 72 hours and protein was extracted for western bletting. a) Western blot

of EGFR phosphorylation in untreated cells, in cells treated with 25.5mM glucose and in cells
5 c

treated with 25.5mM glucose + various concenirations of AG1478 and b) western blot of

ErbB2 phosphoryiation in untreated cells, in cells treated with 25.5mM glucose and in cells

treated with 25.5mM glucose + various concentrations of AG825. $-actin was used as a contro!
ch la 3 for )

to verify and equal protein loading in ea



Figure 3.16

5.5 25.5 25.5 25.5 mM glucose
+ AG1478 + AG825
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Phospho-
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Bactin

Effects of AG1478 and AG825 on EGFR and ErbB2 phosphorylation in ECV-304 Cells
exposed to high glucose. Cells were grown in normal M199 medium for 24 hours and in
serum-free medium for a further 24 hours. Then the cells were exposed to high glucose and
RTK inhibitors for 72 hours and protein was extracted for western blotting. Western blot
analysis of EGFR and ErbB2 phosphorylation in untreated cells, in cells treated with 25.5 mM
glucose, in cells treated with 25.5 mM glucose + AG1478 (0.5 uM) and in cells treated with
25.5 mM glucose + AG825 (20 pM). B-actin was used as a control to verify and equal protein
loading in each lane, n = 3.
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Figure 3.17

¢ AG1478  AGS825

Phospho-

Effects of AG1478 and AG825 on EGFR and ErbB2 phosphorylation in ECV-304 cells grown
in normal glucose levels. Cells were grown in normal M199 medium for 24 hours and in
serum-free medium for a further 24 hours. Then the cells were exposed to RTK inhibitors for
72 hours and protein was extracted for western blotting. Western blot analysis of a) EGFR in
control cells, in control cells treated with AG1478 (0.5 uM) and in control cells treated with
AG825 (20 uM) and b) ErbB2 phosphorylation in control cells, in control cells treated with
AGI1478 (0.5 pM) and in control cells treated with AG825 (20 uM). B-actin was used as a
control to verify and equal protein loading in each lane, n = 3 for both a) and b).
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Effects of AG]"79 and AG825 on EGFR and ErbB2 heteredimeri""tion in EC‘-’-’,04 cells

and in serum- trefa medium for a turthcr 24 hou S. lhen the cells were cxnmed to high glucose
and to RTK inhibiters for 72 hours and then protein was extracted for immunoprecipitation. By
means of immunoprecipitation total EGFR antibody was used to pull down EGFR protein and

any proteins that had complexed with it from the total lysate. This was then ana.ly;ed via

western blotting to examine the levels of ErbB2. Western blot hows control, 25.5 mM
glucose, 25.5 mM glucose + AGI1478 (0.5 uM) and 25.5 m,"! gluco AG825 (”0 u.M\
treated cells (upper panel). To verify an equal protein loading in each !ane al levels of EGFR
was also detected by wesiern blotiing (lower panel}, n = 3.



3.3 The Effect of High Glucose on EGFR Ligand Production

Introduction

Results from previous sections suggest that pEGFR and pErbB2 levels are
increased by high glucose. However, the mechanisms involved remain elusive.
Studies have suggested that glucose acts upon some upstream component of
EGFR such as increasing EGFR transactivation (Konishi and Berk 2003) or
increasing EGFR ligand production (Asakawa, et al 1996). Hyperglycaemia-
induced aberrant ligand production could indirectly alter EGFR
phosphorylation. The aim of this section was to investigate the effect of high

glucose on the mRNA expression of some common EGFR ligands.

Results

Exposure of ECV-304 cells to high glucose for 72 hours had no effect on the
EGFR ligands: amphiregulin (AR) (350 bp), betacellulin (BTC) (395 bp),
epiregulin (EPR) (304 bp), epidermal growth factor (EGF) (478 bp), heparin
binding — EGF (HB-EGF) (300 bp) or transforming growth factor a (TGFa)
(379 bp) mRNA expression. PCR showed a single band at the expected size, as
estimated by means of hyperladder IV. In each case levels of B-actin did not

change between samples (Fig. 3.19).
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Figure 3.19
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Effect of high glucose exposure on mRNA expression of EGFR ligands in ECV-304 cells.
Cells were grown in normal M199 medium for 24 hours and in serum-free medium for a
further 24 hours. Then the cells were exposed to 5.5 and 25.5 mM glucose for 72 hours and
RNA was extracted for PCR. PCR analysis of amphiregulin, betacellulin, epiregulin, EGF, HB-
EGF and TGFa mRNA. B-actin was used as a control to verify equal mRNA loading in each
lane, n = 1.
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3.4 Downstream Pathways Associated with the Activation of EGFR in

ECV-304 Cells

Introduction

The heterodimerization and activation of EGFR and ErbB2 initiate signalling
of a number of diverse pathways including the protein kinase C (PKC)
phospholipid hydrolysis pathway, the exracellular signal-regulated kinase 1/2
(ERK1/2) cell proliferation and differentiation pathway, the Akt anti-apoptotic
pathway and the p38 mitogen activated protein kinase (p38MAPK) stress
activated pathway. The aim of this section was to confirm that the activation of
EGEFR by the ligand EGF is associated with the activation of these downstream

pathways.

Results

EGF Concentration-response in Cells Grown in 5.5 mM Glucose

The level of pEGFR was relatively low in unstimulated ECV-304 cells but
increased in a concentration-dependent manner when stimulated for 10 minutes
with 1, 10 and 100 ng/ml of EGF (Fig. 3.20a). A similar response to 1, 10 and

100 ng/ml of EGF was seen for pErbB2 levels (Fig. 3.20b).

For blots showing pPKC levels both bands seen on the blot represent levels of
pPKC and the same applies for all other pPKC blots shown in this text. The
expected molecular weights of the PKC isoforms detected using the pan

antibody (a, B I, B IL, 3, €, n and 6) are 78, 80, 82 and 85 kDa. As expected,
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both bands were found at around 78-85 kDa as estimated using molecular
weight markers. Western blots for p38MAPK and Akt always showed single
bands at 43 and 60 kDa respectively as estimated using molecular weight
markers, which were the expected molecular weights for these proteins. Also,
as expected, western blots for ERK1/2 always showed a double band at 42 and

44 kDa.

The levels of pPKC and pp38MAPK were also relatively low in unstimulated
ECV-304 cells. 10 minutes of EGF at 1, 10 and 100 ng/ml activated both in a
concentration-dependent manner with maximal activation observed at 10
ng/ml. Interestingly 100 ng/ml promoted activation of both proteins but not to

the same extent as 10 ng/ml (Figs. 3.21a and 3.21b).

Relatively low levels of pAkt and pERK1/2 were present in unstimulated ECV-
304 cells. These levels were again markedly increased upon stimulation with 1,
10 and 100 ng/ml of EGF for 10 minutes with maximal activation being

achieved at a concentration of 1 ng/ml of EGF (Figs. 3.21c and 3.21d).

EGF Time Course Studies in Cells Grown in 5.5 mM Glucose

Due to time constraints only time courses for pEGFR, pErbB2, pPKC and pAkt

were completed.

Increased phosphorylation of both EGFR and ErbB2 was observed as early as 1

minute following 10 ng/ml EGF treatment and was maximal at 10 minutes.
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Maximal activation of both receptors was maintained up to 60 minutes

following initial exposure of the cells to EGF (Figs. 3.22a and 3.22b).

Exposure of cells to 10 ng/ml of EGF increased pPKC after 1 minute and
maximal activation was observed 10 minutes after initial exposure. Maximal

activation was again maintained up to 60 minutes following initial exposure of

cells to EGF (Fig. 3.23a).

Stimulation of cells with 10 ng/ml of EGF for as little as 1 minute maximally
phosphorylated Akt, and maximal activation was observed up to 10 minutes
following initial exposure of cells to 10 ng/ml EGF. After 60 minutes the level

decreased from maximal but not back down to control levels (Fig. 3.23b).

In each case in this section the level of B-actin remained constant between each

sample.
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Effects of increasing EGF concentrations on EGFR and ErbB2 phosphorylation in ECV-304
cells. Cells were grown in normal M 199 medium for 24 hours and then various concentrations
of EGF was added, after 10 minutes the protein was extracted for western blotting. Western
blot of a) EGFR phosphorylation and b) ErbB2 phosphorylation in ECV-304 cells in the
absence or following treatment with EGF. B-actin was used as a control to verify and equal
protein loading in each lane, n = 3 for both a) and b).
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Figure 3.21

d C B 1 - 10 100 ng/ml EGF (10min)
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d b 1 10 100 ng/ml EGF (10min)
Phospho-
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Effects of increasing EGF concentrations on PKC, p38MAPK, Akt and ERKI1/2
phosphorylation in ECV-304 cells. Cells were grown in normal M199 medium for 24 hours
and then various concentrations of EGF was added, after 10 minutes the protein was extracted
for western blotting. Western blot of a) PKC phosphorylation, b) p38MAPK phosphorylation,
c) Akt phosphorylation, and d) ERK1/2 phosphorylation in ECV-304 cells in the absence or
following treatment with EGF. B-actin was used as a control to verify and equal protein loading
in each lane, n =3 for a), b), ¢) and d).
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Figure 3.22
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Effect of EGF on EGFR and ErbB2 phosphorylation in ECV-304 cells at various time points.
Cells were grown in normal M199 medium for 24 hours and then 10 ng/ml EGF was added. At
various time points the protein was extracted for western blotting. Western blot of a) EGFR
phosphorylation and b) ErbB2 phosphorylation in ECV-304 cells in the absence or following
treatment with EGF. B-actin was used as a control to verify and equal protein loading in each
lane, n = 3 for both a) and b).
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Figure 3.23
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Effect of EGF on PKC and Akt phosphorylation in ECV-304 cells at various time points. Cells
were grown in normal M199 medium for 24 hours and then 10 ng/ml EGF was added, at
various time points. Then the protein was extracted for western blotting. Western blot of a)
phosphorylated PKC and b) phosphorylated Akt expression in cells grown in the absence of or
following treatment with EGF. B-actin was used as a control to verify and equal protein loading
in each lane, n = 3 for both a) and b).
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3.5 Effects of AG1478 and AG825 on PKC, p3SMAPK, Akt and ERK1/2
Phosphorylated and Total Protein Levels in ECV-304 Cells Exposed to

High Glucose for 72 Hours

Introduction

The present studies clearly implicate a role for EGFR in diabetes-induced
vascular dysfunction. Furthermore, the cell culture studies suggest that high
glucose conditions also leads to aberrant ErbB2 activation and to increased
EGFR-ErbB2 heterodimerization. This study has already shown that PKC,
p38MAPK, Akt and ERK1/2 are downstream effectors of EGFR and ErbB2
since EGF-induced activation of EGFR and ErbB2 increases the
phosphorylation of all four pathways. Potentially any one of these pathways
might be involved downstream of EGFR/ErbB2 in cascades that become
aberrant under diabetic conditions. The aim of this section was to investigate
the effect of high glucose on PKC, p38MAPK, Akt and ERKI1/2

phosphorylated and total protein levels.

Results

Seventy two hours of high glucose exposure increased pPKC levels in ECV-
304 cells. AG1478 decreased this glucose-induced increase in pPKC,
specifically the lower band. AG825 treatment for 72 hours normalized glucose-
induced increase in PKC phosphorylation more effectively than AG1478

treatment (Fig. 3.24).
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ECV-304 cells exposed to high glucose for 72 hours showed slightly increased
levels of pp38MAPK. Treatment with AG1478 and with AG825 reduced the
glucose-induced increase back to control levels (Fig. 3.25a). Neither exposure
of cells to high glucose nor treatment with AG1478 or AG825 had any effect

on the total expression of p38MAPK (Fig. 3.25b).

Exposure of ECV-304 cells to high glucose for 72 hours did not have an effect
on the levels of pAkt and pERK1/2. AG1478 reduced the levels of pAkt and
pERK1/2 to below control levels. However AG825 treatment did not have an
effect on the levels of Akt and ERK1/2 phosphorylation (Figs. 3.26a and
3.27a). Total levels of Akt and ERK1/2 proteins were not affected by high

glucose, AG1478 or AG82S5 treatments (Figs. 3.26b and 3.27b).

The effect of AG1478 and AG825 treatments on pPKC levels in cells grown in
5.5 mM glucose was also investigated. Treatment with AG1478 increased
levels of pPKC as compared to control cells, whilst treatment of cells with

AG825 lowered levels of pPKC (Fig. 3.28).

In each case in this section levels of B-actin remained constant between

samples.
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Figure 3.24
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Effects of AG1478 and AG825 on PKC phosphorylation in ECV-304 cells exposed to high
glucose. Cells were grown in normal M199 medium for 24 hours and in serum-free medium for
a further 24 hours. Then the cells were exposed to high glucose and RTK inhibitors for 72
hours and protein was extracted for western blotting. Western blot analysis of PKC
phosphorylation in untreated cells, in cells treated with 25.5 mM glucose, in cells treated with
25.5 mM glucose + AG1478 (0.5 M) and in cells treated with 25.5 mM glucose + AG825 (20
pM). B-actin was used as a control to verify and equal protein loading in each lane, n = 3.
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Erfecm of AG1478 and AGR25 on p38MAPK phosphorylation and total protein expression i

-304 cells exposed to high glucose. Cells were grown in normal M199 me
hours and in serum-free medium fer a furiher 24 hours. Then the cells were expos 0
glucose and RTK inhibitors for 72 hours and protein was extracted for western blo
Western blot analysis of a) p38MAPK phosphorylation and b) p38MAPK total protein
expression in untreated cells, in cells treated with 25.5 mM glucose, in cells treated with 25.5
mM glucose + AG1478 (0.5 pM) and in cells treated with 25.5 mM glucose + AG825 (20 uM).

B-aciin was used as a conirol to verify and equal protetn loading in each lane, n = 3 for both a)
and b).
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Effects of AG1478 and AG825 on ERK1/2 phosphorylation and total protein expression in
ECV-304 cells exposed to high glucose. Cells were grown in normal M199 medium for 24
hours and in serum-free medium for a further 24 hours. Then the cells were exposed te high
glucose and RTK inhibitors for 72 hours and protein was extracted for western blotting.
Western blot analysis of a) ERK 1/2 phosphorylation and b) ERK1/2 total protein expression in
untreated cells, in ceils treated with 25.5 mM glucose, in cells treated with 25.5 mM glucose +
AG1478 (0.5 uM) and in cells treated with 25.5 mM glucose + AG825 (20 uM). B-actin was
used as a control to verify and equal protein loading in each lane, n = 3 for both a) and b).



Figure 3.28

C AG1478 AGS825

Phospho-
PKC

Bactin

Effects of AG1478 and AG825 on PKC phosphorylation in ECV-304 cells grown in normal
glucose levels. Cells were grown in normal M199 medium for 24 hours and in serum-free
medium for a further 24 hours. Then the cells were exposed to RTK inhibitors for 72 hours and
protein was extracted for western blotting. Western blot analysis of PKC phosphorylation in
control cells, in control cells treated with AG1478 (0.5 pM) and in control cells treated AG825
(20 pM). B-actin was used as a control to verify and equal protein loading in each lane, n =3.
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3.6 Identification of eNOS as a Downstream Target of EGFR/ErbB2 and

PKC in ECV-304 Cells

Introduction

The previous section identified molecules downstream of EGFR and ErbB2
which may be involved in cascades leading to diabetes induced vascular
dysfunction. Of the downstream molecules identified, high glucose induced-
increase in PKC phosphorylation was most consistent and robust. PKC
signalling is already known to be aberrant under hyperglycaemic conditions
and in diabetic tissues, and it is known to have an important role to play in the
initiation and progression of diabetes induced vascular dysfunction (Way, et al
2001), but the exact mechanism governing this remains unknown. However, it
is known that PKC can negatively regulate eNOS activity by phosphorylating
eNOS at Threonine (Thr)495 (Matsubara, et al 2003, Michell, et al 2001). One
possibility is that PKC mediated eNOS inhibition is increased in diabetic
conditions (Rask-Madsen and King 2005). Moreover results from section 3.1
suggest that the abnormal vascular reactivity observed in the STZ-induced
diabetic rats is due to dysfunction at the level of the endothelium. This is
apparent since vasodilator response to carbachol which is mediated via NO
release from the endothelium, is reduced in the mesenteric tissue of STZ
treated rats. This suggests that NO synthesis might be impaired in the diabetic
tissue. Also the results in section 3.1 showed vasodilation to be unaltered in
STZ-induced diabetic rats in response to the NO donor SNP; further suggesting

impaired NO synthesis, rather than responses to NO in the mesenteric bed
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tissue of STZ-induced diabetic rats. The enhanced vasoconstrictor responses
observed in STZ-induced diabetic rats could also be due to decreased synthesis

of NO to oppose vasoconstrictor effects.

Thus, the aim of this section was to identify whether eNOS is downstream of
EGFR/ ErbB2 and PKC, and to investigate the effect of high glucose exposure
and the inhibition of EGFR and ErbB2 on eNOS protein expression and
phosphorylation. The presence of eNOS downstream of PKC and its
dysregulation by glucose would implicate an EGFR/ErbB2-PKC-eNOS

pathway leading to vascular dysfunction.

Results
In all cases western blots for peNOS Thr495 and peNOS Ser1177 showed
single bands both at 140 kDa as estimated using molecular weight markers, this

was the expected molecular weight for both proteins.

Effect of EGF on eNOS Phosphorylation

Stimulation of ECV-304 cells with 1, 10 and 100 ng/ml of EGF for 10 minutes
had no effect on levels of peNOS at Thr495, (phosphorylation at this site
decreases eNOS activity) and increased levels of peNOS at Serine (Ser)1177
(phosphorylation at this site increases eNOS activity) in a concentration-

dependent manner as compared to control (Figs. 3.29a and 3.29b).
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Effect of PKC Activity on eNOS Phosphorylation

Treatment with 12-O-tetra-decanoyl-phorbol-13-acetate (TPA)

TPA is a direct activator of classical and novel PKCs, however prolonged
TPA-induced activation (6 — 12 hours) leads to downregulation of PKC activity
(Rask-Madsen and King 2005). In order to observe the activator and inhibitor
effects of TPA on PKC activity and also its effects on eNOS phosphorylation,

ECV-304 cells were treated with TPA for up to 48 hours.

Treatment of ECV-304 cells with TPA for 3 hours slightly increased levels of
pPKC and peNOS at Thr495. After 24 hours of treatment with TPA, levels of
pPKC were markedly decreased and the levels of peNOS at Thr495 were also
decreased. Forty eight hours of treatment with TPA also markedly decreased
the level of pPKC and decreased levels of peNOS at Thr495 compared to

control levels (Figs. 3.30a and 3.30b).

Treatment with PKC Inhibitors
RO-31-8220 and GO6983 are both selective PKC inhibitors. Here the effect of
PKC inhibition on eNOS phosphorylation at Thr495, was investigated using

these selective inhibitors of PKC.

Treatment of cells with 0.1, 0.25 and 0.5 uM of RO-31-8220 for 24 hours
resulted in decreased levels of pPKC compared to control untreated cells and a
similar decrease in peNOS at Thr495 was observed (Figs. 3.31a and 3.31b).

Treatment of ECV-304 cells with 0.1, 0.5, 1, 5 and 10 uM of the PKC inhibitor
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GO6983 for 24 hours did not affect levels of pPKC as compared to control
(Fig. 3.32). Therefore, studies investigating the effect of this agent on eNOS

phosphorylation were not pursued.

Effect of High Glucose and the Inhibition of EGFR and ErbB2 Activity on
eNOS Protein Expression and Phosphorylation

The previous studies indicate that PKC can regulate inhibitory phosphorylation
of eNOS on Thr495 in ECV-304 cells. This section investigated whether this
mechanism could be activated via hyperglycaemia-induced EGFR/ErbB2

activation.

High glucose AG1478 and AG825 did not have any observable effect on the
total levels of eNOS (Fig 3.33a). However, exposure of ECV-304 cells to high
glucose for 72 hours increased levels of eNOS phosphorylation at Thr495.
Treatments with both AG1478 and with AG825 decreased the glucose-induced
increase in peNOS at Thr495, with AG825 reducing levels to a much greater
extent than AG1478 (Fig. 3.33b). Exposure of cells to high glucose for 72
hours had no effect on the levels of eNOS phosphorylation at Serl177.
Treatment with AG1478 lowered peNOS levels at Ser1177 to lower than
control. Treatment of cells with AG825 had no effect on peNOS levels at

Ser1177 (Fig. 3.33c)
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The effect of AG1478 and AG825 on eNOS phosphorylation at Thr495, in
cells grown in 5.5 mM glucose was also investigated. ECV-304 cells treated
with AG1478 had higher levels of peNOS at Thr495 than control cells.
However treatment with AG825 decreased peNOS levels at Thr495 as

compared to control cells (Fig 3.34).

For each case in this section the levels of B-actin remained constant, indicating

equal protein loading for each sample.
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Figure 3.29

C 1 10 100 ng/ml EGF (10min)

Phospho-
eNOS (Thr495)

Bactin

C 1 10 100 ng/ml EGF (10min)

Phospho-
eNOS (Ser1177)

Pactin

Effects of increasing EGF concentrations on eNOS phosphorylation at Thr495 and Ser1177 in
ECV-304 cells. Cells were grown in normal M199 medium for 24 hours and then various
concentrations of EGF was added, after 10 minutes the protein was extracted for western
blotting. Western blot analysis of eNOS phosphorylation at a) Thr495 and b) at Ser1177 in
cells grown in the absence of or following treatment EGF. B-actin was used as a control to

verify and equal protein loading in each lane, n = 3 for both a) and b).
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Figure 3.30

a
3 24 48 (hours)
C TPA 2 TPA e TPA
Phospho-
PKC
b
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1 TPA C TPA C TPA
Phospho- g
eNOS (Thrd95)
Pactin

Effects of TPA on PKC phosphorylation and eNOS phosphorylation at Thr495. Cells were
grown in normal M199 medium for 24 hours and then TPA was added. Then protein was
extracted for western blotting at various time points. Western blot analysis of a)
phosphorylated PKC and b) phosphorylated eNOS at Thr495 in cells grown in the absence of
and following treatment with 100 nM TPA. B-actin was used as a control to verify and equal

protein loading in each lane, n = 3 for both a) and b).



Figure 3.31

0 0.1 0.25 0.5 uM RO-31-8220

Phospho-
PKC

Pactin

C 0.1 0.25 0.5 pM RO-31-8220

Phospho-
eNOS (Thr495)

Bactin

Effects of PKC inhibitor RO-31-8220 on PKC phosphorylation and eNOS phosphorylation at
Thr495. Cells were grown in normal M199 medium for 24 hours and then various
concentrations of RO-31-8220 was added, after 24 hours the protein was extracted for western
blotting. Western blots of a) phosphorylated PKC and b) phosphorylated eNOS at Thr495 in
cells grown in the absence of and following treatment with RO-31-8220. p-actin was used as a
control to verify and equal protein loading in each lane, n = 3 for both a) and b).
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Figure 3.32

.0 0.1 0.5 1 5 10 GO6983 nM

Effect of PKC inhibitor GO6983 on PKC phosphorylation. Cells were grown in normal M199
medium for 24 hours and then various concentrations of GO6983 was added, after 24 hours the
protein was extracted for western blotting. Figure shows western blot of phosphorylated PKC
in cells grown in the absence of or following treatment with GO6983, n = 2.
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a
55 25.5 255 25.5 wmM glucose
+ AG1478 + AGE825
Total-
eNOS
Pactin
b
S gSic 258 25.5 mM glucose
+ AG1478 + AG825
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eNOS (Thr495)
Pactin
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Effects of AG1478 and AG825 on eNOS phosphorylation at Thr495 and Ser1177 and total
protein expression in ECV-304 cells. Cells were grown in normal M199 medium for 24 hours
and in serum-free medium for a further 24 hours. Then the cells were exposed te high glucese
and RTK inhibitors for 72 hours and protein was extracted for western blotting. Western blot
analysis of a) eNOS total protein expression, b) eNOS phosphorylation at Thr495 and c) eNOS
phosphorylation at Ser1177 in unireated cells, in cells treated with 25.5 mM glucose, in cells
treated with 25.5 mM glucose + AG 1478 (0.5 puM) and in cells treated with 25.5 mM glucose +

AGS825 (20 uM. B-actin was used as a control to verify and equal protein loading in each lane,
n = 3 for a), b) and c¢).



Figure 3.34

C AG1478 AGS825

Phospho-

Bactin

Effects of AG1478 and AG825 on eNOS phosphorylation at Thr495 in ECV-304 cells grown
in normal glucose levels. Cells were grown in normal M199 medium for 24 hours and in
serum-free medium for a further 24 hours. Then the cells were exposed to RTK inhibitors for
72 hours and protein was extracted for western blotting. Western blot analysis of eNOS
phosphorylation at Thr495 in control cells, in control cells treated with AG1478 (0.5 pM) and
in control cells treated with AG825 (20 uM). B-actin was used as a control to verify and equal
protein loading in each lane, n = 3.
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3.7 Effects of EGF on Isolated Rat Aortic Rings

Introduction

Perfusion experiments carried out in section 3.1 suggest that abnormal vascular
reactivity observed in the mesenteric bed of STZ-induced diabetic rats was due
to dysfunction of the endothelium, in a mechanism involving increased EGFR
activity. Furthermore, the cell culture studies implicate eNOS as a downstream
target of EGFR/ErbB2 in a cascade that includes PKC. Thus, diabetes-induced
increased EGFR/ErbB2 activity may reduce NO synthesis through modulating
eNOS activity. The aim of this section was to further investigate the ability of
EGFR activity to regulate NO production. Using isolated ring preparations
from Spague-Dawley rats as a bioassay for NO production, this section aimed
to establish whether EGF could influence NO-mediated endothelium-

dependent vasodilator responses.

Results

Where stated in the text, a proportion of the aortic rings used were denuded of
endothelium. In each vessel, endothelium-dependent relaxation to acetyl
methylcholine (Mch) was used to confirm the presence or absence of the

endothelium.
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Effect of EGF on Resting Aorta
Endothelium-intact aorta was used to investigate whether EGF could itself
induce aortic contraction, possibly by interfering with basal NO synthesis. As a

control, the effect of EGF on endothelium-denuded aorta was also tested.

Exposure of unconstricted rat aorta to 100 ng/ml of EGF or to vehicle alone (10
mM acetic acid + 0.1 % bovine serum albumin (BSA)) for 10 minutes had no
effect on vascular tone in endothelium intact aorta (Figs. 3.35a and 3.35b).
However exposure of endothelium-denuded aorta to 100 ng/ml of EGF for 10
minutes caused an immediate contraction (mean maximum tension 0.5 £ 0.1 g),

with vehicle alone having no effect (Figs. 3.36a, 3.36b and 3.36¢).

Effects of EGF on Mch-induced Relaxation
Mch relaxes vessels mainly by increasing NO production from the
endothelium. Here the effect of EGF upon Mch-induced relaxation was

investigated to see whether EGF could influence Mch-induced NO synthesis.

Firstly, a cumulative concentration-response curve for Mch was constructed in
tissues preconstricted with the thromboxane A2 mimetic U46619 (5 x 10° M).
Mch caused a concentration-dependent relaxation of rat aorta (Fig. 3.37) and
from this curve the EC50 was estimated to be 10° M. This concentration of

Mch was therefore selected for relaxing aortic rings in subsequent experiments.
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In aorta preconstricted with U46619, EGF had a variable effect on Mch-
induced relaxation of the aortic rings, in half the experiments (2/4) causing a
further relaxation (Fig. 3.38a) and in the other half (2/4) having no effect on
Mch-induced relaxation (Fig. 3.38b). EGF vehicle (10 mM acetic acid + 0.1 %
BSA) alone had no effect on Mch-induced response (Fig 3.38¢). Figure 3.39
shows mean % relaxation to U46619 induced contraction in response to Mch
alone and with added 1, 10 and 100 ng/ml EGF. Although a trend for
concentration-dependent EGF-induced relaxation can be seen, mean %
relaxation to U44619 was not significantly different between Mch and the

highest concentration of EGF (100 ng/ml).

To discount possible desensitisation by the cumulative concentrations of EGF
used in the first experiment, only the highest concentration of EGF (100 ng/ml)
was used. 100 ng/ml of EGF further relaxed Mch-induced relaxation, but only

slightly (Fig. 3.39).

Effect of Treatment with EGF on U46619 Cumulative Concentration-response
Curve

Since the effect of EGF on Mch-induced relaxation was variable, the effect of
EGF on aortic responses to vasoconstrictors was investigated. The effect of
EGF was initially tested on the thromboxane A2 mimetic U46619, which is a

powerful vasoconstrictor.
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Following a U46619 cumulative concentration-response curve and washout,
either EGF or vehicle alone was added to the bath prior to a second cumulative
concentration-response curve to U46619 in endothelium-intact aorta. The
highest concentration of EGF (100 ng/ml) was used to ensure that a substantial
effect could be observed. Neither the presence of EGF nor vehicle alone (10
mM acetic acid + 0.1 % BSA) had an effect on the ability of U46619 to
constrict endothelium-intact rat aorta (Figs. 3.40a, 3.40b, 3.41a and 3.41b).

Thus, an alternative vasoconstrictor- phenylephrine (PE) was also examined.

Effect of Treatment with EGF on PE Cumulative Concentration-response
Curve

a) With 10 mM Acetic Acid + 0.1 % BSA Vehicle

Following a PE cumulative concentration-response curve and washout, 100
ng/ml of EGF or vehicle alone was added to the bath prior to a second
cumulative concentration-response curve to PE in endothelium-intact aorta. As
compared to the maximum contractions induced by PE in the absence of EGF
(0.6 + 0.2 g), the maximum contractions in the presence of EGF were reduced
(0.2 = 0.1 g). The PE-induced maximum contractions were reduced in the
presence of vehicle (0.07 + 0.03 g) as compared to maximum contractions in
the absence of vehicle (0.4 + 0.03 g). The EC50 value was increased in the
presence of EGF (8.5 (1.3 — 16.2) x 107 M), as compared to EC50 in the
absence of EGF (0.7 (0.3 — 1.0) x 10”7 M). However, in the presence of vehicle

the EC50 was decreased (1.6 (0.7 — 2.3) x 10”7 M) as compared to EC50 in the
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absence of vehicle (2.4 (0.6 — 3.1) x 10~ M) (Figs. 3.42a, 3.42b, 3.43a and

3.43b and table 3.1).

Since the vehicle, 10 mM acetic acid + 0.1% BSA, alone reduced PE-induced
maximum contractions, more so than the effect of EGF, further investigations

were carried out using an alternative vehicle for EGF, namely, phosphate

buffered saline (PBS) + 0.1 % BSA.

b) With PBS + 0.1 % BSA Vehicle

The maximum response of PE concentration-response curve was significantly
less in aorta in the presence of 100 ng/ml EGF (0.3 + 0.1 g) compared to aorta
not exposed to EGF (0.8 £ 0.1 g) (n = 5, p < 0.01). The EC50 value for PE
concentration-response curve was significantly higher in aorta exposed to EGF
(6.1 (1.3 -7.9) x 107 M) as compared to aorta not exposed to EGF (1.0 (0.3 -

1.6) x 107 M) (n=5, p < 0.01) (Figs. 3.44a and 3.45a; table 3.2).

Vehicle control (PBS + 0.1 % BSA) significantly reduced PE-induced
maximum contraction in rat aortic rings (0.5 = 0.1 g) as compared to aorta
unexposed to vehicle (0.6 = 0.1 g) (n =5, p < 0.05) but significantly increased
the EC50 value (1.5 (0.8 — 2.1) x 107 M) as compared to control aorta
unexposed to vehicle (0.8 (0.5 —1.1) x 107 M) (n =5, p < 0.001) (Figs. 3.44b
and 45b) and (Table 3.2). However the reduction in maximum by exposure of
aorta to vehicle (to 84.3 + 5.4 % of original), was significantly less than the

reduction in maximum by exposure of aorta to EGF (to 41.8 + 44 % of

150



original) (n = 5, p < 0.01). Also the increase in EC50 was significantly more in
aorta exposed to EGF (to 560 + 151.7 % of original) than in aorta exposed to

vehicle (to 163 + 13.1 % of original) (n = 5, p < 0.05) (Table 3.3).

To check that these changes were not the result of repeating the PE
concentration-response curve, two successive curves were obtained in the same
tissue and the effect of the first concentration-response curve (naive control 1)
was observed on the second concentration-response curve (naive control 2).
The maximum response (1.0 £ 0.2 g) and EC50 (1.5 (0.7 — 2.2) x 107 M) for
the second concentration-response curve were not significantly different form
those of the first concentration-response curve (1.1 £0.2 g) and (2.4 (0.4 — 3.9)

x 107 M) (Figs. 3.44c and 3.45c) (Table 3.2).

As shown earlier (Fig. 3.36a), endothelium-denuded rat aorta markedly
contracted in response to 100 ng/ml of EGF (mean maximum contraction 0.5
0.1 g). This occurred when EGF was added before the second cumulative
concentration-response curve. Addition of 10'10, 10'8, 107 M of PE did not
increase the EGF-induced constriction any further. However 10° and 10° M
PE increased the EGF-induced contraction even further until aortic constriction
had reached its maximum (Fig 3.46a). Vehicle alone did not have this effect
(Fig. 3.46b). The mean maximum response of the second concentration-
response curve to PE in the presence of EGF (0.8 + 0.1 g) was not significantly

different from the mean maximum response of the first concentration-response
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curve prior to exposure to EGF (0.8 + 0.1 g). Thus, EGF did not significantly

increase maximum aortic response (Fig 3.47).

Effects of EGF on PE- preconstricted Aorta

The effect of EGF on PE-preconstricted aorta was investigated to see whether
EGF could modulate aortic-tone induced by PE. Exposure of rat aorta pre-
constricted with 107 M PE to 100 ng/ml of EGF for 10 minutes caused
relaxation (39 = 14 %) to PE-induced contraction (Figs. 3.48a and 3.48b).
Exposure to the vehicle control (PBS + 0.1 % BSA) for 10 minutes had no
effect on aortic tone (Fig. 3.48c). Due to time constraints the effect of EGF on

PE-preconstricted aorta in endothelium-denuded aorta was not investigated.
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Figure 3.36
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a) Example trace from an experiment showing the effect of a single exposure of EGF on resting
endothelium-denuded rat aortic rings and b) vehicle alone as a control and ¢) mean maximum
tension (g) of EGF-induced contraction, measured from the pre-EGF baseline (= SEM), n =4.
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Figure 3.37
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Mean cumulative concentration-response curve for the relaxation of endothelium-intact rat
aortic rings in response to Mch in tissues preconstricted with U46619 (5 x 10° M). EC50= 10
®M (£ SEM), n = 2.

155



Figure 3.38
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Figure 3.38 continued
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Example traces from an experiment showing the effect of cumulative concentrations of EGF on
Mch induced relaxation in endothelium-intact rat aorta preconstricted with 5 x 10° M U46619.
EGF had a variable effect, trace a) shows EGF having a concentration-dependent relaxant
effect upon the aorta and trace b) shows EGF having no effect, also shown in c) is the effect of
vehicle alone. Figure d) shows mean % relaxation to U46619 induced contraction in response
to Mch and to EGF (x SEM), n = 4.
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Figure 3.40
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Figure 3.40 continued
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Figure 3.41
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Graphs showing mean cumulative concentration-response curves for U46619 in endothelium-
intact rat aortic rings a) + EGF and — EGF and b) + vehicle and — vehicle (x SEM). Results are
of the absolute tension values relative to U46619 concentration, n = 2.
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Figure 3.42
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4 minutes
2 i e S e e e e,
1.4 5
.‘.-_“.‘—u.___\_" 4
1952
310
c
=] e
go 8 /
-
0.6
1 88RK0 LTy
0.4 — = raA =
< S = =3 o,
= > ~ [
= = = = =
el el w =
R (na m m m

Second cumulative concentration-response to PE in endothelium-intact rat aortic ring

exposed to EGF (100 ng/ml)

4 minutes
1.0 |l Lkl
| L'._‘d_,.p"d\m“
PO
C (| aeghabioas
— L \ .\-".'1 JAa J\ !
P ML RO T A | )
= A 1 L i R
20.8 | Yo
wn
o
}_
d
/ W |
0.6
O MRV oy
4
0.4
= [ =g —_ - [ —_
o, o o, o o,
8 = @ ~ -] w
® = = = = =
a-]
g = ® R R R
m
Q
-]

162



Figure 3.42 continued

b

First cumulative concentration-response to PE in rat endothelium-intact aortic ring
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Example traces from experiments showing the effect of a) EGF and b) vehicle alone on aortic
response to cumulative concentrations of PE in endothelium-intact rat aortic rings, n = 4.
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Figure 3.43
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Graphs showing mean cumulative concentration-response curves for PE in endothelium-intact

rat aortic rings a) + EGF or — EGF and b) + vehicle and — vehicle (+ SEM). Results are of the
absolute tension values relative to PE concentration, n = 3.
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Table 3.1 EC50 and Maximum Values Derived from Individual Non-linear

Curve Fitting for Phenylephrine Concentration-response Curves +/- EGF

and +/- Vehicle (10 mM Acetic Acid + 0.1 % BSA)

The values are EC50 and maximum responses for the first PE-induced contractions in the
absence of EGF (or vehicle) and for the second PE-induced contractions in the presence of
EGF (or vehicle). 95% confidence intervals (CI) are shown for EC50 values and the +SEM is

shown for the maximum values.

Agonist n EC50 M) (95% CI) Maximum (g)
response (g)

- EGF 3 0.7(03-1.0)x107 0.6+0.2

+ EGF 3 8.5(1.3-16.2)x 107 0.2%0.1

- Vehicle 3 24(0.6-3.1)x 107 0.4+0.03

+ Vehicle 3 1.6 (0.7-2.3)x 107 0.07 +0.03
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Figure 3.44

a

First cumulative concentration-response to PE in endothelium-intact rat aortic ring
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Figure 3.44 continued

b

First cumulative concentration-response to PE in endothelium-intact rat aortic ring
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Figure 3.44 continued
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Example traces from experiments showing the effect of a) EGF, b) vehicle alone (n = 5 for
both a) and b)) and ¢) naive control (n = 4) on aortic response to cumulative concentrations of
PE in endothelium-intact rat aortic rings.
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Figure 3.45
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Figure 3.45 continued
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Graphs Showing mean cumulative concentration-response curves for PE in rat aortic rings a) +
EGF and - EGF and b) + vehicle and — vehicle (PBS + 0.1 % BSA) (+x SEM), n = 5 for both a)
and b)). In figure ¢) naive control 1 and naive control 2 are first and second cumulative-
concentration response contractions to PE without EGF and vehicle (x SEM), n = 4. Results
are of the absolute tension values relative to PE concentration
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The values are EC50 and maximum responses for the first PE-induced contractions in the
absence of LUF (()r v.,hlclc) and for t‘xe se 01d PE-induced coniractions in the prcscnge of

>ONce n[Ig[lLD 3 (4] ! I I
(C1) are shown for EC50 values and the £SEM is shown f ; * P < (.05,
** P < 0.01, *** P < 0.001 for second contraction with EGF or V\,hIClC as compared to their

respective controls (-EGF or —vehicle) as estimated using a 2 tailed paired Student’s t-test.
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Figure 3.46

First cumulative-concentration response to PE in endothelium-denuded rat aortic ring
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Figure 3.46 continued

b

First cumulative concentration-response to PE in endothelium-denuded rat aortic ring
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Example traces from experiments showing the effect of a) EGF and b) vehicle alone on aortic
response to cumulative concentrations of PE in endothelium-denuded aortic rings, n = 5 for
both a) and b).
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Figure 3.47
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Figure 3.48

a 1 minute
i WMW
G, \w
C
g
g |
[
[
0.5 /
we |
4
B RN AP
107 M PE 100 ng/ml EGF
2 minutes
b L
1.2
@1.0
=
£0.8
S
o6
0.4
0.2 T
=7/ 7 t
107 M PE Vehicle (PBS + 0.1 %
BSA)
c
60+
w 50+
o
2 £ 40+
e .2
e
2 0o
= @ 30-
© s
© g Sl
© O 20+
o
s
- 10+
0

100 ng/ml EGF

Example traces from experiments showing the effect of EGF on a PE-induced contraction a)
shows EGF reversing PE induced contraction b) shows the effect of vehicle on PE induced

contraction and ¢) shows mean % relaxation to PE-induced contraction in response to EGF (+
SEM), n =4.

175



4.0 Discussion

176



It is well known that uncontrolled diabetes can induce the development of
microvascular and macrovascular pathologies, including retinopathy,
nephropathy, atherosclerosis and myocardial infarction (Hammes 2003, Hurst
and Lee 2003). These pathologies mostly develop as a result of diabetes-
induced endothelial dysfunction (Avogaro, et al 2006, De Caterina 2000). One
feature of endothelial dysfunction is an inability to produce the correct balance
of vasoconstrictors and vasodilators, including the potent vasodilator nitric
oxide (NO) (Gordon 2004, Li and Forstermann 2000). The present study
provides new insights into the role of the receptor tyrosine kinases (RTKs),
epidermal growth factor receptor (EGFR) and ErbB2 in the mechanism
governing hyperglycaemia-induced aberrant endothelium-dependent NO

production.

In the first part of this thesis, it was demonstrated that mesenteric bed tissue of
streptozotocin (STZ)-induced diabetic rats showed an enhanced response to the
vasoconstrictors noradrenaline (NA) and endothelin-1 (ET-1) and an attenuated
response to the endothelium-dependent vasodilator carbachol. However, the
response to the endothelium-independent vasodilator sodium nitroprusside
(SNP) was similar in mesenteric vascular bed from STZ-induced diabetic rats
to that seen in normal control rats (studies completed by Dr Mariam Y ousif and
Prof Ibrahim Benter (Benter, et al 2005a)). These findings support previous
studies in mesenteric arteries (Fukao, et al 1997, Makino, et al 2000, Taylor, et
al 1995) and aortae (Kamata, et al 1989, Oyama, et al 1986, Pieper and Gross

1988) from STZ-induced diabetic rats which reveal that the response to
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endothelium-dependent vasodilators such as acetylcholine (Ach) are impaired.
The present findings are also comparable with studies which show that
responses to endothelium-independent vasodilators such as SNP, nitroglycerin,
papaverine and atrial natriuretic peptide remain unaltered in the vasculature of
diabetic rats (Kamata, et al 1989, Pieper and Gross 1988, Taylor, ef al 1995).
Moreover, again consistent with the present findings, previous studies have
shown an enhanced response to vasoconstrictors in aortae and mesenteric
arteries from diabetic rats (Abebe, et al 1990), and cheek pouch arterioles from

diabetic hamsters (Mayhan, et al 1999).

Interestingly, the increased response to vasoconstrictors, ET-1 and NA, and the
attenuated response to the vasodilator, carbachol, seen in the mesenteric
vascular bed of STZ-induced diabetic rats could be prevented by pre-treating
the rats with the RTK inhibitor genistein or with AG1478, a specific inhibitor
of the RTK, EGFR. Diadzein, the inactive analogue of genistein, had no
significant effect on vascular responses in STZ-induced diabetic rats. Also, no
effect of AG1478, genistein or diadzein was seen in control rats. This suggests
that RTK pathways, including EGFR pathways are involved in a mechanism

that leads to diabetes-induced altered vascular reactivity.

Western blotting analysis of the mesenteric vascular bed tissue revealed an
increase in EGFR phosphorylation in tissue from STZ-induced diabetic rats as
compared to normal control rats. Furthermore, pre-treatment of STZ-induced

diabetic rats with genistein or with AG1478 normalized the levels of
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phosphorylated (p)EGFR in the mesenteric bed of these rats. This further
strengthened the hypothesis that EGFR has a role to play in the mechanism of
diabetes-induced vascular dysfunction. However, genistein also has effects on
other molecules apart from EGFR, including other RTKSs and also it has been
shown to inhibit the activity of certain Ca®* channels including the L-type Ca®*
channel in VSMC from rat portal vein (Liu and Sperelakis 1997). Thus,
genistein’s effects on molecules other than EGFR cannot be excluded in the
present study. The present study is the first to demonstrate an elevation in the
level of pEGFR in the mesenteric bed of diabetic animals as compared to non-
diabetic controls. However, previous studies have shown EGFR and its main
ligand, the epidermal growth factor (EGF) to be altered in other tissues from
diabetic animals. An increase in EGFR activity has been reported in the gastric
mucosa and kidneys of diabetic animals (Khan, et al 1999, Sayed-Ahmed, et al
1996) whereas, a decrease in EGFR activity has been demonstrated in the
pancreas, liver, and placenta of diabetic animals (Korc, et al 1984, Okamoto, et
al 1988, Sissom, et al 1987). Thus, it seems that upregulation or
downregulation of EGFR in diabetic tissues depends on the type of tissue.
Furthermore, it has been reported that RTKs, specifically EGFR and ErbB2
have a role to play in diabetes-induced vascular dysfunction in rat carotid
artery, as inhibiting the activity of these receptors prevents diabetes-induced
aberrant response to vasoconstrictors and vasodilators (Yousif, et al 2005).
Similarly, inhibition of RTKs, specifically EGFR has been shown to prevent

vascular dysfunction in the renal artery (Benter, et al 2005b).
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Interestingly, western blotting further revealed that levels of pErbB2 were also
increased in the mesenteric vascular bed of STZ-induced diabetic rats.
Furthermore, in the same manner as pEGFR, increased ErbB2 phosphorylation
was normalized by treatment with genistein and also with the specific ErbB2
inhibitor AG825. This is also the first study to show increased levels of pErbB2
in the mesenteric vascular bed tissue of diabetic animals. However, as
mentioned earlier a previous study reported enhanced responses to
vasoconstrictors and attenuated response to vasodilators observed in the carotid
artery of diabetic rats could be normalized by inhibiting ErbB2 with AG825
(Yousif, et al 2005). Together with this study, the present results suggest that
ErbB2, EGFR’s favoured heterodimerization partner (Graus-Porta, et al 1997)
also has a role to play in the mechanism which leads to diabetes-induced

vascular dysfunction.

It has been suggested that diabetes-induced changes in cardiovascular
reactivity can be attributed in part to diabetes-induced changes in calcium
homeostasis, for example this has been demonstrated in whole tissue studies in
heart (Beenen, et al 1995), aorta and mesenteric artery (Abebe, er al 1990)
from diabetic rats. However, evidence is accumulating to suggest that
dysfunctional abnormalities of the endothelium are major contributors to
diabetes-induced aberrant vascular reactivity. This includes the aberrant
production of endothelium-derived vasoactive agents, for example,
hyperglycaemia has been shown to induce an increase in the generation of

endothelium-derived vasoconstrictor prostanoids such as thromboxane A; in
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rabbit aortae, which leads to reduced effect of vasodilators and increased
vasoconstriction (Tesfamariam, ef al 1990). Also, it has been suggested that an
attenuated response to the vasodilator potassium (K*), which is thought to be
one of the endothelium-derived hyperpolarizing factors (EDHFs) (Edwards, et
al 1998) has some part to play, as its function as a vasodilator is impaired in
the mesenteric arterial bed of STZ-induced diabetic rats (Makino, et al 2000).
However, relaxant responses to endothelium-dependent vasodilators such as
Ach or carbachol are mainly due to the release of the powerful endothelium-
derived vasodilator NO. Thus, a reduction in endothelium-dependent
vasodilation may reflect decreased NO bioavailability. It is well known that the
bioavailability of NO and also NO-mediated vascular dilation are reduced in
diabetic animals and humans (Meininger, et al 2000, Pieper 1998). The present
study identifies a dysfunction, specifically at the level of the endothelium, with
an impaired response to endothelium-dependent vasodilators and a normal
response to the endothelium-independent vasodilator and NO donor, SNP,
being observed in the mesenteric vascular bed of STZ-induced diabetic rats.
Thus, in the present model, a diabetes-induced reduction in NO production is a
likely candidate for impairing vasodilation, and increasing the potency of
vasoconstrictors due to a reduction in the opposing effect of NO. Previous
studies have also found decreased production of cyclic guanosine
monophosphate, which is downstream of NO, in response to Ach stimulation,
in aortic strips from STZ-induced diabetic rats. However, these vessels
responded normally to SNP, suggesting decreased production of endothelium-

dependent vasodilators, most likely NO (Kamata, et al 1989).
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The mechanisms that lead to aberrant synthesis and activity of endothelium
derived vasodilators such as NO are not fully understood. Studies have
suggested that diabetes-induced oxidative stress may have a major role to play.
A previous study has shown that diabetic aortas become particularly sensitive
to free radical damage, that impairs endothelium-dependent vasodilation in
chronic diabetic rats (Pieper and Gross 1988). Also advanced glycation
endproducts (AGEs), which are found at increased levels in diabetic vessels are
known to quench NO both in vitro and in vivo, and thus contribute to reduce
NO-induced vasodilation (Bucala, et al 1991). Also, studies have shown that
high glucose can reduce NO synthesis through inhibiting eNOS expression and
activity (Ding, et al 2000, Du, et al 2001). However, the exact mechanisms
underlying these changes are not precisely known. The present studies suggest
RTKs, in particular EGFR and ErbB2, as potential candidates involved in a
mechanism which leads to diabetes-induced vascular dysfunction. Therefore,
the subsequent aim of this study was to further elucidate the involvement of
EGFR and ErbB2 in diabetes-induced vascular dysfunction, particularly how
increased EGFR and ErbB2 activity might affect NO production.
Identification of such a mechanism would lead to a better understanding of
diabetes-induced vascular dysfunction and as such may lead to the
development of novel therapies for the prevention or treatment of diabetes-

induced vascular disease.
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To further investigate the hypothesis a cell model was established using the
human, endothelial-like cell line, ECV-304. Recently, there have been some
doubts regarding the validity of ECV-304 as an endothelial cell model (Brown,
et al 2000, Masters, ef al 2001). However, studies have shown that ECV-304
cells display many features and markers characteristic of endothelial cells, such
as their polygonal shape and the typical contact-inhibited cobble stone
monolayer growth pattern, and also the presence of Weibel-Palade bodies
(Takahashi, et al 1990b). Additionally, the present study revealed that ECV-
304 cells express connexin 43 and endothelial NO synthase (eNOS), molecules
which are characteristically found in endothelial cells. The cells were also
shown to have detectable levels of pEGFR and pErbB2, thus, it was concluded
that the cell line was suitable for further investigating the effect of diabetes on

EGFR and ErbB2, and downstream mediators including NO.

Groups such as Varma et al. (2005) have mimicked the high glucose conditions
associated with the diabetic state by growing cells of interest in cell medium
containing high glucose. A fasting blood glucose concentration of around 7
mM or above indicates diabetes (World Health Organization 1999). However,
blood glucose concentration fluctuates throughout the day and can reach
concentrations well above 7 mM in diabetic individuals (World Health
Organization 1999). Thus, to study the effect of high glucose on EGFR and its
pathways, under the controlled conditions of cell culture, ECV-304 cells were
incubated in control normoglycaemic (5.5 mM) conditions and in

hyperglycaemic conditions, at concentrations of up to 25.5 mM glucose. These
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studies were performed only following full optimization of conditions for this
particular cell line. Incubation of cells with 25.5 mM glucose considerably
reduced the rate of ECV-304 cell proliferation and cell survival as compared to
cells grown in 5.5 mM glucose. After = 72 hours of exposure to high glucose,
proliferation of ECV-304 ceased and survival of cells decreased. This
correlates with a study showing reduced proliferation and survival of HUVECs
grown in 20 mM and 40 mM glucose, believed to be due to glucose-induced
impairment of the anti-apoptotic PI3 kinase-Akt signalling pathway (Varma, et

al 2005).

Studies using ECV-304 cells confirmed that high glucose treatment increased
both EGFR and ErbB2 phosphorylation with no effect on total protein and
mRNA expression being observed. This increase in phosphorylation of EGFR
and ErbB2 was observed when glucose was increased to 10.5 mM. This
suggests that a modest increase in glucose concentration for 72 hours is
adequate to cause aberrant EGFR and ErbB2 signalling. Moreover,
phosphorylation of both EGFR and ErbB2 were observed in ECV-304 cells
after as little as 24 hours of high glucose treatment and was maximal after 72
hours of exposure. This may explain why such tight control of blood glucose
concentration is necessary to prevent vascular damage, as a slight increase in
glucose concentration over a relatively short period of time may cause
biochemical changes which lead to vascular dysfunction. For example, a

previous study demonstrated that acute (< 12 hours) high glucose (25.5 mM)
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exposure can lead to pro-atherogenic changes in human aortic endothelial cells,
by increasing the production of adhesion molecules and chemotactic factors
(Piga, et al 2006). Also, a study of type I diabetic patients revealed that poor
glycaemic control over relatively short periods of time (48 hours), can lead to
adverse effects on the vasculature, by initiating vascular smooth muscle (VSM)
or endothelial dysfunction (Sorensen, et al 2005). Furthermore, population
studies have revealed that a modest increase above normal glucose levels is
sufficient to increase the risk of developing cardiovascular disease. In this
study an increased risk for cardiovascular disease development was seen when
the blood glucose concentration of individuals was raised from 4.2 to 6.1 mM,

which is still below the diabetic threshold (Coutinho, et al 1999).

The exact mechanism for hyperglycaemia-induced increased EGFR and ErbB2
activation is unknown. Conventionally, activation of EGFR is initiated upon
binding of EGF, or other EGF-like ligands, to the receptor (Yarden 2001).
ErbB2 on the other hand can only be activated through heterodimerizing with
another ErbB receptor, as it has no cognate ligand (Garrett, et al 2003).
Therefore, high glucose conditions could potentially be upregulating EGFR
activation and ErbB2 dimerization through promoting transcription of EGFR
ligands. However, in the present study this was found to be unlikely since
preliminary polymerase chain reaction studies showed that mRNA levels of the
EGFR ligands- amphiregulin, betacellulin, epiregulin, EGF, HB-EGF and
TGFa, remained unchanged by 72 hours of high glucose exposure in ECV-304

cells.
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There are alternative mechanisms for activating EGFR. For example glucose is
known to increase the production of some external mediators of EGFR activity,
including osmotic stress (Rosette and Karin 1996), AGEs (Cai, et al 2006) and
oxidative stress (Rao 1996), which are all known to increase EGFR activity.
However, osmotic stress-induced EGFR and ErbB2 activation can be excluded
in the present study, since, in contrast to the effect seen after treating the cells
with D-glucose, the osmotic control L-glucose did not induce EGFR or ErbB2
phosphorylation. Another mechanism for activation is EGFR transactivation,
where stimulation of a G-protein coupled receptor by agonists such as
angiotensin II (Angll) and ET-1 activate matrix metalloproteinases (MMPs) or
ADAMs which cleave and release preformed, cell membrane bound ligands
such as HB-EGF. The released ligands can subsequently transactivate EGFR
(Eguchi, et al 2003). In fact, EGFR transactivation is known to take place in
the endothelium (Fujiyama, et al 2001) and transactivation of EGFR receptor
has previously been shown to be an important step in the development of
diabetic nephropathy (Nose, et al 2003). Studies have shown that levels of
Angll are increased in rat mesangial cells incubated with high glucose for 24
hours (Singh, et al 2003). Also, an increase in AnglI induced transactivation of
EGFR was shown in rat VSM cells (VSMCs) incubated with high glucose for
48 hours (Konishi and Berk 2003). This may explain in part how Angll
receptor blockers or angiotensin converting enzyme inhibitors can prevent and
reverse cardiovascular complications and neuropathy in diabetic patients

(Coppey, et al 2006, Podar and Tuomilehto 2002). Further studies using
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neutralising antibodies for EGFR ligands and MMP inhibitors could help
determine the potential role for this mechanism in high glucose-induced
aberrant EGFR activation in the present model. Protein tyrosine phosphatases
(PTPs), enzymes that dephosphorylate EGFR, are also important external
mediators of EGFR activity, thus, may be implicated in the present model. It
has been suggested that oxidative stress such as the production of hydrogen
peroxide induces the phosphorylation of EGFR partly through inactivating
PTPs, leading to a reduced rate of EGFR dephosphorylation (Kamata, et al

2000).

It is also possible that the activities of EGFR and ErbB2 are not altered by
glucose through intermediary molecules, but instead are directly altered by the
glucose molecule itself. A previous study has shown that cells exposed to high
glucose for 48 hours express an N-glycosylated form of EGFR, which
compared to its non-glycosylated counterpart, is transactivated by AngllI at an
increased rate. This transactivated glycosylated EGFR then activates Akt and
ERK1/2, and promotes VSMC proliferation (Konishi and Berk 2003). Further

investigation would be necessary to investigate this as a potential mechanism.

To further investigate the effects of hyperglycaemia on EGFR, ErbB2 and
downstream signal transduction pathways, the EGFR inhibitor, AG1478, and
the ErbB2 inhibitor, AG825, were used. Both AG1478 and AG825 can be
solubilized using dimethyl sulfoxide (DMSQO). Studies showed that only 1 %

final volume of DMSO could be used in experiments, before DMSO became
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toxic to the cells. Inhibitor concentration-response experiments were conducted
to elucidate the concentration of inhibitors to use in order to inhibit EGFR and
ErbB2 phosphorylation in ECV-304 cells. From these 0.5 uM of AG1478 and
20 pM of AG825 were used in experiments. In ECV-304 cells the specificity
of the inhibitors for their targets were tested by looking at the effect of AG1478
on ErbB2 phosphorylation and the effect of AG825 on EGFR phosphorylation
under normal and high glucose conditions. AG1478 demonstrated greater
selectivity towards EGFR but also caused a small inhibition of ErbB2
phosphorylation. In contrast, AG825 was more selective for inhibiting ErbB2
phosphorylation, but also caused a small decrease in EGFR phosphorylation.
However, this is not surprising considering that EGFR and ErbB2
heterodimerize, thus inhibiting the activity of one of the pair would
undoubtedly affect the activity of the other. This correlates with a previous
study showing that the inhibition of EGFR with an EGFR specific inhibitor,
also blocks ErbB2 phosphorylation in breast carcinoma cells (Moulder, et al
2001). Additionally, although these inhibitors are selective for their specific
targets they do also have some inhibitory effects upon other members of the
ErbB family if used at higher concentrations (Tocris bioscience 2007a, Tocris

bioscience 2007b).

Indeed, this study showed for the first time that high glucose induces an
increase in the level of co-immunoprecipitated EGFR and ErbB2. This

suggests that high glucose treatment increases EGFR and ErbB2
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heterodimerization. However, the involvement of the other dimerization
partners, ErbB3 and ErbB4, cannot be excluded. Further studies would be
necessary to deduce the importance of each family member in the mechanism
leading to diabetes-induced vascular dysfunction. As expected, AG1478
reduced the levels of hyperglycaemia-induced co-immunoprecipitated EGFR
and ErbB2, and AG825 completely prevented co-immunoprecipitation of the

receptors.

To investigate the mechanisms by which EGFR and ErbB2 signalling might
mediate vascular dysfunction, studies were performed to examine the effects of
high glucose-induced activation of EGFR and ErbB2 on initiation of
downstream signal transduction cascades and NO production. The possibility
of hyperglycaemia-induced EGFR activity modulating the production or
activity of endothelium-derived agonists other than NO, such as EDHF and
prostacyclin cannot be excluded; however, these were not investigated in the

present study.

EGFR regulates its cellular function through initiating multiple downstream
signal transduction cascades, including mitogen activated protein kinase
(MAPK), phosphoinositide 3-kinase (PI3K) and diacyl glycerol/ protein kinase
C (DAG/PKC) pathways (Hackel, er al 1999, Holbro, et al 2003, Prenzel, et al
2001). In the present study, the external addition of EGF to ECV-304 cells,
increased levels of EGFR and ErbB2 phosphorylation in a concentration- and

time-dependent manner. Furthermore, EGF increased phosphorylation of PKC,
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Akt, ERK1/2 and p38MAPK, suggesting that these pathways are modulated by

EGFR activity in ECV-304 cells.

Increased levels of PKC and DAG, the upstream mediator of PKC, have been
reported in the renal glomeruli, aorta, heart and retina of STZ-induced diabetic
rats (Craven and DeRubertis 1989, Inoguchi, et al 1992, Shiba, et al 1993).
Also, hyperglycaemia has been shown to induce the de novo synthesis of DAG
in cultured retinal and aortic endothelial cells isolated from diabetic animals
(Koya and King 1998). These findings are consistent with the present study
which showed increased levels of pPKC in ECV-304 cells treated with high
glucose for 72 hours. PKC is thought to play a crucial role in mediating
diabetes or hyperglycaemia-induced vascular dysfunction, as PKC activation
has adverse effects on both the endothelium and the VSM. Increased PKC
activation is known to increase production of cytokines and enhance
permeability, vascular cell proliferation and contractility (Koya and King
1998). Studies also suggest that increased PKC induces endothelial dysfunction
via a number of mechanisms, most of which stem from the fact that
hyperglycaemia-induced PKC activation generates superoxide (O27) by
activating O, producing enzymes such as nicotinamide adenine dinucleotide
phosphate oxidase (Hink, et al 2003). For example, the paradox of reduced NO
bioavailability but increased eNOS mRNA and protein expression reported by
some in cultured human aortic endothelial cells and vessels from STZ-induced
diabetic rats is partly due to increased PKC activity, as PKC can induce

uncoupling of eNOS which then produces O,  that reacts with NO, and

190



produces the destructive reactive oxygen species peroxynitrite (Cosentino, et al
1997, Hink, et al 2003). Furthermore, PKC-induced oxidative stress has been
shown to upregulate cyclooxygenase-2 (COX-2) in human aortic endothelial
cells. COX-2 further decreases NO bioavailability, decreases the production of
vasodilatory prostanoids and increases the production of vasoconstrictor
prostanoids (Cosentino, et al 2003). PKC-induced O," produced in the VSM
may also inactivate or reduce the expression of the soluble guanylate cyclase,
which is the downstream target of NO (Hink, er al 2003). PKC can also
influence NO production through phosphorylating eNOS at threonine residue
495 (Fleming, er al 2001, Mount, et al 2006) found within the calmodulin
binding domain. Phosphorylation at this site reduces binding of calmodulin to
eNOS, resulting in reduced catalytic activity (Matsubara, er al 2003). PKC can
also dephosphorylate eNOS at the activator site Ser1177, by increasing activity
of the phosphatase PPA2, thus, reducing eNOS activity and NO production

(Michell, et al 2001).

The PKC isoform mostly associated with hyperglycaemia-induced vascular
pathologies and the reduction of eNOS activity in endothelial cells is PKC B
(Beckman, et al 2002, Chu and Bohlen 2004, Way, et al 2001). However, the
PKC § isoform is also believed to have an involvement in the development of
diabetes-induced vascular abnormalities (Koya and King 1998, Rask-Madsen
and King 2005, Srivastava 2002). The PKC pan antibody used for western

blotting in this study detects a, B I, B II, 8, €, n and 6 isoforms, and was thus
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suitable for examining the role of PKC in diabetes-induced vascular

dysfunction.

A previous study has reported a decrease in eNOS activity in response to
increased glucose concentrations, through a PKC mechanism, in diabetic
mouse kidney glomeruli (Chu and Bohlen 2004). Based on present studies
showing that in ECV-304 cells, high glucose phosphorylates PKC, which is
reduced by treatment with AG1478 and normalized by treatment with AG825,
and the knowledge that PKC phosphorylates eNOS at Thr495, a hypothesis
was formulated. This was that hyperglycaemia-induced increase in EGFR and
ErbB2 activity leads to increased PKC activity which subsequently reduces the
activity of eNOS via phosphorylation at Thr495, leading to aberrant NO
synthesis. Initial evidence to support this hypothesis was provided via a
western blotting assay which revealed that hyperglycaemia and thus, increased
EGFR/ ErbB2 activity, was associated with increased eNOS phosphorylation at
Thr495. However, high glucose treatment had no effect on eNOS
phosphorylation at Ser1177, which is consistent with another study in human
aortic endothelial cells, showing that high glucose treatment for 48 hours was
without effect on eNOS phosphorylation at Ser1177 (Salt, et al 2003). Also,
high glucose concentration did not have an effect on total eNOS protein

expression.

To further test the involvement of PKC in the regulation of eNOS

phosphorylation in ECV-304 cells, 12-O-tetra-decanoyl-phorbol-13-acetate
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(TPA), a direct activator of classical and novel PKCs, was used. However,
prolonged TPA exposure (6 — 12 hours) is known to downregulate PKC
activity (Rask-Madsen and King 2005). The present study strongly suggests
that PKC modulates activation of eNOS at Thr495, since both PKC and eNOS
Thr495 activity were increased in response to TPA after 3 hours of exposure
but inhibited after 24 hours and 48 hours of TPA treatment. Furthermore, the
inhibition of PKC in control cells using the specific PKC inhibitor RO-31-8220
inhibited both PKC activation and eNOS activation at Thr495. Although these
studies suggest that in the cell model used eNOS phosphorylation at Thr495 is
modulated by PKC activity, further studies using cells grown in high glucose
would be needed to see if the same effect were seen under hyperglycaemic
conditions. In fact, other studies have suggested increased PKC activation as a
mechanism for a hyperglycaemia-induced decrease in NO production, and
demonstrated that high glucose-induced impaired endothelium-dependent
vasodilation can be prevented or corrected through inhibiting PKC activity

(Beckman, et al 2002, Tesfamariam, et al 1991).

The specific PKC inhibitor GO6983 had no effect on PKC in the ECV-304 cell
model. This may be because GO6983 inhibits only the a, B, 8, and { isoforms
of PKC, it is not known for certain which specific isoforms (a, B I, B II, 8, &, 1
and 0) that the PKC (pan) antibody detects in the ECV-304 cell model. Thus, it
could be that the inhibitor does not specifically target the PKC isoforms present

in the cell model used.
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An interesting observation made from the present studies is that the inhibition
of ErbB2 activation using AG825 is more effective at downregulating the
phosphorylation of PKC and eNOS at Thr495, than inhibiting EGFR with
AG1478. This could mean that ErbB2 with a dimerization partner such as
ErbB3 is more important in regulating NO activity in this system. However an
alternative explanation is that AG825 is simply a more potent inhibitor than

AG1478 at the concentrations used in this study.

As previously mentioned, activation of EGFR in ECV-304 cells activates
MAPK and PI3K signalling pathways alongside PKC. ERK1/2, p38MAPK and
Akt have all been implicated to have some role in modulating NOS activity
(Begum and Ragolia 2000, Cale and Bird 2006, Kim, ef al 2001). In the present
study, high glucose treatment for 72 hours increased levels of phosphorylated
but not total p38MAPK, with both AG1478 and AG825 treatment preventing
this activation. Similarly, high glucose treatment slightly increased Akt
phosphorylation, with AG1478 inhibiting Akt phosphorylation and AG825
having no effect. Thus, both p38MAPK and Akt may also have a role to play in
diabetes-induced vascular dysfunction, but further studies would be required to
confirm their importance in the development of diabetes-induced vascular
dysfunction. However, in the present study, high glucose treatment for 72
hours had little effect upon the level of ERK1/2 phosphorylation, indicative of

no role for this pathway in high glucose-induced dysfunction of ECV-304 cells.
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To further investigate the ability of EGFR activity to regulate NO synthesis,
isolated aortic ring preparations from non-diabetic Spague-Dawley rats were
used, as a bioassay for NO production. To stimulate EGFR activity, human
recombinant EGF, expressed in Escherichia coli was used. Studies have shown
that although the degree of homology between human and rat EGF is not as
high as between human and mouse EGF, the biological-effects are not species
specific (Schaudies and Savage 1986). Thus, human EGF could be used in the
present study to investigate EGF effects on rat vascular reactivity. The
concentrations of EGF used in this study, 1, 10 and 100 ng/ml, were higher
than that found in free plasma which is around 0.30 - 0.35 ng/ml (Brzezinski
and Lewinski 1998, Oka and Orth 1983). However, it has been suggested that
the levels of available EGF at sites of active platelet-vessel wall interaction is
higher than that found in free plasma (Berk, et al 1985). Studies using ECV-
304 cells suggested that diabetes-induced EGFR activity reduced endothelial
NO synthesis by modulating eNOS activity. Therefore, it was expected that
exposure of aortic rings to EGF would reduce endothelial NO production and

thus potentiate the effect of vasoconstrictors and attenuate vasodilation.

EGF exposure alone had no effect on the resting tone of endothelium-intact
aorta, but induced a significant and immediate contraction in endothelium-
denuded aorta. This contraction would appear to be mediated directly on the
VSM as endothelium was absent. Previous studies have also shown that EGF
can have a vasoconstrictive effect directly upon the VSM, believed to be due to

an EGF-induced increase in calcium efflux and calcium channel activation, as
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demonstrated in cultured rat aortic VSMCs (Berk, et al 1985) and in isolated
endothelium-denuded aorta from deoxycorticosterone acetate (DOCA)-salt
hypertensive rats (Florian and Watts 1999). However, Muramatsu ef al. (1985)
suggested that EGF causes contraction through a COX pathway, since the COX
inhibitor indomethacin abolished EGF-induced contractions. A more recent
study suggests that EGF induces vasoconstriction in hypertensive rats through

a PI3K-mediated MAPK pathway (Kim, et al 2006).

In contrast to the present study, previous studies have shown that EGF also
induces vasoconstriction in endothelium-intact rat arterial strips (Berk, et al
1985, Muramatsu, et al 1985). However, one study showed that EGF induced
contraction in both intact and endothelium-denuded aortic strips from DOCA-
salt hypertensive rats, and that contraction was slightly attenuated in the
endothelium-intact aortic strips, suggesting that the presence of the
endothelium could partly counteract the contractile effect of EGF (Florian and

Watts 1999).

Interestingly, the present study suggests that EGF may act at both the level of
the endothelium and the VSM, producing diametrically opposing actions. Thus,
in intact non-diabetic aorta, EGF acts on the endothelium to promote the
release of a vasodilator that then opposes its direct constrictor action on VSM,
ultimately resulting in little or no effect of EGF being observed in
endothelium-intact aortic rings. This is opposite to what the present studies

suggest is occurring in diabetic tissues.
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Further evidence to support the theory that EGF induces a release of an
endothelium-derived vasodilator was provided by results showing that EGF
caused significant relaxation in phenylephrine (PE)-preconstricted aortic rings.
Also, although the effect was variable, a trend could be seen showing EGF
enhancing acetyl methylcholine induced relaxations in a concentration-
dependent manner. Consistent with the present study, one group showed that
EGF induced an endothelium-dependent relaxation in isolated rat aortic strips
preconstricted with prostaglandin F2 o and with NA, and to a lesser extent
preconstricted with K*. NO is known to be more effective against an agonist
induced contraction compared to K* induced contraction, which suggested the
involvement of NO in counteracting the effect of the vasoconstrictors. Thus,
this group proposed that EGF binds to EGFR on endothelial cells, increasing
NO production and inducing cGMP, and a subsequent relaxation of VSM
(Namiki and Akatsuka 1990). Also, EGF has been shown to increase eNOS
protein and mRNA expression and NO synthesis, believed to be important for
placental blood flow and the onset of labour, in endothelial cells from ovine
fetoplacental artery (Zheng, et al 1999) and in rat placentae (Ribeiro, et al
2005). Thus, it could be speculated that in the present study the vasodilator
released by the endothelium in response to EGF, which counteracts the direct
contractile effect of EGF upon the VSM, is NO. However, further investigation
into the role of EGF in modulating the production of NO in the present model
would be required, which could be done using specific eNOS inhibitors such as

nitro-L-arginine methyl ester.
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The possibility that EGF is acting upon other endothelium-derived factors such
as prostacyclin or EDHF in the present model cannot be excluded. This is
especially true since previous studies have shown that EGF can activate
cytosolic phospholipase A2c an enzyme that catalyses the release of
arachidonic acid from phospholipids, which is a precursor for eicosanoids such

as the effective vasodilator prostacyclin (Bonventre, et al 1990).

Due to the unexpected effect of EGF on aortic tension, further studies were
undertaken to confirm the role of EGF in modulating NO production.
Experiments were conducted to investigate the effects of EGF treatment on the
vasoconstrictor action of U46619 in endothelium-intact aortic rings.
Surprisingly pre-treatment with EGF had no effect on U46619-induced
contractions. However, previous studies have indicated that the modulation of
U46619-induced contraction by levels of NO is variable. Some experiments
have shown NO to influence contractile responses to U46619 (Lamping and
Faraci 2003, Oyekan 2003, Sillau, et al 2002, Wilson, et al 1997) whilst other
studies have shown NO to have no effect (Heijenbrok, et al 2000, Vedernikov,
et al 2001). One study showed in eNOS deficient mice (eNOS-/-) or acute
absences of eNOS activity following N(G)-nitro-L-arginine treatment only
modestly increased mouse aortic contraction induced by U46619, and no effect
at all when U46619 was used at a high concentration (Lamping and Faraci
2003). Thus, EGF-induced alterations in eNOS in the present study might not

influence U46619-induced contractions, due to higher concentrations of
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U46619 masking any effect of EGF. In support of this theory an interesting
observation made from the present studies was that in vessels preconstricted
with U46619 and relaxed with acetyl methylcholine a relaxation to EGF was
only seen when U46619-induced tone was low e.g. < 2g but was lost when

U46619-induced tone was high e.g. > 2g.

Due to this complication with U46619 an alternative vasoconstrictor was
assessed, the a adrenergic agonist PE. Like other o adrenergic agonists, in most
blood vessels the vasoconstrictor activity of PE is affected by NOS activity
(Vanhoutte 2001), also PE can indirectly stimulate NO production (Dora, et al
2000). Therefore PE may be a better constrictor than U46619 to assess EGF’s
potential to influence NO release and thus affect PE-induced constriction.
Firstly these experiments were conducted using EGF solubilized in 10 mM
acetic acid with 0.1 % bovine serum albumin (BSA). However, alone this
vehicle had a significant effect on PE-induced contractions, thus PBS with 0.1
% BSA was subsequently used as an EGF vehicle. Pre-treatment of aorta with
EGF solubilized in this alternative vehicle attenuated PE-induced contractions,
shifting the concentration-response curve to the right, which confirmed the
previous findings showing EGF-induced relaxation. In agreement with the
earlier study on endothelium-denuded aorta, EGF treatment of aorta denuded
of endothelium caused contraction but had no effect on the aorta’s maximum

response to PE.
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In the present study, aorta from healthy non-diabetic rats showed a reduced
response to vasoconstrictors when exposed to EGF. However, in STZ-diabetic
rats EGFR activity seemed to be involved in the mechanism increasing
response to vasoconstrictors. This suggests that EGF has opposite effects on
aortic tone in vessels from diabetic and non-diabetic animals. Therefore, a
component of diabetes, such as hyperglycaemia, must not only increase the
activity of EGFR, but also convert the effects of EGFR activation from
initiating a prorelaxant output to a procontractile output. A hyperglycaemia-
induced alteration in EGFR signalling pathways is further suggested by cell
culture studies. These studies show increased eNOS phosphorylation at
Ser1177 in cells grown in control (5.5 mM) glucose when treated with EGF for
10 minutes, with high glucose having no effect on phosphorylation at this site.
This suggests an EGF-induced increase in NO synthesis under normal glucose
levels. Also, in cells grown in normoglycaemia, inhibiting the activity of EGFR
with AG1478 for 72 hours induces eNOS Thr495 phosphorylation. However,
in cells grown in high glucose the opposite effect is seen, where inhibition of
EGFR with AG1478 reduces eNOS Thr495 activity. Interestingly, AG1478
treatment also has the opposite effect on pPKC levels in control cells as to cells
grown in high glucose. This suggests that under both normal and high glucose
conditions EGFR signalling modulates eNOS phosphorylation through the
activation of PKC. However, EGF-induced phosphorylation occurs at Ser1177
in normal cells, with no effect of EGF seen at Thr495, but changes to EGF-

induced Thr495 phosphorylation in diabetic cells. Thus, under normoglycaemic
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conditions, activation of EGFR has the opposite effect on NO production to

that seen in hyperglycaemic conditions.
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5.0 Conclusions
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As of yet there is no cure for diabetes, the main aim of treating diabetic patients
is to prevent or delay major cardiovascular events such as heart attacks and
strokes associated with diabetes, and diabetes-induced microvascular
complications. Thus, current treatments modify the risks factors contributing to
these vascular events. For type I diabetic patients treatment is mostly insulin
injections and for type II diabetic patients, treatment is mostly oral
hypoglycaemics that reduce blood glucose concentration in combination with
guidelines for leading a healthier lifestyle (Krentz and Bailey 2005, Ward, et al
2005). However up to one third of patients fail to respond to these oral
hypoglycaemics (Bullock, ef al 2002) and many patients find it difficult to live
completely healthy “sugar-free” lifestyles. This puts them at increased risk of
developing diabetic-complications. Moreover, even patients with well
controlled diabetes almost always develop organ and vascular damage
eventually. Thus, it is important to find potential therapeutic targets for the
prevention of diabetes-induced vascular dysfunction, which is what was

attempted in the present study.

This study revealed for the first time that levels of pEGFR are increased in the
mesenteric bed of diabetic rats. Also, using EGFR and RTK inhibitors the
involvement of EGFR and its downstream signal transduction cascade were
implicated in the development of diabetic vascular dysfunction. Furthermore,
for the first time a role for ErbB2 was implicated in the mechanism leading to
vascular dysfunction by showing that ErbB2 is activated in the mesenteric bed

of diabetic rats and in ECV-304 cells grown in high glucose, and that
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hyperglycaemia increases the rate of EGFR and ErbB2 heterodimerization. The
present study also suggests that high glucose induced activation of EGFR and
ErbB2 initiates a signalling cascade which activates PKC and subsequently
phosphorylates eNOS at Thr495. It is well known in the literature that
increased phosphorylation of eNOS at Thr495 decreases the rate of NO
biosynthesis (Matsubara, et al 2003). It is possible that this mechanism
contributes to diabetes-induced exaggerated response to vasoconstrictors and
attenuated response to vasodilators. Using isolated aortic ring preparations this
study attempted to confirm that increased EGFR signalling reduced NO
production. However, interestingly the results revealed that EGFR activation
did not increase contraction in aortic tissue from healthy non-diabetic aortic
rats. In fact, EGF had the opposite effect upon the aorta by reducing contractile
activity to PE. Furthermore EGF induced an immediate contraction in
endothelium-denuded aortae, suggesting that EGFR induces the release of a
vasodilator such as NO from the endothelium, which counteracts the
contractile effect of EGF upon the VSM. The opposite effects of EGFR
activation upon vessels from non-diabetic and diabetic rats suggests that high
glucose not only increases EGFR phosphorylation but also alters its

downstream effects, converting a prorelaxant effect to a procontractile effect.

Thus this study has identified the involvement of EGFR and ErbB2 in the
development of diabetes-induced vascular dysfunction and implicated a novel
mechanism for which increased EGFR/ ErbB2 signalling may impair vascular

response via the attenuation of NO synthesis. Figure 5.2 summarises the key
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results from this study and how these fit into previous findings found in the
literature. In conclusion, the RTKs EGFR and ErbB2 and also the PKC
pathway may be potential new therapeutic targets for the prevention or
treatment of diabetes-induced vascular dysfunction.
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Figure 5.1 Summary of the results obtained in the thesis in normal and high glucose. a)
Summary of the effect of EGF upon EGFR/ErbB2 and NO signalling in endothelial and VSM
cells under normal glucose conditions. b) Summary of the effect of high glucose upon
EGFR/ErbB2 and NO signalling in endothelial and VSM cells. In both a) and b) the parts of
the figure shown in red represent findings from the present study. Dashed lines represent
inhibition of the downstream molecule induced by the molecule upstream from it. ADMA =
asymmetric dimethylarginine, AGEs = advanced glycation end products.
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