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Abstract

Introduction

Hyperosmolarity is a concomitant factor to the hyperglycaemia observed in diabetes
mellitus, a disease known to affect the function of endothelial cells and cause vascular
damage. Previous studies have found that hyperglycaemia is capable of reducing the
viability of endothelial cells and altering the activity of store-operated Ca?* entry (SOCE).
This study aims to determine the role of hyperosmolarity on the endothelial function and

the activity of SOCE and Orai channels.
Methods

In this study, hyperosmolarity was simulated (in vitro) via the addition of mannitol at
clinically relevant concentrations (19.5, 30 & 60 mM). Physical & biochemical assays
were employed to determine the effect this stimulus had on endothelial function. Ca?*
imaging was employed to measure the effect of hyperosmolarity on Orai channel activity
and the role of Reactive Oxygen Species was investigated with the use of biochemical

dyes (H.DCFDA. Mitosox & Amplex red).
Results

Hyperosmolarity reduced endothelial cell migration (41% fewer migrated cells compared
to control P=<0.0001) and increased the number of dead cells per field (160% increase
from control P=<0.0001). SOCE was reduced under hyperosmolar conditions in human
aortic endothelial cells and endothelial cell line (EA.hy926). SOCE in primary endothelial
cells was found to be mediated by Orai channels, which was demonstrated by transfection

of Orai siRNAs.



All three types of Orai channels (Orail-3) were sensitive to hyperosmolarity in the
HEK293 cells overexpressing STIM1/Orai with all three subtypes showing a >50%
reduction in peak influx compared with untreated cells (P=<0.05 for all groups).
Cytosolic reactive oxygen species (ROS) and mitochondrial ROS were increased by
hyperosmolarity. Hydrogen peroxide was capable of reducing SOCE in a concentration-

dependent manner.

Conclusion

These results suggest that the reduced SOCE by hyperosmolarity may be mediated by an
increase in intracellular ROS concentration. The findings in this study suggest that store-
operated Orai channels regulated by hyperosmolarity may act as a new underlying
mechanism for causing diabetic vascular injury, which allows further therapeutic

exploration for diabetic complications.

Xi
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Chapter 1

Introduction



1.1 Introduction

Diabetes mellitus (DM) is a growing global health problem with an estimated prevalence
of 424 million patients worldwide in 2017 which is 8.8% of the global population (Standl
et al., 2019). Diabetes affects around 4% of the UK population, with this proportion
predicted to rise in line with increasing levels of obesity (Holman et al., 2015). DM places
a large burden on the healthcare system in the UK with a total cost to the economy being
£23.7 billion, constituting both direct costs and indirect costs in 2010/2011 (Hex et al.,
2012). These costs will continue to rise and research into the prevention and treatment

of DM is of great economic benefit to both developed and developing countries.

It is not just the cost of DM that is of concern but the consequences and impact it has on
a patient’s health and life expectancy. For example, diabetic men and women over 50 had
an average reduction in life expectancy of 7.5 and 8.2 years, respectively (Franco et al.,
2007). This reduction in life expectancy is associated with the vascular complications of
DM, which are caused by the chronic hyperglycaemic state (Leibson and Narayan, 2005).
The state of chronic hyperglycaemia (HG) is found in both types of diabetes, although in
type 2 diabetes the symptoms are far less severe in the early stages, which can lead to
substantial vascular injury even before diagnosis (Caballero et al., 1999, Caballero, 2003).
Type Il diabetes is becoming a focus for several Western economies as a growing health
crisis, although it is accepted that to battle this disease both societal policy change and
advanced medical research must work together in order to turn the tide against this

endocrine disease (Whiting et al., 2011).



1.1.1 Blood glucose and diabetes

Glucose is the primary metabolic fuel utilised by the human body for the generation of
Adenosine triphosphate (ATP). This molecule (ATP) goes on to provide the chemical
energy required for the majority of cellular processes that must occur for tissues, organs
and, indeed, the whole body to function (Gajewski et al., 1986). Glucose is primarily
sourced from the dietary intake of sugars which are digested down into more basic sugars
to allow for their absorption into the bloodstream. These simple sugars are characterised
by whether their carbonyl group is exposed, in the case of reducing sugars, (e.g. glucose)
or un-exposed in the case of non-reducing sugars (e.g. sucrose) (Hewitt and Pryde, 1920).
The process of how glucose is regulated once it has entered into the blood is crucial to

understanding one of the key bioenergetic principles of the human body.

Insulin is a peptide hormone that is produced in the pancreas by the B-cells found within
the islets of Langerhans. Insulin is released from B-cells when glucose enters the cell,
primarily via the GLUT2 transporter. The GLUT2 transporter has relatively low affinity
for glucose, in comparison to other glucose transporters, and as such glucose will only
enter via this channel when there is an elevated concentration of plasma glucose (Schnedl
et al., 1994). After the glucose enters the (-cells it undergoes phosphorylation leading to
an increase in the intracellular Adenosine triphosphate: Adenosine diphosphate
(ATP:ADP) ratio (Konrad et al., 1996). This prevents potassium ions from leaving the
cell (via facilitated diffusion) causing membrane depolarization and subsequent

activation of voltage-gated Ca?* channels (Braun et al., 2008).



The increase in cytosolic Ca®* leads to the release of insulin into the blood plasma; this
insulin then goes on to increase the level of glucose uptake within the cells of target
tissues (e.g., adipose tissue and skeletal muscle) by causing the GLUT4 transporter to be
incorporated into the plasma membrane of the target cells (Klip et al., 1990). This lowers
the level of blood glucose to the normal homeostatic level which in a healthy human will
be no greater than 5.5 mmol/l when fasting or no greater than 7.8 mmol/l 2 hours after a
meal and no greater than 11.1 mmol/l when tested at a random interval (Hill et al., 2011)

(Diabetes UK, 2019).

Insulin is only one part of the homeostatic mechanism responsible for maintaining
optimum glucose levels. A second major component is the hormone glucagon, which has
an end tissue action that opposes the action of insulin, that being the release of glucose
from tissues into the plasma (Wewer Albrechtsen et al., 2017). The major tissue types
that glucagon acts upon to cause the release of glucose into the bloodstream are the liver
and skeletal muscle (Kraft et al., 2017). Glucagon is another peptide hormone that is
produced in the pancreas, although produced in the a-cells in the islets of Langerhans,
and it is released when blood glucose levels are too low (hypoglycaemia) (Mitrakou et

al., 1991).

Diabetes mellitus (DM) is a metabolic disorder characterised by chronic hyperglycaemia
caused by disturbances in carbohydrate and lipid metabolism (Alberti and Zimmet, 1998).
The changes in carbohydrate and lipid metabolism are caused either by the impaired
secretion of the hormone insulin from the pancreas (f-cells) or by the impaired action of

insulin on target tissues (American Diabetes Association, 2010).



There are two types of DM, i.e., type 1 and type 2. A common clinical manifestation for
both types of DM is the elevation of blood glucose to pathological levels (Olokoba et al.,
2012). The World Health Organisation gives the diagnostic criteria for DM as a plasma
glucose level of >7.0 mmol/L when fasting or over >11.1 mmol/L 2 hours after glucose
intake (World Health Organization, 2006). The HbAlc test (or glycated haemoglobin) is
a way of measuring the average plasma glucose over a prolonged period, and WHO
recommended its use in DM diagnosis in 2011 (World Health Organization, 2013). The
cut-off value for the definite diagnosis of DM is 48 mmol/mol (6.5 %) of HbAlc (Cohen
et al., 2010). HbA1c is also a good predictor of peripheral arterial disease as it can be
used to measure a patient's long-term glucose control and help to calculate their risk of

vascular complications (Selvin et al., 2006).

Two important terms to define within the topic of blood glucose regulation are
hyperglycaemia and hypoglycaemia. Hyperglycaemia is an elevated blood glucose level
(> 7 mmol/l fasting) and has acute effects on the body, for example, an increase in urine
output and increased thirst (Spira et al., 1997, Buoite Stella et al., 2018). Hypoglycaemia
is a condition of low blood glucose that can occur in both healthy and diabetic
populations; a person will be considered hypoglycaemic if their blood sugar is < 3.9
mmol/l although some have suggested this criterion should be shifted to < 3.0 mmol/I
(Heller et al., 2019). In more recent studies there is increasing consensus around the
definition of a pre-diabetic state, with a common diagnostic criteria being a fasting blood
glucose level of between 5.6-7 mmol/l (Bansal, 2015). This condition is increasing in
prevalence throughout the world and can be a valuable diagnosis as “pre-diabetes” can be
more easily managed or reversed through modification of diet compared to Type Il

diabetes (Lim et al., 2011).



It is important to note that it is very rare for a healthy, non-diabetic, person to become
hypoglycaemic and this may usually only result from some extreme circumstances such
as fasting or excessive alcohol intake over a short period of time (Fischer et al., 1986).
Even fasting should not produce a hypoglycaemic state, as the body is capable of
maintaining a functional concentration of blood glucose through the process of
gluconeogenesis (Hatting et al., 2018). Hypoglycaemia also has acute effects on the
body such as a loss of consciousness as well as causing confusion and lethargy (Malouf

and Brust, 1985).

Type 1 DM is known as insulin-dependent diabetes, which is caused by the autoimmune
destruction of pancreatic B-cells, leading to impaired secretion of insulin (Daneman,
2006). The pathophysiology of type 1 DM depends on autoimmune damage resulting
from both genetic predisposition and viral infection (Akerblom et al., 2002). The
invasion of immune cells and the over-production of chemokines and inflammatory
markers leads to apoptosis of the B-cells (Cnop et al., 2005), thereby preventing insulin
production. Patients of type 1 diabetes require insulin therapy (Atkinson and Eisenbarth,
2001). Type 1 diabetes can be controlled through the use of insulin and glucose
monitoring and if a patient shows good therapy concordance then they can avoid some of
the more severe consequences of the disease (Chatterjee, 2006). Patient concordance is a
major area of research within diabetes treatment research, particularly with type 1
patients. There is an increasing prevalence of psychological disorders associated with
type 1 diabetes, for example, the unique condition diabulimia whereby a patient may

forgo essential insulin infusions in order to reduce their weight (Hastings et al., 2016).



If type 1 diabetes is not controlled well (with proper glucose monitoring and insulin
dosage) then a patient may experience ketoacidosis due to the inability to utilise the
elevated levels of blood glucose (Luethi et al., 2016). Ketones are produced by breaking
down fat in a process known as ketogenesis to provide an alternative energy source
because the body cannot utilize the available glucose, due to lack of insulin, in
ketoacidosis, these ketones reach such a level that it produces an acidotic (low blood pH)
state (Dashti et al., 2004). Ketogenesis is a normal physiological process intended to
utilize stored fat, unlike the pathological state of ketoacidosis (Stadie, 1958). The keto-
acidotic condition is generally only observed in type one diabetes although it has been
documented in patients suffering from type 2 diabetes where the level of insulin produced

has reduced significantly (Gosmanov et al., 2014, Welch and Zib, 2004).

Type 2 DM, formally known as non-insulin-dependent diabetes, is characterised by a
resistance to insulin as well as impaired pancreatic secretion of insulin (Kahn, 1998). The
cause of type 2 diabetes is a significant field of scientific enquiry that consists of the
investigation into potential causative factors (Dardano et al., 2014). A leading hypothesis
is that type 2 DM is strongly correlated with obesity, and as such there may be a causative
factor within the pathophysiology of obesity (Astrup & Finer, 2000) (Al-Goblan et al.,
2014). Both genetic and environmental factors lead to insulin resistance and thus impaired

homeostatic control of glucose (Florez, 2008).

Another clinical condition with the name diabetes but with very different pathogenesis
and very different implications for the body is diabetes insipidus. The most common form
of this disease (central) involves a lack of the hormone vasopressin which leads to greatly
elevated urine output and increased thirst (Kalra et al., 2016). This disease can cause
kidney damage and although rare is still a significant cause of morbidity for those who
suffer from the disease (Bockenhauer and Bichet, 2015).

7



1.1.2 Diabetic vascular damage

Chronic hyperglycaemia impairs the activity and reduces the viability of vascular
endothelial and smooth muscle cells (Lund et al., 2000). One impact upon large blood
vessels (the macrovascular system) is the narrowing of the vascular lumen via
atherosclerosis which is potentiated by both diabetes and dyslipidaemia (Beckman et al.,

2002).

Atherosclerosis is the loss of elasticity within a blood vessel leading to the formation of
an atheromatous plaque which eventually can lead to vascular occlusion (due to the
narrowing of the vessel) as well as plaque rupture leading to clot formation and potential
major ischemic episodes such as cardiovascular ischaemia (Ference et al., 2017) (de Vries
et al., 2012). Diabetes is only one risk factor that has been shown to be linked with
atherosclerosis formation-for example: age and being of the male gender are significant
risk factors (Collins et al., 2009, Fairweather, 2015). Atherosclerosis is an insidious
condition as it often shows no clinical symptoms until the level of vascular
occlusion/damage caused is at a very significant level (Naslund et al., 2019). One paper
by Duncan et al describes how the low-level systemic inflammation associated with
diabetes may be a contributing factor to the increased risk of atherosclerosis in diabetic
patients (Duncan et al., 2003). One significant effect that hyperglycaemia has on the
microvasculature is the alteration of vasoconstrictive/dilative properties within these
small vessels which in turn can lead to impairment of blood flow to the surrounding

tissues (Schramm et al., 2006).



Vasoconstriction (narrowing of the lumen through the constriction of the vascular
wall/muscle) is a normal reaction to some stimuli (for example peripheral
vasoconstriction to prevent heat loss in cold condition) (Castellani and Young, 2016).
Vasoconstriction is, in healthy people, often a short-lived vascular response, although
diabetic patients have been shown to have reduced levels of bioavailable Nitric oxide
(NO) which is a potent vasodilator (Modin et al., 2001). With reduced NO compared to
healthy patients there is a greater chance of end tissue damage due to vasoconstrictive
iIschaemia and this is theorised to contribute to the vascular complications of DM (Vinik

etal., 2001).

Impaired vascular reactivity contributes to hypertension and further increases the risk of
a significant cardiovascular event, thereby contributing to the mortality of DM (Caballero
et al., 1999). A leading cause of cardiovascular disease (a macrovascular complication)
is atheroma formation, which is strongly associated with DM (Beckman et al., 2002b).
HG causes an elevation in circulating lipid and initial endothelial damage leading to a
greater chance of atheroma formation (Al-Sharea et al., 2019). This, in turn, contributes
to coronary heart disease, leading to an increased risk of myocardial infarction (Stranders
et al., 2004). The macrovascular damage caused by prolonged HG also leads to an

increased risk of acute cerebral ischaemia and stroke (Gilmore and Stead, 2006).



Macrovascular Microvascular

Stroke Retinopathy

[ Cardio-vascular

Nephropathy
Peripheral
vascular Foot ulcer
disease

Fig. 2.1 Common complications of diabetes. Both peripheral and visceral complications

are shown in this diagram, showing the major morbidities of DM.
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The vascular complications that are caused by DM range in their severity of mortality and
morbidity. For example, vascular injury can lead to diabetic foot ulcers as well as stroke
and cardiovascular disease (Donnelly et al., 2000). The physical and biochemical stress
that the blood vessels are placed under in chronic HG has a profound effect on a patient’s
overall health as time progresses. This is because in both the large and the small blood
vessels HG causes vascular injury (Maile et al., 2007). A common form of diabetic
microvascular injury is diabetic retinopathy as it occurs in % of all patients who have been
diagnosed with DM for greater than 15 years (Klein et al., 1984). The development of
diabetic retinopathy is complicated but it is agreed that elevated blood sugar causes the
pathological changes in the eye such as thickening of the vascular basement membrane
and degeneration of the retinal capillaries (Engerman, 1989). Diabetic retinopathy is a
disease that severely impacts patient quality of life and leads to blindness (Sivakumar et
al., 2005); although some vascular complications of DM such as increased cardiovascular

risk carry with them increased mortality (Sheetz and King, 2002).

One of the most severe conditions caused by microvascular diabetic blood vessel injury
is diabetic nephropathy, as it is capable of causing end-stage renal disease and kidney
failure (Thomas et al., 2015). The kidney is a multifunctional organ that plays a key role
in several homeostatic mechanisms that are needed to maintain bodily function and health
(Higgins et al., 2004). One such function is in the filtration of smaller molecules (for
example salts and urea) out of the blood in order to be excreted in the urine which prevents

the toxic build-up of metabolic end-products(Caulfield and Farquhar, 1975).
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This filtration takes place at the renal corpuscle (found within the cortex of the kidney-
see Fig 2.2) which is found at the beginning of the nephron and compounds with lower
molecular weights pass through and form the ultra-filtrate which may go on to be excreted
as urine (Tojo et al., 2008). Molecules of lower molecular weight are not all excreted as
urine because another major function of the kidney is resorption. Resorption of small
molecules takes place in different parts of the nephron - for example, Na" ions are
reabsorbed in the collecting tubules partially by the action of Na*/K™ ATPase pumps
(Fromter et al., 1973). Ca2" is one of the molecules that is reabsorbed from the ultra-

filtrate to a high degree (99%) (Hoenderop et al., 2001).

Cortex

Renal artery

_ Renal pelvis
Renal vein

/ Medulla

Fig.2.2-Figure adapted from (Velho and Velho, 2013) showing the anatomy of

Ureter

the human kidney.
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One fundamental hypothesis as to how DM leads to nephropathy is by the alteration of
inflammatory pathways as well as the haemodynamic and metabolic changes that lead to
nephrotic damage (Navarro-Gonzélez et al., 2011). This diabetic kidney damage
contributes to the morbidity of diabetes (Young et al., 2003). It is also reported that
diabetic nephropathy occurs in 40% of patients diagnosed with diabetes within their
lifetime (Gross et al., 2005). Diabetic foot ulcers are a source of disability for DM patients
that are caused by peripheral ischemia, infection and neuropathy; although not a life-
threatening condition it can have a considerable impact on a DM patient’s quality of life

(Jeffcoate and Harding, 2003).

1.2 Mechanisms of diabetic vascular injury

Diabetic vascular damage is caused by a complex combination of the direct physical
(haemodynamic) damage to the vasculature as well as cellular and physiological changes
to the cells that make up the vascular system (Cooper et al., 2001). One of the
haemodynamic factors that contribute to diabetic vascular injury is hypertension, which
is present in 60% of people diagnosed with type 2 diabetes by the age of 75 in the US
(Garber, 1995). Hypertension, otherwise known as high blood pressure, is a serious
chronic medical condition. The clinical guidance published by the National Institute of
Health and Care Excellence (NICE) states that the diagnostic criteria for hypertension are
a singular blood pressure observation of >140/90 mmHg as well as an ambulatory blood
pressure of >135/85 mmHg (average taken over the waking hours of three days) (NICE,

2019).
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Hypertension is capable of producing morphological changes within blood vessel walls
such as endothelial dysfunction and remodelling of the vasculature (Hsueh and Anderson,
1993). Haemodynamic changes are but one of the elements of diabetic vascular injury, as
prolonged hyperglycaemia also causes metabolic changes and osmotic stress, both of
which can be seen in Fig. 1.2, and contribute to the damage of diabetic vessels (Madonna
and De Caterina, 2011). Hypertension does not only affect the vascular endothelial cells
but it has been shown to lead to hyper-proliferation of perivascular adipose tissue (Li et
al., 2011) as well as negatively impacting the proliferation and functionality of vascular
smooth muscle cells found within the tunica media of blood vessels (Wu and Juurlink,
2002). Hypertension may be asymptomatic for many patients at the earliest stages
although some symptoms of the condition include severe headaches, impaired vision and

chest pains (Yannoutsos et al., 2014).

Two critical studies (DCTT 1995 & (King et al., 1999)) have shown hyperglycaemia to
be a contributory cause of diabetic vascular complications. Both of these working groups
found that the strict control of hyperglycaemia leads to a reduction in diabetic vascular
injury (DCCT 1995; King et al., 1999). Both studies were very highly powered with over
1000 patients per population group; these studies followed nearly the same methodology
although one used a North American population (King et al 1999) whereas the other was
performed on a UK population. These large sample sizes are advantageous as it is known
that the morbidity of type Il diabetes can be affected by patient demographics such as
race and gender, with African American and Polynesian populations being at greater risk

of developing vascular complications (Spanakis and Golden, 2013).
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The cell types that are most prone to undergo alterations in their metabolism are those
which are not capable of significantly modulating glucose transport in the event of high
intracellular glucose (Heilig et al., 1995)&(Nichols et al., 2008). These include neuronal
cells as well as smooth muscle cells within the vascular system, although within the
vascular system the cell type most prone to hyperglycaemic damage are endothelial cells
(Meng et al., 2014). In the overabundance of intracellular glucose, injury-prone cells
downregulate glucose entry and alter their energetic profile to survive the HG stress

stimulus (Brownlee, 2001).

There are four major pathways detailing how hyperglycaemia can lead to metabolic
changes, thereby causing diabetic vascular injury, these pathways/mechanisms are not
thought to work in isolation but rather it is hypothesised that they synergistically produce
metabolic changes within various cell types under the hyperglycaemic condition (Peird
et al., 2016). Firstly, it has been shown that there is an increase in polyol pathway flux
that is associated with elevated glucose levels (Tang et al., 2012) (Wilson et al., 1992).
Aldose reductase is the first enzyme in the polyol pathway and it has a low affinity for
glucose within the non-diabetic population. The Wilson 2012 paper showed that within
DM this enzyme is used to a much greater degree, therefore leading to an increased level
of sorbitol production. This, in turn, produces intracellular hyperosmolarity, potentially

initiating cell death in severe hyperosmolar episodes (Aquilano et al., 2007).

The second metabolic change that has been shown to result from hyperglycaemia is the
increased production of advanced glycation end-products (AGE) within the
hyperglycaemic condition (Wells-Knecht et al., 1995). AGE’s are produced in the event
of intracellular HG through several pathways and it is the accumulation of these AGEs
that increases the concentration of intracellular Reactive Oxygen Species (ROS) as well

as the activation of NF-Kb potentially leading to cellular death (Giardino et al., 1994).
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Thirdly, it has been shown that the activation of protein kinase C (a key regulator of the
function of many intracellular proteins) is linked with intracellular HG (Ishii et al., 1998).
This is because protein kinase C is activated by diacylglycerol (DAG), during the HG
condition the de novo synthesis of DAG is increased, leading to an increase in the activity
of protein kinase C which will go on to both upregulate and inhibit the activity of many

other key metabolic proteins (Kuboki et al., 2000).

The fourth change of cellular metabolism that is associated with HG is the increased flux
through the Hexosamine pathway; during the HG condition excess glucose can be
shuttled into the Hexosamine pathway (Kolm-Litty et al., 1998). This, in turn, leads to
the production of o-linked glycoproteins that are capable of upregulating the expression
of several transcription factors, for example Transforming growth factor alpha (TGF-a)
and plasminogen activator inhibitor 1 (PAI-1) (Du et al., 2001). These factors can, in turn,
lead to changes in cellular proliferation and maturation as well as the overproduction of

intracellular ROS (Kim et al., 2010).

It has been found that urea induced ROS generation was exacerbated and driven by a
marked increase in the utilization of the hexosamine pathway when measured in human
aortic endothelial cells and mouse models (D'Apolito et al., 2015). It has also been
suggested that it is an increase in hexosamine pathway usage that could be an early marker
for beta cell dysfunction in DM (Evans et al., 2003). These findings are sometimes
suggested to be indicative of a dynamic relationship between the “damage pathways” and
the hyperglycaemic condition whereby it may be the case that the pathways induced
produce a positive feedback loop, potentially leading to a greater sensitivity to the

hyperglycaemic condition (Brereton et al., 2016).
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The four pathways discussed lead to the alteration of many cellular growth factors and
other proteins. One thing that these pathways have in common is that all of them have
been discovered to be produced not just by HG but more specifically, they have been
linked to an increase in intracellular ROS (Yan, 2018). It is well known that the ROS
increase associated with HG is capable of producing oxidative stress, itself a condition
capable of leading to alterations of cellular function and even apoptosis (Brownlee, 2005).
One major source of intracellular ROS, even in a normal physiological state, is the

mitochondrion (Mailloux et al., 2016).

The mitochondrial electron transport chain overproduces ROS such as superoxide (O2-)
in the hyperglycaemic state due to more glucose being oxidised in the TCA cycle leading
to the back up of electrons at coenzyme Q in the chain, producing the superoxide ROS
(Nishikawa et al., 2000). ROS also act as signalling molecules leading to apoptosis or

necrosis (Buetler et al., 2004).

An increase in intracellular reactive oxygen species generated under hyperglycaemic
conditions is capable of altering many signalling processes that can contribute to diabetic
vascular injury and, interestingly, the concomitant factor of hyperosmolarity is capable
of producing an increase in intracellular ROS (Deng et al., 2015). Additional detail on the
generation of intracellular reactive oxygen species can be found in section 1.5.2 of this

chapter.
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Fig. 1.2 Schematic diagram for the mechanisms of diabetic vascular injury adapted
from (Rask-Madsen and King, 2013).



1.3 Osmolarity

Osmolarity is defined as the concentration of osmotically active particles within a solution
relative to the concentration of solvent molecules within that solution. For the purpose of
physiological studies, this solvent is always water (Vujovic et al., 2018). As a worked
example, the osmolarity of a NaCl (salt) solution increases if more particles of NaCl
(dissociated into Na* & CI) are added or if particles of H,O are taken away or evaporated.
Conversely, if the level of free water is increased e.g. the solution is diluted with water
then the total osmolarity of the solution has been decreased. Osmolarity and osmolality
are different measurements used to describe the same physical property they differ in one
key way: osmolarity is the measure of soluble particles relative to the volume of the
solvent material whereas osmolality is the measure of soluble particles relative to the
mass of the solvent particles. For this reason osmolarity (volume dependant) is affected
by temperature and pressure whereas these factors do not have to be taken into account

when calculating osmolality (Caon, 2008).

The normal osmolarity for human plasma is between 285-295 mOsm/L (Hooper et al.,
2015). Osmolarity and the osmotic forces placed upon the cells of the body facilitate the
diffusion of ions across the plasma membrane, which controls many processes within the
cells and maintains an optimum cell volume (Lang et al., 1998). For this reason, it is
crucial that plasma osmolarity is maintained within strict parameters for changes in
extracellular osmolarity can change the intracellular osmolarity (Natarajan et al., 1997)
(Verkman et al., 1996). This change in intracellular osmolarity is capable of producing a
change in the expression of proteins and regulation of some genes; for example, a change
in osmolarity is capable of changing the expression of Collagen 1 & 2 within
intervertebral discs (Wuertz et al., 2007) as well as the osmosensitivity of some cell

surface ion channels (Strotmann et al., 2000).

19



One such example is the Transient receptor potential channel v-4 (TRPV4) which is
known to play a role in osmosensation and proven to contribute to nociception
(Alessandri-Haber et al., 2004). One of the most notable changes that cells will undergo
following a change in ECF osmolarity is a reduction or increase in volume (Verkman et
al., 1996). If plasma osmolarity increases then cell volume will decrease and cell volume
will increase when plasma osmolarity is reduced, this is due mostly to the movement of
water moving down the osmotic gradient primarily via aquaporins (Soergel et al., 1968).
This can have an immediate effect upon the function and viability of a cell depending on
its ability to rectify and buffer this response, extreme changes in osmolarity lead to cell

death and lysis (Hasler et al., 2005).

1.3.1 osmolarity in health and disease

Hyperosmolarity within the clinical setting is often defined as a sustained plasma
osmolarity of over 320 mOsm/L and can be caused by several disease states (Hooper et
al., 2015). One example is renal failure, whereby the kidneys are no longer able to
properly regulate the balance of osmolytes and free water within the plasma (Conte et al.,
1990). Another less common example is acute alcohol poisoning which can produce
clinical hyperosmolarity as ethanol is capable of increasing serum osmolarity through
increasing the loss of free water through urination and itself acting as an osmolytes (Kraut
and Kurtz, 2008). The symptoms of mild to moderate hyperosmolarity include; thirst,
dizziness and dry mouth (Pasquel and Umpierrez, 2014). Severe hyperosmolarity is
capable of causing neurological and nephritic damage and therefore may present with

symptoms such as the loss of consciousness or haematuria (Rybka and Mistrik, 2015).
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One of the most clinically significant osmolytes that are capable of causing
hyperosmolarity is glucose which under normal circumstances is tightly controlled by the
action of hormones (insulin and glucagon) controlling the storage and release of free
glucose into the plasma (Drucker, 2007). Therefore, one of the most common causes of
clinical hyperosmolarity is diabetes, a common metabolic disease that impairs the
standard physiological systems of glucose control. Although this is only when diabetes is
uncontrolled through both diet and medication, as controlled diabetes would not lead to
dangerously elevated blood glucose and therefore would not be a cause of clinical
hyperosmolarity. Hypoosmolarity (clinically low plasma/extracellular fluid (ECF)
osmolarity) is often associated with either solute or salt depletion (hyponatraemia). This

Is concomitant with the over-retention of water (Mp et al., 1971).

Hyponatraemia is commonly defined clinically as a serum osmolarity of lower than 280
mOsm/kg (Milionis et al., 2002) and can occur commonly from over-hydration or,
paradoxically, from diarrhoea. Although diarrhoea causes an increased loss of water in
the stools if this water loss is replaced with a hypotonic solution (e.g. water) the depletion
of sodium and other essential ions will not be corrected, leading to hyponatremia and
hypoosmolarity (Pizarro et al., 1983). Clinical hypoosmolarity can lead to cerebral
oedema the symptoms of which include; nausea, faintness and in severe cases coma and
death (Gullans and Verbalis, 1993). Hyponatremia is treated with isotonic
supplementation delivered orally in mild cases and intravenously in severe cases (Sterns

etal., 2013).
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1.3.2 Hyperosmolarity and diabetic vascular injury

The plasma osmolarity of patients suffering from diabetes is elevated by increased blood
glucose, which is thought to negatively impact vascular cells, alongside the effects of the
diabetic hyperglycemia (Lorenzi et al., 1986). It is not just chronic plasma osmolarity that
can damage but also acute hyperglycemic/ hyperosmotic episodes such as the

hyperosmolar hyperglycemic state (HHS) (Umpierrez et al., 1996).

The diagnostic criteria for diabetic HHS are as follows: a plasma glucose concentration
of >30 mmol/l and effective serum osmolarity >320mosmol/kg (Wolfsdorf et al., 2014).
HHS is sometimes referred to as hyperosmolar non-ketotic state and is a condition
common in type 2 DM sufferers and is a medical emergency as there can be an immediate
threat to life (Delaney et al., 2000). Serum glucose in excess of 30 mmol/L would usually
lead to the production of ketones within a patient with type one diabetes (Chiasson et al.,
2003). This is because a lack of insulin (the major biochemical hallmark of the condition)
in the presence of hyperglycaemia will result in ketogenesis (this can be seen in serum
glucose concentrations of >10 mmol/L) (Gosmanov et al., 2014). It is therefore important
to differentiate between the diabetic ketogenesis present in patients with uncontrolled
type 1 diabetes and HHS which is a condition seen in patients with uncontrolled type 2
diabetes. Because type 2 diabetic patients produce sufficient insulin there would not
necessarily be a marked increase in the production of ketones because the level of insulin
would not be low enough to lead to ketogenesis (Willix et al., 2019). Because some
patients with type 2 diabetes do develop a reduction of insulin production, it is possible
for a patient with type 2 diabetes to develop HHS and manifest ketosis although this is

not the usual aetiology of the condition (Kim et al., 2016).
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It is clear then that acute hyperosmolarity is a well-documented complication of diabetes
although it is not just the acute condition that is capable of causing damage, and the
prolonged hyperglycaemia is capable of causing vascular injury in DM (Wachtel et al.,
1991). It has also been identified that hyperosmolarity can affect the contraction and
volume reduction of cardiac myocytes in streptozotocin-induced diabetic rats; this
indicates that the hyperosmotic state produced by diabetic HG is capable of producing
pathological changes in experimental diabetic conditions (Howarth et al., 2002). It is
worth noting that there is some debate as to the usefulness of streptozoticin in rat models
as the drug destroys both the a & B cells of the pancreas as well as being hepatotoxic

(Goyal et al., 2016).

Therefore, it has been suggested that the data generated within these studies may not be
good predictors of what occurs in the human clinical condition, although the technique
remains a popular way to induce a “diabetes-like” state for the purposes of drug screening
and other preliminary work (Yau et al., 2018). The acute HSS condition can contribute to
diabetic vascular injury and reduce endothelial integrity if the hyperosmolarity is
remedied the damage would still be done to the vascular cells increasing the risk of
atheroma and cardiovascular disease (Pinhas-Hamiel and Zeitler, 2007). Therefore the
immediate treatment goal for HHS is the normalization of plasma glucose and osmolarity
in order to minimize the damage caused to vulnerable tissues such as the retina and kidney

(Pasquel and Umpierrez, 2014).

23



Diabetic hyperosmolarity has also been shown to delay the vasoconstriction response to
noradrenaline via latent endothelial cell signalling responses (Fortes et al., 1984).
Changes in extracellular osmolarity have also been shown to increase the activity of Ca®*
permeable channels such as the TRPV 1,2&4 (Strotmann et al., 2000). In diabetes,
hyperosmolarity is not just caused by the increased concentration of plasma glucose alone
but also through hyperglycemia-induced osmotic diuresis, where the elevated glucose
leads to the increase of sodium and may lead to excessive cellular dehydration

(particularly within the vascular compartment) (Roscoe et al., 1975)

1.4 Hyperglycaemia and Ca?* homeostasis

Calcium functions as a messenger molecule and plays an essential role in metabolism and
cell signalling (Fig. 1.3). For example, Ca®* is one essential component of the generation
of neurological signals and the synchronisation of neuronal cell impulses (Gutierrez et
al., 2009). One such example of the role of Ca?* within neuronal cells is the use of Ca?"*
as a secondary messenger molecule to propagate a signal across synaptic ribbons, this is
done through the Cav1.3 subgroup of voltage-gated Ca?* channels (Brandt et al., 2005).
Ca2" is also an important messenger molecule at the neuromuscular junction as it is
responsible for the transfer of the signal from neuronal cells to muscular cells (Van der
Kloot, 1978). Ca?* is also an essential molecule within the coagulation cascade as it is
required as it is essential in combining the FXa and FX1a complexes to allow for the
formation of thrombin which will lead to fibrinogen formation and ultimately to

haemostasis being achieved (Artim-Esen et al., 2017, Mikaelsson, 1991).
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Ca?" is not merely a potent and essential secondary messenger molecule but it is also
essential as an intracellular messenger, for example, Ca®* is one of the molecules that is
known to modulate apoptosis (Li et al., 2018, Klarié¢ et al., 2012). Ca* overload is capable
of “tipping the balance” of pro-apoptotic (BCL-2- BAX) and anti-apoptotic proteins
leading to a signalling cascade that triggers controlled cell death (Basset et al., 2006). It
is for this reason that it is hypothesised that calcium overload in neuronal cells may be
one of the causative factors in some neurodegenerative medical conditions (Rosenstock
et al., 2004, Arundine and Tymianski, 2003). Ca?* is an intracellular messaging molecule
that influences both ATP production and whole-cell bioenergetics through the uptake of
cytosolic Ca?* into the mitochondria (Jouaville et al., 1999)&(Adinolfi et al., 2005). This
can lead to an increase in mitochondrial Reactive Oxygen Species (ROS) production
which when combined with a pathological condition such as Ca®* overload can lead to
cell death (Wagner et al., 2011) & (Peng and Jou, 2010).

It has been well established that ROS can contribute to the endothelial dysfunction
caused by hyperglycaemia in DM (Callaghan et al., 2005). It has also been shown that
ROS causes endothelial dysfunction by interfering with Ca?* signalling (Elliott and
Koliwad, 1995). Ca2* signalling has been shown to be altered in patients suffering from
non-insulin controlled diabetes (Nagasaka et al., 1995). Hyperglycaemia has been shown
to alter Ca®* homeostasis in multiple ways including intracellular Ca?

compartmentalisation in cardiomyocytes (Clark et al., 2003).
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As well as alterations described at the cellular level it has also been established that there
is a net loss of free serum Ca?* within the hyperglycaemic condition (Sundararaghavan et
al., 2017). Research has found that diabetic patients do suffer from a reduction of serum
Ca?* which contributes to an increased risk of bone formation disorders, including
osteoporosis (Jackuliak and Payer, 2014). This loss of Ca?" is not thought to arise from
the malabsorption of Ca?* but rather an increase in urinary excretion due to chronic
elevation in active parathyroid hormone (Nagasaka et al., 1995). This alteration to Ca?*
homeostasis at a whole-body level is also reflected at a cellular level, for example, the
intracellular Ca®* concentration of neuronal cells was impaired in hyperglycaemic

conditions during reperfusion following ischaemia (Araki et al., 1992).

Because both hyperglycaemia and the concomitant increase in intracellular ROS are
capable of altering cellular Ca?* homeostasis it is prudent to explore the role of cytosolic
Ca?*signalling in more detail. Work performed in our laboratory by (Daskoulidou et al.,
2015) has demonstrated that Store-operated Ca* entry is altered (increased) in endothelial
cells that are exposed to hyperglycaemic conditions. This alteration was thought to be
caused by an increased expression of the Orai channels, key in generating the Store-
operated Ca®' entry, therefore, suggesting that an increase in intracellular Ca?*
concentration may be one of the contributing factors to diabetic endothelial dysfunction.
This was also reflected in the direct activation of a SOCE-like current within EA,hy926
cells when exposed to a transient hyperglycaemic condition as measure by “patch-clamp”

electrophysiology (Daskoulidou et al, 2015).
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Fig. 1.3 Major functions of Ca?* in a mammalian cell
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1.5 Ca?* and cellular function

In the blood plasma, the concentration of free ionized Ca?* is regulated to within a small
physiological range between 1.3 and 1.5 mmol/L, this concentration is approximately half
of the total plasma calcium concentration usually ranging between 2 and 2.6 mmol/L.
(Wang et al., 2018) & (Pan et al., 2014). Ca®" is sometimes known as the life-giving and
life-sustaining signalling molecule, due to its role in reproduction (sperm motility and
ovum fertilization) as well as its role in key excitable cells (neurons, and skeletal muscle)
(McCalley et al., 2014), (Rahman et al., 2014) (Bernhardt et al., 2018). Ca?*is not just a
“life-giving” molecule due to its role in early fertilisation but Ca?* transport is also key
the development in the development in the foetal skeleton as it must be transported from
the maternal placenta to the foetus, this process is mediated by the calcium-sensing

receptor (CaSR) (Ellinger, 2016).

Ca?* plays a vital role in the initiation of apoptosis during cellular and extracellular stress
(Mattson and Chan, 2003). Apoptosis is the process of controlled cell death which
minimises the occurrence of collateral damage at the tissue level (Han et al., 2018).
Apoptosis is a morphologically distinct mechanism of cell death that can occur as both to
control normal cellular populations within tissues and as a response to infection or
damage as triggered by the immune system (Pollack et al., 2002). Apoptosis initiation can
differ by cell type with some cells expressing receptors such as tumour necrosis factor
(TNF) which must bind with a ligand to initiate apoptosis (Chau et al., 2004). Whereas
other cells have an apoptosis pathway that must be blocked by a survival factor (e.g.
hormone and growth factors) in order to initiate apoptosis (Kalimuthu and Se-Kwon,
2013). The morphological features of apoptosis are well known, for example, cells
undergoing apoptosis will shrink and undergo pyknosis visible under light microscopy

(Van Cruchten and Van den Broeck, 2002).
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This is in stark contrast to an uncontrolled form of cell death, necrosis, which leads to the
release of many pro-inflammatory cytokines and can cause significant collateral damage
to healthy cells (Rock and Kono, 2008). Whether a cell undergoes controlled (apoptotic)
or uncontrolled (necrotic) cell death is largely dependent upon the stimulus causing cell
death (e.g. genomic damage vs thermal cell destruction) (Fink and Cookson, 2005).
Initiation of apoptosis can be caused by an influx of calcium into the cell via plasma
membrane channels, causing the mitochondria to take up Ca?* thereby causing the release

of cytochrome (Stojanovic et al., 2005).

Cytochrome C release triggers the Inositol trisphosphate (IP3) receptor at the
Endoplasmic Reticulum (ER). This leads to store depletion of ER Ca?* stores and
increasing cytosolic Ca?* concentration, leading to further cytochrome c release from the
mitochondria and formation of the apoptosome (Mattson and Chan, 2003). A more recent
discovery into the role that Ca?* plays in cell death is the interplay between the “guardian
of the genome” p53, a tumour suppressor and the flux of Ca%" between the endoplasmic
reticulum (ER) and the mitochondria (Bittremieux and Bultynck, 2015). It was found that
p53 localises within the ER under stress conditions and causes an increase in the level of

cytoplasmic Ca?* via modulation of the Sarco/ER Ca?*"ATPase (SERCA) pump activity.

This interplay between intracellular calcium and the tumour suppressor p53 has expanded
the understanding of the importance of Ca?* in the development of cancer as demonstrated
in (Giorgi et al., 2015). Ca?* channel expression and activity has been suggested as
another marker and potential target within oncology. For example, Transient receptor
cation channel vanilloid 6 (TRPV®6) is overexpressed within some breast cancer tissue
samples and it has been hypothesised that inhibition of these channels may provide a
novel treatment for oestrogen receptor-negative breast cancer patients (Weber et al.,

2016).
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It is well established that the dysregulation of Ca?* influx is capable of causing a disease
state such as Alzheimer’s disease (Demuro et al., 2005). It has been reported that
intracellular neuronal Ca?* concentration is elevated when the neurons are in close
proximity to amyloid deposits (Arbel-Ornath et al., 2017). These alterations in Ca?*
homeostasis within Alzheimer’s disease are not merely transient as it has been found that
essential calcium-binding/regulating proteins calmodulin and calcineurin activity is
altered in a way that may lead a loss in neuronal plasticity and ultimately to a loss of
memory (Xia and Storm, 2005) (Caillard et al., 2000). This supports earlier work that has
found that some changes in Ca?* homeostasis within neuronal cells are age-dependent
and this may be a contributing factor in age-related neuronal degeneration and memory

loss (Oh et al., 2013).

1.5.1 Ca?* efflux and influx

Ca2* can enter the cell through diverse Ca?* channels including through voltage-gated,
store-operated, receptor-operated and stretch-activated channels. In excitable cells, such
as skeletal muscle and cardiomyocytes, the voltage-gated Ca?* channels, such as L-type
Ca2* channels, provide a key pathway for Ca?* to enter the cells (Helton et al., 2005). It
has been shown that the initiation of a store-operated Ca?* current can inhibit the activity
of L-type voltage-gated channels. This appears to be achieved by preventing
depolarisation via the voltage-gated channels through the non-selective binding of the
stromal interaction molecule with the L type channels (Park et al., 2010). The major Ca?*
entry pathway in non-excitable cells is the store-operated channels in this pathway; the
release (depletion) of intracellular Ca?* stores leads to the activation of channels in the
plasma membrane. This Ca?* influx, also called store-operated Ca?* entry, or previously
known as capacitive Ca?" entry (Venkatachalam et al., 2002, Petersen and Berridge,

1996).
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First experimental evidence for the existence of this pathway was the electrophysiological
recordings of the calcium release-activated calcium current in mast cells and T cells
(Prakriya and Lewis, 2003). Voltage-gated Ca?* channels are expressed within the
plasma membrane of excitable cells (cells that form part of an electrochemical circuit, for
example, neuronal cells and muscle cells). At physiological resting potential (without
excitation) voltage-gated Ca?* channels are closed, they should only open when the cell
becomes de-polarised (for example during a nervous impulse); it is because of this
electrical potential activation that these channels are termed “voltage-gated” (Calderon-

Rivera et al., 2015).

Upon activation, the voltage-gated channels allow for the influx of Ca?' into the
cytoplasm of the cell (Gomez-Ospina et al., 2006); this influx can go on to lead to
contraction of the cell (in the example of skeletal muscle) as well as allowing for the
activation of other PM ion channels, such as K* channels (DAVILA, 1999). Formally the
voltage-gated channels were termed according to their characteristic activity (for example
L-type calcium channel which was so-called because the current generated by the channel
was long-lasting) (Koschak et al., 2001). Although in the year 2000 a new nomenclature
was suggested that would better classify the voltage-gated channels according to their
molecular structure, this would become the Cav system of naming (Ertel et al., 2000).
The voltage-gated Ca?* are responsible for some cellular and physiological processes. For
example, the activity of the Cavi1 channel is linked to gene regulation and cellular
secretion, as seen in a study which showed that insulin secretion was impeded by Cav:
suppression (Schulla et al., 2003). This is not the only important role that voltage-gated
Ca?* channels play in human physiology: for example, the Cayz.2 subfamily is required for

the normal function of mammalian sensory neurons (Chai et al., 2017).
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Voltage-gated Ca?* channels are characterised by their “speed of reactivity” as compared
with other forms of Ca?* influx (Armstrong and Hille, 1998). Receptor-mediated Ca?* is
a term used to describe the entry of Ca®* into cells following the activation of a plasma
membrane receptor that in turn increases the level of Ca?* being transported into the cell
(Rink, 1990). One of the significant channel types that can be responsible for calcium
entry is the transient receptor potential channels (TRP) which are a family of non-
selective cation channels that serve many functions (Clapham et al., 2001). TRP channels
mediate the flux of cation channels down the electrochemical gradient, leading to an
increase of intracellular [Ca?*] and TRP channels play a significant role in both excitable
and non-excitable cells (Ramsey et al., 2006). TRP channels have been implicated in
endothelial dysfunction with TRPC4 dysfunction being implicated in the compromise of
the endothelial barrier function; as well as other subtypes contributing to overall

endothelial dysfunction (Kwan et al., 2007).

Transient receptor potential (TRP) channels are a good example of receptor-mediated
Ca?" influx resulting from activation of receptors (Clapham, 2007). The TRPC
(canonical) family of channels are known to be activated by phospholipase C as well as
some variants being sensitive to diacylglycerol produced within the cell (Venkatachalam
et al., 2003). Although the TRPC family is not ubiquitous in function and structure, some
variants have been known to be activated through alternative pathways. For example,
TRPCS5 has been shown to be activated by the extracellular redox protein thioredoxin (Xu
etal., 2008). It has also been shown that [3-catenin activates TRPC6 expressing podocytes,
and this may be linked to cellular damage associated with the high glucose condition (Li

etal., 2013).
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The TRPC1 variant within this class of channel proteins has been shown to not just be
activated via the usual receptor-ligand mechanism, it has been shown that this channel
can be activated by stretching the plasma membrane (Maroto et al., 2005). Receptor-
mediated Ca*? entry as mediated by the TRPC family of channels is commonly observed
within neuronal tissue, specifically within the corticolimbic parts of the brain such as the
prefrontal cortex (Fowler et al., 2007). One TRP channel subtype that has been found to
contribute to the diabetic pathological state is the TRPM7 subtype as reported by Huang
et al (2018). Their work demonstrated that this channel plays a role in the ER stress
response under hyperglycaemic conditions, which leads to neuronal cell apoptosis. It is
not just the action of TRP channels having a direct effect on cellular viability and
apoptosis that is of interest but also the interactions that TRP subtypes have with other
Ca2* channels. Especially the contribution of the TRPC1 subtype to SOCE through both
its ability to be activated by STIM and its subsequent ability to contribute to the Ca?*
influx generated by Orail in the event of ER Ca?* store depletion (Ambudkar et al., 2017)
& (Kim etal., 2009). This interaction is an important discovery into how the SOCE comes

about.

Ca?* influx is but one element of calcium transport, calcium efflux makes up the second
half of the dynamic. Ca?* efflux is the term used to describe the transportation of Ca®*
from within the cell to the extracellular space or the release of Ca?* from the endoplasmic
reticulum (ER) into the intracellular fluid (Johny et al., 2017). One receptor responsible
for triggering such a release from the ER is the Ryanodine receptors which when activated
move calcium from the lumen of the endoplasmic reticulum into the cytosolic space, this
is essential in the contraction of skeletal muscle cells (Marx et al., 1998). Ryanodine
receptors have also been found to play a significant role in the initiation of store-operated

Ca?* entry (Uehara et al., 2002).
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As can be seen in the previous sections Ca?* signalling is responsible for the normal
function of many cell types and physiological processes, for example in the contraction
of skeletal muscle (Robison et al., 2017). But Ca?* is not only responsible for the
mediation of signals during normal physiological stress conditions, as it is a key
messaging molecule in the initiation of cell death (Selvaraj et al., 2016). Many stimuli are
capable of causing cellular stress and even death, for example, hypoxia is capable of
initiating apoptosis as well as necrosis within the cells of the peripheral vascular system
(Michiels, 2004). Metabolic dysregulation, including in the hypoxic state, does not just
lead to an alteration in the calcium dynamics of cells, it also leads to the production of
reactive oxygen species (ROS) which in themselves are potent messenger molecules
capable of producing a wide range of cellular effects from death to vasodilation (Chidgey

et al., 2016, Schenk and Fulda, 2015).

1.5.2 Reactive oxygen species in health and disease

Reactive oxygen species are chemically reactive molecules that have the ability to reduce
(donate electrons) to other compounds due to the presence of a free oxygen electron

(Wang et al., 2004). Examples of common ROS include:

e Superoxide
e Peroxide
e Hydroxyl radicals

e Nitric oxide
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These ROS are produced as a natural by-product of cellular metabolism, due to the use
of oxygen as a terminal electron acceptor within the electron transport chain (Scialo et
al., 2017). Of course when under metabolic stress, for example, hyperglycaemia or
hypoxia, the production of ROS is greatly increased and this, in turn, can alter the
physiological condition of the cell (Lambros and Plafker, 2016). ROS are even capable
of introducing deleterious mutations to nuclear Deoxyribonucleic acid (DNA)

(Trifunovic et al., 2005)

ROS produced via mitochondrial metabolism such as this are known as “mitochondrial
ROS” and although they are a major source of intracellular (endogenous) ROS there are
several other intracellular sources that are important to mention (Engelmann et al., 2005).
The mitochondria produce ROS from the electron transport chain, which is found within
the inner membrane of the mitochondria (Kuhlbrandt, 2015), the ROS produced ar a result

of the oxidative phosphorylation pathway (Takamura et al., 2008).

The primary ROS species generated under this mechanism is superoxide (O°) which
results from the partial chemical reduction of Oz by “leaked” electrons from complexes |
& 111 of the electron transport chain (Zhao et al., 2019). This Superoxide can the go on to
be dismutated by superoxide dismutases 1 & 2 (SOD 2 is specific to the mitochondrial
matrix) to form hydrogen peroxide, and it is these two ROS species (O™ and H.O) that

are considered the “mitochondrial ROS” (Suthammarak et al., 2013).
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When the rate of electron entry into the respiratory chain is mismatched with the rate of
electron transport through the electron transport chain there is an increase in ROS
generation (Jin and Bethke, 2002). This mismatch can be caused by a number of stimuli,
including hypoxia and cellular stress (Guzy et al., 2005). Interestingly the hydrogen
peroxide produced by the dismutation of superoxide by SOD is not considered a “radical”
but rather a stable reactive oxygen species (Wu et al., 1996). Incidental H>O- generation
can be mitigated with the action of catalase breaking down the hydrogen peroxide into O
and H20 although this process cannot buffer all of the H2O> produced under cellular stress
(Collin, 2019). This H20z in the presence of metal ions (Fe?*) can be catalysed into
hydroxyl radicals, which are a particularly reactive and potentially damaging form of

ROS (Zhao, 2019).

The electron transport chain is not the sole source of free radical generation within the
mitochondria, evidence has suggested that the commonly membrane-bound NAPDH
oxidase (NOX) proteins may also be able to localise within the mitochondria (Kuroda et
al., 2010). NAPDH Oxidase 4 (NOX 4) is a member of the NOX family that is known to
be localised within the mitochondria (Graham et al., 2010). This Protein can generate
superoxide, independent of the electron transport chain and has been shown to have its
activity regulated by an ATP binding motif on the NOX 4 protein (Shanmugasundaram
et al., 2017). The superoxide generation by this NOX 4 protein contributes to the overall
ROS generation of the mitochondria; and has been found to have increased localisation
and activity in some disease states, for example, the activity of NOX 4 in the mitochondria
is elevated in aortic fibrosis (Canugovi et al., 2019). NOX 4 localisation within the
mitochondria is also increased within the kidney tissues of a diabetic mouse model,
indicating that there is a potential for increased oxidative stress placed upon the cell, not

just through the alteration in bioenergetics associated with the condition but also by the
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activity of the NOX 4 protein(Block et al., 2009). Finally, this increase in mitochondrially
localised NOX 4 activity has been shown to be increased by the process of ageing-
potentially helping to understand the process of how our cells adapt and change as a result
of age (Vendrov et al., 2015). It is clear then that mitochondrial ROS production is not a
simple process of a simple “electron leak” but rather is influenced by the action of several
complex interactions and processes that lead to the generation of total mitochondrial

ROS.

ROS production in health and disease is a major area of research as there are many disease
states that have been associated with alterations in ROS production. One example of this
is the research of the role of ROS in oncogenesis and cancer progression (Ogrunc et al.,
2014) It has been found that ROS can play a role in the development of cancer via DNA
damage caused by excessive ROS (Ma et al., 2018). Interestingly ROS generation is not
always identified as a causative or proliferative factor in cancer cells but has also been
identified a playing an important role in tumour suppression and in preventing the
proliferation of some cancer cells (Tong et al., 2015). A contemporary research topic
highlighting the importance of ROS in disease is in the recent findings that mitochondrial
ROS production is elevated in cells infected by the Severe Acute Respiratory Syndrome

Coronavirus-2 (SARS-CoV-2/ COVID-19).
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It appears that cells infected with the virus become highly glycolytic, increasing the
production of Hypoxia-inducible factor 1 alpha (HIF-1a) which can alter monocyte
metabolism and inhibit the T-cell immune response (Cavounidis and Mann, 2020). This
demonstrates that ROS production and functionality is a complex area with potential
therapeutic benefits that impact some of the most important diseases within the modern

era.

The mechanism by which one of the other major sources of intracellular ROS is the
peroxisome, a metabolically active organelle which is a known source of several ROS
including hydroxyl and superoxide radicals (del Rio and Lopez-Huertas, 2016). The
peroxisome is a membrane-bound organelle found in the cytoplasm of the majority of
eukaryotic cells, its primary function is in the breaking down of long-chain fatty acids

through beta-oxidation (Wanders et al., 2016).

This oxidation is dependent upon the peroxisome’s ability to produce ROS (H202) and
this beta-oxidation of fatty acids is an essential step in the generation of cellular energy
from long-chain fatty acids (Herzog et al., 2018). The H2O> is generated by peroxisomes
primarily through the action of peroxidases which transfer hydrogen from cellular
metabolites to molecular Oxygen (Lismont et al., 2019). The generation of ROS is not
the only major function of peroxisomes, they also play an essential role in the scavenging

ROS to prevent oxidative stress (Bonekamp et al., 2009).
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This antioxidant functionality is achieved by a number of antioxidant enzymes which
includes catalase and superoxide dismutase (SOD) (Al-Qabandi et al., 2012). The
antioxidant function is thought to be not just a negative feedback mechanism in
opposition to the generation of H2O. by the peroxisome but also as a potential cellular
defence from other sources of oxidative stress (Bonekamp et al., 2009). The peroxisome
has been identified as a key organelle in some important processes, for example, it has
been found that the proliferation of peroxisomes is associated with an increase in
apoptotic cell death (Roberts et al., 1998). This may be one of the reasons why
abnormalities in peroxisome activity have been associated with some age-related
conditions within humans (Terlecky et al., 2006). Of interest to this body of work is the
research that has revealed that the catalase activity of peroxisomes is inhibited in diabetic
mouse models, perhaps suggesting a role in the increased oxidative stress seen in DM

(Walton and Pizzitelli, 2012).

Another source of extramitochondrial ROS is seen in the endoplasmic reticulum itself,
this complex network is responsible for the packaging and production of cellular proteins
as well as being responsive to cellular stress conditions through communication/crosstalk
with the mitochondria (Zeeshan et al., 2016). One way that the ER is known to be a
producer of ROS is through oxidative protein folding and formation of disulphide bonds
via the action of the enzyme protein disulphide isomerase, which is estimated to be

responsible for over 25% of ER generated ROS (Cao and Kaufman, 2014).
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The ROS generated within the ER have a great potential to affect numerous cellular
mechanisms, due to the role of the ER as a central protein folding apparatus, under
conditions of oxidative stress, the ER ROS can lead to alterations in protein oxidation and

structure which in turn alter the activity of those proteins (England et al., 2006).

It is clear that the generation of intracellular ROS is not just the purview of the
mitochondrion but rather is also contributed to by other major cellular organelles. So far,
though, only sources of endogenous ROS have been discussed (ROS generated by the
cells own internal mechanisms) but exogenous ROS are also a potential major contributor
to oxidative stress (Phaniendra et al., 2015). Exogenous ROS often arise from an external
change in environment that causes an increase in ROS production due to the stress placed
upon cells (ROS). Some of these sources include environmental pollutants as well as
tobacco smoke and heavy metals. These stimuli (apart from in the case of some
environmental pollutants) do not involve the direct intake of ROS but involve the reaction
of cells to the change in producing ROS (Pizzino et al., 2017). One source of exogenous
ROS that can directly produce ROS within the body without being dependent on cellular
metabolism is ionizing radiation, whereby radiolysis of water molecules can produce

several ROS including hydroxyl and superoxide radicals (Leach et al., 2001).

The production of ROS, whether through endogenous or exogenous means is both
essential for normal physiological function but if the level of ROS grows too high without
abatement from scavengers then what is essential can become detrimental and harmful at
not just the cellular level but also at the whole-body level (Poljsak et al., 2013). It is for
this reason that antioxidants are often explored as potential protective/preventative agents

to the oxidative damage caused by increased ROS levels (Kefer et al., 2009).
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1.5.3 Reactive oxygen species and store-operated calcium entry

DM can produce increased oxidative stress within several cell types, for example, it has
been shown that vascular endothelial cells produce more ROS under experimentally
induced diabetic conditions (Shaw et al., 2014) (Lee et al., 2003). It has also been shown
by (Zhang et al., 2015) that hyperglycaemia, at levels expected with poorly controlled
diabetes, was capable of significantly increasing the concentration of intracellular ROS

within hippocampal neurons.

It is not unreasonable to postulate that the hyperosmolarity associated with HG could be
driving some of the oxidative stress within vascular endothelial cells (Nedeljkovic et al.,
2003). Research that has been performed on the relationship between ROS and the
activity of SOCE proteins as it may mechanistically link any relationship between disease
states such as hyperglycaemia and change in SOCE channel activity (Niemeyer, 2017). It
has been established that SOCE can be initiated (independent of ER Ca?* depletion) by
H>0> as described in Hawkins et al (Hawkins et al., 2010). In this paper, it was suggested
that oxidative stress alters the thiol groups of cysteines within the EF-hand of STIM
proteins resulting in S-glutathionylation the EF-hand. This mimics the effect of ER Ca®*
depletion leading to STIM oligomerization and the generation of the SOCE influx

(Hawkins et al., 2010) (Grupe et al., 2010, Tornquist et al., 1999).
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1.6 Store-operated Ca?* entry

For a long time, the molecular basis of store-operated Ca?* entry that was responsible for
producing the typical calcium release-activated current (CRAC) was unknown until
genetic screening in Drosophila and HeLa cells identified two proteins that were essential
to this pathway (Feske et al., 2006). These were the stromal interaction molecules
(STIM1-2), responsible for sensing depleted intracellular Ca2* stores at the endoplasmic
reticulum (Liou et al., 2005). The next significant discovery was the Orai proteins, which
are responsible for the formation of store-operated channels. Orai is named after heaven’s
gatekeeper in Greek mythology and the Orail-3 subtypes were known as CRACM1-3

(Vig et al., 2006).

Earlier studies in SOCE were performed on immune cells, such as mast cells and Jurkat
T or rat basophilic leukaemia cells (Yeromin et al., 2006). It is now known that SOCE is
a necessary component in T-cell activation (Smith-Garvin et al., 2009). The Orail
channel mutation associated with one hereditary form of severe combined
immunodeficiency syndrome (SCIDS) that lead to the discovery of the Orail protein and
its role as a CRAC pore-forming unit (Thompson et al., 2009). Three homologs of the
Orai protein have been identified (Orai 1, Orai 2 & Orai 3) using genetic and proteomic
analysis and differences in their actions have also been discovered (Yuan et al., 2009),
(Mercer et al., 2006). Although the majority of the early research into these channels was
performed in Drosophila the scientific community is how beginning to understand the
significant role that these SOCE proteins have to play in various human cells. This
includes the important discovery of the ICRAC in immune cell activation and as well as
this the channels have been found to play an essential role in the function of this in

vascular endothelial cells and smooth muscle cells (Potier et al., 2009).
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Although the main molecular components required for SOCE have been discovered for
just over a decade the complex interactions that STIM & Orai have with other proteins
have only recently been elucidated. For example, there have been recent discoveries of a
co-localised protein molecule, called STIMATE, that has a role in STIM activation,
allowing for STIM oligomerisation and endoplasmic reticulum structural re-arrangement
to facilitate SOCE (Hooper & Soboloff, 2015).

The discovery of the SOCE Apparatus (STIM & Orai) not only filled an essential gap in
our knowledge as to the proteins responsible for the control of Ca?* store filling, but it
also opened up new areas of research into the interaction between these proteins and other
Ca2* channels (Badou et al., 2013). One such example is in the relationship between
Cav1.2 (L-type) voltage-gated Ca* channel protein and STIM, where two separate studies
have found that where STIM is overexpressed the activity of the Cavi2 channel is
decreased and where STIM expression has been reduced the intensity of the Cav1.2 current
is increased (Park et al., 2010). These findings have led to the hypothesis that STIM is
capable of initiating SOCE in non-excitable cells and inhibiting voltage-gated calcium
entry in excitable cells. Cav1.2is not the only voltage calcium channel that STIM has been
found to interact with Cavs.1 (T-type) channel activity has also been shown to be inhibited
by STIM in cardiomyocyte cells (Stojanovic et al., 2005). It has been suggested that this
inhibitory effect that STIM has on Cavz.1 may be present in order to prevent pathological
levels of Ca?* influx, as it has been shown that high levels of cytosolic Ca?* within

cardiomyocytes contributes to cardiac arrhythmia (Sedej et al., 2010).
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1.6.1 STIM structure and function

It was work performed by Roos et al (2005) that characterized the second essential
component of the SOCE system, the CRAC channel activating protein, STIM1. This was
achieved by performing genetic knockdown studies in HeLa cells and these identified two
proteins that were necessary for ER Ca?* release detection in SOCE, they were STIM1
and STIM2 (Stathopulos et al., 2009). STIM1&2 share 61% sequence homogeneity and
are functionally very similar (Roos et al., 2005). Both STIM1&2 have an endoplasmic
reticulum (ER) luminal N-terminus with Ca?" sensing EF-hand domain, one
transmembrane segment and a cytosolic strand that is capable of binding to and activating

Orai channels (Soboloff et al., 2006).

When intracellular Ca?* stores are depleted the luminal STIM1 EF-hand loses Ca?*, this
causes the homomerization and the translocation of STIM1 to the plasma membrane
following this the ER-PM junctions are formed and STIM punctate or clusters can interact
and activate the Orai proteins (Frischauf et al., 2001). STIM1 is the Ca®" sensing
component of the SOCE pathway and it is an intracellular protein located in the
endoplasmic reticulum, although some studies have seen STIM1 transiently present in the

plasma membrane (Carrasco & Meyer, 2011).

Using Ca?" imaging, transfected cells overexpressing the STIM1 protein (with a
fluorescent tag) this aggregation response can easily be visualized and the formation of
STIML clusters at the plasma membrane can be seen and even quantified (Daskoulidou

et al., 2015).
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Within a normal resting cell that has not undergone Ca2* depletion, STIM1 is evenly
distributed throughout the endoplasmic reticulum and it can move along microtubules
(Brandman et al., 2007). When Ca?* stores are depleted STIM1 oligomerizes this leads to
slower transport along the microtubules but ultimately forms the Puncta located at the
ER-PM junctions (Barr et al., 2008). It is the initial di/oligomerization on the luminal side

of STIML that is the initial process of STIM1 mediated SOCE (Luik et al., 2006).

The ER luminal section of STIM1 contains a canonical and hidden EF-hand followed by
a sterile a-motif (SAM) (Stathopulos et al., 2009). The EF-Hand is considered to be the
true Ca?* sensing part of the protein as it consists of a helix-loop-helix motif where the
negatively charged aspartate and glutamate amino-acids can bind Ca?* providing that the
concentration is high enough (stores are full) (Prakriya, 2013a). When Ca?* stores are
depleted the EF-SAM area of the STIM1 protein becomes unstable and this allows for the
oligomerization of STIM in the response to Ca®* depletion (Hogan et al., 2010). This is
how STIM1 acts as a Ca®* sensor in this pathway but the essential part of the protein
responsible for activating Orai and rectifying Ca®* depletion is the cytosolic portion of

STIML1. A full schematic diagram of the STIML1 protein can be seen in Fig. 1.4.
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Fig 1.4 Schematic structure of STIM1 protein. The EF and sterile alpha motif (SAM) domains on the ER side of the protein. ER/SAM
destabilisation leads to the activation of STIM1 and this allows for the STIM-ORAI cascade to begin SOAR= STIM ORAI activating region. Figure

adapted from Rosado et al, 2016
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1.6.2 Orai structure and function

There are three subtypes of human Orai protein (Orai 1-3). Each Orai monomer is made
up of 4 transmembrane domains, with both the N and C terminals present on the cytosolic
side, two extracellular loops, and one intracellular loop connecting the subunits to form
the signal Orai hexamer channel (Penna et al., 2008)(Hou et al., 2012). Others have
hypothesised that the Orai protein for a hexamer, the same conformation that was
identified in Drosophila sp via crystallisation studies (Hou et al., 2012). Each CRAC
channel is made up of an oligomer of Orai subunits and there can be no CRAC mediated
Ca2* entry without the formation of the Orai oligomer, as initiated by the STIM1 protein
following Ca?" depletion from ER stores (Prakriya, 2013b). It is assumed that the
transmembrane domains of the Orai proteins are the key areas that allow for Orai
multimerization. This is because of the cytosolic strands of the protein is still activated

and can form the CRAC channel (Cai & Clapham, 2012).

The crystal structure of the Orai channel was published by Hou et al (2012) and this
structure revealed that it is the transmembrane 1 helices (TM1) that form the selective
Ca?* pore in the centre of the hexamer. Opening of this channel occurs when the 6 TM4
helices conformationally transduce into TM-1 helices to form the outward turned open-
pore which is highly selective for Ca?*. This model has been confirmed by the recent
publication of the open Orai channel structure (Liu et al., 2019). The published structure
of Orai can be seen in Fig. 1.5. Under normal conditions, where Ca?* is not depleted, Orai
is distributed throughout the cytosol and it is only upon interaction with STIM-1 puncta
with the intact c-terminus of the Orai protein that Orai subunits form the CRAC producing
pore at the plasma membrane of the cell (Moccia et al., 2015). Below in Fig.1.5 there is
a schematic diagram showing the structure of the Orai 1 protein with important functional

areas highlighted (Rosado et al., 2016).
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Fig 1.5- Published 3D crystal structure of Orai as presented in Hou et al (2012). A. clearly

shows the ¢ terminus of the Orai protein essential in STIM communication B. Shows the

6 TM1 alpha helices that form the selective Ca?* pore as described in Liu et al (2019).
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Orai N Terminal. Figure adapted from Rosado et al., 2016
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1.6.3 Mechanism of Orai channel activation

It is the dissociation of Ca?* from the STIM EF hand-Sterile Alpha Motif (SAM) domain
(following ER Ca2* depletion) that leads to the destabilization of STIM1 (Stathopulos et
al., 2008). The EF-SAM can be thought of as the Ca®* sensing element of the STIM
protein as it is this domain that remains conformationally inert in the presence of full Ca*
ER stores, and once Ca?* dissociates from this element of the STIM protein the EF-SAM
hand can become conformationally active (Zheng et al., 2011). That causes the movement
and aggregation of STIM proteins along the microfilaments of the endoplasmic reticulum
(Barr et al., 2008). Leading to the localisation of STIM towards the plasma membrane,
allowing for the formation of STIM puncta; which are the point of STIM aggregation
formed between the ER and plasma membrane where Ca?* ions will be entering (Barr et
al., 2009). These puncta allow for the interaction STIM with Orai proteins found within
the cytosol (Derler et al., 2009). Orai is then reversibly trapped at the plasma membrane
by the interaction of the c-terminus of Orai with the STIM1 puncta (Frischauf et al.,
2009). This causes the multimerization of the Orai subunits to form the CRAC producing
Orai channel and this allows for the store-operated entry of Ca2* into the cell (Varnai et
al., 2009) (Fig 1.6). This system is controlled by a negative feedback loop that ensures
when Ca?* concentrations are rectified the SOCE can be stopped,; this is done by the newly
in-fluxed Ca?* causing STIML1 to dissociate from Orai when it reaches normal cytosolic
concentrations as Ca?* once again binds to the EF-hand of the STIM1 molecule (Taylor,

2006).
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Fig. 1.6 Activation of ORAI channel by STIM1. (A) In a quiescent state, cells contain a level of
stored Ca®* (B) Ca?* can be depleted from the ER through cell signalling pathways that utilize G-
protein coupled receptors and the ER receptor IP-3. (C) As the ER concentration of Ca?* has fallen
Ca?* dissociated from the EF-SAM domain of STIM allowing for the movement of STIM to the plasma
membrane and thereby allowing STIM to recruit ORAI subunits so that a CRAC channel can be
formed and the Ca?* levels can be restored to normal cytosolic levels. Adapted from Daskoulidou et
al (2015).
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1.6.4 Pharmacological regulation of Orai/STIM channels

Ca2*is a critical biological ion, responsible for the regulation of many processes within
cells, such as the transcription of genes or the regulation of cell death and proliferation.
Therefore, the SOCE pathway is of interest to the field of medical science. This is because
as we understand how SOCE works there will be new drug targets found that can be used
to alter the Ca* balance of the cell (Bergmeier et al., 2013). A number of pathologies can
benefit from better understanding the SOCE pathway for example in some cancers the
inositol triphosphate receptor (IP3R) is overexpressed (Lappano and Maggiolini, 2011)
and SOCE is elevated and this allows for the abnormal proliferation of the cancer cells.
Another pathology that could benefit from better understanding the factors that impact
SOCE would be severe combined immunodeficiency syndrome as the SOCE proteins are
known to be dysfunctional and are a major contributing factor to this disease state (Feske
et al., 2006). By understanding the behaviour and regulation of STIM and Orai new
pharmacological targets can be found; leading to the development of drugs that can reduce
the hyper-proliferative signals that are found within cancer cells as shown in the TRPC
study performed by Jiang et al (2013). There is also an interest of whether SOCE can be
targeted as a pathway for immune system modulation because STIM and Orai are
responsible for the activation of several immune cell types there is potential for the
development of immuno-suppressive or immune-stimulant drugs that target the

STIM/Orai system (Panyi et al., 2014).
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Any pharmacological intervention targeting the STIM/Orai apparatus would have to
consider the impact that the drug would have on different cell types and on the many
cellular processes that are controlled by Ca?* (Bogeski et al., 2010a). The presence of
STIM/Orai SOCE within vascular endothelial cells and smooth muscle that makes these
proteins pharmacologically interesting. Particularly to those seeking to prevent the
vascular complications of diabetes (Giachini et al., 2009). It has been shown previously
that hyperglycaemic conditions modulate the activity and expression of Orai channels and
are capable of upregulating SOCE (Daskoulidou et al., 2015). It is now important that we
understand the mechanisms by which hyperglycaemia modulated the activity of STIM
and Orai, for example, does the osmotic stress induced by hyperglycaemia activate CRAC

and SOCE?

1.7 Aims of the study and hypothesis

Diabetic hyperglycaemia is capable of causing damage to the vasculature so it is
important to understand the underlying mechanism of injury. Some TRP channels have
been shown to be osmosensitive (Guilak, Leddy & Liedtke, 2010) and hyperglycaemia
has been shown to alter SOCE (Daskoulidou et al., 2014). The first hypothesis to be
tested is that hyperosmolarity will reduce the intensity of SOCE via the modulation of
STIM-Orai activity. With the null hypothesis being that hyperosmolarity will have no

effect on the intensity of SOCE.
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The secondary hypothesis in this project is that the underlying mechanism of reduced
SOCE under the hyperosmotic condition is, at least in part, due to an increase in
intracellular ROS. With the null hypothesis being that intracellular ROS generated under
the hyperosmolar condition is not capable of reducing the activity of SOCE proteins.
Hyperosmolarity has always been seen as a simple consequence of hyperglycaemia
(which it is) but this thesis postulates that hyperosmolarity is an overlooked and insidious
contributor to endothelial cell dysfunction in DM. By identifying a potential new
mechanism for damage and vascular injury, SOCE proteins might be further explored as

pharmacological targets in the treatment of DM.

The aims are:

1. To determine the effect of hyperosmolarity on endothelial cell function by measuring
migration, proliferation, and cell death.

2. To determine the effect of hyperosmolarity on SOCE in vascular endothelial cells
and study the contribution of Orai in hyperosmolarity-induced Ca?* response.

3. To investigate if hyperosmolarity can increase ROS production and if so, the

underlying mechanism will be explored.
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Chapter 2

Materials & Methods
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2.1 Materials

Dulbecco's Modified Eagle Medium (DMEM) F12 cell growth media, foetal bovine
serum and 0.25% Trypsin/EDTA were purchased from Thermo Fisher Scientific
(Loughborough, UK). Cell culture plasticware (cell culture flasks, serological pipettes
and tubes) were purchased from Sarstedt (Leicester, UK). All standard salt compounds
and sugars (sucrose and mannitol) were purchased from Merck as well as the FuraPE3-
AM Ca?" dye, WST-1 cell proliferation assay reagent solution and propidium iodide were

purchased from Roche (Welwyn, UK).

The cell-permeant 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) intracellular
ROS indicator was purchased from Merck (Watford UK,). Superoxide detection dye and
Amplex red intracellular peroxide indicator were purchased from Thermo Fisher

(Loughborough UK).

Orai 1-3 siRNAs were purchased from Sigma and the Lipofectamine 2000 reagent used
for the siRNA knockdown experiments was purchased from Thermo Fischer UK.
Thapsigargin and 2-APB were purchased from Merck UK (Watford, UK,). EA.hy926
(Human umbilical vein cell line CRL2922) cells were purchased from American Type
Culture Collection (ATCC) (Middlesex, UK,). HEK 293 T-Rex (Embryonic human
kidney CRL 1573) cells were purchased from Thermo Fisher UK (Loughborough, UK,
2013), and were transfected with Orai 1-3 m-cherry and STIM-1 green fluorescent
protein (GFP) by Dr Bo Zheng (Zeng, 2012). Human aortic endothelial cells (HAEC
C11271) and endothelial cell growth medium were purchased from PromoCell
(Heidelberg, Germany). HK-2 (Human kidney proximal tubule CRL2190) cells were
purchased from ATCC (Middlesex, UK). Sodium pyruvate and hydrogen peroxide were
purchased from Merck (Watford, UK). Flexstation 3 pipette tips were purchased from

Molecular devices (Wokingham, UK).
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2.2 Ethical considerations

No specific ethical approval was sought, nor required, for any of the experiments

performed in this thesis. All cell lines were purchased and no patient data was obtained

or stored during the course of study.

All solutions used in this study are listed in Table 2.1.

Table 2.1. list of bath and salt solutions used in experiments

Solution

Compound concentration (mM)

Hanks Balanced Salt Solution

standard bath solution (containing 1.5 mM

Ca2+)

Ca?* free bath solution

PBS

NaCl 137; KCI 5.4; NaH2POs; 0.34;
K2HPO4 0.44; CaCl; 0.01; HEPES 10; D-

glucose 8; pH adjusted to 7.4 using NaOH

NaCl 130; KCI 5; MgCl, 1.2; CaCl, 1.5;
HEPES 10; D-glucose 8; pH adjusted to

7.4 using NaOH

NaCl 130; KCI 5; MgCl2 1.2; EGTA 0.4;
HEPES 10; D-glucose 8; pH adjusted to

7.4

NaCl 137; KCI 2.7; NazHPO4+12H-0 10;

KH2PO4 2; pH adjusted to 7.4 using HCI
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2.2 Methods

2.2.1 Cell culture

Cells (EA.hy926, HEK?293, and HK2) were grown in Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12 (Invitrogen, UK) supplemented with 10% foetal bovine
serum (FBS) and 100 units/ml penicillin and 100ug/ml streptomycin. Cells were passaged
upon reaching confluence (~75% flask coverage) using Trypsin/EDTA (0.25%) after
washing with phosphate-buffered saline (PBS). Cells were treated with trypsin at 37°C
for 5 minutes. Following this, the trypsin was deactivated using serum-containing media
and cell clumps were broken up via pipette aspiration. Cells were seeded into cell culture
flasks at a density of 1000 cells per ml. For experimentation, higher seeding densities

were used (up to 2000 cells/ml).

Primary Human Aortic Endothelial Cells (HAEC’s) were cultured in endothelial basal
medium 2 (EBM-2) (PromoCell, Heidelberg, Germany). These cells were passaged at
~60% confluence and a lower concentration of dissociation reagent was used 0.05%
(Trypsin/EDTA). The standard supplementation mix (C-39216) was included in the
media as well as 10% FBS. To avoid phenotype changes, HAECs at passages 2 and 3
were used in this study. These cells were grown to lower confluence because their

proliferative ability is known to diminish above 70% (Hayasaka et al., 2007).
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Ea.hy 926 cells were purchased and used as an endothelial cell model due to their high
level of genetic and morphological stability at high passage numbers (Bauer et al., 1992)
as well as being well established in vitro models for vascular endothelial cells (Ahn et al.,
1995). Although there is an understanding that these cells may have lost some endothelial
cell characteristics following immortalisation and stabilisation these remain a very useful
tool for early screening and experimentation. The HEK 293 cell line was chosen due to
its high rate of success for transfected gene translation and protein production (Ward et
al, 2011). As well as being a cell line that finds its origin within the kidney, an organ of

the body known for the regulation of osmolarity (Danziger and Zeidel, 2015).

The HK-2 cells were used as an in vitro model of the proximal tubule of the kidney; this
is a well-established cell line that has been used in this way within several papers (Gildea
et al., 2010)& (Jenkinson et al., 2012). The HAEC cells were purchased as they are a
primary cell isolate they are known to better model vascular endothelial cells as they have
a greater level of expression of endothelial markers and grow to form a distinct
endothelial monolayer (Sprague et al., 1997). These primary cells were grown in the
recommended medium supplied by the manufacturer, this is because in order to maintain
endothelial morphology for several passages these cells require precise supplementation
with endothelial growth factors as well as other key messaging molecules (Promocell
manual 2019). All other cell lines were grown in DMEM-F12 media containing
penicillin/streptomycin as well as 10% Foetal bovine serum (FBS), this cell culture

method has been published previously in (Zeng et al., 2017).
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2.2.2 Cell migration assay

The method involves creating a scratch in a confluent monolayer of endothelial cells to
measure how many cells migrate into the scratched gap in a given timeframe (Liang et
al., 2007). EA.hy926 cells were seeded onto 6*35 mm (2 ml volume) round cell culture
dishes and grown to 90% confluence; following this, the plates are scratched in a set
pattern using a sterile implement of Imm diameter. The scratched and dead cells are then
washed away using room temperature Phosphate buffered saline (PBS) and 2 ml of the
cell culture media (DMEM/F12) was placed into the dishes. This washing step was used

to ensure that any scratched cells were not able to re-adhere to the base of the dish.

Control groups had media with no supplementation and just the basal level of glucose
(5.5 mM) as the osmotically active sugar. The two experimental groups contained
supplemented sucrose and mannitol at a 19.5 mM final concentration, these sugars were
chosen as they are osmotically active but are not metabolised by the endothelial cells
directly (Better et al., 1995). These cells were then incubated at 37 °C (5% CO2) for 48
hrs. Following this growth period, the cells (in 35 mm dishes) were transported to the

microscopy suite in a heated container at 37 °C.
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After the incubation period, photomicrographs were taken of the wound area in
predetermined locations allowing 10 areas to be counted per 2ml dish. The number of
cells that migrated into the scratched area was counted by the investigator manually (with
any cells on the border of the scratched area being excluded). The manual cell counts
were each repeated twice as well as being confirmed by the CellC cell counting software,
with the parameters set to only include cells within the middle 90% of the scratched zone.
The number of cells that migrated into the scratched area was taken as a measure of

endothelial cell migration.
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Fig 2.1. A. Example photo of cell EA.hy926 wound healing assay B. Schematic

showing the predetermines photograph zones for each 2 ml dish

All photographs were taken using a Nikon LV 150 bright field microscope with exposure
and focus settings remaining the same between every replicate (exposure was 0.25s for
all images). All experiments were performed in triplicate and eight photographs were
taken per plate, thereby generating 24 images per group from three different plates

receiving the same condition.
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2.2.3 Cell proliferation assay

A WST-1 cell viability/proliferation assay was performed to determine whether the
hyperosmolar condition is capable of reducing endothelial cell viability and proliferation.
(Roche, Welwyn, UK). The WST-1 assay is used to measure the relative abundance of
the NADPH dependent oxidoreductase enzymes, and the level of reaction is correlated to
the number of viable cells (Berridge et al., 2005). The compound changes colour upon
incubation with these enzymes and this compound can be quantified by colourimetry and
absorbance using a plate reader, this can be seen in Fig 2.2 (Ngamwongsatit et al., 2008).
The colour change is caused by the conversion of the WST-1 ( a tetrazolium salt ) into
formazan by the mitochondrial succinate-tetrazolium-reductase system, this formation of

Formazan produces a colour change from very light pink to dark red (Yin et al., 2013).

The relative absorbance is then taken to correlate with the number of viable cells present
within a sample population. Ea.hy926 cells were seeded into a 96 well plate either in the
control media (containing no osmotic sugar supplement) or in media containing an
additional 19.5 mM of sucrose or mannitol. These sugars were selected because they are
osmolytes similar to glucose but they cannot be taken up by the cells (Olmstead, 1953).
Each experimental group (negative control, sucrose, glucose and mannitol) was repeated

eight times.
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The 96 well plate was incubated for 48 hrs, after which the media was aspirated and 40ul
of the WST-1 at working concentration was added to each well. This working
concentration was taken from the manufacturer's instruction manual for the compound

and was a 1:2500 dilution in sterile PBS.

The reason for aspirating the growth media before the addition of WST-1 is because the
growth media contains phenol red, a compound that would be detected using an
absorbance plate reader. The plate was then incubated at 37 °C for another 2 hrs.
Following this, the plate was then read using the Flexstation3 96-well plate reader
measuring absorbance at 450 and 605 nm. The plate reader was set to ambient
temperature, as the plate would only need to be kept at this temperature for less than 2

minutes and this is not expected to significantly affect the results of the experiment.

All results generated from the assay are normalised against a well containing the WST-1
reagent but no cells, this allows for the removal of any background absorption that is

present from the light red/pink WST-1 reagent.
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Fig 2.2. Diagram showing the conversion of the WST-1 salt being converted by the
succinate-tetrazolium-reductase system (represented by R) into the dark red Formazan

compound. Figure is from ROCHE WST-1 Assay kit instructions for use Issue 7 2017
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2.2.4 Cell death assay

Propidium iodide binds to DNA and becomes fluorescent when bound with
fragmented/damaged DNA. Because a dying or dead cell would have undergone DNA
fragmentation, the nucleus of these cells will be easily seen under the right fluorescent
excitation and emission wavelengths (Riccardi and Nicoletti, 2006). The protocol used in
this experiment is adapted from a protocol published by (Cummings and Schnellmann,
2004) (EA.hy926 cells were seeded into 96 well plates at a seeding density of 5000 cells
per ml and were grown in DMEM-F12 media containing penicillin/ streptomycin as well

as 10% FBS supplementation.

All wells were marked prior to seeding to determine the zones that would be used for
taking photographs; these zones were to be the same for every dish used to prevent
observer bias in zone selection. After 24 hours the media was replaced with the media
introducing the experimental condition (mannitol, sucrose or hydrogen peroxide as the
positive control), and this was incubated at 37°C 5% CO: for a further 24 hours. For the
experiments where the wells were analysed by taking fluorescence microscope
photographs cell counting was performed using the CellC software (CellC, Tampere
University, 2008). These cells were fixed (in 2% paraformaldehyde) before taking the

photographs to capture the 24hr time point precisely.
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The paraformaldehyde needs to be removed prior to the loading of the PI as this
compound can affect dye loading (Poole et al., 1996). 40ul of Propidium iodide in PBS
(working concentration of 10ug/ml) was added to each well to be stained, the dye was
allowed to permeate the cells at room temperature for 2 hours. After removing the excess
dye by washing (aspiration and replacement of bath solution three times) with PBS a
fluorescence microscope capable of measuring red fluorescence (Ex: 493 nm Em: 636
nm) pictures were taken of the cells within the wells within the predetermined zones.
Dead/dying and total cell counts can then be taken with the CellC software or manually,
allowing for the determination of total dead cells and the proportion of cells that were

dead in comparison to the total population.

For plates that were measured using the Flexstation3 plate reader using an endpoint
reading (Ex: 493 nm Em: 636 nm). These cells did not need to be fixed with
paraformaldehyde before reading the plates as the direct fluorescence reading is much
quicker than the use of a fluorescence microscope to take photographs. The purpose
behind using a plate reader to measure the intensity of fluorescence is to confirm the
results observed in the photographic analysis as this could be open to miscounting and
sample bias even with controls in place. Because PI causes dense nuclear staining in dead
or dying cells (Riccardi and Nicoletti, 2006) it is predicted that the greater the total
fluorescence intensity per well the greater the number of densely stained nuclei are
present within that well and therefore a greater proportion of dead or dying cells. Wells
were checked immediately prior to plate reading to ensure that contamination or excess

dye could not interfere with the results.
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2.2.5 Intracellular Ca?* measurement

To test the effect of hyperosmolarity on the cellular Ca?* efflux and influx a Ca?* dye is
used to visualise and measure the relative concentration of intracellular Ca*. By using
appropriate bath solutions and specific activation compounds in a live fluidic system
(Flexstation3) this dye can be used to measure the intensity of the multi-step SOCE

process (Zeng et al., 2017).

The dye selected for the measurement of Ca?* efflux and influx was FuraPE3-AM, a
membrane-permeable derivative of the common Fura-2 intracellular Ca?* dye, this
membrane permeability characteristic results from the esterification of the base molecule
(acetoxymethyl ester AM) (Garaschuk et al., 2006). The FuraPE3-AM dye crosses the
cell membrane and the AM ester is removed by intracellular esterases this then allows the
dye to bind to intracellular Ca* and become active (Gunter et al., 1988). FuraPE3-AM is
prepared and stored within a 1 mM stock solution of dimethylsulphoxide (DMSO) and
for the purposes of imaging, experiments is often loaded into cells in the presence of
0.01% Pluronic acid which increases both the permeability of the dye and helps to ensure
complete de-esterification leading to more even dye loading (Maruyama et al., 1989).
0.01% Pluronic acid (Pluronic F127) was not used in these plate reader assays due to the
fact that the Flexstation3 takes eight readings per well from different areas and any local
dye loading anomalies should not affect the final reading as well as dye loading and de-
esterification being visually confirmed before the start of each plate reading session. The
FuraPE3-AM is solubilised in DMSO and because of this; all the negative control groups
set for experiments using this dye contained a like-for-like volume of DMSO in order to

ensure that the DMSO was not capable of interfering with the results of the experiment.
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Adherent cells are seeded onto a 96 well plate and incubated at 37 °C/ 5% CO. for 48
hours. For stably transfected HEK?293 cells tetracycline is added to the cell culture media
at the stage of seeding the 96 well plates (to a concentration of 1ug/ml). This tetracycline
concentration is also added to the negative control groups for experiments using these
cells. This experiment was also performed using the EA.hy926 cell lines and HAEC cells
and these were not treated with tetracycline because they did not contain a transfected

tetracycline activated sequence.

When cells have reached 80% confluence the growth media is aspirated and 40ul of
FuraPE3-AM dye (working concentration of 2 pug/ml in Ca?* free solution) is added to
each of the wells. The plate is incubated at 37°C for 30 minutes to allow for dye loading.
After incubation, the cells are washed with standard Ca?* bath solution to remove excess
dye and the wells have 100 pl of Ca?* free solution added before Flexstation3 recording.
The Flexstation 3 (Molecular Devices, Wokingham, UK) is then set to dispense up to 3
live fluidic additions from a prepared compound plate and for the FuraPE3-AM dye, the
excitation wavelengths must be set at 340nm & 380nm with both of the emission
wavelengths being set at 510nm. All compound additions are prepared at a concentration
that allows for the dilution factors (1:5,1:6,1:7) depending on the number of the addition
and presuming a 100 pL starting volume and a 25 pL addition volume. Data for FuraPE3-
AM is presented as a ratio between the two excitation wavelengths (340nm/380nm) and
is normalised to a basal fluorescence to account for small differences in intracellular dye

concentrations between groups as well as other variables such as cell thickness.
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To investigate the effect of hyperosmolarity on SOCE the cells underwent a pre-treatment
with the hyperosmolar condition following the Ca?*dye loading for 5 minutes this using
a Ca?* free bath solution. Following this pre-treatment, the 96 well plate was placed in
the Flexstation3 at 37°C and two live fluid additions were programmed. Thapsigargin
(TG) was added at 100 s, this SERCA blocker was used to cause calcium efflux from the
ER (Daskoulidou et al., 2015), this was then followed at 450 s by the addition of the
standard bath solution containing a final diluted concentration of 1.5 mM Ca?*. This
addition of standard bath solution was added to initiate SOCE following depletion of the
ER Ca?" stores. For the HEK 293 cells overexpressing the Orai 3-mcherry protein, an
alternative protocol was used to initiate SOCE. This is because it is known that 2-
Aminoethoxydiphenyl borate (2-APB) can pharmacologically initiate SOCE without the
need to deplete the ER Ca?" stores, this was used as the first fluidic addition (final
concentration of 50 pM), this methodology was demonstrated in the Daskoulidou et al

2015 paper.

The HEK296 Trex cells used in this experiment were transfected using the lipofectamine
3000 technique as described in the paper by(Zeng et al., 2017). Cells were transfected
with STIM-1-Green fluorescence protein (GFP) cassette and one of the three Orai
subtypes which were tagged with the m-cherry sequence. This allows the cells to
overexpress these ion channels and thereby allowed for the investigation into the specific
Orai subtypes. The success of the stable transfection was confirmed using western-blot
(Zeng et al, 2017) and before every experiment, with these transfected cells the
overexpression of the protein was confirmed visually using a fluorescence microscope

using both red and green filters to detect the fluorescent tags used.
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2.2.6 Cell surface area/volume

In order to assess the effect that the hyperosmolar condition would have on the volume
of endothelial cells a cell volume reduction experiment was performed. The expected
shrinkage response to hypertonic solutions is a well known and established scientific
concept (Kajimura & Curry, 1999). This experimental protocol was adapted from

(Kajimura and Curry, 1999).

Fig 2.3 Example photographs of the pictures analysed in the cell volume/surface area
experiment. (A) Cells prior to addition of 30 mM mannitol (B). Cells after 5 min

incubation with 30 mM mannitol.

Both EA.hy926 and HEK293 (transfected and non-transfected) cells were grown to 60-
70% confluence in sterile 24-well plates. For each cell type culture media was replaced
by standard 1.5 mM Ca?* bath solution in the control condition and with the addition of
30, 60 and 90 mM mannitol in the test conditions n=5 per group. In each experiment, a
picture was taken of a suitable field (containing a minimum of 30 distinct cells) before

the addition of control or hyperosmotic mannitol bath solution.
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A second picture was taken at either 5 minutes for endpoint measurement or at set
intervals for a time-course experiment. Cell volume was measured by photographic
analysis of the cells by CellC cell counting software (Harvard, open access). Each cell at
the beginning of the assay had an applied region of interest (ROI). Meaning that the
original outer perimeter of the cell was recorded prior to the addition of the experimental
condition and it was a reduction in this perimeter that was measured by the software

example photographs of the images analysed for this method can be seen in Fig 2.3.

2.2.7 Intracellular ROS detection using H.DCFDA

The intracellular dye used was 2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA)
this is a chemically reduced form of fluorescein and upon entering a cell the intracellular
esterases and oxidants cleave the acetate groups within the compound producing the
highly fluorescent 2',7'-dichlorofluorescein (DCF) (Wu and Yotnda, 2011) this can be
seen in Fig 2.4. The dye is prone to oxidation if exposed to air and therefore is dissolved
within DMSO, to prevent oxidation of the compound, and stored at -20 °C to prevent

premature oxidation of the dye, it was also used no more than 4 weeks post preparation.
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Fig 2.4 Equation showing the reaction of H.DCFDA to the presence of ROS producing the

fluorescent compound DCF. Fig. adapted from manufacturers manual
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Because H.DCFDA is a fluorescein derivative it is important to ensure that the loading
media is free of colourimetric dyes such as phenol red because these indicators can
increase background fluorescence and interfere with the results (Zielonka et al., 2014).
For this reason, the standard bath solution was chosen to be the dye-loading medium as
this has the advantage of maintaining consistency between experiments as well as not
containing primary and secondary amines, which could cause extracellular de-

esterification of the dye (Carpéné et al., 2016).

The dye was loaded into both EA.hy926 and HK2 cells for these experiments for 30
minutes before the experiment at 37 °C with a dye loading concentration of 2 uM which
is within the loading media. This loading media was changed before experimentation to
prevent bleaching during fluorescence detection. The 96 well plates were placed into the
Flexstation3 for fluorescent measurement (Ex: 493 nm Em: 520 nm). Fluorescence was
measured on a time course setting of measurement every 30 seconds over a period of 60
minutes. For this experiment, the Flexstarion3 was kept at a temperature of 37°C for the
duration and was kept at 5% CO> to prevent these factors causing an increase in

intracellular ROS (Krasensky-Wrzaczek and Kangasjarvi, 2018).

Hyperosmotic (19.5, 30 and 60 mM mannitol) or positive control (100 uM H203)
conditions were applied by Flexstation 3 compound transfer at a time point. Compound
plate solutions were prepared at a 5* concentration to allow for dilution of 25 pl of fluid

into 100 ul within the 96 well test plate.
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2.2.8 MitoSOX superoxide detection assay

To detect intracellular superoxide specific fluorescent dye, MitoSOX was used
(ThermoFischer, UK, 2016) as this is a fluorogenic dye that enters the mitochondrion and
is activated by the superoxide by-product of mitochondrial oxidative phosphorylation.
This assay also allows for the investigation as to whether the hyperosmolar condition is
capable of increasing the level of superoxide and by inference determine an effect on the
oxidative phosphorylation pathway (Kuznetsov et al., 2011). The hyperosmolar condition
was achieved via the addition of mannitol at various concentrations to the Ca®" bath
solution. This standard bath solution contains 1.5 mM concentration of Ca?" in order to
mimic the normal plasma concentration of ionised Ca?* which ranges from 1.3-1.5 mM
(Ross et al, 2011). For this experiment adherent cells (EA.hy926 and HAEC) were seeded
onto 96 well plates and grown to 70% confluence at 37 °C and 5% CO2 (DMEM/12
media was used for the EA.hy926 cells and EBCM-2 was used for the HAEC cells). The
MitoSOX dye was loaded into the cells according to the manufacturer’s instructions
(loading vehicle was standard bath solution: contents specified within the materials
section of this chapter). The working concentration of the MitoSOX dye was 5 uM, and
the cells were loaded with the dye for 30 minutes at 37 °C, taking care not to expose the

dye to light to avoid bleaching.
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Dye activity was confirmed using a visual check under inverted fluorescence
microscopy, all living cells produce superoxide via mitochondrial oxidative
phosphorylation so therefore all cells would fluoresce red after loading with mitosox
(Boguca & Wojtczak, 1966). For this reason, sodium azide was used as a control group
to confirm the specificity of the Mitosox activity. Sodium azide is known to scavenge
and quench the singlet superoxide anion which could be used as a confirmation of the dye
fluorescence checked visually before experimentation was due to mitochondrial
superoxide because any cells treated with 2um sodium azide would not show fluorescence
(Boguca & Wojtczak, 1966). Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) was used as a positive control in these experiments because it is a known disrupter
of mitochondrial oxidative phosphorylation leading to significant superoxide production

(Toetal, 2011).

The plate was read in a time-course manner using the Flexstation3 using the settings
recommended by the manufacturer for MitoSOX detection (Ex: 510/Em: 580 nm). The
Mitosox reagent is supplied in aliquots, each sufficient for one 96 well plate of
experiments, the reagent is dissolved in DMSO immediately before experimentation as
the reagent is easily oxidised and cannot be prepared in advance. The dye was diluted to
its working concentration in standard 1.5 mM Ca?* bath solution and was kept in the dark
to prevent photobleaching before the experiment, for this reason, all preparation was
performed in a dark room and the cells were covered with tin foil for transportation into

the plate reader.
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2.2.9 Amplex red extracellular peroxide detection assay

To test the effect of hyperosmolarity on the production of extracellular peroxide reactive
oxygen species the Amplex Red dye was used (ThermoFischer, UK, 2016), as this dye is
known to be able to specifically detect the presence of peroxide radicles in the presence
of horseradish peroxidase (HRP) (Votyakova and Reynolds, 2004). This is because the
dye is reduced in the presence of HRP and forms the fluorescent compound resorufin in
direct proportion to the amount of hydrogen peroxide in the solution (Mishin et al, 2010),
this can be seen in Fig 2.5. The protocol used for this experiment is adapted from

Votyakova & Reynolds (2004).

H>0, H.O
OYCHS
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HO o OH — O O OH
Amplex red Resorufin

Fluorescent

Not
fluorescent

Fig 2.5 Equation showing reduction of Amplex red in the presence of Horseradish peroxidase
(HRP) and hydrogen peroxide to form the fluorescent compound resorufin. Adapted from

Mishin et al (2010).
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Adherent cells (EA.hy926 and HAEC) were seeded into 96 well plates and grown at 37°C
& 5% CO; until they reached 70-80% confluence. The reason for selecting relatively low
confluence was to avoid complete dye bleaching and conversion, which may happen with
the Amplex red dye in the presence of a very large number of cells producing peroxide in
response to cellular stress. Upon reaching confluence the cell culture media was removed
and replaced with Ca?* bath solution containing 1.5 mM Ca?* to mimic plasma Ca?*
concentrations (Goldstein et al, 1990). That same solution contained the working
concentration of Amplex red (50 uM) as well as the required concentration of horseradish
peroxidase (10 u/ml) that allows for the dye to become active in the presence of peroxide
anions. It was at this point that the different groups including the hyperosmolar mannitol
groups and the positive (H202) control groups were initiated. The cells were then
incubated with the Amplex red for 1 hour for 37 °C and the fluorescence intensity was

measured using the Flexstation3 (Ex:530/Em:590 nm).
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2.2.10 siRNA transfection

Small interfering RNA (siRNA) was transfected into living cells using the Lipofectamine
2000 transfection reagent in a protocol adapted from the paper published by ( Zeng et al,
2017). The specific siRNA’s used in these experiments were designed and produced by
Thermo Fischer (2010, UK) the Lipofectamine 2000 transfection kit was also purchased
from this company. The concentration of SIRNA used in each well was 2.5 pg/pL and
this was mixed with the Lipofectamine reagent in a 1:1 ratio (25 pl diluted sSiRNA: 25 pl

diluted Lipofectamine 2000 reagent) (Zeng et al, 2017).

Both siRNA and Lipofectamine were diluted and combined using OptiMEM medium (no
serum to increase transfection efficiency). 50 ul of the Lipid/siRNA complex was added
to the wells of the 96 well plate containing 100 pl OptiMEM media and the cells were
incubated with the transfection complex for 24 hr (initial transfection took place when
cells were 50% confluent). This allowed for the Lipofectamine 2000 ample time to
permeablise the cell membrane and in turn introduce the siRNA sequences into the cell

as described in (Cardarelli et al., 2016).

OptiMEM media was used because it is a low serum growth medium, the cationic
Lipofectamine can be inhibited in high serum concentration mediums so this OptiMEM
media is intended to improve transfection efficiency (Rashid et al, 2019). To ensure the
specificity of the cellular response a scrambled form of the target sequence was co-

transfected with the DS-red DNA which was used as a transfection confirmation tracer.
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Following the initial 24 hr incubation, the media was replaced with either standard
DMEM/F12 for EA.hy926 cells or ECBM-2 for Human Aortic Endothelial Cells
(HAEC). The cells were incubated for a further 24 hrs and transfection was then
confirmed by viewing the cells under fluorescence microscopy (DS-red tracer DNA was
transfected as a control/confirmation group). If cells had reached at least 80% confluence
(and a minimum of 90% positive transfection) then the subsequent Ca?* dynamics
experiments were performed. The siRNA sequence targets and transfection efficiency

are all published in the paper listed in the publications section of this thesis.

The siRNA sequences used in the experiments were as follows:
Orail: CGAGCACUCCAUGCAGGCG
Orai2: CGUGCCUAUCGACCCCUCU

Orai3: AGCUUCCAGCCGCACGUCU

77



2.3 Statistics

Data are presented as mean +SEM. Students t-test was performed where only two groups
were being compared and a P value of less than 0.05 was used as the cut off for null
hypothesis rejection. For mean comparison between groups, a one-way analysis of
variance (ANOVA) was performed. If a significant difference was observed after the
ANOVA test a Tukey post hoc test or a Bonferroni’s post hoc analysis was performed to
identify which groups differed significantly. As with the t-test, the cut off for rejecting
the null hypothesis was a P-value below 0.05. In all cases where the ANOVA test was

used as the data was observed to be normally distributed.

Origin Pro8 was used for data presentation and graph generation as well as for statistical
analysis of the data (OriginLab 8.0) IBM SPSS statistical package was also used for some
statistical analysis (SPSS v19.0). Automated micrograph cell counting was performed

using the open-access software CellC (CellC, Tampere, USA).

All experiments were powered sufficiently to allow for the statistical tests mentioned
above to be performed, all Ca®* dynamics experiments were performed with n=8 wells
and because the sample populations were taken from homogenous cell populations this
allows for the use of an ANOVA with post hoc Tukey/Bonferroni analysis. This same
number of replicates were performed for all of the ROS assays and the siRNA
transfection. For the endothelial cell migration assay, there were 8 images taken per group
performed in triplicate which is n=24 images per group, this allowed for a one-way
ANOVAto be performed under the same assumptions of a homogenous sample

population.
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Chapter 3

Hyperosmolarity causes endothelial cell

dysfunction by the impairment of SOCE
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3.1 Introduction

Hyperglycaemia is not only responsible for alterations in cell signalling and gene
regulation due to oxidative stress but is also associated with the increase of osmolarity
which is capable of producing cellular osmotic stress (Brownlee, 2001)& (Hashim and
Zarina, 2012). Transient elevations in plasma osmolarity occur commonly in diabetes and
a persistently elevated level of plasma osmolarity is life-threatening, for example, the
hyperglycaemic and hyperosmolar state (HHS) in diabetes, which can cause significant
damage to the endothelial layer of blood vessels (Yasuda et al., 2009). Some early work
done by Luh et al 1996 found that bovine endothelial cells were capable of resisting
modest hyperosmolarity without effecting the proliferative ability of the cells (Luh et al.,

1996)

Research performed by Affonso et al suggests that hyperosmolarity is capable of reducing
the vasoconstrictive reactivity of vascular endothelial cells (Affonso et al., 2003).
Looking beyond endothelial cells it has been found that hyperosmolarity is capable of
causing the accumulation of Myo-inositol within renal cells, potentially contributing to
the increased excretion of Myo-inositol commonly found within the urine of diabetic
patients with diabetic nephropathy (Bissonnette et al., 2008). Hypoosmolarity has also
been shown to increase the rate of cell death within human proximal kidney tubule cells

(Jenq et al, 1999).
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These papers describe the effect that hyperosmolarity has on endothelial cells as well as
kidney cells; far less work has been done in investigating the mechanism by which the
hyperosmolar condition is causing these negative cellular effects. Madonna et al have
described how glucose-induced hyperosmolarity increases angiogenesis within retinal
tissue via the increased expression of aquaporin 1 and cyclooxygenase 2. This paper does
suggest that hyperosmolarity is capable of resulting in significant changes within the cells
apart from the physical shrinkage and remodelling expected under this condition
(Madonna et al, 2016).

Our research group has shown that hyperglycaemia is capable of increasing SOCE
intensity through the enhancement of the expression of Orai and STIM in endothelial cells
(Daskoulidou et al., 2015). However, it is unclear if the osmolarity, a concomitant factor
can change the activity of SOCE proteins in its own right. The aim of this chapter is
therefore two-fold, firstly to determine any detrimental effect that hyperosmolarity has
on the viability (migration, proliferation, death and surface area) of endothelial cells; and
secondly to determine whether the modulation of SOCE is a contributory factor to the

cellular dysfunction observed in the hyperosmolar condition.

Hypothesis 1: Hyperosmolarity will reduce the viability of endothelial cells as measured

by migration, proliferation, cell death and volume/surface area assays.

Hypothesis 2: A reduction in SOCE intensity will be observed within the endothelial cells

in response to the hyperosmolar condition.
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3.2 Methods

Endothelial cell viability testing performed in this chapter uses the established endothelial
cell line EA.hy926 as an in vitro model of human vascular endothelial cells (Zeng, 2017).
The experiments performed to assess the direct effect of hyperosmolarity on the
endothelial cells were selected in order to give a broad range of measures of viability and
function. These experiments range from a WST-1 assay to assess viability to the use of a
scratch wound healing assay to assess the effect of hyperosmolarity on the ability of the
endothelial cells to migrate. A full description of the methodology used for the

experiments performed in this chapter can be found in sections 2.2-2.6 of chapter 2.

To investigate the effect of hyperosmolarity on the intensity of Ca?* influx intensity, a
live dynamic Ca?* plate reading experiment was performed using the Flexstation3, a
microplate reader that can add compounds to wells during reading allowing for a “live”
response to be recorded. The measurement of Ca* influx/efflux was based upon a SOCE
calcium imaging experiment performed by Daskouidou et al (2015). Thapsigargin (TG)
was used as a Ca®* store depleter, the mechanism of action for this compound is based
upon its action as a known SERCA blocker, this leads to an efflux of Ca?* from the
endoplasmic reticulum (Sehgal et al, 2017). The influx of Ca®" into the cell is then
initiated by the addition of 1.5 mM Ca?* into the bath solution (which is Ca?* free prior

to the addition of TG).
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Mannitol was used as the additional osmolyte within the experimental hyperosmolar
conditions, this is because the sugar is of a similar molecular weight and size to glucose
but cannot be metabolised by the cells (Cheng et al., 2013). The experimental
hyperosmolar conditions used were 19.5 mM 30 mM 60 mM and 90 mM, the 19.5 mM,
these concentrations were selected to ensure that any results generated were comparable
to the hyperglycaemic condition used in the Daskidilou et al (2015) paper. This paper
used the concentration of 19.5 because it is within the threshold of values that we would
expect to initiate ketogenesis and eventually ketoacidosis and it is also not unreasonable
for a person with poorly controlled diabetes (type one or two) to reach this level (Kitabchi

and Wall, 1995).

It is not easy to model the fluctuations in serum glucose and osmolarity with the methods
used in this thesis so in order to understand what effect higher levels of osmolarity would
have on the cells and Ca?" influx the concentrations of 30, 60, and 90 mM were used. 30
mM is not an unreasonable level of mannitol to use when trying to replicate the HONK
condition observed in poorly controlled type 2 diabetes (REF). The 60 mM condition
may be of more limited value when compared to the true clinical condition as such a high
serum osmolarity is exceptionally rare, although some patients with HONK may be

expected to have glucose concentrations as high as this (Weiss et al, 2010).
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The concentrations of 90 mM and 120 mM of mannitol are of limited physiological
relevance because such levels are not seen even in the vast majority of extreme
hyperglycaemia cases, these concentrations are designed to test the limit of the cellular
response as well as what happens in extreme levels of hyperosmolarity (Wolfsdorf et al,
2014). Both sucrose and mannitol were used in the endothelial cell proliferation
experiment reported in this chapter mannitol seemed to have a more substantial effect.
Also because mannitol is the more commonly used osmolyte within clinical medicine
(Wakai et al., 2005) it was decided to use mannitol as the osmotically active sugar

throughout.

The negative control groups used in these experiments did not contain any mannitol and
would always include the addition of vehicle solvent were appropriate. The negative
control group for the Ca®* entry experiments included the addition of DMSO within
control wells in order to ensure that any effect observed was not due to the presence of
DMSO. Although there are significant limitations in the translation of cell-based assays
to the clinical condition these experiments offer preliminary insights as to the cellular
effects of the hyperosmolar condition as well as the potential pathway behind these

effects.
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3.3 Results

3.3.1 Effect of hyperosmolarity on endothelial cell migration

Vascular endothelial cell (EA.hy926) migration was determined by linear wound assay.
The cell migration was significantly inhibited by incubating the cells in hyperosmotic
media containing either 19.5 mM sucrose or mannitol for 24 hrs at 37°C compared with
the control group (Fig 3.1) (mannitol P=<0.001 sucrose P=<0.05). These reductions were
43.4% compared to the negative control in the mannitol group and 37.2% reduction for
the sucrose group. However, there was no significant difference between the sucrose
group and mannitol group, suggesting that the mobility of endothelial cells is reduced by
the increased of osmolarity rather than by any specific effect of the sugar (P=0.1299 for
comparison between sucrose and mannitol groups). Although the difference between the
sucrose and mannitol groups is not significant this does not mean that the difference
observed is immaterial. As can be clearly seen Fig.3.1 mannitol appears to be more
effective in its inhibition of endothelial cell migration. One potential explanation for this
could be in the difference in the relative size of the compounds as this has been

documented to affect the osmotic effect that they impart (Kawaji, 1979).
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Fig. 3.1 Endothelial cell migration is inhibited by hyperosmolarity. Endothelial cell line (EA.hy926) were
incubated with normal DMEM F12 medium (Control) or hyperosmolar culture media (DMEM F12 medium
plus 19.5 mM mannitol, or 19.5 mM sucrose) for 24 hr. The migrated cell number across the linear wound
scratched area was counted as per microscopic field. (A) Example of migrated cells in the wounded area. (B)
Mean + SEM data. The data was analysed by one way ANOVA (n =12 pictures for each group. * P<0.05,

*#% P<0.001)(4 pictures taken per experimental group performed in triplicate).
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3.3.2 Effect of hyperosmolarity on endothelial cell proliferation

The effect of hyperosmolarity on cell proliferation was assessed using WST-1 assay Kit.
The hyperosmotic conditions that caused an inhibited migration (Fig 3.1) did not produce
any significant change in cell proliferation after incubating the cells for 24 hours (Fig.
3.2). This result was confirmed with a manual cell count method. No significant
difference was observed between any groups (control/hyper or hyper/hyper) P=>0.05 for

all groups.

The implication of this result is that the effect of inhibited migration under the
hyperosmolar condition seen in Fig 3.1 is not due to a reduced proliferative ability of the
EA.hy926 cells under the hyperosmolar condition. Fig 3.2 does not only show that there
is no significant effect on proliferation in the hyperosmolar conditions but also no effect
in the hyperglycaemic conditions. This result is unexpected because hyperglycaemia is a
known inhibitor of cellular proliferation (Duraisamy et al, 2003) although contemporary
research using the same method only saw significant inhibition of proliferation at higher
concentrations of glucose (25 mM and above) (Buranasin et al, 2018 ). This suggests that
the concentration of glucose used in this experiment may not have been enough to cause
the anti-proliferative effect noted in other studies. Another observation that can be made
from Fig 3.2 is that there was no significant difference between the sucrose and mannitol
hyperosmolar groups, further suggesting that mannitol, as a clinically useful osmolar
agent, would be the better option for creating the hyperosmolar condition in future

experiments.
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Fig. 3.2 Hyperosmolarity does not affect the proliferation of EA.hy926 cells. EA.hy926
cells were treated with 19.5 mM glucose, 19.5 mM sucrose and 19.5 mM mannitol for 24 hr
and the cell proliferation was measured with WST-1 assay. The absorbance was measured
at 450 nm with a reference wavelength of 650 nm. No significant difference among the

groups (One way ANOVA, n = 8 for each group. NS: non-significant)
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3.3.3 Effect of hyperosmolarity on cell death

The effect of hyperosmolarity on cell death was observed using nuclear staining with
propidium iodide (Fig. 3.4). There was a significant increase in dead cells per field when
treated with either 19.5 mM sucrose (P=0.0006) or 19.5 mM mannitol (P=0.0007)
compared with the negative control group. As reported in Figures 3.1 and 3.2 there was
no significant difference between the sucrose and mannitol hyperosmolar groups
(P=0.768) this is a consistent finding throughout the cell viability assays performed on
the EA.hy926 cells. The increase in cell death under the hyperosmolar conditions is
similar to that observed in aortic endothelial cells by (Poullis et al, 2008), although
interestingly the increase in cell death increased by a similar proportion despite the fact
that this experiment used a lower concentration of osmotic sugar. One potential
explanation for this could be that there may be a difference in sensitivity between primary
aortic endothelial cells (Poullis et al, 2008) and the EA.hy926 cells used in this

experiment.

Fig 3.3 also shows that the proportion of dead cells per field increases in the
hyperglycaemic condition (19.5 mM mannitol) this result is aligned with evidence
showing a similar effect in aortic endothelial cells (Stout, 1982). Interestingly the
proportion of dead/dying cells is not significantly different between the hyperosmolar
groups and the hyperglycaemic group (P=0.759). One potential reason for this could be
that hyperglycaemia has been found to have a greater effect on cell death in the 48-72
hour period, which is not covered in this data (Ido et al., 2002). This may suggest that in
the early phase of hyperglycaemia initiated cell death the physical property of

hyperosmolarity is one of the more important factors to consider.
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Fig. 3.3 Hyperosmolarity increases endothelial cell death. Nuclear condensation (taken as
a marker of cellular death) was measured using propidium iodide nuclear staining method. The
densely stained EA.hy926 cells are counted as dead cells by CellC counting software following
24 hrs incubation with either control or experimental group conditions. A one-way ANOVA
was used to analyse significance among groups (n =16 fields/pictures for each group) all
experiments were performed in triplicate. Data are presented as mean + SEM. ***P<(.001 all

groups were normalised to the total number of cells in the well.
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To confirm the dead cell counting result, a fluorescence-based assay was used to
determine the total fluorescence intensity of propidium iodide (P1) in a well using a plate
reader. This is because, although automated, the cell counting software relies on unbiased
image selection and is calibrated against a manual cell count by the observer. Direct
measurement of fluorescence within the wells, on the other hand, would not be subject to

these potential biases.

Cells were treated with the hyperosmolar condition, mannitol was chosen for this
experiment as sucrose has thus far shown no difference as a hyperosmolar condition
compared to mannitol. A positive control group, H202, was also used and all conditions
were applied to the EA.hy926 cells for 24 hours prior to plate reading. H>O, was selected
as a positive control because it is a well-established initiator of cellular death and has
been used in other publications as a means of calibrating the sensitivity of cell death

assays (Xiang et al., 2016).

The increased fluorescence intensity of Pl was seen in both hyperosmolarity and H20-
groups in a concentration-dependent manner. However, the P1 fluorescence dropped to a
level similar to the control group at the groups treated with very high concentration (100
mM) of mannitol or H.O, (>500 uM), perhaps because the cells were destroyed due to
membrane leak at the extreme conditions (Fig. 3.4A, B). The result from the fluorescence-
based assay was similar to the result from the manual dead cell counting (Fig. 3.4 C, D),
which further confirms the effect of the hyperosmotic condition can cause cell death.
Additional concentrations of mannitol were used in this experiment to assess the effect of
more extreme levels of hyperosmolarity on endothelial cell death. The use of the plate
reader is a novel technique designed to offer further clarity and assurance of the

established cell counting method.
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The 90 mM concentration of mannitol leads to the greatest level of cell death (177 AU)
which was significantly higher than the level observed in the negative control group
(P=0.013). The 120 mM concentration of mannitol was chosen as an exceptionally
extreme example of hyperosmolarity, this would not be achievable within the clinical
situation (Wolfsdorf et al, 2014). This very high concentration of mannitol produced a
statistically significant reduction in the number of dead cells compared to the negative

control (P=0.046).

As discussed previously regarding the high concentration H>O> groups, this reduction in
the number of dead cells observed within the 120 mM mannitol group may not be due to
a true reduction in dead cell numbers. At such extreme hyperosmolar conditions, even
after only 24 hours, a large number of cells would have undergone complete
fragmentation and would no longer be visible as cells. This would lead to less densely
stained nuclei but this would be due to a reduced number of total cells in the sample so
this is likely not a true reduction in the number of dead cells present within the wells
measured. Fig 3.4 demonstrates that there is a similar pattern between the increasing
concentration of H2O> on the number of dead cells as there is with the increasing

hyperosmolarity and the number of dead cells.
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Fig 3.4 Hyperosmolarity increases cell death in EA.hy926 cells. Cells were treated with

either the hyperosmotic stimuli or H,O, 54 compared to a negative control. The cells were

incubated for 6 hours prior to propidium iodide (PI) staining. (A) PI fluorescence intensity
is increased after exposure to mannitol (30, 60, 90 and 120 mM) detected by plate reader.

(B) PI fluorescence intensity is increased after incubation with H,O, (50 uM- I mM) detected

by plate reader. (C) Hyperosmolarity increased the number of dead cells per field when

measured via automated cell counting (CellC). (D) H,O, increases dead/dying cell count

when measured via automated cell counting. One way ANOVA was used for each experiment

with comparison between the control and test groups (* P<0.05, ** P<0.005, ## P<0.05 n=8

per group)
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3.2.4 Cell volume/ surface area reduced by hyperosmolarity

Hyperosmolarity can cause cell shrinkage (Duzgun et al, 1999), therefore it was decided
that cell volume should form part of the endothelial cell viability experiments to
determine the effect of hyperosmolarity. As can be seen in Fig 3.5 the cell volume
reduction was significant after incubation with higher concentrations of mannitol (30
mM, 60 mM and 90 mM) (30 mM-P=0.042 60 mM-P=0.032 90 mM-P=0.019). Due to
methodological restrictions in assessing the change in cell size, it was decided to use
higher concentrations of mannitol than in previous experiments. It was also no longer
necessary to investigate the effect of 120 mM mannitol having seen the ability of this
concentration to kill cells in a 24 hour time period and seeing as how this is not a
physiologically relevant concentration it was prudent to focus elsewhere. The method
used for this experiment controlled for temperature (37°C maintained throughout) as this

Is another factor that can have contributed to a cell shrinkage response (Kajimura, 1997).

Arguably, the assay used in this experiment could be better described as a cell surface
area experiment because it fails to take into account the Z-axis and therefore would not
be a true predictor of cell volume. With this being said similar methods have reported the
results as volume as the reduction in surface area approximates for the reduction in overall

cell volume as water is lost to the extracellular fluid (Kajimura et al, 1999).

The cell shrinkage response occurred quickly and reached a plateau within 10 min (Fig.
3.5), suggesting that the acute cell volume change within minutes would not be able to
explain the cell mobility change within 24 hours. Therefore, it may be more likely that
alteration of intracellular signalling processes could be the main underlying mechanism

for this response.
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Fig. 3.5 Hyperosmolarity significantly decreases cell volume in EA.hy926 cells.

(A) Mannitol at concentrations from 30 mM to 90 mM induced endothelial cell
shrinkage. (B) Time course for the cell volume reduction under hyperosmotic
conditions. (C) Examples of the cells (EA.hy926) before and after exposure to different
concentrations of mannitol for 5 min. One way ANOVA test (* P <0.05, **P <0.01,

n =75 wells for each group)
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3.3.5 Ca?*influx is sensitive to hyperosmolarity in endothelial cells

SOCE has been found to be increased in a hyperglycaemic condition (Daskoulidou et al.,
2015), so it is important to observe if hyperosmolarity, a concomitant factor to
hyperglycaemia, affects SOCE. The intracellular Ca** was measured by Flexstation 3
using FuraPE3 AM Ca?* dye. The Ca?* stores were depleted using TG (1 uM) followed

by the addition of 1.5 mM Ca?* bath solution to initiate SOCE.

Fig 3.6 clearly shows that mannitol is capable of reducing the peak Ca?" fluorescence
intensity associated with Ca?* influx into the cell. A concentration of 19.5 mM mannitol
was shown to significantly reduce the peak fluorescence intensity from by 35.4 %
(P=0.037) and at 30 mM was shown to reduce peak intensity by 39.2% (P=0.026) both
of which were compared to the negative control group. The highest concentration of
mannitol (60 mM) produced a further reduction in peak fluorescence intensity of 52.3 %
compared to the negative control (P=0.015). These concentrations of mannitol were
chosen to reflect the breadth of hyperosmolarity that may reasonably be expected from a
patient with poorly controlled diabetes as some of the other extreme values (e.g. 90 &
120 mM) would either not exist in the clinical condition or not exist in a reasonable
number of patients (Wolfsdorf et al, 2014). The pre-treatment of endothelial cells with
the hyperosmolar conditions had no significant effect on the peak intensity of TG
mediated Ca?* efflux fluorescence suggesting that it is not initial store depletion after the
initial addition of mannitol that leads to diminished Ca?* influx intensity. Although this
technique has been adapted from (Zeng et al, 2017) who has attributed the responses to
being responses in SOCE. It is important to be clear that what has been measured is Ca?*
influx which can be mediated by several channel types, including TRPC4 which is known
to play a role in the generation of SOCE like currents (Kim et al, 2012).
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Fig. 3.6 Hyperosmolarity reduces Ca?* influx and has no effect on Ca?* release in
EA.hy926 cells. Cells were loaded with FuraPE3-AM Ca’' dye (5 uM) for 1 hr prior to
experiment. Cells were treated with hyperosmolar Ca2+ free solution or control solution
containing no additional osmolytes for 5 min prior to experiment. Intracellular Ca’ stores

were depleted using 1 uM TG and 1.5 mM Ca’ to initiate SOCE. (A) Traces for Ca?*
release induced by TG and SOCE under hyperosmotic conditions. (B) Mean data for peak

fluorescence intensity of SOCE under hyperosmolar and control conditions (C) Mean +

SEM data for peak fluorescence intensity of Ca2+ release ( n=8 per group *P<0.05 **

P<0.01 37



To understand the effect of hyperosmolarity on endothelial cells in the physiological
condition, the same hyperosmolarity protocol was used on primary cultured human aortic
endothelial cells (HAEC). These primary cells provide a better in vitro model for studying
the vascular endothelium because they are known to maintain the natural endothelial
morphological and biochemical markers, unlike the immortalised EA.hy926 cells which

are known to lack some of the key endothelial biomarkers and receptors.

As with the EA.hy926 cells the HAECs also demonstrated a reduction in the peak
fluorescence intensity associated with Ca2*influx, the same as was seen in the endothelial
cell line EA.hy926 cells, Ca?* influx was also significantly inhibited by the 5-minute
hyperosmolar pre-treatment in the HAEC line (Fig. 3.7). The 19.5 mM mannitol group
significantly reduced the intensity of Ca?* influx associated fluorescence by 47.8% as did
the 30 mM group by 54.6% compared to the negative control group (19.5 mM-P=0.02
30 mM-P=0.0412). It is interesting to note that for this experiment (as with the EA.hy926)
there was no significant difference of the intensity associated Ca?* efflux as triggered by
the addition of TG (P=>0.05 for all groups) compared with the control group. 60 mM
caused a greater percentage reduction in peak fluorescence intensity than when compared
with the lower concentrations of mannitol as well as being a greater reduction than with
the EA.hy926 cell experiment at 65.3% compared with the negative control group. These
results suggest that the hyperosmolar condition has the ability to reduce the intensity of

Ca2"influx but this may not be due to a reduced Ca?* efflux.
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Fig 3.7 Hyperosmolarity reduces store operated Ca?* release in HAEC cells. HAEC
cells were loaded with Fura PE3-AM Ca’ dye (5 uM) and then treated with either
control or hypertonic Ca’ " free solution for 5 min prior to experiment after aspiration of
the dye loading solution. Intracellular Ca’ stores were depleted using 1 uM TG and 1.5
mM Ca2+ bath solution was added to initiate SOCE. (A) Mean florescence intensity in

control and hyperosmotic groups following Ca’ store depletion and SOCE. (B) Mean
peak fluorescence intensity of SOCE trace in control and hypertonic groups. n=8 per

group, one-way ANOVA was used to test significance P<0.05 **P<0.01.
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To further confirm the effect of hyperosmolarity on SOCE rather than simply on Ca%*
influx EA.hy926 cells underwent the experiment (exposed to 30 mM mannitol) but with
the additional test included to see if TG added prior to Ca?* would affect the result. As
can be seen in Fig 3.8, where the cells were not treated with TG there was no significant

effect of attributed to the treatment with hyperosmolarity (P=>0.05).

Although the other group that was treated with TG before the addition of Ca* showed a
robust reduction in Ca?" influx by 42.7% (P=0.015). Suggesting that the sensitivity of
Ca2* influx intensity to hyperosmolarity is dependent upon the emptying of ER Ca?
stores before the re-introduction of Ca?* into the system, this would be characteristic of
the STIM/Orai SOCE apparatus (Feske et al., 2006). Something that is also worth noting
within Fig 3.8 is the fact that the 30 mM osmolarity + TG group showed a quicker
recovery to baseline than with the negative control group. This could be due to the
mannitol hyperosmolar condition causing cytoskeletal or ER changes resulting in a
quicker Ca?* efflux signal. Although this is speculative and based only on the importance
of cytoskeletal rearrangement for the activation of these channels (Babich and Burkhardt,
2013). There is no significant difference between the peak TG related fluorescence
(P=0.124) although this difference in intensity does become significant at 250 seconds

(P=0.048).
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3.2.6 SOCE in endothelial cells is mediated by Orai channels

Fig 3.9 shows the results of the Orai 1-3 siRNA transfection on the intensity of the Ca?*
efflux and influx in EA.hy926 endothelial cells. There was no significant difference in
peak TG induced ER Ca?*efflux between any of the Orai siRNA transfected groups
(P=>0.05 for all groups). Fig 3.9 shows that the Ds-red transfection efficiency tracer did
not have a significant effect on the intensity of peak Ca?* intensity, thereby suggesting
that the lipofectamine 3000 transfection protocol did not have a significant effect on the
Ca?* dynamics of these cells which are in line with other published literature (Li et al.,
2019). The Orai-1 siRNA had the greatest effect on the intensity of Ca?* influx, reducing
peak intensity by 64.83% compared with the negative control, a result with reached

significance (P=0.0011).

The Orai 2&3 siRNA transfected cells showed a significant reduction in peak Ca?* influx
(21.3% and 29.8% reduction compared to control respectively). Although both Orai 2&3
transfection did not cause as great a reduction as observed in the Orai 1 sSiRNA transfected
cells. As is to be expected, none of the siRNA transfections completely prevented the
Ca?* influx response. This is because it is known that no singular Orai subtype will be
responsible for the entirety of the SOCE response (Barr et al., 2009), but also these cells
are known to express Orai 1-3 proteins (Zeng et al, 2017). As well as other Ca?* channels
that are known to contribute to the store-operated influx response such as TRPC channels

(Kin et al, 2012)
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Orai 1-3 genes are required for the full generation of the classical SOCE response to ER
Ca2* store depletion (Bogeski et al., 2010). The strength of influx inhibition associated
with the three siRNA’s confirms the classical model of Orai subtype expression in human
cells is found in these EA.hy926 cells (Mercer et al., 2006). This data shows us that it is
likely that Orai 1 is the predominant subtype responsible for the generation of the SOCE
current in the EA.hy926 cells. It is also apparent that the Orai 2&3 variants contribute to
this SOCE signal to a lesser extent as can be seen by the relatively small reduction of
SOCE intensity associated with the Orai 2&3 subtypes in the siRNA transfections

reported in Fig. 3.8.

It is apparent that the EA.hy926 cell line expresses Orai 1-3 genes as well as the STIM
proteins that would be needed to allow for the SOCE signal (although not directly
measured in the previous experiments). EA.hy926 cells are a well-established endothelial
cell model although it is recognised that there are limitations in how applicable results
generated with these cells are to human cells in vivo due to the potential loss of some
endothelial markers with prolonged culture time (Bouis et al., 2001). Endothelial cells
are not the only cell type that would be susceptible to fluctuations in plasma osmolarity;
several other tissues would be considered as important in the osmotic response in the body

such as in the kidney.
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For this reason, the same experimental conditions were applied to the human proximal
tubular cells (HK2 cells). These HK2 cells are used as a common in vitro model for
investigations into kidney damage in diabetic nephropathy (Panchapakesan et al, 2004).
They were selected to understand whether hyperosmolarity could effect a functionally
and morphologically distinct cell type, which still has physiological relevance to clinical

hyperosmolarity.

As shown in Fig. 3.10, Orai 1 siRNA transfection significantly reduced the intensity of
Ca?* influx by 57.6% (P=0.012). Orai 2 & 3 transfection also significantly reduced the
intensity of Ca?* influx although to a lesser degree than with Orai 1 (13.6% & 13.7%
respectively). Fig 3.10 also shows that there is no significant difference between the
groups that were transfected with Orai 1-3 siRNA and the control group in respect to TG
induced Ca?* efflux. The second graph in Fig 3.10 shows that the hyperosmolar conditions
found to reduce Ca?* influx intensity in EA.hy926 cells also reduced the intensity of Ca2*
influx in HK2 cells. Both 19.5 mM and 30 mM mannitol were shown to reduce the peak
intensity of Ca?* influx by 23.2% and 24.1% respectively (P=<0.05 for both groups

compared to negative control).

60 mM mannitol caused the greatest reduction of peak Ca?* influx intensity (67.5%
reduction compared to negative control) (P=<0.01). One particularly interesting finding
from applying the hyperosmolar stimuli to the HK2 cells was that there was also a
significant reduction in the peak intensity of TG induced Ca?*efflux ) (P=<0.01). This is
different from the findings described earlier in the Ea.hy926 cells, which showed no such

response this is discussed in greater detail within the discussion section of this chapter.
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Fig. 3.9 SOCE intensity is reduced in EA.hy926 cells after 48 hr transfection with

Orai siRNAs. (A) Mean fluorescence intensity (340/380nm) of FuraPE3-AM

intracellular Ca’" dye following Ca’ store depletion and activation of SOCE following

transfection with the three Orai subtype targeted siRNAs. (B) Comparison of mean peak

. . 2+,
intensity of store-operated Ca influx between transfected and un-transfected groups.

The data were analysed with one-way ANOVA n=8 per group *P<0.05 **P=<0.01
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Fig. 3.10 Hyperosmolarity reduces store operated Ca?* entry in HK2 cells. Cells were

loaded with FuraPE3-AM dye (5 pM) and were pre-treated with hyperosmotic Ca’ free
bath solution for 5 minutes before addition of TG and 1.5 mM Ca®* solution. (A) SOCE
in HK2 cells after transfection with siRNAs targeting the Orai-3 genes for 48 hrs. (B)

Effect of hyperosmolarity on SOCE in HK2 cells.
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3.3 Discussion

Hyperosmolarity, as induced by the addition of mannitol, reduced endothelial cell
migration by 43.4% compared to the negative control group (P=<0.01) (Fig 3.1). This
same condition was found to be capable of increasing the proportion of dead cells per
well as seen in figures 3.2 and 3.3 but it did not affect endothelial cell proliferation as
seen in Fig. 3.4. The hyperosmolar condition was also seen to reduce endothelial cell
volume/surface area by 22.3% compared to the negative control group (60 mM at 10
minutes), although this reduction in cell surface area reached a plateau following 10
minutes treatment with the hyperosmolar condition. This data indicates that
hyperosmolarity, such as that observed in diabetic HHS, has the potential to negatively
affect the cells that make up the vascular endothelium and therefore could contribute to
the vascular complications of DM. This finding is supported within other published

material regarding endothelial cell function (Luh et al, 1996).

The methodology used to assess endothelial cell viability in this chapter paints a broad
picture of the effects of hyperosmolarity although it must be stated that these methods
may not be as sensitive or as precise as others available. For example, propidium iodide
has been challenged as a tool used to detect apoptosis as it has been found stain necrotic
cells as well as pre-apoptotic cells (Loo & Rilliema, 1998). Similarly, the scratch wound
healing assay has been challenged within publications with regards to its potential for
observer bias as well as questions being raised over whether this scratch model is a better
model for injury response rather than true “migration” due to the continued presence of

extracellular matrix in the “wound” (Hellewel et al, 2017).
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The experiments reported in this chapter have attempted to control for observer bias
wherever possible and arguably the results of the migration assay are just as significant if
they pertain to injury rather than true migration. As this is something that is impacted by
hyperglycaemia and the effect of osmolarity would therefore still be a reasonable line of
investigation. This is because it is known that diabetic patients have a decreased ability
to recover from vascular injury and the results presented in this chapter (Fig 3.1) may
suggest that elevated osmolarity could be a contributing factor, although much more in-
depth work would need to be performed to make this conclusion fully (Okonkwo and

DiPietro, 2017).

The increased cell death seen under the hyperosmolar condition is interesting as it may
indicate that cell death can be triggered by prolonged hyperosmolarity, separate from the
metabolic changes associated with hyperglycaemia as previously reported in (Meng et al,
2014). The increase in cell death caused by hyperglycaemic conditions seen in this
chapter is similar to that found in previous studies investigating ways to prevent this
damage (Wu et al., 1999). Prolonged hyperosmolarity is known to be damaging to cells
although this evidence helps us to see that hyperglycaemia is capable of having a

deleterious physical effect due to its ability to raise osmolarity (Amin et al., 2008).

The major conclusion that can be made from the endothelial cell viability data reported
in Figures 3.1-5 is that hyperosmolar condition is capable of significantly altering some
of the key cellular processes needed to maintain an optimum physiological environment.
This data does add to the published work on the effect of hyperosmolarity on endothelial
cell viability, although ideally some additional methods would be employed to better
understand and confirm this effect, for example, the use of fluorescence assisted cell
sorting in order to determine the effect of hyperosmolarity on apoptosis specifically as

opposed to cell death (Fig 3.3,4).
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As the cell shrinkage response did not appear to be capable of causing the changes in
endothelial cell motility and cell death due to the adaptive response of the cells (Fig 3.5)
it was therefore prudent to investigate intracellular processes what may be affected by the

hyperosmolar conditions.

Data presented in figures 3.6-7 of this chapter identified that the hyperosmolar condition
that caused the alteration in cell viability also reduced the peak intensity of Ca?* influx in
EA.hy926 cells (35.4% reduction compared to negative control). This is a novel finding
within the field and does offer a potential mechanism by which the hyperosmolarity was
altering the function of the endothelial cells as it is known that a reduction in Ca?* signal

intensity can lead to cell death and inhibited migration.

The Ca?* influx experiments reported in this chapter utilised a methodology that although
published as a SOCE measurement method it may be better termed a store-depletion
dependant calcium influx measurement (Zeng et al, 2017). This is because what is being
measured is the changes in cytoplasmic Ca?* concentration not the direct activity of the
SOCE channels. This is why a siRNA knockdown of the Orai channels was performed
(Fig. 3.8) as this confirmed that the intensity of Ca?* influx was reduced when the Orai
channels were knocked down. This knockdown showed reductions in intensity that
conformed to the known proportion of Orai expression in non-excitable cells (Li et al,
2019), with Orai 1 siRNA producing the greatest reduction in Ca?* influx (>50%) and

with Orai 2&3 siRNA’s producing a less dramatic reduction in Ca?* influx.
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These results increase the confidence that what was observed in earlier experiments in
regards to the reduction in Ca?* influx would be due, at least in part, to the alteration of
Orai channel activity. Even though other channels are known to contribute to the SOCE
process, for example, TRPC (Kim et al, 2012) it is known that the Orai channels are the
major contributors as other work has shown that when all three channels are inhibited or
silenced the SOCE signal is undetectable (Li et al, 2019). As such further investigation
into the effect of hyperosmolarity on Ca?" will focus upon the SOCE apparatus

STIM/Orai.

Data shown in this chapter provides evidence that the effect caused by the hyperosmolar
condition is dependent upon the depletion of ER Ca?* by TG indicating that alterations in
the Store-Operated Ca?* channels have caused the change in Ca?* dynamics (Fig. 3.8).
The Ca?* entry observed in the non-store-depleted group is significantly lower in intensity
when compared with the store-depleted group (P=0.0256) which suggests that this entry
effect would not be capable of confounding the SOCE response. This is an important
finding when we consider the number of non-store operated Ca?* channels that are capable

of producing a similar signal (Moccia et al., 2015).

HAEC cells were used to confirm the results of the hyperosmolar experiments because
these primary cells more closely model the in vivo endothelium due to these cells coming
directly from human aortic tissue (Sprague et al, 1997). The data presented in this chapter
shows that the SOCE reduction effect caused by hyperosmolarity is not unique to
EA.hy926 cells but is also seen in the primary HAEC cells. This finding may provide
evidence that this effect may not just be experimentally exciting but could be of clinical
interest due to seeing this effect in primary human cells that are a very well-established

cellular model of the aortic endothelium (Sprague et al., 1997).
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One of the impressive results reported in this chapter is the effect that extreme
hyperosmolarity (60 mM mannitol) has not just on Ca?" influx but it also appears to
reduce the intensity of the store-release signal (initiated by TG) in HK2 cells. This may
mean that these cells could be more sensitive to the stimulus, perhaps due to more
significant changes in cell volume as these cells are smaller in surface area than EA.hy926
cells. 60 mM mannitol is without a doubt an extreme hyperosmolar condition and such
extreme hyperosmolarity would be exceptionally rare within even the poorly controlled
diabetes disease state. So, although this result is interesting in comparison to the
EA.hy926 cell results it is important to note that this condition may not occur easily within

the real body situation.

HK2 cells were also used in these experiments to determine if a cell type that would be
key in the regulation of hyperosmolarity is also affected by the hyperosmolar condition
(Panchapakesan et al., 2013). The HK2 cells are a cell line derived from the proximal
tubule and as such, it is a cell type that would be of interest when assessing the impact of
hyperosmolarity on these cells. This is because of the role that the proximal tubule plays
in the reabsorption of various substances (and of course pH regulation) but the proximal
tubule is of particular interest in the progression of diabetic nephropathy (Vallon, 2011).
It was therefore interesting to see in Fig. 3.10 that the intensity of peak Ca?* influx was

significantly reduced by pre-treatment with the hyperosmolar condition.
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Although the response was less profound in the HK2 cells (reductions of ~20% compared
with negative control) there was still a significant reduction in SOCE intensity under the
hyperosmolar condition, indicating that the response is not cell-type specific and that this
effect could be capable of causing damage to cells of several tissue types and not just the

vascular endothelium.

These findings provide evidence that hyperosmolarity is capable of reducing the peak
intensity of SOCE; although interestingly the hyperglycaemic conditions reported in
(Daskoulidou et al., 2014) increased the intensity of SOCE whereas the hyperosmolar

condition used in these experiments decreases the intensity of SOCE.

One potential reason for this difference could be that the Orai channels are osmosensitive
but this osmosensitivity is overcome in the hyperglycaemic conditions alterations in cell
signalling. Another reason for the difference in response between the hyperglycaemic and
hyperosmotic stimuli could be the fact that glucose can enter the cells and change
intracellular pathways whereas the mannitol used as the hyperosmolar agent is not able
to be taken up by the cells, therefore, producing a greater cell shrinkage response and

possibly altering SOCE through an alternative pathway.

To summarise, the major findings presented in this chapter were first that the
hyperosmolar stimuli reduces the migration of endothelial cells as well as increasing their
rate of cell death compared to the control. Secondly, the hyperosmolar condition reduced
the peak intensity of SOCE in endothelial cells and proximal tubule cells. These findings
warrant further investigation to ascertain the role of the Orai/STIM apparatus in the

generation of this reduced SOCE effect.
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Chapter 4

Hyperosmolarity reduces SOCE through

modulation of Orai 1-3 channels
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4.1 Introduction

In chapter 3, it was found that hyperosmolarity reduces the migration of endothelial cells
and increases cell death (Figures 3.1-3.5). Such effects are associated with a significant
reduction in peak Ca?* influx intensity (Fig 3.6-9) in the EA.hy926 endothelial cell model.
This is a novel finding and warrants a more detailed investigation into the effects that this
hyperosmolar condition has on the specific SOCE apparatus-STIM/Orai. As discussed in
the previous chapter the experiments performed to determine the effect of
hyperosmolarity on TG induced Ca?* efflux and influx could not be considered specific
to the activity of the Orai channels because only Ca** movement and concentration was

being measured (Daskoulidou et al, 2015).

In order to understand the effects of hyperosmolarity on individual Orai subtypes, the
inducible expression system TREx Orai mCherry GFP STIM will be used in this chapter.
The HEK T-REXx cells overexpressing Orail/STIM1, Orai2/STIM1 and Orai3/STIM1
will be tested under the hyperosmolar condition. One aim behind using these transfected
cells is to see whether specific subtypes of the Orai channel are more susceptible than
others to the hyperosmolar condition, as this would provide a greater understanding as to
which subtype may be producing this effect within the endothelial cells (Figures 3.5-9).
It is not unreasonable to expect different responses in the subtypes because structural
differences between the variants are known to lead to unique pharmacological modulation
of these channels (Bogeski et al, 2012). For example, 2-APB is a potent inhibitor of Orai
1&2 but has been found to be a highly selective activator of Orai 3,(Bernhard et al, 2018),
we, therefore, may postulate that any sensitivity to osmolarity could likewise be affected

by the structural variations present in the Orai subtypes.
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An investigation was also performed into whether the Orai/STIM channels are
contributing to the surface area reduction response that was observed in the EA.hy926
cells (Fig 3.4). This was done in order to see whether the modulation of SOCE under the
hyperosmolar condition is due, in part; to an effort to limit cell volume changes as Ca?*

could one of the osmolytes lost by the cell under the hyperosmolar condition.

Other work reported on in this chapter includes the initial investigation into
pharmacological agents in order to ascertain any protective effect that they may have on
against this reduction of SOCE under hyperosmolar conditions. The two compounds
screened were mibefradil and TH1177. These are both T-type voltage-gated Ca?* channel
blockers that are known to have off-target effects (Viskoper et al., 1997) for example,
mibefradil is known to inhibit the activity of the K™ channel Kv10.1 (Wang et al., 2017).
Another off-target effect of mibefradil and TH1177 which is now used clinically is in the
reduction of proliferation (Lijnen et al., 1999). As such this drug is now being explored
as an anti-cancer drug (Cove-Smith et al., 2013). Work performed in the lab by other
researchers has revealed that mibefradil and TH1177 were capable of reducing the
intensity of SOCE (Li et al, 2019). Although what was not known, was the effect of higher
concentrations of the compound on SOCE. Because the SOCE proteins are known to
respond differently to different concentrations of pharmacological inhibitors/activators
(Bogeski et al, 2010) it is postulated that a high dose of these compounds could offer a

protective effect against the reduction in SOCE under hyperosmolarity.
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1% Hypothesis- Hyperosmolarity will reduce the intensity of SOCE in HEK cells

overexpressing Orai-1-3/STIM1

2" Hypothesis- The overexpression of these channels will increase the intensity of

hyperosmolarity related cell shrinkage

3" Hypothesis- High dose mibefradil/TH1177 will offer a potential protective effect

against hyperosmolarity by increasing the intensity of SOCE
4.2 Methods

The HEK-296 cells used in this experiment were transfected using the pcDNA4/TOSPI
tetracycline (Tet) regulatory vector system in a process published by (Zeng et al, 2017).
The genes transfected were Orai 1-3 (GenBank accession numbers: Orail, NM_032790;
Orai2, NM_032831; Orai3, NM_152288) as well as all transfected cells being transfected
with STIM 1 (GenBank accession number: NM_001277961). The Orai genes were tagged
with the mcherry fluorescent protein marker and the STIM 1 gene was tagged with green
fluorescent protein (GFP), this allowed for visual confirmation of overexpression under
fluorescence microscopy prior to experimentation. Native (un-transfected) HEK 293 cells
were used as the true “negative control group” in these experiments as well as the un-
induced transfected cells. This is because the STIM-1 gene is not induced by the presence
of tetracycline, unlike the Orai genes meaning that even though the Orai channels would
not be overexpressed in the non-Tet control group there could still be a confounding effect
caused by the overexpression of STIM/1. All negative control groups used in this
experiment also contained 1 uM tetracycline in order to ensure that this did not have an

effect in and of itself on the outcome of the experiments.
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The negative control groups also did not contain any additional mannitol. Cell volume
experiments were performed according to the protocol described in the Methods section
of this thesis. The high concentration of mibefradil and TH1177 (100 uM) used in the
compound test experiment was decided upon because the ECso of this compound was
found to be 3.6 M by other researchers (Li et al, 2019). As such, it was decided to use a
concentration that greatly exceeded this in order to determine if such high levels could

have a stimulatory effect on the activity of SOCE.

4.3 Results

4.3.1 Effect of hyperosmolarity on SOCE in T-REx cells overexpressing Orai 1
channels

Fig. 4.1 shows that the hyperosmolar condition (19.5 mM mannitol) significantly reduced
SOCE in HEK 293 T-REX cells overexpressing Orai 1/STIM1 (P=0.042). This represents
a relative reduction of 22.2% compared with the negative control group (no mannitol).
However, the hyperosmolar condition had no effect on ER Ca?" release, which was
induced by TG (P=>0.05). The un-transfected (native) HEK 293 T-REXx cells were used
as a second negative control group, and the same hyperosmolar condition did not have a
significant effect on SOCE and TG induced ER Ca?" release (P=>0.05 for both groups).
This data suggests that hyperosmolarity can inhibit SOCE through Orail channel.
Interestingly when we compare the two control mannitol groups (native HEK cell- no
mannitol- transfected cell overexpressing Orai 1- no mannitol) we see that the intensity
of peak SOCE (Ca?*influx) is 51.3% lower in the cells not overexpressing the Orai 1
channels (Fig 4.1). This indicates that the native HEK293 cells are capable of generating
the SOCE signal, as seen in other published data (Daskoulidou et al 2015) but this is
significantly increased in the HEK293 cells that are overexpressing the Orai 1 channel

(P=0.0015).
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Fig. 4.1 Hyperosmolarity reduces SOCE via Orail channels. HEK293 T-REx cells over-expressed

STIM1/Orail, which was induced by 1 pg/ml tetracycline. Two control groups were used, firstly the cells

overexpressing Orai 1 are compared to a no mannitol control, secondly non-transfected cells were also treated

with the mannitol or no-mannitol condition .Cells were loaded with 5 uM Fur PE3-AM ca” dye and detected
by Flexstation 3. Both transfected and un-transfected cells were pre-treated with 19.5 mM mannitol or control
for 5 min prior to experiment (A) Mean fluorescence intensity in hyperosmolar and normal osmolarity control
groups in Orail/STIM1 overexpressing cells. (B) Mean peak fluorescence intensity for both Ca” store release
and SOCE in STIM1/Orai 1 overexpressing cells. (C) Mean florescence intensity in hyperosmolar and control
groups in un-transfected cells. (D) Mean peak fluorescence intensity for both Ca’" store release and SOCE in

un-transfected cells. n=8 wells per group * P<0.05 118



4.3.2 Effect of hyperosmolarity on SOCE in T-REx cells overexpressing Orai2

channels

Fig.4.2 shows that pre-treatment with the hyperosmolar condition (19.5 mM mannitol)
lead to a significant reduction of SOCE in HEK 293 T-Rex cells overexpressing Orai 2/
STIM 1 (P=0.041). This represents a relative reduction of 33.4% compared with the co
mannitol control group (Fig 4.2). The hyperosmolar condition did not have a significant
effect on the TG induced ER Ca?* release (P=>0.05). This indicates that this hyperosmolar

effect is not effecting the release of Ca?* from the cells but rather the influx of Ca?".

The same hyperosmolar condition did not have a significant effect on the peak intensity
SOCE in the un-transfected HEK 293 T-REXx cells used for the negative control group
(P=>0.05). The peak intensity of Ca?* influx within the un-transfected cells was not only
not affected by hyperosmolarity but was also significantly lower than the non-
hyperosmolar control group of the Orai 2 overexpressing cells (P=0.001). The intensity
of Ca®* influx was 44.5% lower in the non-hyperosmolar Orai 2 overexpressing cells than
in the non-hyperosmolar native control cells. This not only indicates that the
overexpression of Orai 2/STIM 1 is capable of increasing the intensity of Ca?* influx, a
well-known concept (Zeng et al, 2017) but it suggests that native HEK cells also express

the SOCE proteins.
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Fig. 4.2 Hyperosmolarity reduces SOCE via Orai2 channels. HEK293 T-REX cells over-
expressed STIM1/Orai2, which was induced by 1 pug/ml tetracycline. Two control groups were used,
firstly the cells overexpressing Orai 2 are compared to a no mannitol control, secondly non-
transfected cells were also treated with the mannitol or no-mannitol condition. Cells were loaded
with 5 uM FuraPE3-AM Ca”’ dye and detected by Flexstation 3. Both transfected and un-transfected
cells were pre-treated with 19.5 mM mannitol or control for 5 min prior to experiment (A) Mean

fluorescence intensity in hyperosmolar and normal osmolarity control groups in Orai2/STIM1

overexpressing cells. (B) Mean peak fluorescence intensity for both Ca”" store release and SOCE in

STIM1/Orai 2 overexpressing cells. (C) Mean florescence intensity in hyperosmolar and control

groups in un-transfected cells. (D) Mean peak fluorescence intensity for both Ca”" store release and



4.3.3 Effect of hyperosmolarity on SOCE in T-Rex cells overexpressing Orai3
channels

Fig.4.3 shows that the hyperosmolar condition (19.5 mM mannitol) leads to a significant
reduction of SOCE in HEK 293 T-Rex cells overexpressing Orai 3/ STIM 1 (P=0.032).
This represented a reduction in peak Ca?* fluorescence intensity of 32.6% compared to
the non-hyperosmolar control group. The same hyperosmolar condition did not have a
significant effect on the level of SOCE in the un-transfected HEK 293 T-REXx cells used
for the negative control group (P=0.980). TG induced Ca?* efflux from the ER was not
affected in either experimental or the un-transfected control groups (P=>0.05 for both
groups). The peak Ca?" influx fluorescence intensity was far greater in the HEK293 cells
overexpressing the Orai 3 channel (non-hyperosmolar control) compared with the non-
transfected cells (non-hyperosmolar control), this is a 46% increase in favour of the Orai

3 overexpressing HEK293 TRex cells.

It is also interesting that the peak intensity of Ca?* influx in the HEK293 TRex cells
overexpressing the Orai 3 channel is higher than in the other HEK293 TRex cells
overexpressing the Orai 1 and Orai 2 channels (Figures 4.1-3). Orai 3 overexpressing
cells had a mean peak influx intensity of 4.4 Arbitrary units (AU) whereas Orai 1 had a
peak mean influx intensity of 3.1 AU and Orai 2 a mean peak of 3.4. None of these
differences reached statistical significance (all groups P=>0.05) although the higher
signal intensity associated with Orai 3 has been discovered and published in other work

(Daskoulidou et al, 2015).
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Fig. 4.3 Hyperosmolarity reduces SOCE via Orai3 channels. HEK293 T-REx cells over-
expressed STIM1/Orai3, which was induced by 1 pg/ml tetracycline. Two control groups were used,
firstly the cells overexpressing Orai 3 are compared to a no mannitol control, secondly non-

transfected cells were also treated with the mannitol or no-mannitol condition .Cells were loaded

with 5 uM FuraPE3-AM ca” dye and detected by Flexstation 3. Both transfected and un-transfected
cells were pre-treated with 19.5 mM mannitol or control for 5 min prior to experiment (A) Mean

fluorescence intensity in hyperosmolar and normal osmolarity control groups in Orai3/STIM1

overexpressing cells. (B) Mean peak fluorescence intensity for both Ca’ store release and SOCE in

STIM1/Orai 3 overexpressing cells. (C) Mean florescence intensity in hyperosmolar and control

groups in un-transfected cells. (D) Mean peak fluorescence intensity for both Ca”" store release and

SOCE in un-transfected cells. n=8 wells per group * P<0.05
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4.3.4 Effect of extreme hyperosmolarity on SOCE in TREX cells overexpressing Orai
1-3 channels

Fig.4.4 shows that extreme hyperosmolarity (30, 60 & 90 mM mannitol) causes a
significant reduction of SOCE intensity in HEK 293 T-REXx cells overexpressing Orai 1,
Orai 2 & Orai 3/ STIM 1 proteins. Within the Orai 1 overexpressing cells the extreme
hyperosmolar conditions (30 & 60 mM) reduced the intensity of Ca?* influx by >50%
compared to the non-hyperosmolar control group (Fig 4.4 A+B). The 90 mM condition
reduced the intensity of Ca?" influx intensity by 91.1%, which nearly prevented the
response entirely. Although this level of experimentally induced hyperosmolarity does
not easily translate to the clinical condition due to its extremity, it does offer interesting
insight into the powerful effect that extreme hyperosmolarity can have on the activity of

these channels.

Another finding revealed within this figure is that TG induced Ca®* store-release was
significantly inhibited in the extreme hyperosmolar conditions. Both 30 and 60 mM
mannitol groups showed a reduction of greater than 50% compared to the non-
hyperosmolar control, and the 90 mM mannitol group demonstrated a 73% reduction
compared to control compared to the non-hyperosmolar control group (all results
significant at the P=<0.001 level). This same significant reduction on Ca?* store release

was observed in all of the subtype variant (Orai 1-3) overexpressing HEK293 TRex cells.

Such reductions in TG induced efflux intensity have been described before in experiments
in rat liver explants having significant alterations made to their circadian rhythms (Ref
Ruiz 2011). In addition to this, work done by Jan et al revealed that the antifungal agent
econazole is capable of inhibiting this TG induced release of Ca?* from the ER of dog
kidney cells (although this was due to econazole depleting the Ca?* stores before the

addition of TG) (Jan et al, 1999).
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The Orai 3 channel can be activated by 2-APB at a 50 uM dosage (Bogeski et al, 2010).
To further confirm the effect of extreme hyperosmolarity on Orai3 channels, 2-APB at
50 uM was used as an activator for Orai3 (Bogeski et al., 2010). Fig 4.5 shows that
mannitol at concentrations of 30, 60 & 90 mM all showed a significant reduction in the
intensity of Ca?* influx as mediated by Orai 3. 30 mM mannitol yielded a 29.8%
reduction in mean peak intensity compared with the no-mannitol control group. Likewise,
fig 4.5 shows that 60 & 90 mM mannitol reduced the peak Ca?* influx intensity by 52%
& 67% respectively compared to no-mannitol control. All of the reductions from control
stated reached statistical significance (P=<0.05). Because this dosage of 2-APB activates
Orai 3 specifically this result suggests that the activity of the Orai 3 channel is

significantly inhibited under extreme hyperosmolarity.

This adds helpful insight to the body of evidence presented in figures 4.1-5 because
although they are overexpressing the Orai 1-3 channels there is still a chance that native
channels may be contributing to the Ca?* influx observed, all be it expected to be less
than cells not overexpressing the channels. Because the 2-APB is a specific activator of
this channel at the concentration used, as the evidence stands thus far, this allows us to
observe that it is likely that it is this family of proteins that may be responsible for the

reduction in Ca?" influx in response to hyperosmolarity.
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Fig. 4.4 Extreme hyperosmolarity reduces store operated Ca?*entry in HEK293 T-Rex

cells over expressing the STIM 1/Orail-3. All over-expressing cells were activated using 1

png/ml tetracycline for 24hrs prior to experiment and all cells were loaded with FuraPE3-AM

dye (5 uM) for 1 hour prior to experiment. (A), (C) & (E). Charts showing normalised mean

florescence intensity in hyperosmolar and control groups in Orail-3/STIMI1 overexpressing

cells. (B), (D) & (F). Bar charts showing normalised peak florescence intensity during SOCE

in STIM1/Orail-3 overexpressing cells. Significant difference between groups was

determined by one-way ANOVA n=8 wells per group *P<0.05 ** P<0.01 *** P<0.001
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Fig. 4.5 Hyperosmolarity reduces Ca?* influx in STIM1/Orai3 cells using the activator
of 2APB. All cells were induced with tetracycline 1 pg/ml 24 hrs prior to experiment and
the cells were loaded with 5 uM Fura PE3- AM prior to experiment. (A) Mean normalised
fluorescence intensity (A340/380) of HEK293 T-Rex cells after the addition 2APB (50 uM).
(B) Mean fluorescence intensity of all cell groups at the start of experimentation. (C) Mean
peak fluorescence intensity of Ca®" influx induced by 2-APB following treatment with
normal or hypertonic solution. Significance was determined using one-way ANOVA (n = 8

wells per group, *P<0.05, **P<0.01).
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4.3.6 Hyperosmolarity induced HEK 293 T-REx cell shrinkage is not affected by

Orai/STIM overexpression

Having confirmed the effect of hyperosmolarity on the activity of the STIM1/Orai
channels, the next logical step of this investigation was to see whether the overexpression
of these channels affects the cell volume response, since hyperosmolarity cause cell
shrinkage as shown in chapter 3. Therefore, the cell volume response experiments were
performed on the HEK293 T-REX cells overexpressing STIM1/Orai. Overexpression of
Orai channels did not significantly affect the cell shrinkage response to hyperosmolarity
(Fig. 3.6), although the hyperosmolar conditions (30, 60 & 90 mM mannitol) did
significantly reduce the surface area/volume of the cells compared with the no-mannitol
control groups. For example, after 5 minutes incubation with the 30 mM hyperosmolar
condition all groups, whether overexpressing Orai channels or not, demonstrated a
significant reduction in surface area/volume (>10% for all groups) compared to the

negative (no-mannitol) control groups.

There was also no significant difference in the shrinkage response between cells
overexpressing the different Orai subtypes (Orai 1-3) at any of the concentrations of
mannitol used. This suggests that there is not one specific subtype that could contribute
to the cell shrinkage response more than the others and that the overexpression all
subtypes is unrelated to the cell shrinkage response in response to the hyperosmolar

stimuli.
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Fig. 4.6 Overexpression of Orai 1-3/STIM 1 in inducible HEK293 TRex cells did not
affect the hyperosmotic cell volume response. (A) Cell volume reduction at 30, 60 and
90 mM mannitol, comparing cells over-expressing Orail/STIM1 and non-induced (Tet-)
HEK T-REx cells. (B) Examples for Orai 1 HEK 296 cell volume response to mannitol (30
mM). (C) Cell volume response to mannitol for Orai2/STIM1. (D) Orai3/STIM1 cells. One
way ANOVA was used for comparison among the different concentrations of mannitol
compared to the control group. T-test was also be used for comparison between tet+ and
tet- groups at a same concentration. (n = 6 wells per group (3 photographs per well) *

P<0.05 **P<0.01). 128



4.3.7 SOCE inhibited by TH1177 and mibefradil in EA.hy926 and HK2 cells

TH1177 and mibefradil are T-type channel blockers, although mibefradil has been shown
to inhibit the activity of L type calcium channels as well (Viscoper et al, 1997). It has also
been demonstrated that the two compounds significantly inhibited Orai channels with a
relatively low ECsp of 3.6 uM (Li et al, 2019). As was explained in the introduction of
this chapter, because of the unique response that the Orai channels have to some
pharmacological compounds we postulated that a higher dose of these compounds might
offer a protective effect to the inhibition caused by hyperosmolarity. Therefore, the effect
of two compounds on SOCE in the endothelial cell line (EA.hy926) and human proximal
tubular cells (HK2 cells) were tested. As shown in Fig. 4.7, TH1177 at 100 uM inhibited
TG-induced Ca?* release and completely abolished SOCE in HK-2 cells and EA.hy926
cells. As demonstrated in chapter 3, hyperosmolarity inhibited the SOCE in both cell
types. Similar results were observed for mibefradil (Fig. 4.8) whereby SOCE peak
intensity was significantly reduced to the point of preventing Ca?" in its entirety
(P=0.001). These data suggest TH1177 and mibefradil even at high concentrations, are
inhibitors for SOCE therefore not offering any protective effect against the hyperosmolar

condition.

Although this outcome was not hypothesised it does not mean that this data is no longer
of any value, on the contrary, another major finding reviewed in Fig 4.7 is that the two
compounds significantly inhibited the release of Ca?* from the ER as triggered by TG.
This is a novel finding and suggests another off-target effect for these compounds, which
may not make then effective voltage-gated Ca?" antagonists but this may better help us to

understand the anti-proliferative effects of these drugs within cancer treatment.
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Fig. 4.7 TH1177 reduces SOCE and Ca?* store-release in both HK2 and EA. hy926

cells. Cells were treated with either the mannitol/compound for 5 minutes prior to

experimentation. The control condition did not get pre-treated with mannitol or

compound. (A) Mean fluorescence intensity in control, mannitol, TH1177, and mannitol

+ TH1177 groups in HK2 cells. (B) Peak mean fluorescence intensity of SOCE in. (C)

Mean florescence intensity in EA.hy926 cells treated with TH1177 and mannitol. (D) Peak

mean fluorescence intensity for SOCE . One-way ANOVA was used to test for

significance. (n=8 per group * P<0.05 ** P<(0.01 *** P<(0.001)
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Fig. 4.8 Mibefradil reduces SOCE and Ca?* store-release in both HK2 and EA. hy926

cells. Cells were treated with mibefradil and mannitol 5 minutes prior to experimentation

in the test condition and were not subject to this pre-treatment as control. (A) Mean

fluorescence change in mannitol, mibefradil and mannitol + mibefradil groups in EA.hy926

cells. (B) Peak mean normalised fluorescence intensity of SOCE in (A). (C) Mean

fluorescence intensity in HK2 cells treated with mibefradil and mannitol. (D) Peak mean

florescence intensity for SOCE in (C). (n=8 per group * P<0.05 ** P<(0.01 *** P<(0.001)
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4.4 Discussion

All three of the Orai subtypes are sensitive to hyperosmolarity as seen by the reduction
of SOCE in HEK293 T-REX cells overexpressing the STIM1/Orail-3 channels (Fig 4.1-
3) all of the subtypes demonstrated a >20% reduction in peak Ca?* intensity compared
with the control. The un-transfected HEK293 TREXx control cells did not respond to the
hyperosmolar stimulus, which allows the conclusion to be drawn that the effect is not
being caused by another Ca?* channel that is natively expressed in this cell line. These
native cells demonstrated a significantly lower peak Ca?* influx compared to the Orai
overexpressing cells this is similar to results published by (Zeng et al, 2007) which also
showed that the un-transfected demonstrated a lower intensity than the cells

overexpressing the channels.

The data presented in this chapter also revealed an interesting effect caused by more
extreme hyperosmolar conditions (30 60 and 90 mM mannitol) this extreme
hyperosmolarity was capable of not only reducing the intensity of Ca?* influx but it also
significantly reduced the intensity of the TG mediated ER Ca?* efflux (Fig 4.4). This
reduction in Ca?* efflux intensity is a novel finding in regards to being caused by
hyperosmolarity although other researchers have shown inhibition of this signal in other
cell types unrelated to hyperosmolarity (Bissonnotte et al, 2008). As discussed in the
previous chapter the extreme hyperosmolarity used is of limited value when trying to
compare the in vitro results to the clinical condition because only in some of the extreme

circumstances would one expect to see plasma glucose levels greater than 30 mM.

132



The fact that the reduction in SOCE is not seen in the un-transfected HEK293 cells but
the same condition significantly reduces SOCE intensity in the EA.hy926 cells is of
interest (Figures 4.1-3). One possible explanation for this could be a reduced expression
of the Orai proteins in these cells in comparison to other cell types although data to
suggest this is absent in the literature. Another possible explanation of the difference in
response could be that these cells may be more resistant to the hyperosmolar condition.
Because the more extreme hyperosmolar conditions were not applied in the un-
transfected HEK293 cell experiments the effect could still be present but was not seen

under the 19.5 mM mannitol condition.

Interestingly the results of these investigations show the opposite response to
hyperglycaemic stimuli. Hyperglycaemia has been shown to upregulate the activity of
Orai 1-3 in endothelial cells (Daskadiliou et al 2015) whereas these data show the
opposite effect for hyperosmolarity even though it is a concomitant factor with
hyperglycaemia. This need not be thought of contradicting evidence but rather may be
explained through an exploration of the previous methods used and the clinical condition

being modelled in this body of work.

The methodology described in Daskadiliou et al (2015) indicates that what was being
modelled was acute hyperglycaemia which was modelling a “typical transient”
hyperglycaemic condition and their work may have described a more transient effect on
the activity of these channels. Further to this, it is possible that the glucose used in these
experiments would have a different effect due to the cells ability to uptake this glucose in
the incubation period and therefore produce a different cellular effect to the mannitol used

in this work, which would not be able to enter the endothelial cell model.
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The methodology used in the experiments described in this chapter describe a less
transient cause of hyperosmolarity, this is the condition of the hyperosmolar
hyperglycaemic state. The plasma osmolarity in this condition will be elevated for a
longer period than in other cases of hyperglycaemia seen in diabetic patients and as such
could have a different effect on SOCE activity than the transient hyperglycaemia

modelled in Daskadiliou et al (2015).

This is a very different condition than what was used in the hyperglycaemia study; it
should therefore not be surprising that the response of the channel to this extreme short
term condition should be different. What is of significance is that in both of these
conditions Ca?* regulation is altered within vascular endothelial cells and both can
contribute to major complications. Plasma osmolarity is closely controlled through not
just maintenance of water balance but also at the cellular level by sodium/potassium
pumps combating to osmolar changes as well as the kidneys actively retaining water

during cases of serum hyperosmolarity.

As can be seen in Fig. 4.6 the overexpression of the STIM1/Orail-3 proteins does not
affect the intensity of the cell shrinkage response to the hyperosmolar condition.
Therefore, it is not likely a direct effect of hyperosmolarity upon the conformation of the
channel that is producing the reduction in SOCE intensity effect, although this cannot be
fully proven by such a simple experiment. If these channels were contributing to the
overall osmosensitivity and osmoregulation of the cell, similar to other channels that are
known to be directly sensitive to changes (Christensen and Corey, 2007). it would have
been expected that the overexpression of these channels would alter the cell shrinkage
response. This may indicate that although the activity of the channels is altered under
increased hyperosmolarity it may not be a true “function” of the channel to help regulate
the overall intracellular/extracellular osmotic gradient.
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Because the Orai channels do not contribute to the cell shrinkage response, as seen in Fig.
4.6 the reduction in SOCE intensity is likely due to an indirect effect. Because ROS have
been shown to modulate the activity of SOCE proteins, albeit in a way that is
multifactorial and complex (Bogeski et al., 2010). It is prudent in the next steps in this
investigation to understand whether the hyperosmolar condition used in this experiment
Is capable of significantly increasing intracellular/extracellular ROS. Should this be the
case; the role of ROS in the SOCE reduction response to hyperosmolarity can be further
investigated and perhaps explored as a means of preventing the effect. Any direct effect
that the overexpression of Orai channels could have on the cell shrinkage response could
be easily masked by the more intense activity of the Na*/K* exchange pumps which are
directly implicated in the regulation of cellular volume in response to osmotic changes
(Johnson, Shapiro and Risbud, 2014). This is further supported by foundational data
which describes K& Na* as the primary cellular osmolytes (Sedj et al, 2010) and in the
response to hyperosmolarity, it would not be Ca? that would be preferentially lost from
the cell. This is due, in part, to the key roles that the ion plays in so many cellular

mechanisms, as discussed in chapter 1 of this thesis.

The results of the mibefradil compound screening revealed some interesting and novel
results, which better helps us to understand this interesting compound. Mibefradil was
taken off the market due to potentially deadly drug interactions (Mullins et al., 1998).
This drug may have fallen out of favour as an anti-hypertensive compound but its non-
specific effects have been predicted to be of benefit in cancer therapy (Keir et al., 2013).
TH1177 is a T-type Ca?* channel blocker known for its diverse effect from an anti-
proliferative effect known to aid glomerular degeneration (Cove-Smith et al., 2013). As

well as effectively blocking the TRPV6 channel as shown in (Landowski et al., 2010).
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As yet both of these compounds have not been tested for their effect on SOCE so this data
will provide novel insight into these compounds but as well as this a potential for a
protective effect against the hyperosmolar condition can be investigated simultaneously.
The final finding of this chapter is that both mibefradil and TH1177 do not provide a
protective effect against the hyperosmolar response although it is novel to discover that
these compounds are capable of producing such a marked reduction in Ca?* release and

SOCE currents.

This exacerbates the reduction already caused by the hyperosmolar condition of interest
in these experiments. Although this finding is very interesting and novel, further work
was needed in order to determine a dosage curve as well as better understand the effect
that this effect has on the viability of cells and whether this reduction in SOCE is
contributing to the anti-proliferative effect noted in other studies. This work was
performed by other researchers within the laboratory and has been published (Li et al,
2019) in-depth work performed using electrophysiology confirmed the dosage response
of the Orai channels to these compounds. Interestingly the higher dosage (as used in fig
4.8,9) was found to be capable of inhibiting the proliferation of endothelial cells as well
as increasing the proportion of apoptotic cells (as measured by FACS) (Li et al, 2010).
The inhibitory effect of higher dose mibefradil on the TG induced Ca?* influx (as shown
in figures 4.8-9) may help us to understand the anti-proliferative effect that the
compounds have if Ca?* cannot be released from ER stores or replenished through SOCE

these cells will have many cellular processes negatively affected, including proliferation.
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These compounds can be considered “dirty” in the sense that they are found to have an
ever-increasing list of off-target effects, which is added to by the data in this chapter.
Although it was in part because of the many off-target effects that these compounds have
that they were screened for a potentially protective effect against hyperosmolar SOCE
reduction. Initial data suggested their inhibitory effect but there was potential for a dosage
response similar to that seen in 2-APB which could have combated the reduction in SOCE
intensity caused by hyperosmolarity (Bogeski et al, 2010). The off-target effects do mead
that the results described in this chapter would not be considered proof of a direct effect,
due to being unable to determine if the drugs reduced the SOCE by having an action on

an important messenger or molecule that leads to SOCE downregulation.

Because the compounds tested did not produce a protective effect ( i.e. increase SOCE
intensity and thereby resisting the hyperosmolarity related inhibition) and because the
pharmacological screening of multiple compounds is beyond the scope of this work it is
logical to instead perform deeper study into the mechanism by which hyperosmolarity is
capable of reducing the intensity of SOCE. The data in this chapter revealed that it is the
STIM1/Orail-3 apparatus that is the major contributor to the effect and as such, it is wise
to explore endogenous factors that are known to alter (and indeed reduce) the intensity of

SOCE under a stress stimulus such as hyperosmolarity.
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Reflecting upon the hypothesis that the experiments were intended to test set out in the
introduction of this chapter it is clear that SOCE is reduced under the hyperosmolar
condition (Figs 4.1-4) and more extreme hyperosmolarity is capable of reducing Ca?*
store-release intensity as well as Ca?* influx (Fig 4.4&5). The overexpression of these
channels did not affect the cell shrinkage response, so as such the shrinkage of these cells
may not be linked to Orai channel activity reduction under hyperosmolar conditions (Fig
4.6). It was also hypothesised that the compounds mibefradil and TH1177 would offer a
protective benefit to this Orai response to hyperosmolarity although the opposite was the
case, as treatment with these compounds essentially totally inhibited both SOCE and Ca?*

store release from the ER (Figures 4.7 & 4.8).

One factor that may provide an answer to the question of the underlying mechanism may
be found in the production (or indeed overproduction of ROS within these cells under the
hyperosmolar condition). If the cells used in the experiment do produce a greater amount
of ROS then this could be a potential mechanism leading to the reduction in SOCE
intensity because an increase in ROS is known to have many effects on the SOCE

apparatus, including a reduction in Orai activity (Bogeski et al., 2010).
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Chapter 5

Hyperosmolarity increases ROS production
potentially contributing to the impairment of
SOCE
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5.1 Introduction

The effect of ROS on the activity of STIM/Orai is complex, this is partly due to the exact
nature of many ROS species and SOCE protein interaction not been clearly elucidated.
As well as seemingly contradictory inhibitory and stimulatory effects that have been
documented (Bogeski, Kilch and Niemeyer, 2012). The application of exogenous ROS
(in the form of H2O> as well as other oxidants) has been shown to reduce the intensity of
SOCE (Tornquist et al., 2000). There are sources of ROS that are independent of the
mitochondrial electron transport chain, for example via the activity of membrane-bound
nicotinamide adenine dinucleotide phosphate (NADPH) Oxidase (Bedard and Krause,
2007) which in phagocytes are capable of producing an oxidative burst to aid lytic activity
(Rossi, 1986). Although NADPH is a key energetic molecule in all cell types. Of interest
to this body of work is the major role that NADPH oxidase plays in the generation of
ROS in vascular endothelial cells and the role that they can play in endothelial

dysfunction (Ray et al., 2005).

There are multiple sources of intracellular ROS but one of the more common sources of
endogenous ROS is the mitochondrion, via the escape of free electrons from the
respiratory electron transport chain (Bedard and Krause, 2007). When the free electrons
are transferred to a molecular Oxygen the Superoxide molecule is formed this Superoxide
molecule can then go on to combine into Hydrogen Peroxide (H20-) as well as other ROS

such as NO and Peroxinitrite (Ray et al, 2005).
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The interaction between the STIM/Orai and ROS appears to be mediated via the cysteine
residues present within the STIM/Orai proteins and subsequent S-glutathionylation of
these residues following exposure with ROS, thereby bringing about post-translational
modification of some key sites in the STIM & Orai structures ( Bogeski et al., 2010). It
is the S-glutathionylation of the SOAR region of STIM 1 by Hydrogen peroxide that has
been shown to activate SOCE independent of ER Ca®* store depletion (Grupe et al.,
2010). Although inhibition of SOCE is seen when ROS is applied for longer periods of
time (10-minute pre-treatment) and this has been linked to the cysteine residues of Orai
1 & 2 found within the transmembrane domain although this same effect was not seen in

Orai 3 overexpressing cells (Griesemer et al., 2010).

Mitochondrion NADPH Oxidases Cytokine and growth

electron transport
P factor receptors

chain leakage

Super oxide Protein oxidation

Peroxinitrite / s-glutathionylation

Nitric oxide

Peroxide

s-glutathionylation of
Cysteine residues in
SOAR region or STIM and
Orai
Fig. 5.1.1 Summary of major sources and types of intracellular ROS which lead to the modulation of

STIM/Orai activity. Figure is original but with information taken from (Rossi, 1986) & (Bedard and
Krause, 2017). 141



Data presented in the previous chapters have shown that SOCE intensity is inhibited in
both endothelial cells and in HEK296 cells overexpressing the STIM & Orai proteins
(Figures 3.5&6, 4.1-5). Although this does not appear to be directly mediated by the
physical cell shrinkage response as overexpression of the Orai channels did not have any
effect on this cell shrinkage (Fig 4.6). Therefore, it was reasonable to assume that this
inhibition of SOCE may be caused by intracellular changes modifying the activity of the
channels. Because there has been extensive work, showing the modulation of SOCE
through reactive oxygen species this was identified as the primary target for the
investigation. Further justification for this line of enquiry is found in the data generated
by Deng et al as this demonstrated that hyperosmolarity greatly increased the
concentrations of ROS within an endothelial cell model (Deng et al, 2015). This the same
effect is established in the EA.hy926 cells used in the previous experiments then there is
the potential to demonstrate a pathway by which hyperosmolarity decreases the intensity

of Orai/ STIM mediated SOCE.

The aim of this chapter is to examine whether the hyperosmolar condition can alter the
production of intracellular ROS; and. if a causative link can be drawn between the two
factors then work will also be performed to combat this inhibitory effect through the use
of antioxidants. As well as more in-depth work to investigate the types of ROS being

generated in order to better understand their intracellular source.

Hypothesis 1: Hyperosmolarity will increase the intracellular ROS in EA.hy926 cells

Hypothesis 2: ROS will be able to reduce the intensity of SOCE in EA.hy926 as an

independent factor to hyperosmolarity

Hypothesis 3: The use of an antioxidant will be able to rescue SOCE under the

hyperosmolar condition
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5.2 Methods

The determination of which method to use for the detection of intracellular ROS species
was a major question that had to be addressed in the development of the methodologies
used for generating the data within this chapter. One of the most common ways to
measure intracellular ROS is through the use of dies/indicators, other methods exist for
example the use gas chromatography and mass spectroscopy to detect specific ROS,
although this is a less well-established methodology whit a much higher cost and time

investment (Xiao et al, 2016).

2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA) was selected as a non-specific
intracellular ROS indicator, this is essentially a cell-permeable version of fluorescein
which has been used in many studies to measure intracellular ROS. H.DCFDA can very
easily be oxidised in air and as such is dissolved in high purity DMSO that is both an

effective solvent but helps to prevent oxidation of the dye.

Because the H.DCFDA was prepared in DMSO all negative control groups contained
the equivalent volume of DMSO to ensure that the DMSO was not capable of causing a
change in and of itself. H.DCFDA is also highly susceptible to photobleaching (as is
Amplex red, another indicator used in this set of experiments) so to prevent this all
experiments were performed in a dark room with special care taken to prevent direct light

exposure to the dye solution.
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Sodium pyruvate was chosen as a ROS scavenger as it has been found to effectively
reduce the levels of intracellular peroxide ROS at a concentration of 10 mM
(Giandomenico et al, 1997). Because such a high concentration is needed to achieve this
ROS scavenging effect care was taken in solution preparation to ensure that the

osmolarity of this final solution was no different due to the addition of sodium pyruvate.

All H20> used in these experiments was prepared on the day of experimentation from
recently purchased and well-sealed concentrated stock solution in order to avoid issues
with the decay of the compound, as it can readily degenerate into O> & H20. For the
Mitosox experiments, Sodium azide was used as a “positive-negative” control, this term
is used because Mitosox should cause any mitochondria within a living cell to appear red
under fluorescence microscopy as the dye is only activated by mitochondrial superoxide.
In order to check the specificity of this dye sodium azide can be used to inhibit
mitochondrial bioenergetics and as such any cells treated would not display the

characteristic Mitosox staining hence the term “positive-negative control”.

Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone commonly abbreviated to FFCP
is used as a positive control in the Mitosox superoxide detection experiment described in
this chapter. This is because FCCP is known to un-couple the mitochondrial electron

transport chain leading to an increase in superoxide production (To et al, 2010).
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5.3 Results

5.3.1 Detection of cytosolic ROS and the effects of hyperosmolarity

The cell-permeant intracellular ROS indicator H.DCFDA was used to detect cytosolic
ROS production. The fluorescence intensity of H.DCFDA was significantly increased in
the groups pretreated with H.O> and the effect was concentration-dependent (Fig. 5.1A)

(P=>0.05 in all groups compared with negative control).

This suggests that the cytosolic ROS production is significantly enhanced in EA.hy926
cells under the oxidative stress condition mimicked by the addition of H2O2. Then the
effect of hyperosmolarity was examined, mannitol at concentrations of 19.5, 30, 60, 90
and 120 mM was applied and the fluorescence intensity of ROS indicator was also
significantly increased in all of the groups compared to the negative control (P=<0.05 for
all groups)(Fig. 5.1B). This result suggests that hyperosmolarity can enhance cytosolic
ROS production. 19.5 mM was found to increase the intracellular ROS level by 12.3%
compared to the negative control and 30 mM mannitol increased the level of intracellular
ROS by 25.7% compared with the negative control. As discussed previously the extreme
values of hyperosmolarity created in this experiment (particularly 90 mM and 120 mM)
would not be seen within even very poorly controlled diabetic patients, though this data
is still interesting as it shows that the EA.hy926 endothelial cells are undergoing a huge

amount of metabolic stress in their response to this extreme hyperosmolarity.
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Fig. 5.1 Cytosolic ROS production under hyperosmolarity conditions in EA.hy926 cells.
EA.hy926 Cells were treated with either the hyperosmolar condition (mannitol) or the positive
control condition (H,0O,) for 4 hrs prior to loading with intracellular ROS indicator H,DCFDA
(2 uM). After incubation with H,DCFDA for 30 mins, the florescence was measured at
excitation wavelength of 493 nm and emission wavelength of 520 nm. (A) Fluorescence

intensity for EA.hy926 cells treated with H,O, (1-1000 uM) for 4 hrs as a positive control

experiment. (B) Fluorescence intensity for EA.hy926 cells incubated with hyperosmotic
conditions for 4 hrs. Statistical significance was determined using a one-way ANOVA (n=8

wells per group *P<0.05, **P<0.01)
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Fig 5.1 shows that the hyperosmolar condition (even at the lower 19.5 mM concentration)
Is capable of significantly increasing the concentration of intracellular ROS. The next step
Is to investigate this phenomenon using a time course sample to see if this increase in
intracellular ROS is observed at the 5-15 minute time point at which the SOCE
experiments were performed. Although the Ca?* assay used a 5-minute pre-treatment for
the experimental hyperosmolar condition the reality is that the cells were in the
hyperosmolar condition for a further 10 minutes for the length of the assay (SOCE is

induced at 10 minutes via the addition of extracellular Ca®").

5.3.2 Time course of cytosolic ROS measurement under hyperosmolarity condition

The time course of dynamic cytosolic ROS production in EA.hy926 cells was measured
using H.DCFDA dye. Cells pretreated with H2.O> at 50 M or 100 uM gradually increased
ROS production, and the slope of the curves was significantly greater than the control
group (Fig. 5.2A) (50 uM P=0.042 100 uM P=0.037). Using similar procedures, the
dynamic effect of hyperosmolarity on cytosolic ROS production was also monitored.
Mannitol significantly increased the ROS fluorescence intensity in a concentration-
dependent manner compared with the control group even at the 19.5 mM concentration
(P=0.029), further suggesting that the cytosolic ROS is increased under the hyperosmolar
condition. The 19.5 mM concentration of mannitol increased the level of intracellular
ROS by 41.2% compared with the negative control and the 30 mM group increased the
intensity by 63.1% compared with the negative control. Both 50 uM and 100 pM
concentrations of H>O> were used in this experiment in order to better compare the levels
of intracellular ROS with an extracellular ROS stimulus with greater granularity than a

single positive control.
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Fig. 5.2 Intracellular ROS production is increased in endothelial cells in hyperosmotic
conditions. All cells were loaded with H,DCFDA (2 pM) intracellular ROS indicator and were
incubated for 30 mins prior to experiment, the florescence was measured at 493nm/520nm.
Hyperosmotic or positive control condition was applied at time 0 s by live fluidic addition with
Flexstation 3. (A) Time course for mean +SEM intracellular ROS dye florescence intensity
comparing vehicle control and positive H,O, control groups. (B) Mean change in intracellular
ROS indicator florescence under hyperosmolar conditions. (C) Mean + SEM data for the
fluorescence intensity at 3000 s. Significance was tested using one-way ANOVA. *P<0.05

*#P<0.01 n = 8 wells per group.
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Fig.5.2 shows that the increase in intracellular ROS is still significantly increased within
the pre-treatment and experimental time frame used in the SOCE experiments. At t 800s
the results of the ANOVA with post hoc Bonferroni revealed that when compared with
control all of the hyperosmolar conditions were significantly increased (P<0.05). This
difference only increased over time and although the control groups ROS also increased,
the difference between the test and control groups had increased steadily until the end of
the sampling. This increase in intracellular ROS concentration can be explained by the
progressive activation of the dye by normal metabolic by-products rather than being

caused by cellular stress (Bogeski et al, 2012).

5.3.3 Ca ?* dependence of hyperosmolarity-induced cytosolic ROS production

To investigate whether the presence of extracellular Ca®* may affect the ROS production
response to hyperosmolarity, the extracellular Ca?* was omitted/removed using Ca®*free
bath solution. This was achieved using the appropriate concentration of EDTA as well as
the omission of CaCl from the formula. The difference in H.DCFDA fluorescence
intensity between 1.5 mM Ca?* and 0 mM Ca?* groups was significant (>50% reduction
compared to Ca®* containing solution control P=>0.05 for all groups). This suggests that
the cytosolic ROS production was higher in the cells incubated in Ca?" containing
solution, implying that Ca?* dynamics may have an important role in this intracellular
ROS response to hyperosmolarity. Although this difference for Ca?*-dependent ROS
production was seen in the hyperosmolarity condition and the presence of H>O> and the
control cells, suggesting more generally that the removal of intracellular Ca®* can impair
intracellular ROS production. This result does make sense considering the importance of
Ca?* as a messenger of cell stress and death as, if there was less of the messenger the
increased ROS in response to stress could be affected (Basset et al, 2006).
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Fig. 5.3 Hyperosmolarity-induced cytosolic ROS production is Ca?*-dependent.

EA.hy926 Cells were loaded with intracellular ROS indicator H,DCFDA (2 uM) for 30
mins prior to experiment, the fluorescence was measured at 493nm/520nm. Hyperosmotic
or H>O2 were applied at time 0 s. (A) Mean =SEM fluorescence intensity of H,.DCFDA
intracellular ROS indicator over time in 1.5 mM Ca2+ bath solution. (B) Mean £SEM
fluorescence intensity of H,DCFDA in EA.hy926 Cells in CaZJr free bath solution and under
the same conditions as in (B). (C) Mean +SEM fluorescence intensity over time in 0 Ca’’

bath solution. Statistical significance was determined using one-way ANOVA n=8 wells

per group *P<0.05 **P<0.01. 150



5.3.4 ROS increase effect with hyperosmolarity is dependent upon the presence of

cells and not due to dye degradation or artefact

Since the fluorescence of ROS indicator in the control cells was increasing, it is important
to test if such increase is due to basal ROS generation in cells under the control condition
or the artefact of fluorescent dye bleaching. Therefore, an experiment without cells was
set in parallel. As shown in Fig. 5.4, the fluorescence of ROS indicator H_DCFDA was
relatively stable without significant bleaching in the wells without cells. Cells treated with
H>02 100 uM significantly increased the intensity of fluorescence, while the fluorescence
in the cells without H20- pre-treatment was also increasing, suggesting that the increase
in the control group is due to the basal production of cytosolic ROS. The relatively small
increase over time of fluorescence in the group containing only the H,.DCFDA dye and
no cells indicates that this dye is specific to intracellular ROS although after significant
time elapsed some of the dye began to be activated, this may have been due to oxidation

as a result of prolonged exposure to hydrogen peroxide.
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H,DCFDA (2 pM) intracellular ROS indicator and were incubated for 30 mins prior to

experiment, the florescence was measured at 493nm/520nm. In wells containing no cells,

the wells were not washed so as not to completely remove the dye. (A) Mean +SEM

fluorescence intensity of H,DCFDA intracellular ROS indicator comparing the groups

containing both cells and dye and wells only containing dye (B) Mean +SEM fluorescence

intensity of H,DCFDA intracellular ROS indicator comparing the positive and negative

control groups sampled at 3000 seconds. n=8 wells per group significance tested between

Ca’ and0Ca’ groups measured using one-way ANOVA **p<0.01 ***p<0.001
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5.3.5 Cytosolic ROS is increased by hyperosmolarity in HK2 cells

The Kidney is essential for osmolarity regulation, therefore the effect on ROS production
was also examined in the HK2 cells under hyperosmolar conditions. Similar to the
response in endothelial cells, (Fig. 5.1&2) hyperosmolarity also significantly increased
cytosolic ROS in HK2 cells (P=<0.05 for all hyperosmolar groups compared with
negative control) (Fig. 5.5). The results of this experiment suggest that the increase in
intracellular ROS in response to hyperosmolarity is not unique to EA.hy926 cells;
interestingly it is worth noting that the peak fluorescence intensity (even in the positive
control group) was considerably lower in the HK2 cells than in the EA.hy926 cells. 632

RFU’s in HK2 compared with 1172 RFUs in EA.hy926 cells (P=<0.01).
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Fig. 5.5 Cytosolic ROS production is increased in HK2 cells under hyperosmotic
conditions. All cells were loaded with H,DCFDA (2 uM) intracellular ROS indicator and
were incubated for 30 min prior to experiment, the florescence was measured at
493nm/520nm. Hyperosmotic or H>O> was applied at time 0 s. (A) Time course of mean
+ SEM intracellular ROS dye florescence intensity comparing vehicle control condition

and positive H,O, control groups. (B) Mean +SEM data measured at 2500s. Significance

was tested using one-way ANOVA »n=8 per group. * P<0.05 ** P<0.01
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5.3.6 Hyperosmolarity increases mitochondrial superoxide

Having established the cytosolic ROS increasing effect by hyperosmolarity, the next step
Is to investigate which specific reactive oxygen species are propagating such an increase.
Superoxide and hydrogen peroxide are often considered as the ROS, which is the most
common forms of ROS in a cell (Phaniendra et al., 2015). Specific dyes are used in order
to ascertain the effect of hyperosmolarity on these specific reactive oxygen species. In
Fig. 5.6, the Mitosox dye was used to detect mitochondrial superoxide. The fluorescence
intensity of Mitosox was significantly increased over time in EA.hy926 cells compared
to the negative control. Hydrogen peroxide was not able to produce a significant increase,

indicating that Mitosox is specific for mitochondrial superoxide.

The 19.5 mM mannitol condition did increase by 7.3% compared with the control group
but this result was not significant (P=0.062) whereas the 30 mM condition showed an
increase in Mitosox fluorescence of 12.4% which was a statistically significant increase
(P=0.031). The group containing no-dye sought so show the results obtained were not
due to auto-fluorescence. The increase in mitochondrial superoxide concentration under
the hyperosmolar condition is an interesting result as this indicates that there could be a
metabolic shift that these cells undergo in response to the hyperosmolar condition which
in turn leads to greater production of mitochondrial ROS. This is a novel finding and
although preliminary in nature this could lead to a greater understanding as to how
endothelial cells are responding to hyperosmolar conditions such as hyperglycaemia or

hyponatraemia.
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Fig. 5.6 MitoSOX detection of superoxide reveals that hyperosmolarity increases
the level of intracellular superoxide. (A). results of the hyperosmolarity experiment
in EA.hy926 cells, cells were loaded with MitoSOX (1pg/ml) at the beginning of the
experiment (37°C for 30 minutes prior to experiment) and the hyperosmolar condition
and H>0O> were added at 0 s. (B) Mean data for MitoSOX detection in EA.hy926.
Percentage change was shown compared to the no-dye control group. *P<0.05

*#P<0.01 n =8 wells per group.
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5.3.7 Ca?* independent increase in mitochondrial superoxide

Having identified that hyperosmolarity is capable of increasing the concentration of
intracellular superoxide. It is important to establish whether the presence of extracellular
Ca?* 1.5 mM can affect the intensity and the pattern of this inhibition. The results of this

experiment can be seen in Fig.5.7.
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Fig. 5.7 MitoSOX detection of superoxide reveals the increase in superoxide concentration
caused by hyperosmolarity is affected by reduced extracellular Ca?*. Mean fluorescence of the
MitoSOX dye after 1 hr incubation with either the control or the test condition. The MitoSOX dye

was loaded into the cells 20 minutes prior to the experiment in the dark and incubated at 37°C.
Statistical comparison (students t test) was performed between the 1.5 mM ca’ groups and the 0
Ca2+ groups, although there was no significant difference that could be attributed to the presence or

absence of Ca’ . Although not shown for clarity all of the hyperosmolar groups (and positive control
groups) were significantly (one-way ANOVA) increased from the control groups at least at the

p<0.05 level. n=8 wells for each group **=P<0.01
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As can be seen in Fig 5.7 the production of superoxide in response to hyperosmolarity
does not appear to be dependent upon the presence of extracellular Ca?* as there is no
significant difference between any of the Ca?" containing and the Ca®* free groups
(P=<0.05 for all groups). Although all groups did have significantly higher levels of
mitochondrial superoxide as compared with the control groups, regardless of Ca* status.
The FCCP performed as expected showing very high levels of superoxide production,

nearly 3 fold the control group level (P=<0.01)

5.3.8 Ca?* dependent peroxide overproduction

In order to measure the effect of hyperosmolarity on the production of peroxide ROS
species, an Amplex red dye was used. This dye in combination with hydrogen peroxide
in the presence of horseradish peroxidase (HRP) produced a fluorescent by-product
proportional to the concentration of peroxide in a sample. EA.hy926 cells in the Ca?* free
group exhibited a significantly reduced increase in Amplex Red fluorescence compared
with control when treated with the hyperosmolar conditions. This is an interesting finding
because Amplex red is a detection kit that is specific to hydrogen peroxide (Voltyakova
et al, 2006), and one of the major intracellular sources of superoxide is the NADPH
oxidase proteins, although the source of H20: could also be the mitochondrion as the
conjugation of superoxide radicles can form H20>. Although both Endoplasmic reticulum
and peroxisomal ROS cannot be discounted as contributing to this effect. All
hyperosmolar groups had significantly increased Amplex red fluorescence (peroxide
levels) compared to the negative control group (P=<0.01 for all 1.5mM Ca?
hyperosmolar groups vs control). Hydrogen peroxide (50 puM) produced nearly double

the fluorescence intensity compared to the control group.
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Fig. 5.8 Hydrogen peroxide detected by Amplex Red and the effects of
hyperosmolarity and Ca?*. The mean fluorescence of Amplex Red dye after 1 hr
incubation with mannitol or H>O; in EA.hy926 cells. Cells were grown to 80%

confluence using a 96 well plate. The Amplex Red was added to the solutions (either 1.5
mM Ca’ or Ca’" free) at the 0 second time point. The statistical comparison (one-way

ANOVA) was performed between the 1.5 mM Ca2+ groups and the 0 Ca2+ groups. All of

the hyperosmolar groups and positive control groups were significantly increased from

5.3.9 H20:2 decreases the intensity of SOCE in EA.hy926 and HK2 cells

One major step remains in the investigation of ROS and SOCE inhibition and that is the
need to establish the link between increased ROS and the decreased intensity of SOCE.
Fig. 5.9 shows the results of a Ca?* dynamics assay but on this occasion, Hydrogen

peroxide is used as the test group instead of hyperosmolarity.
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Fig. 5.10 shows the effects that H>O, has on the intensity of SOCE generated within HK2
cells in order to determine the presence of any cell type-specific effect. As can be seen in
Figs. 5.10&11 H20; is capable of significantly reducing the intensity of SOCE in both
EA.hy926 cells and HK2 cells following 5 minutes pre-treatment with the ROS stimuli.
The HK2 cells were exposed to some very extreme concentrations of H>O» (500 & 1000
HUM). These two concentrations caused a very large reduction in both SOCE and Ca*
efflux from the ER (seen by the response to TG) one possible explanation for the
reduction in the intensity of both efflux and SOCE could be that the HO2 concentrations
used are very likely cytotoxic (even with only a 5-minute pre-treatment). These higher
levels of H.O> would likely cause cell lysis and death, similar to what is reported in the

cell death experiments in chapter 3 of this thesis.

The lower concentrations of H20> used with the HK2 cells did not reduce the intensity of
fluorescence associated with Ca?* efflux but did significantly reduce the intensity of
SOCE. This same effect is true in the EA.hy926 cells and because lower concentrations
were used and there was no reduction in Ca?* efflux intensity this implies that it is not an
effect that H2O: is bringing about via cell death but instead the increase in intracellular

ROS is causing the epigenetic and structural changes to the Orai/STIM proteins.
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Fig. 5.9 H202 has an inhibitory effect on SOCE in EA.hy926 cells. Cells were loaded

with FuraPE3-AM Ca ~~ dye ( 5 uM) for 30 mins prior to experiment and the cells were

treated with either control or H,O,  containing solution for 5 minutes prior to

experimentation (A) Time course fluorescence intensity of EA.hy926 cells under the
hydrogen peroxide test conditions. (B) Mean peak fluorescence of the Fura-PE3 AM. One-

way ANOVA was used. * P<0.05, ** P<0.01, n = 8 per group.
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Fig. 5.10 SOCE is inhibited by H202 in HK2 cells. Cells were loaded with FuraPE3-AM

Ca2+ dye (5 uM) for 30 mins prior to experiment and the cells were treated with either control

or H,0, containing solution for 5 minutes prior to experimentation (A) Time course

fluorescence intensity of HK2 cells under the hydrogen peroxide test conditions. (B) Mean

peak fluorescence of the FuraPE3 AM all peak fluorescence intensities are significantly lower

then the Control group that was not treated with the H-,0, . (10 uM H,0, P=<0.05, n50

H,0, P=<0.05, 100 uM H,0, P= <0.01) significance was tested by one-way ANOVA n=8

per group.

162



5.3.10 Hyperosmolarity induced ROS production is prevented by sodium pyruvate
The final step into this investigation between the SOCE and increased intracellular ROS
Is to investigate whether an antioxidant is capable of reducing the level of intracellular
ROS and in doing so, is it capable of rectifying the reduction of SOCE caused by the
ROS? The antioxidant used for this experiment is sodium pyruvate (10 mM) which is a

well-known scavenger of H.0O, (Giandomenico et al., 1997).

Sodium pyruvate was chosen specifically because of other off-target effects caused by
other ROS scavengers that could have interfered with the results of the experiment Fig.
5.11 shows that Sodium Pyruvate reduced the level of intracellular ROS (as measured by
H.DCFDA) in both the hyperosmolar groups and the positive control (Hydrogen
peroxide) groups. The antioxidant did not have a significant effect on the 19.5 mM group
although for the higher concentrations the sodium pyruvate significantly reduced the level
of ROS produced by the cells compared to the groups not treated with the antioxidant.
Fig. 5.12 shows that SOCE intensity is restored in EA.hy926 cells that have been co-

incubated with both mannitol and sodium pyruvate.
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Fig. 5.11 Sodium Pyruvate is capable of reducing the level of intracellular ROS (detected

by H2DCFDA) produced by EA.hy926 cells under hyperosmotic conditions. (A)

Fluorescence intensity of the control 100 uM H,O, both with and without the 10 mM Sodium

pyruvate as well as a negative control (no peroxide and no sodium pyruvate) group for

comparison. (B) H,DCFDA fluorescence intensity of the 19.5 mM Mannitol group. (C)

Fluorescence intensity of the 30 mM Mannitol group. (D) Fluorescence intensity of the 60 mM

mannitol group. The reduction in the 19.5 mM group was not statistically significant. The

reduction in fluorescence intensity in the positive control group was highly significant at the

2000 s time point (P=<0.001). n=8 wells per group, significance was tested using one-way
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Fig. 5.12 10 mM Sodium Pyruvate is capable of restoring the normal SOCE intensity in
EA.hy926 cells treated with 30 mM mannitol for 5 minutes. (A) Mean fluorescence intensity
of Ea.hy926 cells that were loaded with 2 uM FuraPE3AM for 30 minutes prior to experiment.
(B) Mean fluorescence intensity of the cells in both the negative control group and the 10 mM
Sodium Pyruvate alone group. This shows that there is not difference in peak intensity when
cells are treated with Sodium Pyruvate and not hyperosmolarity 5 minutes prior to reading the
plate. The improvement of the Sodium Pyruvate group is statistically significant (P=<0.05)
although there is no significant difference between the Sodium pyruvate group and the negative

control group. n= wells8 for each group, significance was tested using one-way ANOVA
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5.4 Discussion

The first major finding of this chapter is that the hyperosmolar condition is capable of
increasing the intracellular ROS concentration in both endothelial and kidney cells. The
second major finding of this chapter is that the increase of intracellular ROS production
due to hyperosmolarity is linked to the presence of 1.5 mM extracellular Ca?*. Although
it is not only the hyperosmolar groups that showed this dependency upon extracellular
Ca2* but also the positive control groups whereby increased ROS was generated by
hydrogen peroxide. Although some difference was expected between hyperosmolar
groups, in the 1.5 mM Ca?*vs 0 Ca®* groups the presence of such a marked reduction in
even the positive control groups lead to questions as to the true mechanism for this
reduction. As the removal of Ca?* from the extracellular environment was not predicted
to produce such a reduction in the ROS concentration between the positive control groups.
Literature has demonstrated that the generation of some NOX variants is Ca?* dependant,
such a decrease in global ROS (of which nitric oxide is just one element) was not

anticipated (Guzik et al 2008).

One possible contributing factor for the reduction of positive control group intracellular
ROS intensity is the possibility that the EDTA used in the Ca®* free solution could have
been acting as an antioxidant and thereby “mopping up” a proportion of the H2O> used in
the positive control group, this antioxidant capability has been documented previously

(Gonzéalez-Cuevas et al., 2011).
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This does not render the results of this experiment useless though, as EDTA’s primary
mode of action would have been the chelating of free Ca?*. The fact that an antioxidant
compound can reduce the intensity of hyperosmolarity induced increased intracellular
ROS confirms that hyperosmolarity is contributing to an increase in ROS and
theoretically if intracellular ROS were lowered then it could be expected to reduce the

SOCE hyperosmolarity effect.

Following the determination of the importance of Ca2* in the ROS increase related to
hyperosmolarity, the decision was made to ensure that the dye was not reduced or
inhibited by the additional mannitol or hydrogen peroxide. This was done to ensure that
the experimental conditions were not capable of producing a change in fluorescence
separate from the cells, as this would render the results of the previous assays useless
(Fig. 5.4). This was also an important confirmatory experiment because during the time
within the experimental conditions these cells are deprived of all nutrients but glucose

and this in itself could lead to oxidative stress (Affonso et al, 2003).

The results shown in Fig. 5.3 and 5.4 show that although these cells may not be in ideal
metabolic conditions, the bath solution does not appear to significantly affect the
production of ROS within the experimental time frame. It was found that if cells were
not present the dye did not emit a significant fluorescent signal, although a small amount

of fluorescence was detected in the positive control (hydrogen peroxide) group.
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This relatively small increase in fluorescence is probably due to the H.DCFDA being
designed for the detection of intracellular ROS which even in some ROS microdomains
found within immune cells would not reach such a high concentration as 100 uM (Rhee
et al., 2010). This could have an activating effect on the dye outside of its usual
intracellular cleaving effect. Another possible explanation could be the increase in pH
(although somewhat buffered by the contents of the bath solution) like this, over time,
could have contributed to the H.DCFDA activation as the dye is known to be sensitive to

alterations in extracellular pH (Van Acker et al, 2016).

Although the difference in magnitude between the cell containing and the blank (cell-
free) hydrogen peroxide-containing groups shows that any extracellular activation of the
dye would not significantly change the outcome of the experiment. The intracellular
cleavage of this dye produces a much more intense fluorescence, quite possible masking
any extracellular fluorescence. The most important finding of the experiment presented
in Fig. 5.5 is that the increase in fluoresce intensity seen in the negative control groups
over time is dependent upon the presence of cells and not caused by dye degradation or a
bleaching effect. A number of factors could cause these cells to produce intracellular
ROS, one being the natural production of ROS linked to mitochondrial respiration as well
as the fact that these readings are taken at room temperature (perhaps adding to

extracellular stress).

Another contributing factor could be a short-term lack of nutrients due to the fact that
although intended to mimic normal extracellular fluid there are no amino acids or lipids
present within the experimental bath solution and unlike with cell culture media there are
fewer buffers in this solution that can resist the production of cellular waste. This could
be causing alterations in pH or a reduction in glucose concentration thereby causing an

increase intracellular ROS.
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The effect of hyperosmolarity on the production of cytosolic ROS was investigated in
HK2 cells as well as endothelial cells in order to determine if this same mechanism could
be present in a kidney cell line. Cytosolic ROS was still increased by the hyperosmolar
condition in HK2 cells although it was to a lesser degree than that observed in the
endothelial cell line. One possible reason for the reduced intensity of the fluorescent
signal could be due to a decrease in dye loading efficiency. Some kidney cell types, for
example, podocytes, are known to actively efflux some dyes and imaging compounds
(Zennaro et al, 2013). Despite the reduction in fluorescence intensity, the important
finding can still be seen in the increase of intracellular ROS being caused by the
hyperosmolar condition. Another possible reason that the HK2 cells may be more
resistant to increased ROS due to hyperosmolarity could be that the HK2 cells have a
naturally lower volume and as such may have a greater ability to regulate cytosolic water
and thereby resist changes to osmolarity to a greater capacity than the endothelial cell
line. This is based on the well-established relationship between increasing cellular size
and a decreasing inability to buffer large changes in ionic flux due to osmolarity (Bortner

and Cidlowski, 2007).

After the work had been done with the general ROS indicator the decision was taken to
assess the effect of the hyperosmolarity on both the superoxide and peroxide. This
decision was made in order to better ascertain what the source of intracellular ROS is, as
superoxide increase would indicate a change in mitochondrial bioenergetics whereas an
increase in peroxide could indicate an increase in NADPH oxidase activity (Lee et al,

2003).
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This could then be explored in future work as a potential pathway to preventing the ROS
increase in response to hyperosmolarity and subsequent SOCE inhibition, The most
likely source of this superoxide production is the mitochondrion due to its respiratory
chain producing superoxide. Interestingly in this experiment, the positive control (H20>)
did not produce the largest increase in fluorescence intensity, this is likely because H20-

Is a product of Superoxide formation.

The mitochondrion is an organelle that is known to play a vital role in the regulation of
cytosolic Ca?* and in the case of Ca?* overload the mitochondrion is known to enter into
a hyper-energetic state (Contreras et al., 2010). This hyper-energetic state would produce
more ROS and is detrimental to cellular function. In addition, these experiments suggest
a link between the hyperosmolar condition and increasing Peroxide radicles this could be
one of the contributing factors to the reduction in SOCE intensity seen in both the
endothelial cells and HK2 cells reported earlier in this thesis. The finding that when Ca®*
is not present in the extracellular environment the increase in H20: is diminished suggests
that the ROS reaction to hyperosmolarity may be dependent upon a Ca®* signal, with
SOCE being the prime candidate in this instance. The hyperosmolar state applied in these
experiments could be causing an increase in intracellular ROS because of increased
energy demands caused by the active transport of ions across a concentration gradient.
Because the ROS produced reduces the intensity of SOCE the potential for the SOCE
channels to overload the cell with Ca?* is reduced thereby potentially avoiding cell death
and promoting cellular survival. Although data presented in chapter 3 of this thesis does
show that there is an increase in endothelial cell death associated with this
hyperosmolarity and therefore if the increased ROS is a compensatory mechanism to

reduce SOCE intensity it does not seem to be effective.
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A third major finding in this chapter was that pre-treatment with H>O> for 5 minutes
significantly reduced that SOCE intensity in the EA.hy926 cells and the HK2 cells as
well. The very strong increase caused by the H>O: is to be expected due to the
concentration of exogenous ROS being many times higher than physiologically
acceptable (Huang and Sikes, 2014). Finally, the use of an antioxidant Sodium Pyruvate
was capable of reducing the concentration of intracellular ROS and was also shown to
have a protective/restorative effect on EA.hy926 treated with the hyperosmolar condition

and causing the reduction in SOCE intensity to be revered/prevented.

One of the major conclusions of this chapter is that intracellular ROS are implicated in
the altered SOCE response that has been discovered in endothelial and kidney cells treated
with hyperosmolar conditions. Although this data may not be directly applicable to a
clinical situation as it would not be plausible for patients to be infused with 10 mM
Sodium Pyruvate in order to protect endothelial cells during HHS. The reason for only
using one concentration of Sodium Pyruvate (10 mM) in these previous two experiments
is because work has already performed investigating the antioxidant properties of Sodium
pyruvate at this was found to be the optimum concentration for the scavenging of H2O>

radicles (Wang et al., 2007).

This experiment provides further evidence that the SOCE reduction response in
hyperosmolar conditions could be mediated by an increase in intracellular ROS and that
the scavenging of these ROS may be able to combat the decrease in SOCE intensity

caused by hyperosmolarity.
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This data opens up a new line of enquiry about the general use of known antioxidants in
emergency situations such as HHS. If a safe and effective antioxidant was found that
could prevent the reduction on SOCE and in turn protect endothelial cells from

hyperosmolarity related dysfunction then this could, in theory, deliver clinical benefit.

As the work currently stands the important finding to emphasise is that this data elucidates
a potential damage pathway and a new relationship associating hyperosmolarity with the
decrease of SOCE via the increase of ROS. It is only by better understanding the
mechanisms of damage that new therapeutic interventions can be devised in a targeted
manner. This information provides novel information into the effects of hyperosmolarity

on the endothelial cell a mechanism that possibly contributes to this effect.
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Chapter 6

General discussion
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6.1 Main findings

One of the major novel findings presented is that the STIM/Orai SOCE apparatus activity
is reduced by hyperosmolarity, as mediated by increased intracellular ROS (Both
superoxide and hydrogen peroxide) and it is the reduction in SOCE that may contribute
to hyperosmolarity induced endothelial dysfunction. A schematic showing the significant

findings of this work can be seen in Fig. 6.1

The reduction of SOCE signal intensity under the hyperosmolar condition is not a
phenomenon that has been described before and this discovery contributes to our
understanding of clinical hyperosmolarity and its associated injuries. For example in the
diabetic vascular complications caused by the extreme hyperosmolarity found in the HHS
disease state. As well as contributing to understanding this work, when investigated in
greater detail, and expanded could help to inform the clinical management of HHS and

other clinical causes of elevated osmolarity.

The findings presented in chapter 5 of this thesis indicate that this decrease in SOCE
intensity is not due to a direct effect on the channel apparatus but rather is caused by an

increase in intracellular ROS caused by the stressful hyperosmolar condition.
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Fig 6.1 Schematic showing the major findings of this thesis. Green boxes denote the central

story of SOCE inhibition under hyperosmolarity potentially mediated by increased ROS. Red

Boxes denote specific ROS work undertaken. Yellow boxes denote channel specific work and

pharmacological investigations into T channel blockers as potential remediative agents.
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The restoration of normal serum osmolarity is already a goal of HHS treatment and is
often a consequence of treating the hypovolemia associated with the condition (Baldrighi
et al., 2018). The body of work presented in this thesis could still help to improve patient
outcomes. This is because this work reveals that the reduced SOCE seen in hyperosmolar
conditions occurs as an indirect effect produced by elevated intracellular ROS and this
effect can be corrected by the use of the antioxidant sodium pyruvate. Although the
clinical benefit of antioxidant supplementation as a protective effect against oxidative
stress is not well-proven (Rodrigo, Guichard and Charles, 2007). It may be the case that
a clinically significant dose of sodium pyruvate or another effective peroxide scavenger
could be beneficial in restoring the SOCE response within vascular endothelial cells and
thereby reduce the risk of vascular injury caused by this emergency HHS state. Sodium
pyruvate has been used to significantly reduce ROS in the clinical setting when delivered

at a clinically relevant concentration (Votto et al., 2008).

The discovery of SOCE reduction under the hyperosmotic condition is not only
significant to the understanding and treatment of DM but, because serum osmolarity is
elevated in a number of conditions, SOCE reduction may be found to be a contributing
factor to a number of pathologies. For example, it has been found that elderly stroke
sufferers have a higher degree of morbidity and mortality following acute stroke if their
serum osmolarity is elevated prior to the acute ischaemic episode (Bhalla et al., 2000). It
could be possible that alterations in Ca?* homeostasis, potentially mediated by the
reduction in SOCE intensity via increased ROS, could be contributing to the death and

dysfunction of neuronal cells.
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One of the reasons that hyperosmolarity is a negative predictor of survival within
cardiovascular disease and stroke could be the contribution of SOCE reduction within
vascular endothelial cells under this hyperosmotic condition leading to endothelial
dysfunction (Wang et al., 2014). Although it is worth noting that the hyperosmolar serum
alone is not responsible for this poor survivability because haemodilution was found to
be ineffective at combating this increased mortality following acute stroke (Chang and

Jensen, 2014).

The cell-based models used in this experiment have some limited applicability when it
comes to determining the potential impact on diabetic patients. This is because
consistently, throughout this thesis there has been a focus on the hyperosmolarity as a
solitary factor, whereas in order for patients with diabetes to directly benefit from this
work further work would have to be done in linking the hyperglycaemia, and
hyperosmolarity. Secondly, there are, of course, significant limitations in seeking to

translate cell-based findings to a confirmed mechanism within the human body.

For example, the vascular endothelium is not a tissue that exists in isolation, it has
complex interactions with the smooth muscle layer which supports it and these
interactions could affect the response of the endothelial cells in the hyperosmotic
condition. These are important limitations to consider when planning the next stage of the
investigation. Although, the findings within this thesis do offer a basis for a potential
cause for hyperosmotic endothelial damage and these results will be able to inform the

best way forward.
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The data in this thesis may have even wider implications in the understanding of how
elevated serum osmolarity is correlated with poor prognosis in critically ill patients as
identified in Holtfreter et al., 2006. This is because this work has identified that SOCE is
suppressed under hyperosmolar conditions and this leads to endothelial dysfunction, if
hyperosmolarity has the same effect in vivo then this will be increasing the cardiovascular

risk of critically ill patients with hyperosmolarity.

A second major finding of this thesis is that hyperosmolarity produces a significant
increase in intracellular ROS (both superoxide and H202) production. This finding builds
upon previously discovered knowledge that cellular stress and hyperglycaemia are
capable of increasing ROS (Yao and Brownlee, 2010). Another finding that this data
builds upon is the knowledge that ROS are capable of altering the activity of SOCE
proteins and reducing the SOCE current at high concentrations (Bogeski et al., 2012). The
novel finding that this research adds to this body of knowledge is the effect of
hyperosmolarity as a distinct stimulus on the production of ROS and the subsequent effect
on the intensity of SOCE, perhaps providing insight as to how hyperosmolarity may be
causing cellular damage within the vascular endothelium. It would appear that the results
of this thesis support the theory that the major source of this elevated ROS is the
mitochondrion, although no in depth work was performed in order to investigate the effect

of hyperosmolarity on ER or peroxisomal specific ROS generation.
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It is possible that these effects occur through the inhibition of the Orai channels
undergoing chemical and conformational change due to the increased presence of
intracellular ROS in the hyperosmolar condition. Being able to link the already known
relationships between ROS and SOCE to the reduction of SOCE intensity under the
hyperosmolar condition allowed for additional research into a potential antioxidant effect
of sodium pyruvate and the restoration of SOCE under the hyperosmolar condition when

the cells were also treated with this compound.

One of the other significant findings within this body of work is the discovery of a novel
inhibitory effect that the T type Ca?* channel blockers, mibefradil & TH1177, have on
SOCE in EA.hy926 cells and HK2 cells. This effect has not been described before and
Is an important insight into potential off-target effects that these drugs may exhibit.
Although their inhibitory effect on SOCE is not beneficial, to the hyperosmolar condition
being investigated, these drugs are being explored as an anti-proliferative agent and this
effect on SOCE needs to be considered in future studies. As described in chapter 4 these
drugs are not available for their intended indications because of their ever-increasing list
of off-target effects. This data both highlights a potentially serious off-target effect in the
reduction of SOCE intensity although this may be a useful finding when investigating the

action of these drugs as anti-proliferative agents.

A separate investigation into the exact activity and effect that these compounds have on
SOCE, beyond the initial screening done in this work, has been performed and reported
on by others members of the laboratory (Li et al 2019). This included ascertaining the
ECso of the compounds inhibitory effect as well as any effects that this inhibition of SOCE

would have on the viability of endothelial cells.
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It is also worth noting that SOCE is very important in multiple immune cell processes
and if this inhibitory effect is present in immune cells then this could render these drugs
un-usable if they have an immunosuppressant effect (Shaw and Feske, 2012). As with
any drug, the benefits must outweigh the risks of use, although the findings of the Li paper
do suggest that the inhibitory effects of the compounds can be tissue/cell type-specific
depending on the proportion of Orai subtypes expressed by the target cells. This is due to
a decreased inhibitory effect of the compounds on Orai 2+ 3 in comparison to Orail (Li

etal. 2019)

6.2 limitations

One major limitation that is associated with the work presented within this thesis is that
all results shown are based on in vitro experiments. Even though the cell models used are
well established as being experimentally useful and representative of the in vivo situation
there are still limitations as to the clinical conclusions that can be drawn from these data.
One reason the in vitro data generated is of limited usefulness is due to the fact that the
experiments are tightly controlled with homogenous cellular populations. This is good
for the analysis of specific cellular effects but cannot accurately predict the reaction of
cells in the physiological situation where they have interactions with a host of cells and
cytokines which are not present within the in vitro situation. The in vitro data presented
in this thesis may not be easily translatable to a clinical scenario but it does allow for the
description of a novel damage mechanism, which can inform further translational

research.
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Therefore, a prudent next step within this investigation would be to generate in vivo data,
this would be technically difficult within a mouse knockout model because any chronic
hyperosmolarity induced could lead to either the model drinking and rectifying the
condition before measurement can be taken or premature death of the murine model. It
may then be better to use tissue samples from patients that have undergone a
hyperosmotic episode to determine any effect on the expression of the STIM/Orai
proteins in order to show that hyperosmolarity is capable of producing the same effect

seen in the previous chapters in a human.

Another methodological limitation is to be found within the cell death assay. The PI dye
is a well-established tool for the detection of cell death although it is well established that
this method lacks any specificity in the determination of apoptosis (Pollack and Ciancio,
1990). As such, the results presented in this thesis are termed “cell death” because there
is no way of confidently predicting which distinct form of cell death is occurring using
such a basic method. Therefore, a future direction of investigation would be to determine
the effect of hyperosmolarity on the distinct cell death pathways of necrosis and

apoptosis.

The second limitation to this PI technique of measuring cell death is the potential for
observer bias during manual cell counting. It was this reason that automated cell image
processing was used although the gold-standard for analysing the dye uptake and
fluorescence in such an assay is fluorescence assisted cell sorting and, where the resources
available, this would have been performed in order to further confirm the results of the Pl
cell death assay. Of course, using FACS to measure the number of dead cells would only

be of limited additional value when still using a non-specific dye such as PI.
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As such it would be beneficial to explore the use of specific markers of apoptosis and
necrosis if a technique such as FACS were to be used. One such specific probe that could
be used to confirm these results would be Alexa Fluor 488 annexin V which has shown
specificity for apoptotic cells and allowing for the differentiation from necrotic cell death

(Stepanek et al., 2011).

Another probe that is specific to FACS apoptosis detection is the Fluorochrome Inhibitor
of Caspases (FLICA) probe, which binds to active caspases within the cell and becomes
activated. Therefore being specific to apoptosis and allowing for an accurate count of
apoptotic cells within the sample (Darzynkiewicz et al., 2011). Should the resource be
available; ideally the effect of Hyperosmolarity on the Orai channels would be confirmed
using a direct measurement method such as electrophysiology (“Patch-clamp”) in order
to avoid the confounding Ca?* currents being expressed within the cell models used in
this thesis. One major advantage of this technique is the ability to clamp (lock) the
membrane potential of the cell and as such measure ionic movement with a high degree

of accuracy.

6.2 Future work

One potential future direction that this work could take would be to better develop a model
of diabetic hyperosmolarity outside of the HHS emergency condition that this data is
based upon. In HHS the plasma osmolarity rises and keeps getting higher until the patient

is either treated or they die.
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This is not the “normal” outcome for DM patients with poorly controlled blood glucose.
It is more likely that the plasma osmolarity would undergo fluctuations from normal to
hyperosmotic and back again several times per day. This fluctuation could itself affect
endothelial cells in a way that is different from what is reported in previous chapters. It is
also within this fluctuating osmolarity condition that the majority of endothelial cell
damage is done over the course of the disease and as such would be an important
condition to model in order to ascertain any effect on SOCE. This would allow for the
findings of this thesis to be translated to a broader hyperglycaemic condition (as found

within DM) if a similar damage pathway was identified.

One way to determine whether the described damage pathway suggested in this thesis is
present in the clinical situation would be to use human tissue samples from patients that
have undergone hyperglycaemic/hyperosmotic shock. An investigation could be
performed to ascertain whether the SOCE proteins are expressed in key tissues such as
the kidney. It would be possible to measure the activity of the SOCE channels from these
samples through the use of Ca?* imaging and electrophysiology. If the same reduction in
SOCE intensity is observed this could open up potential research areas into the potential

therapeutic effects of antioxidants for patients with highly elevated plasma osmolarity.
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Another potential future direction that this research could be taken in would be to assess
whether a different source of hyperosmolarity, other than mannitol, is capable of
producing the same effect. One such source could be urea, which is a major osmolyte
capable of increasing the plasma osmolarity in acute kidney failure (Josa-Laorden et al.,
2018). This would not only act as a control for the mannitol induced hyperosmolarity
(although this compound is not known to have any effect on cells beyond functioning as
an extracellular osmolyte) but this would reveal another clinical condition that can lead

to this reduction in SOCE.

Because this work focused in on an underlying mechanism for the SOCE reduction
hyperosmolar effect some detail was not covered that could still be of clinical and
scientific interest. For example, electrophysiological techniques were not used on these
cells and channels which would have shown with near experimental certainty that the
effect was mediated by the Orai channels. Also not investigated was the effect that longer-
term hyperosmolarity had on the expression of the STIM/Orai genes and proteins which

would have revealed how in the longer term, the cells handle this SOCE reduction.

6.3 Conclusion

The data presented is scientifically novel and although of limited clinical importance in
and of itself this data can underpin deeper studies into the activity of SOCE proteins and
their interaction with hyperosmotic stimuli. The data builds upon known relationships
between ROS and SOCE to suggest a novel pathway of endothelial damage as caused by
bu hyperosmolarity. The findings presented in this thesis also have the potential, upon
further study, to inform the treatment of both the hyperosmolar hyperglycaemic state and

other conditions leading to acute and chronic hyperosmolarity.
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As is to be expected within any scientific study there is always work to be done but what
Is important is that even though it was beyond the scope of this experiment it is still

imperative to screen compounds that could offer a protective effect against this damage.

The vascular complications of DM remain one of the greatest health threats in the western
world due to the high number of DM patients as well as the severity of the disease it is
imperative that studies such as this continue to reveal the many ways in which these
disease states affect aspects of human physiology. It is only by knowing how DM causes
damage that we can learn to prevent it and it would appear from this work that
hyperosmolarity is not just a result of hyperglycaemia but is a pathological state in its
own right and should be treated as such. For any state capable of altering such an
important process as SOCE is worthy of further investigation for its effects could be more

numerous and severe than previously imagined.
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