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Abstract  

 

ORAI and STIM genes are recently identified store-operated calcium channel 

molecules that play important roles in human physiology. In this thesis, the effects of 

oxidative stress conditions including high glucose, homocysteine and H2O2 on the 

expression of ORAI and STIM, Ca
2+

 influx, ORAI channel activity and potential 

underlying mechanisms were investigated using cell models and in vivo tissue 

samples from diabetic patients and mice. 

ORAI1-3 and STIM1-2 were detected in vascular endothelial cells and smooth 

muscle cells using RT-PCR, western blotting and immunostaining. Their expression 

was upregulated by chronic treatment with high glucose in cell models. The 

upregulation was also observed in human aorta from Type 2 diabetic patients and 

kidney tissues from streptozotocin-induced and Akita Type 1 diabetic mouse models. 

The high glucose-induced gene upregulation was prevented by the calcineurin 

inhibitor cyclosporin A and store-operated channel blocker diethylstilbestrol. H2O2 

also upregulated ORAI1-3 and STIM1-2, however, homocysteine increased STIM1-

2 expression, but downregulated ORAI1-3.  

Ca
2+

 influx and ORAI channel activity were investigated using Ca
2+

 imaging and 

whole-cell patch clamp. Chronic treatment with high glucose enhanced store-

operated Ca
2+

 influx in endothelial cells, but there was no effect if treated acutely. In 

HEK-293 cells overexpressing STIM1/ORAI1-3, high glucose had no acute effect on 

ORAI1-3 currents, but homocysteine decreased the currents. The cytosolic STIM1 

movement was monitored by live-cell fluorescence imaging. Oxidative stress did not 

change STIM1-EYFP translocation and clustering after Ca
2+

 store-depletion. 

The effect of hyperosmolarity on STIM and ORAI expression and channel activity 

was also investigated. Hyperosmolarity inhibited ORAI1-3 currents and 

downregulated ORAI1-3 and STIM1-2 gene expression, but did not alter cytosolic 

STIM1-EYFP translocation. 

It is concluded that store-operated channel molecules, STIMs and ORAIs, are new 

proteins regulated by oxidative stress, especially in diabetes, which may provide a 

novel concept for the abnormality of Ca
2+

 homeostasis in blood vessels from patients 

with diabetes.  
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Chapter 1 

 

 General Introduction 
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1.1 Introduction 

 

Although there has been a reduction in cardiovascular disease (CVD) mortality that 

has occurred over the last 40 years in Western countries, patients with diabetes have 

experienced less decline in CVD mortality than those without diabetes, with a two to 

four-fold increased risk of cardiovascular events (Fox et al., 2004; Roger et al., 

2012). The UK is facing a huge increase in the number of people with diabetes. 

During the last 16 years, the number of people diagnosed with the disease has 

increased from 1.4 to 2.9 million. If the current trends continue, this number is 

estimated to further increase to 5 million by 2025 (Hex et al., 2012). 

CVD is one of the major complications that cause mortality in people diagnosed with 

diabetes. Around half of people diagnosed with diabetes (44% for Type 1 diabetes 

and 52% for Type 2 diabetes) die due to the vascular complications of the disease 

(Williamson et al., 2000; Morrish et al., 2001). The increased risk in diabetes is 

mainly due to the adverse effects of hyperglycemia and oxidative stress, the two 

main factors causing vascular endothelial damage and subsequently leading to the 

development of atherosclerosis (Kirpichnikov & Sowers, 2001; Avogaro et al., 

2011). 

Apart from the health issue, diabetes and the associated complications have a 

significant economic impact on government health system with the direct medical 

cost related to the disease diagnosis and treatment and the indirect cost related to the 

decreased productivity and homecare (Hex et al., 2012). Around 10 per cent (~£10 

billion) of the National Health Service budget is estimated to be spent on diabetes 

with 80 per cent of the cost spent on the diabetic complications (Hex et al., 2012).  

The total cost including the indirect cost is estimated around £23.7 billion and will 

increase to £39.8 billion by 2035/6 (Hex et al., 2012). All these numbers indicate 

that diabetes and its complications are a leading health challenge and have become a 

global economic health burden. 
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1.2 Oxidative stress 

 

Oxidative stress is termed as excess formation and/or insufficient removal of highly 

reactive molecules such as reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) (Turko et al., 2001; Maritim et al., 2003). Free radicals such as 

superoxide (·O2
-
), hydroxyl (·OH), peroxyl, hydroperoxyl as well as nonradical 

species such as hydrogen peroxide (H2O2) and hydrochlorous acid are ROS, whereas 

free radicals such as nitric oxide (·NO) and nitrogen dioxide (·NO2
-
), as well as 

nonradicals like peroxynitrite (ONOO
-
) and nitrous oxide are RNS. Both ROS and 

RNS are produced in all cells as derivatives of oxygen metabolism (Turko et al., 

2001; Evans et al., 2002).  

ROS and RNS within a physiological range are necessary for cell functions 

including the regulation of cell proliferation, differentiation and apoptosis (Bae et al., 

1997; Ghosh & Myers, 1998; Lee et al., 1998; Sauer et al., 2001), the removal of 

aged cellular components (Griendling et al., 2000; Droge, 2002; Chiarugi & Cirri, 

2003), and the immune function against microorganisms (Tohyama et al., 2004; 

Valko et al., 2007). ROS at low concentrations function as signalling molecules in 

regulating vascular smooth muscle cell contraction, relaxation and growth, such as 

superoxide and  H2O2 (Rao & Berk, 1992; Cosentino et al., 1994; Zafari et al., 1998; 

Touyz & Schiffrin, 1999). However, excess production of ROS/RNS, i.e., oxidative 

stress condition, can damage cell structure through the modifications of cellular 

proteins, lipids, and DNA, and thus lead to the loss of normal cell function (Valko et 

al., 2007; Xu et al., 2009). 

Oxidative stress is involved in many diseases including diabetes (Perez-Matute et al., 

2009); cardiovascular diseases such as atherosclerosis (Podrez et al., 2000), heart 

failure (Givertz & Colucci, 1998), and myocardial infarction (Ansley & Wang, 

2013); neurological disorders such as Alzheimer disease (Butterfield et al., 2002), 

Parkinson disease (Tretter et al., 2004) and Schizophrenia (Zhang et al., 2013); 

obesity (Keaney et al., 2003); chronic kidney diseases (Siddharth et al., 2012); breast 

cancer (Wang et al., 1996);  fragile X syndrome (de Diego-Otero et al., 2008); and 

chronic fatigue syndrome (Shungu et al., 2012). However, some studies have 

demonstrated that short-term oxidative stress may have beneficial effects, such as the 
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potential prevention of aging by a cellular process called stress-response hormesis 

(Cypser & Johnson, 2002; Gems & Partridge, 2008). 

 

 

1.3 Oxidative stress and diabetes 

 

Diabetes mellitus (DM) is a group of metabolic disorders characterized by 

hyperglycemia resulting from insufficiency of secretion or action of endogenous 

insulin (Alberti & Zimmet, 1998). It is often accompanied by glycosuria, polydipsia, 

and polyuria. Type 1 DM is characterized by loss of the insulin-producing beta cells 

of the islets of Langerhans in the pancreas that leads to insulin deficiency, whereas 

Type 2 DM is characterized by insulin resistance (American Diabetes Association, 

2005). The major aetiology of diabetes is hyperglycemia as a result of decreased 

glucose uptake into muscle and adipose tissue. The high mortality of diabetes is due 

to diabetic complications, especially the high risk of vascular complications (Alberti 

& Zimmet, 1998). The microvascular complications of diabetes include retinopathy, 

nephropathy and neuropathy; and macrovascular complications include coronary 

artery disease, cerebrovascular disease, and peripheral vascular disease due to 

atherosclerosis (Brownlee & Cerami, 1981). 

Oxidative stress has been implicated in the development and progression of the 

diabetic complications (Kirpichnikov & Sowers, 2001). Large-scale studies have 

demonstrated that the initiating cause leading to the tissue damage in diabetes is 

hyperglycemia (The Diabetes Control and Complications Trial Research Group, 

1993; UK Prospective Diabetes Study Group, 1998). Hyperglycemia triggers the 

overproduction of ROS from various sources including oxidative phosphorylation, 

glucose autooxidation, NADPH oxidase, lipooxygenase, cytochrome P450 

monooxygenases, and nitric oxide synthase (NOS) (Baynes, 1991; Young et al., 

1995; Baynes & Thorpe, 1999; Lipinski, 2001; Ceriello, 2003; Maritim et al., 2003). 

Impaired antioxidant defence mechanisms via glutathione, catalase, superoxide 

dismutase and thioredoxin in diabetic conditions also lead to increased ROS level 

(Halliwell et al., 1990; McLennan et al., 1991; Saxena et al., 1993; Lipinski, 2001; 

Maritim et al., 2003; Perez-Matute et al., 2009). The level of antioxidants such as 

vitamin C, vitamin E and lipoic acid have been linked to the development of diabetic 
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complications as their role is to eliminate the production of critical radicals such as 

H2O2 and superoxide (Lipinski, 2001; Perez-Matute et al., 2009; Golbidi et al., 

2011). Moreover, genetic background affecting insulin resistance or insulin 

production and some other independent factors such as hypertension and 

hyperlipidemia are also linked to the progress of tissue damage triggered in diabetic 

conditions (Kulkarni et al., 2003; Zeggini et al., 2008; Dermitzakis & Clark, 2009; 

Manolio et al., 2009). 

 

 

1.4 Diabetic vascular injury 

 

The imbalance between production of ROS and antioxidant defences leads to 

dysfunction of cells and consequently tissue injury. It has been demonstrated that 

hyperglycemia-induced oxidative stress is a risk factor for CVD, such as coronary 

artery disease, cerebrovascular disease and peripheral vascular disease, which have 

been reported as diabetic macrovascular complications responsible for the high 

mortality of people diagnosed with DM (Pyorala et al., 1987; The Diabetes Control 

and Complications Trial Research Group, 1993; Laakso, 1999; Johansen et al., 

2005). The pathophysiological processes leading to vascular damage in CVD when 

ROS are produced at high levels include the dysfunction of endothelial cells, the 

increased contractility, abnormal growth and apoptosis of smooth muscle cells, 

monocyte migration, lipid peroxidation, inflammation, and increased deposition of 

extracellular matrix proteins (Rao & Berk, 1992; Harrison, 1997). 

The generation of superoxide induced by hyperglycemia at the mitochondrial level 

was found to be the initial step of oxidative stress in diabetes (Nishikawa et al., 

2000; Brownlee, 2001). Increased level of glucose and other sugars, such as fructose 

and glyceraldehyde-3-phopshate, induces the mitochondrial overproduction of ROS 

and RNS that result in the increased intracellular formation of advanced glycated end 

products, increased expression of the receptor for advanced glycated end products (a 

member of the immunoglobulin superfamily of receptors), activation of protein 

kinase C, or the increased activity of the hexosamine pathway, which are underlying 

mechanisms that induce endothelial tissue damage (Brownlee, 2005; Goldin et al., 

2006). 



- 6 - 
 

1.5 Calcium signalling in blood vessels 

 

Calcium ion (Ca
2+

) is a second messenger in all eukaryotic cells. It differentially 

regulates diverse cellular phenomena via spatiotemporal partitioning of Ca
2+

 levels. 

The intracellular Ca
2+

 concentrations are regulated by external and internal stimuli, 

such as membrane depolarization, stretch, extracellular agonists, intracellular 

messengers or the depletion of intracellular stores. Ca
2+

 itself can directly or 

indirectly affect many protein functions, such as enzymes, channels and transporters, 

and thus regulate many cellular processes as a second messenger such as exocytosis, 

contraction, metabolism, transcription, fertilization, proliferation, and immune 

response (Berridge et al., 2003). Ca
2+

 not only controls short-term cell response, 

such as contraction and secretion, but also regulates longer-term cell function, such 

as cell growth and cell division (Berridge et al., 1998; Venkatachalam et al., 2002). 

Substantial evidence has demonstrated that even small disturbance in Ca
2+

  

homeostasis can provoke serious dysfunction of fundamental cellular processes and 

cause several diseases (Berridge, 2012). 

There are two ways to control cytoplasmic Ca
2+

 concentration in eukaryotic cells, 

i.e., Ca
2+

 release from intracellular Ca
2+

 stores and Ca
2+

 influx into the cell. Up to 

date, extensive research has been done in revealing the organelles that function as 

Ca
2+

 stores and the mechanisms involved (Berridge et al., 2003). The endoplasmic/ 

sarcoplasmic reticulum (ER/SR) has been found to be of great importance for Ca
2+

 

storage and release (Pozzan et al., 1994). Other organelles like mitochondria, Golgi 

apparatus, lysosomes, nuclear envelope, and some secretory granules have also been 

reported to contribute to intracellular Ca
2+ 

storage (Pozzan et al., 1994; Sorrentino & 

Rizzuto, 2001; Carafoli, 2002).  

The major families of Ca
2+

-permeable ion channels located on the plasma membrane 

(PM) and the ER are presented in Figure 1-1. Intracellular Ca
2+

 dynamics is 

controlled by the opening or closing of these Ca
2+

 permeable ion channels. Receptor-

operated channels are activated by neurotransmitters or hormones via G-protein-

coupled receptors (GPCRs). Voltage-operated channels (VOCs) are activated by 

membrane depolarization and are found in the excitable cells like neurons, muscles 

and glial cells. Store-operated channels (SOCs) are found to be widely expressed in 
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all eukaryotes and activated by the depletion of the Ca
2+

 stores within the ER 

(Partiseti et al., 1994; Locke et al., 2000). Ligand-gated channels are opened or 

closed in response to the binding of chemical messengers, whereas stretch-activated 

ion channels are activated or deactivated in response to membrane tension. Another 

pathway for Ca
2+

 entry is Na
+
-Ca

2+
 exchanger, which functions in reverse mode after 

membrane depolarization (Philipson & Nicoll, 2000). Ca
2+

 pumps, like the plasma 

membrane Ca
2+

 ATPase (PMCA) and the sarcoplasmic reticulum Ca
2+

 ATPase 

(SERCA) are important regulators for cytosolic Ca
2+

 concentrations, as they pump 

Ca
2+

 out of the cells or into the ER, respectively, and maintain the cellular Ca
2+

 

homeostasis (Carafoli, 1991; Periasamy & Kalyanasundaram, 2007). ER store 

depletion leading to activation of SOCs can also be mediated by activation of 

ryanodine receptors (RyRs) (Fill & Copello, 2002). Cellular functions are mediated 

by particular Ca
2+

 channels depending on the biophysical kinetics of channel 

activation and the sensitivity to the stimuli, such as rapid events like exocytosis and 

contraction are mediated by the rapidly activated VOC and RyR channels, whereas 

the long-term functions like gene transcription are regulated by the slow activated 

SOC channels (Soboloff et al., 2012). 
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Figure 1-1 Ca
2+

 permeable channels and pumps in the PM and ER. PMCA; 

plasma membrane Ca
2+

 ATPase, SERCA; sarcoplasmic reticulum Ca
2+

 ATPase, 

RyRs; ryanodine receptors, DAG; diacylglycerol, IP3; inositol 1, 4, 5-triphosphate, 

IP3R; IP3 receptors. 
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1.6 Store-operated Ca
2+

 entry 

 

Store-operated Ca
2+

 entry (SOCE), also called capacitative Ca
2+

 entry, is the process 

in which depletion of Ca
2+

 stores in the ER induces Ca
2+

 influx from the extracellular 

space into the cytosol through the activation of PM-localized Ca
2+

-permeable 

channels, i.e., SOCs or Ca
2+

 release-activated channels (CRACs) (Parekh & Penner, 

1997; Parekh & Putney, 2005). Activation of GPCRs or receptor tyrosine kinases 

(RTKs) by various growth factors, hormones, or neurotransmitters, can generate the 

second messengers inositol 1, 4, 5-triphosphate (IP3) and diacylglycerol (DAG). In 

the first phase, IP3 functions as a chemical message that diffuses rapidly within the 

cytosol and interacts with IP3 receptors (IP3R) located on the ER. Ca
2+

 in the ER is 

then released from the ER lumen and results in cytoplasmic Ca
2+

 elevation (Berridge 

et al., 1998; Berridge et al., 2000; Clapham, 2007). In the second phase, the 

depletion of ER Ca
2+

 activates PM-localized SOCs and triggers the influx of 

extracellular Ca
2+

 into the cell (Parekh & Putney, 2005). DAG, the other product of 

phospholipase C activation, can induce Ca
2+

 influx into a cell via a receptor-operated 

pathway (Hofmann et al., 1999; Harteneck et al., 2000; Hofmann et al., 2000). 

The concept of SOCE was first proposed in 1986 (Putney, 1986) and evidenced by 

the experiments in parotid acinar cells using a Ca
2+

 dye (Takemura et al., 1989; 

Takemura & Putney, 1989). The electrophysiological studies provided direct 

evidences that store depletion can activate a Ca
2+

-selective current. In 1992, the 

store-operated current was first recorded in rat basophilic leukemia (RBL) mast cells 

(Hoth & Penner, 1992), called Ca
2+

 release-activated Ca
2+

 current or ICRAC, which 

shed light on the understanding of SOCE (Hoth & Penner, 1992; Hoth & Penner, 

1993). ICRAC is the best characterized store-operated current in RBL mast cells and 

Jurkat T cells with non-voltage activated, inwardly rectifying, and highly Ca
2+

-

selective properties, and a tiny single-channel conductance of < 30 fS (femto-

Siemens) (Hoth & Penner, 1992). 
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1.7 Molecular basis of store-operated Ca
2+

 entry 

 

Many genes have been claimed to code the SOCs (Winslow et al., 2003; Prakriya et 

al., 2006). The transient receptor potential canonical (TRPC) subfamily was 

suggested as the molecular basis of SOCs (Parekh & Putney, 2005; Worley et al., 

2007), especially the TRPC1 (Xu & Beech, 2001). Recently, the discovery of STIM1 

and ORAI1 shed light on the molecular identity of the ICRAC with the higher Ca
2+

 

selectivity and inward rectification (Huang et al., 2006; Yeromin et al., 2006). 

STIM1 acts as a sensor of Ca
2+

 content in the ER, while ORAI1 may form the 

CRAC channel itself (Gwack et al., 2007; Mignen et al., 2007; Putney, 2007). 

   

1.7.1 Stromal-interacting molecules 

 

The stromal-interacting molecules (STIMs) were identified prior to the discovery of 

their involvement in Ca
2+

 entry (Oritani & Kincade, 1996; Williams et al., 2001). 

STIM1 was originally identified in a search for cell surface proteins on stromal cells 

and was reported to be involved in pre-B cell survival and tumour suppression 

(Oritani & Kincade, 1996; Williams et al., 2001). In 2005, STIM1 was identified as 

a component of SOCE using an RNA interference screen in Drosophila S2 cells and 

in STIM1-overexpressed HeLa cells (Liou et al., 2005; Roos et al., 2005). 

STIM is identified as a type-I (single-spanning) membrane protein with the N-

terminus in the ER lumen and the C-terminus in the cytosol (Manji et al., 2000; 

Spassova et al., 2006; Hogan et al., 2010) (Figure 1-2). STIM contains an N-

terminus, a single transmembrane region and a C-terminus. The N-terminal region 

contains a canonical EF-hand domain which is a Ca
2+

-binding motif that serves as 

the Ca
2+

 sensor to detect changes in [Ca
2+

]i, a 'hidden' EF-hand domain, and a sterile-

alpha motif (SAM) that is used for protein-protein interactions (Stathopulos et al., 

2006; Stathopulos et al., 2008). A single-pass transmembrane motif separates the N-

terminal from the C-terminal region that contains three coiled-coil domains, CC1, 

CC2 and CC3, that mediate interactions between STIM proteins allowing them to 

oligomerize upon activation, a proline-rich motif and a lysine-rich tail (Williams et 

al., 2001; Williams et al., 2002; Kim & Bowie, 2003; Li et al., 2007; Zheng et al., 

2008). 
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Figure 1-2 STIM1 functional domains. EF, canonical/hidden EF-hand motif; 

SAM, sterile alpha motif; TM, transmembrane domain; CC1/CC2/CC3, coiled-coil 

domains 1–3; CMD, CRAC modulatory domain; S/P, serine/proline-rich region; K, 

polybasic cluster; SOAR, STIM-ORAI activating region. E128RfsX9 is a mutation 

identified in patients with immunodeficiency (indicated by the arrow). 
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It has been reported that a highly conserved domain with 98 amino-acids in STIM1, 

named STIM-ORAI activating region (SOAR), is necessary and sufficient to fully 

activate ORAI channels after direct coupling to them (Yuan et al., 2009b). This 

segment is similar to the reported CRAC modulatory domain (CMD) and ORAI1-

activating small fragment (Muik et al., 2009; Park et al., 2009; Yuan et al., 2009b). 

The same region mediates the strong suppression of voltage-gated Cav1.2 calcium 

channel when STIM1 is activated by store depletion or mutational modification 

(Wang et al., 2010). 

There are two isoforms for STIM in vertebrates, i.e. STIM1 and STIM2. The two 

isoforms are widely expressed in mammalian cells. Human STIM1 gene was mapped 

to human chromosome 11p15.5 (Stathopulos et al., 2006) and STIM2 to 4p15.1 

(Wissenbach et al., 2007). Human STIM1 has 65% amino acid identity to STIM2. 

STIM1 is mainly located in the ER, but also to a limited extent in the PM, whereas 

STIM2 protein is expressed only intracellularly (Soboloff et al., 2006a; Soboloff et 

al., 2006b; Spassova et al., 2006; Hogan et al., 2010). STIM1 and STIM2 have 

almost identical EF-hand-containing N-terminal domains, transmembrane region and 

coiled-coil regions in the C-terminal domain. Their sequences deviate toward a short 

segment at the N-terminus and a longer one near the C-terminus (Soboloff et al., 

2006b; Dziadek & Johnstone, 2007; Deng et al., 2009). 

 

1.7.1.1 STIMs and SOCE 

 

A number of studies have demonstrated that STIM1 is required for store-operated 

Ca
2+

 entry. STIM1 has a dual role in a cell, which functions as a sensor of Ca
2+

 

concentration in the ER and a messenger coupling the store depletion information to 

the PM to trigger ORAI channel opening (Liou et al., 2005; Roos et al., 2005; 

Spassova et al., 2006). 

Despite sharing close structural homology with STIM2, it was found that STIM1 is a 

stronger activator of ORAI channels than STIM2 (Bird et al., 2009). However, 

STIM2 is a more potent sensor for Ca
2+

 concentration in the ER, as it can be 

activated at higher Ca
2+

 concentrations after a mild reduction in ER Ca
2+

  level as 

well as the basal Ca
2+ 

levels, suggesting STIM2 is an important regulator for basal 
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activity (Brandman et al., 2007). In addition, STIM2 showed a slower activation of 

ORAI1 compared to that by STIM1 (Parvez et al., 2008; Zhou et al., 2009). 

Nevertheless, STIM1 overexpressed alone led to a moderate increase in CRAC 

current, suggesting the channel complex formation of STIM1/ORAI1 is crucial for 

the size of CRAC current (Liou et al., 2005; Roos et al., 2005). On the contrary, 

when STIM2 was overexpressed, endogenous SOCE mediated by STIM1 was 

strongly inhibited (Soboloff et al., 2006b; Brandman et al., 2007). The physiological 

difference of STIM1 and STIM2 is still unclear, but STIM1 appears to be an 

obligatory mediator of SOC activation, while the STIM2 protein may function as a 

regulator in the store-operated signalling pathway (Brandman et al., 2007; Parvez et 

al., 2008; Stathopulos et al., 2009). 

 

 

1.7.2 ORAIs 

 

ORAI has been identified as the component of CRAC channel in 2006 (Feske et al., 

2006; Prakriya et al., 2006). The “Orai” stands for the keepers of the gates of heaven 

in Greek mythology. The Orai means hours in Greek and there are three Hours: 

Eunomia (Order or Harmony), Dike (Justice) and Eirene (Peace). According to this, 

the three homolog genes were designated as Orai1, Orai2 and Orai3, which encode 

ORAI1, ORAI2 and ORAI3 channel proteins (Feske et al., 2006). They are regarded 

as highly Ca
2+

-selective ion channels in the PM and share no homology with other 

ion channel family (DeHaven et al., 2007). Each isoform has an intracellular N-

terminus and C-terminus and one transmembrane region with four domains (Lis et 

al., 2007; Maruyama et al., 2009) (Figure 1-3). Cross-linking studies have 

demonstrated that ORAI proteins form dimers at the resting state, whereas they 

function as tetramers to form the CRAC channel pore (Gwack et al., 2007; Ji et al., 

2008; Mignen et al., 2008; Penna et al., 2008). 
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Figure 1-3 ORAI channel domains. TM1-4, transmembrane domains 1-4. A103E, 

L194P, R91W and A88SfsX25 are the mutations in patients indicated by the arrows. 
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Just one year after the discovery of STIM1 as the component of SOC, ORAI1 was 

identified by Feske et αl. as a channel protein responsible for Ca
2+

 entry following 

ER Ca
2+

 store depletion with two approaches (Feske et al., 2006). The first approach 

was tracking the molecular basis of T cell receptor function loss in patients with one 

form of hereditary severe combined immunodeficiency (SCID) syndrome, who are 

defective in SOCE and CRAC channel function. After positional cloning of the 

mutant locus, the ORAI1 gene was identified. SOCE was fully restored by 

expression of the wild-type ORAI1 in the T cells from patients with SCID. The 

second approach utilized RNA interference to functionally suppress ORAI1 in 

Drosophila S2 cells, and revealed that ORAI1 is a key element of CRAC channel. In 

the same period of time, similar genes were identified in Drosophila by two other 

groups using genome-wide RNA interference screens and their orthologous genes in 

human (Vig et al., 2006; Zhang et al., 2006). 

 

 

1.7.2.1 ORAIs and SOCE 

 

ORAI1 is an essential molecule for SOCE. SOC or CRAC channel is reconstituted 

by ORAI1 in most mammalian cell types (Mercer et al., 2006; Prakriya et al., 2006; 

Gwack et al., 2007). It has been demonstrated that mutations within the pore region 

of ORAI1 are capable of changing the biophysical properties of SOCE (Feske et al., 

2006; Yeromin et al., 2006; Guo & Huang, 2008). Based on the ion permeability 

studies with different point mutations of ORAI1 in the transmembrane region 1 and 

3, it was suggested that these regions form the pore of CRAC channel (Prakriya et 

al., 2006; Yeromin et al., 2006). Furthermore, several studies have revealed that 

ORAI1 co-expressed with STIM1 in human embryonic kidney 293 (HEK293) cells 

resulted in a big increase of SOCE compared to the cells expressing STIM1 alone 

(Mercer et al., 2006; Peinelt et al., 2006; Prakriya et al., 2006; Hewavitharana et al., 

2007; Takahashi et al., 2007; Varnai et al., 2009).  

ORAI2 has been reported to exhibit properties similar to ORAI1 as overexpression 

of ORAI2 alone also resulted in inhibition of SOCE in HEK293 cells, whereas its 

co-expression with STIM1 resulted in markedly increased Ca
2+

 entry. The magnitude 

of the currents with ORAI2 was less than that with ORAI1 though (Mercer et al., 
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2006). ORAI3, however, did not synergistically increase Ca
2+

 entry when co-

expressed with STIM1 (Mercer et al., 2006; Gross et al., 2007). In contrast, it was 

shown that ORAI3 is able to restore Ca
2+

 entry in cells in which the endogenous 

ORAI1 was silenced by RNA interference and the Ca
2+

 entry was reduced (Gwack et 

al., 2007; Guo & Huang, 2008). 

In expression experiments, ORAI1 was reported to have higher Ca
2+

 influx efficacy 

that ORAI2 and ORAI2 a higher efficacy than ORAI3 (Mercer et al., 2006), and an 

N-terminal tail region was found to determine this order (Takahashi et al., 2007). 

This region appeared to play an important role in the formation of the pore of the 

channel, whereas the C-terminus region was reported to participate in the activation 

process between ORAI1, but not ORAI2 or ORAI3, and STIM1 (Takahashi et al., 

2007; Frischauf et al., 2009). 

 

 

1.7.3 Transient receptor potential channels as SOCs 

 

The canonical subfamily of TRP channels (TRPCs) are Ca
2+

-permeable cationic 

channels. There are seven members in the TRPC subfamily, i.e., TRPC1-7. 

According to their amino acid similarities, the seven members can be grouped as 

TRPC1, TRPC2 (a pseudogene in human), TRPC3 and TRPC6-7, and TRPC4-5 (Xu 

& Beech, 2001; Clapham, 2003; Putney, 2005; Xu et al., 2008a; Beech et al., 2009). 

The common structure of TRPC family contains four N-terminal ankyrin repeats, six 

transmembrane-spanning domains and a putative pore region located between 

transmembrane domains 5 and 6 (Hofmann et al., 2002). TRPC channels mediate the 

non-selective Ca
2+

-permeable cationic current with outward rectification (Xu et al., 

2006a; Xu et al., 2006b), which are different from that of the ICRAC. 

TRPC channels have been proposed to act as SOCs as they were found to be 

activated by store depletion in HEK293 cells overexpressing TRPC genes (Salido et 

al., 2009). For instance, the SOCE was increased in HEK293 cells overexpressing 

TRPC1, whereas it was decreased in the cells co-expressing a dominant-negative 

form of TRPC1  (Ohba et al., 2007). In addition, the SOCE in vascular endothelial 

cells from knockout TRPC4 mice was also decreased (Freichel et al., 2001). 

Moreover, TRPC1 blocking antibody (T1E3) specifically inhibited SOCE in smooth 
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muscle cells (Xu & Beech, 2001). These studies suggest some members of TRPCs 

are components of SOCs, although some TRPC isoforms are controversial, such as 

TRPC3 and TRPC6 appear not to function as SOCs (Putney, 2004; Parekh & Putney, 

2005; Yuan et al., 2009a).  

A direct activation of TRPCs by STIM1 has been demonstrated by several research 

groups (Huang et al., 2006; Kim et al., 2009; Pani et al., 2009; Lee et al., 2010), 

however, there are some opposing evidences reported by others which indicated that 

TRPC channel activity is independent of STIM1 (Varga-Szabo et al., 2008a; 

DeHaven et al., 2009; Wang et al., 2010). Despite this controversy, recent studies 

have revealed that the insertion of TRPC1 in the PM was induced by Ca
2+

 entry via 

ORAI1, suggesting that there is a close connection between these channels (Cheng et 

al., 2011; Soboloff et al., 2012). 

Biochemical assembly of STIM1-ORAI1-TRPCs complexes and functional 

interaction between TRPC channels and ORAI1 has also been reported by several 

studies (Ambudkar et al., 2007; Liao et al., 2007; Ong et al., 2007; Jardin et al., 

2008; Kim et al., 2009). The channel function of both TRPCs and ORAI1 channels 

appeared to be required for TRPC1 and STIM1-dependent SOCE at physiological 

low expression levels (Cheng et al., 2008; Kim et al., 2009), however, both channels 

could function independently when TRPC and ORAI genes were expressed at high 

levels in same cells (Zeng et al., 2008). 

 

 

1.7.4 Mechanism of ORAI store-operated channel activation 

 

STIM1 clustering and translocation to the subplasmalemmal space near PM has been 

suggested to be the mechanism that communicates the Ca
2+

 store depletion in the ER 

to the SOCs located in the PM (Liou et al., 2005; Zhang, 2005) (Figure 1-4). The 

reduction of the Ca
2+

 concentration in the ER results in the activation of STIM 

molecules, the sensors of the Ca
2+

 concentration in the ER. It has been found that the 

ER-luminal domain of STIM1 is the responsible domain for sensing Ca
2+

.  Depletion 

of Ca
2+

 concentration in ER leads to dissociation of Ca
2+

 from the EF-hand domain 

of STIM1, and results in STIM1 clustering (oligomerization) and redistribution of 
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STIM1 clusters, or called puncta, to the location of  ER juxtaposed to the PM 

(translocation) (Smyth et al., 2008; Hogan et al., 2010). The process of STIM1 

clustering then triggers ORAI channels in the PM via binding to the C-terminus of 

ORAI and causes ORAI channel opening and thus Ca
2+

 entry from the extracellular 

space to the cell (Penna et al., 2008; Hogan et al., 2010). It has been demonstrated 

that STIM1 redistribution is a reversible process providing that the ER Ca
2+

 stores 

are refilled through SOCs or other Ca
2+

-permeable pathways (Liou et al., 2005; 

Varnai et al., 2007; Smyth et al., 2008).  
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Figure 1-4 Mechanism of store-operated ORAI channel activation by STIM. A, 

Activation of GPCRs or RTKs by agonists (growth factors, hormones, and 

neurotransmitters) generates the second messengers inositol 1, 4, 5-triphosphate (IP3) 

and diacylglycerol (DAG). IP3 functions as a chemical message that diffuses rapidly 

within the cytosol and interacts with IP3 receptors (IP3R). B, Activation of IP3R 

located on the ER causes Ca
2+

 release from ER store. C, The reduction of the Ca
2+

 

concentration in the ER results in the aggregation of the Ca
2+

 sensors STIM1. The 

STIM molecules form clusters (puncta) and translocate to the sections of ER 

juxtaposed to the PM, where they activate PM-localized ORAI channels and result in 

Ca
2+

 influx. 
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Apart from ER Ca
2+

 store depletion, STIM1 clustering and translocation could also 

be triggered by other conditions, for example, the modification of Cys
56

 in the N-

terminus of STIM1 by ROS-induced S-glutathionylation. Such modification may 

reduce the Ca
2+

 binding to the EF-hand domain, although the ER stores are still 

replete (Hawkins et al., 2010). In addition, STIM1 could also sense temperature as it 

can be activated by small increases in temperature from 37 ºC to 41 ºC; however, 

higher temperatures cause STIM1-ORAI1 uncoupling, but this process is reversible 

after cooling the temperature (Mancarella et al., 2011b; Xiao et al., 2011). STIM1 

could also be activated under hypoxic conditions and the underlying mechanisms are 

unknown (Mancarella et al., 2011a). Finally, an ER Ca
2+

 store-independent 

mechanism for STIM1 clustering has been recently demonstrated by our group using 

pharmacological regulators and stable transfected HEK-293 cells overexpressing 

STIM1-EYFP, suggesting a new alternative mechanism for regulating cytosolic 

STIM1 movement may exist (Zeng et al., 2012). 

Physiological IP3R activation is not the only mechanism for SOCE activation. Any 

procedure or signal that leads to reduction or depletion of ER Ca
2+

 stores will trigger 

the activation of SOCE. There are two experimental approaches to deplete the ER 

Ca
2+

 stores, i.e., active store depletion and passive store depletion (Zeng et al., 

2012). 

Active store depletion: The application of GPCR agonists to activate IP3Rs or the 

activation of RyRs to cause Ca
2+

 release are active store depletion procedures, such 

as the use of physiological agonists like hormones, neurotransmitters and nucleotides 

(Parekh & Putney, 2005). Patch clamp recording techniques have been used to 

characterize and measure ICRAC. During whole-cell patch clamp recording, the 

contents of the cell cytoplasm slowly exchange with the pipette contents. The cytosol 

can be dialyzed with IP3 or related analogues and thimerosal can be used to sensitize 

IP3R to resting IP3 levels (Parekh & Penner, 1995).  

Passive store depletion: The store depletion by inhibition of SERCA pump or 

causing membrane leakage belongs to passive store depletion procedures. Exposure 

of the cells to SERCA pump inhibitors such as thapsigargin (TG), cyclopiazonic acid 

and di-tert-butylhydroquinone prevent store refilling; the Ca
2+

 ionophore ionomycin 

can be applied to make the ER membrane permeable; high concentrations of Ca
2+
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chelators such as ethylene glycol tetraacetic acid (EGTA) or 1,2-bis(o-

aminophenoxy)ethane- N,N,N',N' -tetracetic acid (BAPTA) chelate Ca
2+

 that leaks 

from the stores and thus prevent store refilling (Parekh & Penner, 1997; Lewis, 

1999). Direct application of membrane-permeable metal Ca
2+

 chelators like 

N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) into the stores is 

another method that is used to chelate free Ca
2+

 into the ER lumen without affecting 

the total Ca
2+

 stored (Hofer et al., 1998). 

 

 

1.7.5 Pharmacology of ORAI and STIM channels 

 

Despite the importance of ORAI and STIM channels in physiological and 

pathological conditions, there are just few inhibitors reported, such as 2-

aminoethoxydiphenyl borate (2-APB). Some of inhibitors have been demonstrated to 

inhibit SOCE in native cells, but the effect on ORAI channels are unknown, such as 

diethylstilbestrol (DES), BTP2, SKF-96365, and divalent and trivalent cations 

(Putney, 2001; Sweeney et al., 2009; Varnai et al., 2009; Roberts-Thomson et al., 

2010).  The specificity of these inhibitors is unclear and needs to be further 

investigated.  

2-APB is a SOC inhibitor, however, it has non-selective inhibition on other cationic 

channels (Wang et al., 2002; Xu et al., 2005). 2-APB inhibits ORAI1 and ORAI2 

channels, but activates ORAI3 channels. The difference is related to the ORAI 

channel gating property change, rather than the  coupling process of STIM1 to ORAI 

during channel activation (DeHaven et al., 2008; Peinelt et al., 2008; Penna et al., 

2008; Schindl et al., 2008), because 2-APB showed  similar effect on  STIM1 

clustering and translocation in the  HEK293 cells co-expressing STIM1-EYFP and 

ORAI1 or ORAI2 or ORAI3 channels (Zeng et al., 2012).  

DES is a synthetic non-steroidal estrogen.  DES potently inhibits SOCs and ICRAC in 

RBL cells, smooth muscle cells, and human platelets (Zakharov et al., 2004; Hopson 

et al., 2011), however, the effect on STIM1 or ORAI channels are unknown. 

BTP2, a 3,5-bistrifluoromethyl pyrazole derivative, was reported to inhibit nuclear 

factor of activated T-cells (NFAT) activation, T-cell cytokine secretion, SOCE and 
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ICRAC (Trevillyan et al., 2001; Chen et al., 2002; Ishikawa et al., 2003; Zitt et al., 

2004). It also inhibited some TRPC channels (He et al., 2005), but the effect on 

ORAI channels are unclear.  

In early studies, divalent cations, such as Sr
2+

 (strontium), and trivalent lanthanides, 

such as La
3+

 and Gd
3+

, have been used at specific and narrow concentration range to 

block SOCE, but these cations are nonspecific and affect other Ca
2+

 channels (Broad 

et al., 1999; Trebak et al., 2002; Peinelt et al., 2006; Yeromin et al., 2006; Bird et 

al., 2008). On the other hand, lanthanides (Gd
3+

 and La
3+

) are unique channel 

activators for TRPC4 and TRPC5 (Xu et al., 2005; Xu et al., 2012). 

SKF-96365, an imidazole compound, was found to inhibit SOCE and ICRAC in 

several cells, such as mast cells, Jurkat and RBL cells (Franzius et al., 1994; Kozak 

et al., 2002; Prakriya & Lewis, 2002) and in cells expressing a constitutively active 

(EF-hand mutant) STIM1 (Huang et al., 2006). However, it has been demonstrated 

that SKF-96365 blocks other channels, such as VOCs (Merritt et al., 1990) and 

TRPCs (Xu et al., 2012). 

 

 

1.7.6 Pathophysiology of ORAI and STIM channels 

 

It has been established that SOCE is central to the physiology of eukaryotic cells. 

SOCE serves as the main Ca
2+

 entry mechanism in a variety of non-excitable cells 

and plays an important role in cellular Ca
2+

 signalling and cellular processes ranging 

from proliferation to apoptosis (Lam et al., 1994; Golovina et al., 2001; Wu et al., 

2004). Replenishment of Ca
2+

 stores in the ER by SOCE ascertains that principal 

functions which are carried out in the ER, such as protein folding, and other cellular 

functions that require Ca
2+

 release from the ER are maintained (Parekh, 2003; 

Laporte et al., 2004). 

 

1.7.6.1 ORAI and STIM in the immune system 

 

Early studies before the discovery of ORAI channels have linked SOCE with 

immune cell function (Prakriya & Lewis, 2003). Mutations in ORAI1 from three 

unrelated families diagnosed with SCID have been reported to affect ORAI1 
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expression and consequently SOCE (Feske, 2010). In the first case, a missense 

mutation in exon 1 of Orai1 resulted in replacement of a highly conserved arginine 

with tryptophan at position 91 (R91W) of ORAI channel protein in the patients. The 

ORAI1 mutant (R91W) was expressed in the PM, but showed no functional CRAC 

channel activity or SOCE. Expression of  wild-type ORAI1  in  T cells from the 

patient  restored SOCE (Feske et al., 2006). In the second case, an insertion mutation 

(A88EfsX25) was identified, which caused premature termination of ORAI1 at the 

end of the first transmembrane domain. The ORAI1 channel protein was not 

expressed in the PM and subsequently there was no channel function and SOCE 

(McCarl et al., 2009). In a third family, two missense mutations in exon 2 of ORAI1 

were found. One led to substitution of an alanine with a glutamate (A103E) in the 

first transmembrane domain and the other to substitution of a leucine with a proline 

(L194P) in the third transmembrane domain (Le Deist et al., 1995; McCarl et al., 

2009).  The ORAI1 protein expression was inhibited in both cases. In addition, the 

mutation (E128RfsX9) of STIM1 has also been identified in patients with SCID and 

the premature termination of STIM1 led to reduced levels of STIM1 expression and 

defective SOCE, but ORAI expression was not affected. Expression of STIM1 was 

able to restore SOCE (Picard et al., 2009). The positions of the mutations are 

demonstrated in Figure 1-2 and Figure 1-3. These genetic and functional studies 

suggest the ORAI1 channel and STIM1 are essential for immune response.  

The clinical phenotypes associated with ORAI and STIM deficiency in patients are 

similar and characterized by immunodeficiency leading to repeated severe infections 

including pneumonia, meningitis, and gastroenteritis (Partiseti et al., 1994; Le Deist, 

1995; Feske, 1996; Feske, 2009; McCarl et al., 2009; Picard et al., 2009). Apart 

from immunodeficiency, these patients face other disorders, like myopathy, defective 

dental enamel formation and impaired sweat production or anhidrosis (McCarl et al., 

2009; Picard et al., 2009). 

 

1.7.6.2 ORAI and STIM in the cardiovascular system 

 

The pathophysiological importance in the cardiovascular system has also been 

demonstrated. Ca
2+

 influx was significantly impaired in platelets from ORAI1 and 

STIM1 knockout mice and mutant ORAI1 (R93W) mice, which affects SOCE and 
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platelet aggregation, and then thrombus formation (Varga-Szabo et al., 2008b; 

Bergmeier et al., 2009; Braun et al., 2009). The same mice were found to be 

protected against severe ischemic brain infraction compared to the wild-type mice 

(Varga-Szabo et al., 2008b; Braun et al., 2009). 

It has also been demonstrated that knockdown of ORAI1 and STIM1 expression 

inhibited ICRAC, proliferation, migration and angiogenesis in vascular endothelial 

cells and smooth muscle cells (Abdullaev et al., 2008; Potier et al., 2009; Li et al., 

2011). Moreover, high levels of ORAI1 and STIM1 mRNA and protein have been 

found in aortas of hypertensive rats suggesting that ORAI and STIM could be 

upregulated in hypertension (Giachini et al., 2009a). Upregulation of ORAI1 and 

STIM1 expression has also been reported in platelets isolated from Type 2 diabetic 

patients (Zbidi et al., 2009), which is in agreement with a previous study reporting 

that SOCE is enhanced in platelets from Type 2 diabetic patients (Saavedra et al., 

2004). 

 

1.7.6.3 ORAI and STIM in cancer 

 

ORAI1 and STIM1 have also been linked to cancer, as inhibition of these channels 

by RNA interference led to decreased breast tumour cell migration and invasiveness 

in vitro and metastasis in vivo (Yang et al., 2009). STIM1 was originally identified 

as a potential tumour suppressor gene in melanoma and rhabdoid tumour cells 

(Sabbioni et al., 1997), but overexpressed STIM1 with ORAI1 was reported to 

promote the invasiveness of non-tumorigenic breast cells (Yang et al., 2009), 

suggesting that the role of STIM1 in cancer development is more complicated and 

could be cell specific. Moreover, expression of ORAI3 was increased in breast 

cancer tissues and cell line MCF-7 (Motiani et al., 2010). The cancer cell 

proliferation was inhibited after the transfection with ORAI3 small interfering RNA 

(siRNA) (Faouzi et al., 2010).  
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1.8 Oxidative stress and Ca
2+

 signalling 

 

Several Ca
2+

 influx or efflux pathways or events are regulated by ROS, such as 

VOCs, intracellular Ca
2+

 release channels, Ca
2+

 pumps, and Ca
2+

 sparks (Cheng et 

al., 1993; Droge, 2002; Yan et al., 2006; Bogeski et al., 2011). TRP and SOC 

channels have been reported to be regulated by ROS (Droge, 2002; Yan et al., 2006; 

Hidalgo & Donoso, 2008; Xu et al., 2008a; Bogeski et al., 2011). Superoxide and 

H2O2 increase Ca
2+

 concentration in vascular smooth muscle cells and endothelial 

cells (Lounsbury et al., 2000). These effects have been attributed to redox-dependent 

inositol trisphosphate-induced Ca
2+

 mobilization, increased Ca
2+

 influx, and 

decreased Ca
2+

-ATPase activation (Lounsbury et al., 2000; Ermak & Davies, 2002). 

Plasma membrane K
+
 channels that control hyperpolarization-elicited relaxation of 

vascular smooth muscle cells are opened by mechanisms associated with thiol 

oxidation by ROS (Touyz & Schiffrin, 2000; Droge, 2002; Ermak & Davies, 2002). 

The involvement of SOC channels in oxidative stress has been suggested. For 

instance, ORAI1 channel current was inhibited by H2O2 in human T lymphocytes 

(Bogeski et al., 2010). In diabetic conditions, upregulation of TRPC1 and TRPC6 

expression was demonstrated in the Goto-Kakizaki Type 2 diabetic rats (Mita et al., 

2010);  the reduced TRPC6 expression was reported in cultured mesangial cells and 

in the glomeruli isolated from streptozotocin-induced diabetic rats (Graham et al., 

2007); and increased expression of TRPC4 was reported in diabetic human 

saphenous vein (Chung et al., 2009). Although there are some reports addressing the 

regulation of oxidative stress on Ca
2+

 influx or TRPC channels in diabetes, the 

expression and function of ORAI and STIM in vascular endothelial cells and their 

regulation under diabetic conditions are still unknown. 
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1.9 Aims of the research project 

 

The aim of this project is to understand the expression of store-operated Ca
2+

 

channel molecules ORAI and STIM in blood vessels and their regulation by 

oxidative stress. To achieve this, the following experiments have been designed: 

 

1. To detect the mRNA and protein expression of ORAI1-3 and STIM1-2 in 

human vascular endothelial cells and blood vessels and investigate the 

regulation by oxidative stress conditions using in vitro cell culture models. 

The oxidative stress is mimicked by incubation with high glucose, 

homocysteine and hydrogen peroxide. The expression of ORAI and STIM in 

samples from in vivo diabetic animal models and diabetic patients will also 

be used. Moreover, the underlying mechanism for Ca
2+

 signalling related 

gene regulation will be explored. 

 

2. To study the effect of oxidative stress on SOCE in vascular endothelial cells 

using Ca
2+

 imaging. The functional contribution of ORAI channels to 

endothelial cell function will also be investigated using siRNA transfection. 

 

3. Using whole-cell patch clamp recordings, the effect of oxidative stress on 

heterogeneously expressed ORAIs/STIM1 channels in HEK293 cells will be 

investigated. The effect of SOC blockers on ORAI isoforms will be 

examined. 

 

4. The effect of oxidative stress on the mechanisms of store-operated channel 

activation by STIM1 clustering and intracellular movement will be studied 

using live-cell fluorescence imaging. 

 

5. The role of hyperosmolarity on ORAI and STIM channel expression and 

activity. 
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Chapter 2 

 

Materials and Methods 
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2.1 Materials 

 

2.1.1 Chemicals and reagents 

 

General salts and following chemicals and reagents were purchased from Sigma–

Aldrich (Poole, UK) including TG, D-glucose, α-mannitol, 2-APB, DES, sodium 

azide, H2O2, CaCl2, homocysteine (Hcy), cyclosporin A (CsA),  Fura-PE3/AM, 

BAPTA, fetal calf serum (FCS), EGTA, trypsin, bromophenol blue, ammonium  

persulfate, albumin from bovine serum (BSA), acrylamide, ethidium bromide, 

glycerol, glycine, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 

paraformaldehyde, N,N,N',N'- Tetramethylethylenediamine (TEMED), dimethyl 

sulfoxide (DMSO), tween-20, sodium dodecyl sulfate (SDS), vascular endothelial 

growth factor (VEGF), KODAK processing chemicals for autoradiography films 

(developer and fixer) and Tris base. Moloney murine leukaemia virus (M-MLV) 

reverse transcriptase, T4 DNA ligase, GoTaq
®
Green master mix, dNTP mix, blue/ 

orange 6× loading dye and DNA ladder 100 bp were purchased from Promega 

(Southampton, UK). SYBR
®

Green PCR master mix (2×) was purchased from 

Applied Biosystems (Paisley, UK), NucleoSpin
®
 RNA II isolation kit from 

Macherey- Nagel (Duren, Germany), and PageRuler
TM

Plus prestained protein ladder 

from Fermentas Life Sciences (Cambridge, UK). Random primers, ribonuclease 

(RNase) inhibitor, Lipofectamine
TM

 2000, UltraPure
TM

 agarose and pcDNA/TO 

vector were purchased from Invitrogen (Paisley, UK), and nitrocellulose membrane 

(Amersham
TM

 Hybond
TM

-ECL) and enhanced chemiluminescence (ECL) western 

blotting detection system (Hyperfilm ECL Amersham
TM

 ECL Plus) were purchased 

from GE Healthcare (Buckinghamshire, UK). VECTASTAIN
®
 ABC kit was 

purchased from Vector Laboratories (Peterborough, UK), cell proliferation reagent 

WST-1 from Roche Diagnostics Ltd (West Sussex, UK), AssayMax Human 

Interleukin-6 (IL-6) ELISA (enzyme-linked immunosorbent assay) Kit from 

ASSAYPRO (Cambridge, UK) and Phusion High-Fidelity DNA polymerase from 

New England BioLabs (Hitchin, UK). QIAquick PCR Purification Kit, QIAquick 

Gel Extraction Kit and QIAprep Spin Miniprep Kit were purchased from QIAGEN 

(Crawley, UK). 

 



- 29 - 
 

2.1.2 Solutions 

 

Ponceau S staining solution, radio-immunoprecipitation assay (RIPA) buffer 

concentrate and bovine skin collagen solution were purchased from Sigma–Aldrich. 

Hank’s balanced salt solution (HBSS), phosphate buffered saline (PBS) solution, 

standard bath solution, Ca
2+

-free standard bath solution and pipette solution were 

prepared in the lab and the components are given in Table 2-1. 

 

 

  Table 2-1 Solutions 

Solution Components (in mM) 

HBSS NaCl 137; KCl  5.4; NaH2PO4  0.34; 

K2HPO4 0.44; CaCl2 0.01; HEPES 10; 

D-glucose 8; pH adjusted to 7.4 using 

NaOH 

PBS NaCl 137; KCl  2.7; Na2HPO4•12H2O  

10; KH2PO4 2; pH adjusted to 7.4 using 

HCl 

Standard bath solution NaCl 130; KCl  5; MgCl2 1.2; CaCl2 1.5; 

HEPES 10; D-glucose 8; pH adjusted to 

7.4 using NaOH 

Ca
2+

-free standard bath solution NaCl 130; KCl  5; MgCl2 1.2; EGTA 

0.4; HEPES 10; D-glucose 8; pH 

adjusted to 7.4 using NaOH 

Pipette solution BAPTA 10; MgCl2 8; HEPES 10; Cs-

methanesulfonate 145; pH adjusted to 

7.2 using CsOH 
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2.1.3 Antibodies 

 

Anti-human ORAI1, ORAI2, STIM1 and STIM2 were purchased from Alomone 

Labs (Jerusalem, Israel), anti-human ORAI3 from ProSci Inc (Poway, CA, USA), 

rabbit anti-β-actin from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA), and 

goat anti-rabbit immunoglobulin G (IgG)-horseradish peroxidase-secondary antibody 

was purchased from Sigma-Aldrich. 

 

 

2.1.4 Primers 

 

The primer sets for ORAI1, ORAI2, ORAI3, STIM1 and STIM2 were designed 

across introns to avoid the genomic DNA contamination and custom synthesized by 

Sigma-Genosys (Sigma-Aldrich). The sequence specificity for each primer was 

confirmed by BLAST (basic local alignment search tool) searching in the GenBank. 

The sequences are given in Table 2-2. Full-length ORAI1, ORAI2, ORAI3 and green 

fluorescent protein (GFP) coding regions were amplified using the primers given in 

Table 2-3. 
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Table 2-2 Primers for RT-PCR 

Gene Species Accession No F/R Primer sequence  (5’ to 3’) 
Tm 

(C) 
Location 

Size 

(bp) 

-actin Human NM_001101.3 F ACAGAGCCTCGCCTTTGC 65.7 30-47 211 

 Human NM_001101.3 R GGAATCCTTCTGACCCATGC 65.7 240-221  

 Mouse NM_007393.3 F TGTTACCAACTGGGACGACA 60 304-324 165 

 Mouse NM_007393.3 R GGGGTGTTGAAGGTCTCAAA 59.94 468-449  

ORAI1 Human NM_032790 F AGGTGATGAGCCTCAACGAG 70.1 378-397 238 

 Human NM_032790 R CTGATCATGAGCGCAAACAG 69.5 615-596  

 Rat NM_001013982 R CTGATCATGAGGGCGAACAG 65.8 491-510      

ORAI2 Human NM_001126340 F CATAAGGGCATGGATTACCG 66.7 296-315 210 

 Human NM_001126340 R CGGGTACTGGTACTGCGTCT 67.8 505-486  

 Mouse NM_178751.3 F CACAAGGGCATGGATTACCG 67.3 193-212  210 

 Mouse NM_178751.3 R AGGGTACTGGTACTTGGTCT 56.6 402-383  

ORAI3 Human NM_152288.2 F GGCTACCTGGACCTCATGG 58.9 306-324 176 

 Human NM_152288.2 R GGTGGGTACTCGTGGTCACT 58.3 462-481  

 Mouse NM_198424 F GGCTACCTGGACCTTATGG 60.9 274-292 176 

 Mouse NM_198424 R GGTGGGTATTCATGATCGTT 61.1 449-430  

 Rat NM_001014024 F GGCTACCTCGACCTTATGG 61.1 253-271 176 

 Rat NM_001014024 R GGTGGGTATTCATGATCGCT 63.7 409-428     

STIM1 Human NM_003156 F TGTGGAGCTGCCTCAGTATG 58.41 995 -1014 183 

 Human NM_003156 R AAGAGAGGAGGCCCAAAGAG 58.47 1177 - 1158  

 Mouse NM_009287 F TGTGGAGCTGCCACAGTATG 65.1 1024-1042  182 

 Mouse NM_009287 R AAGAGAGGAGGCCCAAACAG 64.5 1205-1186   

STIM2 Human NM_020860 F CAGCCATCTGCACAGAGAAG 58.12 857 - 876 202 

 Human NM_020860 R AGGTTCGTGCACTGCTATCC 58.75 1058 - 1039  

 Mouse NM_001081103 F TAGTCACCTGCACAGAGAAG 58.2 688-707 202 

 Mouse NM_001081103 R AGTTTCATGAACTGCTATCC 55.8 889-870  

 

 

 



- 32 - 
 

Table 2-3 Tagged primers for the PCR amplification of full length ORAI and 

GFP 

Primer name Sequence (5’ to 3’) 

HindIII-GFP-F TTTTAAGCTTCGCCACCATGGTGAGCAAGG         

BamHI-GFP-R TAGGATCCCTTGTACAGCTCGTCCATGC             

BglII-ORAI1-F AATAGATCTGCGGCGTGCTCCATGCATCC   

EcoRI-ORAI1-R ATGAATTCGGGCCTAGGCATAGTGGCTG    

BglII-ORAI2-F AGTAGATCTCCCACCATGAGTGCTGAGCTT    

EcoRI-ORAI2-R TAGAATTCCCTCACAAGACCTGCAGGCT      

BamHI-ORAI3-F TAGGATCCAGGATGAAGGGCGGCGAG     

EcoRI-ORAI3-R TATGAATTCTCACACAGCCTGCAGCTCC    

 

 

 

2.1.5 Small interfering RNA  

 

ORAI1 or ORAI2 or ORAI3 siRNAs were designed using the Ambion software 

(Invitrogen). The sequences are given in Table 2-4. Scrambled siRNA was 

purchased from Sigma–Aldrich. 

 

Table 2-4 Sequences of small interfering RNAs for ORAI genes 

siRNA Strand Sequence  (5’ to 3’) 

siORAI1 Sense CGAGCACUCCAUGCAGGCGtt 

 Antisense CGCCUGCAUGGAGUGCUCGtt 

siORAI2 Sense CGUGCCUAUCGACCCCUCUtt 

 Antisense AGAGGGGUCGAUAGGCACGtt 

siORAI3 Sense AGCUUCCAGCCGCACGUCUtt 

 Antisense AGACGUGCGGCUGGAAGCUtt 
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2.2 Methods 

 

2.2.1 Human blood vessels 

 

Human aorta, left internal mammary artery (LIMA) and aorta samples were obtained 

from patients undergoing cardiac bypass surgery or renal surgery in East Yorkshire 

NHS Trust Hospitals. Ethical approval was obtained from Hull and East Yorkshire 

local ethical committee and patients gave informed consent in accordance with the 

Declaration of Helsinki. The samples were collected in cold HBSS and transported 

into the lab immediately. The connective tissue around blood vessels was carefully 

removed. Blood vessels were then cut into approximately 3 mm long segments with 

a sharp blade for RNA isolation or organ culture. 

 

 

2.2.2 Culture of blood vessel segments 

 

Human LIMA segments (see 2.2.1) were cultured in 35-mm culture dishes with  

DMEM/F-12+GlutaMax™-I (Invitrogen) containing 10% (v/v) FCS, 100 units/ml 

penicillin and 100 μg/ml streptomycin, with or without addition of the drugs, and 

kept in an incubator at 37 °C under 95% air and 5% CO2 in a humidified atmosphere. 

 

 

2.2.3 Diabetic mice samples 

 

The streptozotocin (STZ)-induced Type 1 diabetic mice and Akita mice were 

maintained in Lund University and the use of the animal for research was approved 

by the Malmo/Lund Animal Care and Use Committee. Blood glucose level and body 

weight were measured at the start and the end of the experiment. The normal and 

diabetic kidney samples were collected and stored in a -80 °C freezer for RT-PCR or 

western blotting. 
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2.2.4 Cell culture 

 

Endothelial cell culture: Human aortic endothelial cells (HAEC) were purchased 

from PromoCell (Heidelberg, Germany) and the human vascular endothelial cell line 

EA.hy926 was purchased from American Type Culture Collection (ATCC, 

Middlesex, UK). The cells were cultured in Endothelial Cell Basal Medium 

(PromoCell) supplemented with 10% FCS, 0.1 ng/ml recombinant human epidermal 

growth factor, and 1 ng/ml basic fibroblast growth factor.  

Smooth muscle cell isolation and culture: Smooth muscle cells (SMCs) isolated 

from rat aorta and human saphenous vein were cultured in Minimum Essential 

Medium with nucleosides (GIBCO, Invitrogen) supplemented with 10% FCS and 

100 units/ml penicillin and 100 μg/ml streptomycin. Eight-week-old male rats were 

killed by inhalation of CO2 in accordance with the Schedule 1 in the Code of 

Practice of UK Animals Scientific Procedures Act 1986. The thoracic aorta was 

dissected out and the adventitia was carefully removed. The endothelium was 

removed by gently rubbing the luminal surface with a curved forceps. The smooth 

muscle layer was cut into 0.5 mm
2
 segments and cultured in DMEM/F-

12+GlutaMax™-I medium supplemented with 10% FCS, 100 units/ml penicillin and 

100 mg/ml streptomycin for cell expansion. Smooth muscle cells were isolated from 

saphenous vein samples obtained from patients undergoing cardiac bypass surgery in 

East Yorkshire NHS Trust Hospitals. The medial layer was cut into small pieces 

(~2×3 mm) and incubated at 37 °C for 1 hour in HBSS containing 2 mg/ml 

collagenase and 4 mg/ml papain. After 3 washes in HBSS, the mixture was 

mechanically agitated with a fire-polished glass Pasteur pipette to release cells, 

which were then cultured in DMEM/F-12+GlutaMax™-I medium supplemented 

with 10% FCS, 100 units/ml penicillin and 100 mg/ml streptomycin for cell 

expansion (Xu et al., 2006b). 

Human Embryonic Kidney (HEK) cell culture: HEK293 T-REx cells (Invitrogen) 

were cultured in DMEM/F-12+GlutaMax™-I medium supplemented with 10% FCS, 

100 units/ml penicillin and 100 mg/ml streptomycin. 
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All cells were maintained at 37 °C under 95% air and 5% CO2 in a humidified 

atmosphere. The culture medium was first changed after 24 hours and then every 48 

hours until the cells reached the desired confluence. The primary cultured endothelial 

cells and smooth muscle cells at 2-5 passages were used for experiments. 

 

 

2.2.5 Reverse-transcriptase polymerase chain reaction (RT-PCR)  

 

2.2.5.1 Total RNA isolation 

 

Total RNA was extracted from both cells and tissues using the NucleoSpin RNA II 

kit. Cells were trypsinized and centifuged at 1,000 × g for 5 minutes. Cell pellet was 

used for total RNA isolation according to the manufacturer's protocol. Briefly, cell 

pellet was lysed by adding 350 μl lysis buffer and 3.5 μl β-mercaptoethanol. For 

tissue samples, tissue was cut into approximately 1 mm
3
 pieces using sterile surgical 

scissors at 4 °C and the lysis buffer was added in a tube containing the pieces of 

tissue. The cell or tissue lysate was then filtered through a NucleoSpin
®
 Filter after 

centrifugation at 11,000 × g for 1 minute and the homogenized lysate was mixed 

with 350 μl 70% (v/v) ethanol, loaded onto the NucleoSpin
®
 RNA II column and 

centrifuged at 11,000 × g for 30 seconds. The silica membrane was desalted by 

addition of 350 μl membrane desalting buffer, followed by centrifugation at 11,000 × 

g for 1 minute and incubation with 95 μl rDNase reaction mixture at room 

temperature for 15 minutes. Then, the column was washed three times and RNA was 

eluted in 30 μl RNase-free H2O after centrifugation at 11,000 × g for 1 minute. 

The concentration of the extracted RNA was measured using a NanoPhotometer 

(IMPLEN, Munich, Germany). The purity of RNA was determined by the 

absorbance (optical density, OD) measured at 230 nm, 260 nm and 280 nm. The 

ratio of the OD at 260 nm and 280 nm and the one of the OD at 260 nm and 230 nm 

were used to assess the RNA purity. A value of 1.8- 2.0 for the 260/280 ratio and a 

value >2 for the 260/230 ratio indicated that the RNA is pure. Total RNA was 

aliquoted and stored at -80 °C for further use. 
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2.2.5.2 Reverse transcription 

 

The RNA isolated from the samples was reverse transcribed with the M-MLV 

reverse transcriptase using random primers. The amount of 0.5 μg RNA was used for 

the reverse transcription (RT) reactions. The RT reaction tube contained 1 μl 10 mM 

random primers, 0.5 μg or 1 μg RNA and nuclease-free H2O up to the volume of 

13.5 μl. The mixture was placed at the thermocycler (Applied Biosystems) at 70 °C 

for 5 minutes and then rapidly on ice for 5 minutes. A volume of 5 μl 5× RT buffer, 

5 μl 10 mM dNTP mix, 1 μl M-MLV reverse transcriptase and 0.5 μl RNase 

inhibitor were added to each RT reaction tube. The final reaction volume was 25 μl 

and the mixture was placed at the thermocycler at 37 °C for 1 hour incubation. The 

cDNA was stored at -20 °C for PCR analysis. 

 

2.2.5.3 Polymerase chain reaction 

 

Polymerase chain reaction (PCR) amplification was run on the thermocycler. Each 

reaction volume was 20 μl, which contained 10 μl GoTaq
®
 Green Master Mix, 4.5 μl 

1 pmol/μl forward primer, 4.5 μl 1 pmol/μl reverse primer (Table 2-2) and 1 μl 

cDNA (RT product). The PCR cycle consisted of an initial denaturation step of 95 

°C for 5 minutes followed by 40 repeated cycles of 95 °C for 15 seconds 

denaturation, 59.5 °C for 30 seconds annealing and primer extension at 72 °C for 30 

seconds, then final extension at 72 °C for 7 minutes. The housekeeping gene, β-actin, 

was detected as endogenous control, water was used as a non-template control and 

non-reverse transcribed samples were run in parallel to confirm that positive results 

were not due to amplification of genomic DNA. 

 

2.2.5.4 Real-time PCR 

 

Real-time PCR quantification was performed using the StepOne
TM

 Real-Time PCR 

System (Applied Biosystems). The SYBR green method was used (Zipper et al., 

2004). The primer sequences are given in Table 2-2. Each reaction volume contained 

5 μl of SYBR
®
 green PCR master mix, 1 μl of 1 pmol/μl forward primer, 2 μl of 1 

pmol/ μl reverse primer, 1 μl cDNA and 2.5 μl H2O. The total reaction volume was 

10 μl. The reactions in real-time PCR tubes or plates were sealed with stripped caps 
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or adhesive films. The PCR cycles consisted of an initial denaturation step of 94 °C 

for 5 minutes followed by 45 repeated cycles of 94 °C for 30 seconds denaturation, 

54 °C for 45 seconds annealing and primer extension at 72 °C for 45 seconds, and a 

final extension step at 72 °C for 10 minutes. The melt curve analysis was performed 

for quality control and consisted of three steps; 95 °C for 15 seconds, 60 °C for 1 

minute and 95 °C for 15 seconds. All the samples were examined in triplicates. The 

housekeeping gene, β-actin, was measured in parallel as an internal standard. Water 

was used as a non-template control and non-reverse transcribed samples were run in 

parallel to exclude the possibility of genomic DNA contamination. 

 

2.2.5.5 Analysis of real-time PCR data 

 

The ΔΔCT method, also referred as comparative CT method, is used for relative 

quantification for the real-time PCR results (Livak & Schmittgen, 2001). This 

method relates the signal of the target gene in a treatment group to that in the 

untreated/ control sample. Changes in expression of the target gene in a treated group 

compared to an untreated one, are measured relative to a reference gene in both 

treated and control group. A housekeeping gene, which is assumed to be uniformly 

and constantly expressed in all samples, is used as reference gene. 

The SYBR green method was used in this study to measure the expression of the 

genes of interest in real-time. The fluorescence increase is measured in real time as 

the SYBR green dye binds to the increasing amount of DNA in the reaction tube. 

The fractional cycle number at which the amount of amplified target reaches a fixed 

threshold is known as the threshold cycle (CT value) (Figure 2-1). The ΔC
T 

values of 

the treated and the untreated samples are calculated: ΔCT = CT (target gene) 
– CT 

(reference gene). The ΔΔC
T 

value is calculated: ΔΔCT 
= ΔCT (treated sample) 

– 

ΔCT (control/untreated sample). The amount of target, presented as the fold change 

in gene expression normalized to an endogenous reference gene and relative to the 

untreated control, is calculated using 2
–ΔΔC

T. The relative expression was analyzed 

using StepOne Software v2.0 (Applied Biosystems) and the threshold was set 

manually (Figure 2-1). 
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Figure 2-1 Example of real-time PCR amplification plots and analysis. The 

example data plot was exported from StepOne Software v2.0. The threshold cycle, 

called CT value, is the cycle number at which the amount of amplified target reaches 

a fixed threshold. ΔRn is the magnitude of the fluorescence signal generated during 

the PCR at each cycle. The amplification plot curve 1 is the control gene (β-actin) in 

the untreated sample; curve 2 is the control gene (β-actin) in the treated sample; 

curve 3 is the target gene in the untreated sample, and curve 4 is the target gene in 

the treated sample. The expression of the control gene is similar in the treated and 

untreated samples.  CT 1 = 21.92, CT 2 = 21.95, CT 3= 23.15, and CT 4 = 26.99. So, ΔCT 

(treated sample) = CT (target gene) – CT (reference gene) = 26.99 - 21.95 = 5.04; ΔCT (untreated sample) = 

CT (target gene)- ΔCT (reference gene) = 23.15 - 21.92 = 1.23; ΔΔ CT (target) = Δ CT (treated sample) 

– Δ CT(untreated sample) = 5.04 - 1.23 = 3.81; and ΔΔ CT (control) = Δ CT (untreated sample) – Δ 

CT(untreated sample) = 1.23 - 1.23 = 0. The expression of the target gene, presented as the 

fold change in gene expression normalized to an endogenous reference gene and 

relative to the untreated control, is: 2 
–ΔΔC

T (target) = 2 
-3.81 

= 0.0713 (2 
–ΔΔC

T (control) = 1 

always), suggesting that the target gene is downregulated after treatment by 0.9287 

fold. 
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2.2.5.6 Agarose gel electrophoresis 

 

The PCR products were checked for their quality through 1, 1.5 or 2% agarose gels 

containing 0.5 μg/ml ethidium bromide. The PCR products were mixed with 

blue/orange 6× loading dye that helps to track how far the DNA sample has run and 

also sediments it in the gel well. The PCR gel was photographed by a gel 

documentation system (UVP, Cambridge, UK).  

 

 

2.2.6 Western blotting  

  

All cells and tissues were lysed with RIPA buffer and the extracted protein lysates 

were run under dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

Polyacrylamide gels comprising 4% acrylamide stacking gels (800 μl acrylamide 

30%, 3.74 ml Tris 0.5 M pH 6.8, 50 μl SDS 10%, 3.74 ml dH2O, 15 μl TEMED, 50 

μl ammonium persulfate 10%) overlying 10% acrylamide resolving gels (6.7 ml 

acrylamide 30%, 5 ml   Tris 1.5 M pH 8.8, 200 μl SDS 10%, 7.1 ml dH2O, 32 μl 

TEMED, 72 μl ammonium persulfate 10%) were prepared to separate proteins. 

Protein soluble (15 μl) was loaded into each well, after cell lysates were heated at 95 

°C in SDS sample buffer (4% SDS, 20% glycerol, 10% (v/v) β-mercaptoethanol, 50 

mM Tris base, 0.012% bromophenol blue, pH 6.8) to linearise the proteins for 5 

minutes. A volume of 3 μl of prestained protein ladder 10 kDa to 250 kDa was also 

loaded. SDS-PAGE running buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS, 

pH 8.3) was added to a tank chamber and SDS-PAGE gels were then separated by 

electrophoresis at a constant voltage (90 V) for 15 minutes followed by 180 V for 

about 45 minutes to separate the protein bands. 

The separated proteins in the SDS-PAGE gel were transferred onto a nitrocellulose 

membrane at constant voltage (15 V) for 45 minutes. The procedure involved the 

arrangement of a transfer cassette that included a piece of nitrocellulose membrane at 

a size of 5 × 7 cm, two fibre pads and the SDS-PAGE gel, all soaked in transfer 

buffer (25g Tris base, 192 mM glycine, 20% (v/v) methanol, pH 8.3). A pad was 
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placed on the apparatus suitable for the transfer and then the gel, the membrane and a 

second pad were placed sequentially. 

For immunodetection, the transfer sandwich was disassembled and the nitrocellulose 

membrane was cut into the approximate dimensions of the gel. The uniformity and 

overall effectiveness of transfer of proteins from the gel to the membrane was 

checked by staining the membrane with 1% Ponceau S dye. The membrane was 

washed with Tris-buffered saline with tween-20 (TBST, 20 mM Tris base, 150 mM 

NaCl, 0.1% (v/v) tween-20, pH 7.4) for 5 minutes and then incubated in TBST 

containing 10% milk for 30 minutes at room temperature to block the non-specific 

binding sites. The membrane was then washed for 15 minutes with TBST. 

Anti-human ORAI1-3 and STIM1-2 primary antibodies raised in rabbit were diluted 

1:200 (0.2 μg/ml) in TBST buffer containing 1% BSA and 0.05% sodium azide. The 

blot was incubated with primary antibodies overnight at 4 °C, washed with TBST 

buffer twice at 15 minutes intervals and incubated with a goat anti-rabbit IgG-

horseradish peroxidase-secondary antibody (1:2000 in TBST buffer containing 1% 

milk) for 1 hour at room temperature followed by three washings with TBST buffer 

at 10 minutes intervals. 

Visualization was carried out using Amersham
TM

 ECL Plus western blotting 

detection system and exposure to X-ray films developed using KODAK processing 

chemicals. To develop the nitrocellulose membrane, ECL solutions were mixed and 

added to the membrane which was then shaken in the dark at room temperature for 5 

minutes. Excess ECL solution was removed and the membrane was wrapped in cling 

film and placed in a developing cassette. In a dark room, a Hyperfilm ECL was 

exposed to the nitrocellulose membrane for an appropriate length of time depending 

on the amount of detected protein on the membrane. The exposed Hyperfilm ECL 

was then placed into a tray containing the developer (1:5) for 1 minute, rinsed into 

water, transferred to another tray containing the fixer (1:4) and rinsed again into 

water. The density of protein band in the blot was quantified using ImageJ software 

(National Institutes of Health, USA). 

To detect β-actin protein as an internal standard for protein quantification, the 

membrane was washed twice with TBST buffer at 15 minutes intervals, then blocked 
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with TBST containing 10% milk for 30 minutes at room temperature, and finally 

incubated with 1:400 rabbit anti-β-actin in TBST containing 1% BSA and 0.1% 

sodium azide for 1 hour at room temperature. The antibody was removed and the 

membrane was washed with TBST buffer twice at 15 minutes intervals. The 

membrane was then incubated with the secondary antibody for 1 hour and developed 

as described in the previous paragraph. Rabbit antibodies were used for the detection 

of both target proteins (ORAI1-3, STIM1-2) and β-actin since the proteins could be 

distinguished on the blot by their different molecular weights. 

 

 

2.2.7 Immunohistochemistry 

 

Paraffin-embedded LIMA sections with a thickness of 5 μm were immunostained 

with rabbit anti-ORAI1-3 and anti-STIM1-2 antibodies using VECTASTAIN
®

 ABC 

kit. All sections underwent deparaffinisation using xylene and endogenous 

peroxidase blocking using 3% (v/v) H2O2 in PBS for 20 minutes, along with 

blocking in non-specific serum to ensure the staining was specific (Bhandari et al., 

2008). ORAI1-3 and STIM1-2 primary antibodies at 1:250 dilutions were used and 

the tissue sections were incubated at 4 °C overnight followed by biotinylated anti-

rabbit immunoglobulins at 1:1000 for 20 min. Incubation with antigen pre-absorbed 

antibodies or without primary antibody was used as a negative control. The sections 

were then incubated with the secondary antibody from the VECTASTAIN
®

 ABC kit 

for 30 minutes, followed by peroxidase substrate solution until desired stain intensity 

develops. Some slides were counterstained with hematoxylin. 

 

 

2.2.8 Molecular cloning of full length ORAI1-3 and plasmid construction 

 

Full-length ORAI1, ORAI2 and ORAI3 coding regions were amplified by RT-PCR 

using the total RNA isolated from HAEC. The specific primers designed with 

restriction enzyme site were used. The primer sequences are given in Table 2-3. The 

PCR reaction contained 1× Phusion High-Fidelity buffer, 200 µM dNTPs (50 µM 

each), 0.5 µM of each primer, 10 ng/µl cDNA, and 0.02 units/µl Phusion High-

Fidelity DNA polymerase. The PCR cycles consisted of an initial denaturation step 
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of 98 °C for 30 seconds, followed by 35 repeated cycles of 98 °C for 10 seconds 

denaturation, 68 °C for 30 seconds annealing and primer extension at 72 °C for 1 

minute, and a final extension step at 72 °C for 5 minutes. The PCR products for 

ORAI1-3 were purified from the 1.5% agarose gel after electrophoresis.  ORAI1 and 

ORAI2 were digested with BglII and EcoRI and cloned into pcDNA4/TO-mCherry 

vector cut by BamHI and EcoRI, and ORAI3 was digested with BamHI and EcoRI 

and cloned into pcDNA4/TO-mCFP vector. The ligated products were transformed 

into DH5α E. coli competent cells (Invitrogen, Paisley, UK). Colonies were screened 

by PCR using specific primers for ORAI1, ORAI2 and ORAI3. The positive 

colonies were selected and grown for plasmid cDNA isolation. 

The coding sequences of enhanced yellow fluorescent protein (EYFP), monomeric 

red fluorescent protein (mCherry, RFP) and monomeric cyan fluorescent protein 

(mCFP) were amplified with the primers HindIII-GFP-forward and BamHI-GFP-

reverse from the vectors pIRES-EYFP, RFP-C1 and mCFP-C3, respectively. Each 

PCR reaction tube contained 1× Phusion High-Fidelity buffer, 200 µM dNTPs (50 

µM each), 0.5 µM forward primers, 0.5 µM reverse primers, 40 pg/µl template 

DNA, and 0.02 units/µl Phusion High-Fidelity DNA polymerase. The PCR cycles 

consisted of an initial denaturation of 98 °C for 30 seconds, followed by 35 repeated 

cycles of 98 °C for 10 seconds and 72 °C for 1 minute, and a final extension at 72 °C 

for 5 minutes. PCR products were analysed by electrophoreses on 1.5% agarose gel 

containing 0.5 µg/ml ethidium bromide and expected bands were purified using a 

QIAquick PCR Purification Kit.  

The EYFP, mCherry and mCFP-encoding DNA fragments were ligated into the 

digested pcDNA4/TO plasmids with T4 DNA ligase at room temperature for 4 

hours. The ligation mixtures were gently added to JM109 E. coli competent cells 

(Promega, Southampton, UK), the cells were then placed on ice for 30 minutes, heat-

shocked at 42 °C for 1 minute, transferred into SOC medium (Invitrogen, Paisley, 

UK)  and cultured at 37 °C for 1 hour in a shaking incubator (300 rpm). The cells 

were spread on LB agar plates containing 100 µg/ml ampicillin and incubated at 37 

°C overnight. On the next day the bacterial colonies were picked into LB medium 

(Invitrogen, Paisley, UK) and cultured at 37 °C for 2 hours. Positive colonies were 

characterized by PCR using cell suspensions as templates. The PCR reaction volume 
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contained 1 µl cell suspension, 0.5 µM HindIII-GFP-forward and BamHI-GFP-

reverse primers, and 1x GoTaq
®

Green master mix. The PCR cycles consisted of an 

initial denaturation of 95 °C for 30 seconds, followed by 30 repeated cycles of 94 °C 

for 30 seconds, 65 °C for 30 seconds and 72 °C for 45 seconds, and a final extension 

at 72 °C for 5 minutes. The colonies showing a 733-bp band in the PCR products 

were inoculated into 5 ml lysogeny broth medium containing 100 µg/ml ampicillin 

and cultured at 37 °C overnight in a shaking incubator (200 rpm). The plasmids were 

extracted using a QIAprep Spin Miniprep Kit. Small amount of cell suspensions 

were mixed into LB medium containing 20% glycerol and stored at -80 °C. The 

primer sequences are given in Table 2-3 and the pcDNA4/TO vector map is 

presented at Appendix I. 

 

 

2.2.9 Transfection of ORAI and STIM plasmids into HEK-293 cells 

 

HEK293 T-REx cells were seeded in a 35-mm culture dish and grown for 24 hours 

to reach 90% confluency. The plasmid cDNAs (STIM1-EYFP in pEYFP-N1 vector, 

mCherry-ORAI1, mCherry-ORAI2 and mCFP-ORAI3 plasmids in pcDNA4 vectors) 

were transfected into the cells using Lipofectamine
TM

 2000.  The STIM1–EYFP 

plasmids in pEYFP-N1 vector were kindly provided by Prof AV Tepikin (University 

of Liverpool).  Each plasmid cDNA (3 µg) and 5 µl Lipofectamine
TM

 2000 

transfection reagent were separately mixed with 250 µl Opti-MEM (minimum 

essential medium) I Reduced Serum Medium (Invitrogen, Paisley, UK), and kept at 

room temperature for 5 minutes. The two mixtures were merged into one tube, 

shaken vigorously and then incubated at room temperature for 20 minutes to allow 

the mixture of plasmid cDNA and Lipofectamine
TM

 2000 to form complexes. During 

incubation, the DMEM/F-12+GlutaMax™-I medium was removed from the cell 

culture dish and replaced by 1 ml Opti-MEM medium. The plasmid-lipofectamine 

mixture was then gently dropped into the dish. The dish was rocked 2-3 times and 

moved into the incubator. The Opti-MEM medium was changed back to DMEM/F-

12+GlutaMax™-I medium 6 hours later. 

G418 was added into the cell culture dish to a final concentration of 400 µg/ml 24 

hours after transfection. The cells were maintained for 1 week under G418 selection 
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and the medium was changed on every day for six days to remove dead cells. The 

survived cells were trypsinized and seeded into 60-mm culture dishes at a density of 

500 cells/dish. Cells were cultured in medium without G418 and grew into clumps 

after 5-7 days.  

After inspecting STIM1-EYFP expression under a Nikon Eclipse Ti-E inverted 

fluorescence microscope, cell clumps showing EYFP fluorescence (excitation/ 

emission wavelengths of 500/535 nm) were manually picked out from the dishes by 

200-µl tips mounted on a pipette. These cells (in approximately 20 µl medium) were 

carefully transferred into 50 µl 0.05% trypsin/EDTA (ethylenediaminetetraacetic 

acid) solution and kept at room temperature for 3 minutes. Then the cells were mixed 

into DMEM/F-12+GlutaMax™-I medium and cultured as usual. The cells were 

stored in medium containing 10% (v/v) DMSO in liquid nitrogen when it is 

necessary. 

Plasmids encoding mCherry-ORAI1, mCherry-ORAI2 and mCFP-ORAI3 were 

transfected into STIM1–EYFP cells and the expression of these genes was induced 

with 1 mg/ml tetracycline in the culture medium. The transfection and selection 

procedures were similar to these used for the generation of STIM1–EYFP cells. 

 

 

2.2.10 Small interfering RNA transfection 

 

ORAI1, ORAI2 or ORAI3 siRNA (Table 2-4) was transfected into HAEC using 

Lipofectamine
TM 

2000. For each transfection, 20 μM siRNA were diluted into 250 μl 

Opti-MEM I Reduced Serum Medium, and 5 μl of Lipofectamine
TM

 2000 were 

diluted into 250 μl Opti-MEM medium and the solutions were kept at room 

temperature for 5 minutes. The diluted siRNA was gently mixed with the diluted 

Lipofectamine
TM

 2000 and incubated for 20 minutes at room temperature to allow 

DNA-Lipofectamine
TM 

2000 complexes to form. The final concentration of siRNA 

was 20 pmol/μl. DNA-Lipofectamine
TM 

2000 complexes were then added to the 

dishes containing the cells and mixed gently. The dishes were shaken evenly after 3 

hours and medium was changed after 6 hours incubation with the transfectants at 37 

°C under 95% air and 5% CO2 in a humidified atmosphere. The culture dishes with 
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scrambled siRNA were set as controls in parallel. Cell culture media (200 μl) were 

collected at the time points of 0 and 12 hours and stored at -20°C for IL-6 ELISA. 

 

 

2.2.11 Ca
2+

 imaging and live-cell fluorescence imaging 

 

For Ca
2+

 imaging experiments, EA.hy926 cells on coverslips were loaded with 1 μM 

Fura-PE3/AM for 30 min at 37 °C in standard bath solution, followed by 5 minutes 

wash in Ca
2+

-free standard bath solution (Table 2-1) at room temperature. Cells were 

excited alternately by 340 and 380 nm light and emission was collected via a 510 nm 

filter. Images were sampled every 5 seconds in pairs for the two excitation 

wavelengths by an ORCA-R2 CCD camera (Hamamatsu, Japan). The ratio F340/F380 

of Ca
2+

 dye fluorescence, measured by a Nikon Ti-E system with NIS-Element Ca
2+

 

imaging software, was used to represent the intracellular Ca
2+

 level. All experiments 

were performed at room temperature. 

For live-cell fluorescence imaging, the stably transfected STIM1-EYFP cells were 

seeded on 13 mm diameter glass coverslips and cultured for 24–72 hours. Live cell 

images for EYFP/ mCherry/ mCFP fluorescence were captured using the microscope 

equipped with a Nikon Plan Fluor 100×/1.30 oil objective. The puncta around the 

PM with 1 mm thickness area (about one punctum) was counted as PM puncta. The 

fluorescence intensity of STIM1–EYFP was monitored by NIS-Elements software 

(Version 3.2, Nikon, Tokyo, Japan) and the regions of interest (ROIs) were drawn 

manually as the previous report (Zeng et al., 2012). All experiments were performed 

at room temperature. 

 

 

2.2.12 Whole-cell patch clamp recordings 

 

Whole‐cell patch‐clamp recordings were performed on HEK293 T‐REx cells 

expressing different ORAI cultured on 6-mm coverslips (Xu et al., 2006b; Xu et al., 

2012). Patch pipettes were made from borosilicate glass capillaries and the resistance 

of the pipettes was 5-7 MΩ. The recording chamber had a volume of 150 μl and was 

perfused at a rate of about 2 ml/min. To deplete the internal Ca
2+

 store, TG at 1 μM 
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was added in the pipette solution (Table 2-1). The ORAI1 and ORAI2 channels were 

activated in standard bath solution (Table 2-1) containing 1 μM TG and ORAI3 

channels were activated in bath solution containing 100 μM 2-APB. Membrane 

currents were measured using an Axopatch 200B patch clamp amplifier (Molecular 

devices, Union City, CA, USA). The data were acquired by Clampex 10.2 and 

analysed in Clampfit 10.2 (Molecular devices). A 1-s ramp voltage protocol from –

100 mV to 100 mV was applied at a frequency of 0.1 Hz from a holding potential of 

–60 mV. Signals were sampled at 3 kHz and filtered at 1 kHz. The salt-agar bridge 

was used to connect the ground wire (Ag-AgCl) in the bath chamber. All the 

experiments were performed at room temperature (22-26°C). 

 

 

2.2.13 Cell proliferation assay 

 

Cell proliferation reagent WST-1, a salt tetrazolium that can be cleaved by cellular 

enzymes, was used in the cell proliferation studies. The assay reflects the metabolic 

activity of the cells. The overall metabolic activity measured by optical absorption 

correlates well with the viable cell number as determined by cell counting. Cells 

were cultured in 96-well plates containing 100 μl media and treated with drugs when 

they reached 30% confluency. After 48 hours of incubation with drugs, media were 

removed, cells were washed with DMEM/F-12+GlutaMax™-I media without phenol 

red and 100 μl WST-1/no phenol red containing media mixture was added to each 

well. WST-1 was finally added to each well. The absorbance was read on a 

microplate reader (BMG Labtech, Aylesbury, UK) at wavelengths of 450 nm and 

605 nm after 2 hours of incubation with WST-1. The baseline was subtracted for 

each study and set at the time point that the drug was added. 

 

 

2.2.14 Interleukin-6 ELISA 

 

AssayMax Human IL-6 ELISA Kit was used for the detection of IL-6 secretion in 

cell culture media. This assay employs a quantitative sandwich enzyme 

immunoassay technique that measures IL-6. Each well was loaded with 50 μl of 

sample and the plate was covered and incubated for 2 hours, followed by 5 washing 
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steps with 200 μl of wash buffer. The plate was inverted and tapped dry on absorbent 

paper towel at each step. A volume of 50 μl biotinylated IL-6 antibody was added to 

each well and incubated for 2 hours. Five washings with 200 μl of wash buffer 

followed as above and 50 μl of streptavidin-peroxidase conjugate were then added to 

each well and incubated for 30 minutes. Five washings with 200 μl of wash buffer 

took place as above and 50 μl of chromogen substrate were then added to each well 

and incubated for approximately 12 minutes or till the optimal blue colour density 

developed. The absorbance was measured using a microplate reader at a wavelength 

of 405 nm. 

 

 

2.2.15 Cell migration and tube formation assays 

 

For cell migration assay, EA.hy926 cells were grown to confluence in 24-well plates 

in endothelial cell medium supplemented with 1% FCS. Base medium (10 ml) with 

any additives (high glucose or mannitol) was prepared, filtered, placed in sterile 15 

ml falcon tubes and stored at 4 °C. Four separate wounds (2 horizontal and 2 

vertical) were scratched through the cells in each well, using a sterile 200 µl pipette 

tip, resulting in a linear scrape of ~0.3 mm width through the pipette tip and cells. 

The cells were then rinsed carefully with PBS and cultured in 1.5 ml of warmed up 

endothelial cell medium containing 1% FCS with or without any additives. After 24 

hours culture, the cells were fixed with 4% paraformaldehyde, photographed using 

an inverted microscope with a 10× objective, and the number of cells moving across 

the edge of the wound were counted. 

For tube formation assay, bovine skin collagen was used and diluted into 1.5 mg/ml 

with extracellular matrix under 2-8 °C as working solution. The pH and osmolarity 

was adjusted by 1 M NaOH and 10× PBS, respectively. Human VEGF was added to 

a final concentration of 20 ng/ml to promote the proliferation and angiogenesis  of 

vascular endothelial cells (Hoeben et al., 2004). The collagen working solution at a 

volume of 120 μl was added to each well of 48-well plate, and allowed to gelatinize 

for 30 minutes at 37 °C. EA.hy926 cells were resuspended in extracellular matrix 

solution and added to each well at a volume of 300 μl (~3×10
4
 cells/well) and 

incubated at 37 °C for 30 minutes under 95% air and 5% CO2. Then, the cells were 
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treated with high glucose or vehicle. After 24 hours culture, cells were fixed with 4% 

paraformaldehyde, stained with 0.025% crystal violet, and photographed using an 

inverted microscope with a 20× objective. Four images per well were recorded. The 

angiogenic score was calculated for each image by a semi-quantitative method using 

the following formula as described in the report (Aranda & Owen, 2009): 

 

Angiogenic score = 

  No.of sprouting cells ×1 +(No.of connected cells)×2 +(No.of polygons)×3 

Total No. of cells
 

+ ( 0, 1 or 2). 

This formula was designed to accurately emulate the degree of in vitro angiogenesis 

by taking into account the different steps observed during the procedure. A score of 

1 point is given to each cell that shows projections which do not result in contact 

with other cells (sprouting). When two or more cells join by projections or direct cell 

contact, a score of 2 points is awarded to each cell involved in this process, and the 

formation of a polygon (enclosed structures) is given a score of 3 points. The total 

number of the cells present within the optical field is referred to as the 'total number 

of cells'. Score of 1 or 2 is added to the total value when luminal structures 

consisting of walls of two to three cells thick or walls of 4 or more cells thick are 

present, respectively. Absence of these structures is given no score (0). 

 

 

2.2.16 Statistics 

 

All data are presented as mean ± SEM (standard error of the mean) and n is the 

number of individual experiments. Data sets were compared using paired or unpaired 

Student's t-tests for two groups, and ANOVA (analysis of variance) Dunnett's post-

hoc analysis was used for multiple group comparisons with significance indicated by 

* if P < 0.05, ** if P < 0.01 and *** if P < 0.001. The western blotting or PCR 

experiments are representative of at least 3 independent experiments.  
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Expression of Store-Operated Ca
2+

 Channel Molecules ORAI and 

STIM and the Regulation by Oxidative Stress 
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3.1 Introduction 

 

ORAIs and STIMs are recently identified store-operated Ca
2+

 channel molecules, 

which play essential roles in cell functions from gene expression to cell growth 

(Zhang, 2005; Prakriya et al., 2006). ORAI channels are ubiquitously expressed in 

the body, but the expression level may vary depending on cell type. Dysfunction of 

ORAI channels is related to some diseases, such as the mutation of ORAI1 channel 

and STIM1 have been reported to cause severe combined immune deficiency 

syndrome due to the loss of ICRAC or SOC in the T-cells (Picard et al., 2009; Feske, 

2011). The ORAI1 knockout mice showed resistance to pathological thrombus 

formation due to the malfunction of platelet without SOC (Braun et al., 2009). 

Oxidative stress is an important pathophysiological mechanism for endothelium 

dysfunction in diabetes. Hyperglycemia and hyperhomocysteinemia are two 

common cardiovascular risk conditions related to oxidative stress or the 

overproduction of ROS, which triggers a range of pathophysiological responses in 

the vascular endothelial cells and ultimately lead to the vascular injury and 

atherosclerosis (Ma, 2010). 

Hyperglycemia is a common uncontrolled disease condition that causes 

overproduction of ROS that play a  central role in the onset, progression, and 

pathological consequences of Type 1 and Type 2 diabetes or diabetic complications 

(Mene et al., 1997; Zhang et al., 2007). The role of Ca
2+

-permeable channels in the 

pathophysiology of diabetes or hyperglycemia has been described (Kimura et al., 

1998a; Kimura et al., 1998b; Pieper & Dondlinger, 1998; Tamareille et al., 2006). 

For instance, TRPC1 expression was increased by high glucose in bovine aorta 

endothelial cells (Bishara & Ding, 2010), but TRPC6 expression was decreased in 

the cultured mesangial cells (Graham et al., 2007). The regulation of transient 

receptor potential melastatin 6 (TRPM6) and TRPM7 by high glucose has been 

reported in human monocytes (Wuensch et al., 2010). However, the regulation of 

high glucose or hyperglycemia on the expression of ORAIs and STIMs is not fully 

understood. 

Hyperhomocysteinemia is another oxidative stress-related pathophysiological 

condition. High level of Hcy has been implicated in endothelial dysfunction and 
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atherosclerosis, which has been regarded as an independent risk factor for CVDs 

(Boushey et al., 1995; Mayer et al., 1996; Mangiagalli et al., 2004). 

Hyperhomocysteinemia occurring in diabetes and Hcy level in the blood were 

decreased after glycemic control was improved in Type 2 diabetic patients (Passaro 

et al., 2003). The mechanism of Hcy-induced oxidative stress is still unclear, but the 

increased ROS production through the regulation of redox system in the body, such 

as NADPH oxidase and thioredoxin system, has been suggested (Tyagi et al., 2005). 

Store-operated Ca
2+

 entry was inhibited by high concentrations of Hcy in human 

umbilical vein endothelial cells (HUVECs) (Zhang et al., 2005), but the effects of 

Hcy on the expression of ORAIs and STIMs and the channel activity of ORAI1-3 are 

still unknown. 

H2O2 is a typical ROS in a cell. ORAI1 current was inhibited by H2O2, but ORAI3 

current was not affected (Bogeski et al., 2010). The differential sensitivity could be 

due to the extracellular cysteine (Cys
195

) in ORAI1, which acts as the target for 

oxidation, but ORAI3 has no such cysteine in the region. Moreover, Ca
2+

 influx may 

be increased by H2O2 through TRPM2 (Grupe et al., 2010) or TRPC3 and TRPC4 

channels (Poteser et al., 2006). These observations suggest that several Ca
2+

-

permeable channels are regulated by H2O2, and thus the oxidative stress-induced 

Ca
2+

 influx could have multiple mechanisms.  

In this chapter, I aimed to investigate: 1) the gene expression of ORAI1-3 and 

STIM1-2  in human vascular tissues or cells including endothelial cells, smooth 

muscle cells, and blood vessel samples (aorta, LIMA and saphenous vein) from 

patients; 2) the regulation on the expression of ORAIs and STIMs by oxidative stress 

conditions including high glucose, Hcy and H2O2 using in vitro cell or organ culture 

models and in vivo tissue samples from patients and diabetic mice; 3) the potential 

underlying mechanism for ORAI and STIM gene regulation. 
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3.2 Expression of ORAI and STIM in human blood vessels 

 

The mRNAs of ORAI1, ORAI2, ORAI3, STIM1 and STIM2 were detected by RT-

PCR in human blood vessels including LIMA, saphenous vein and aorta, and 

primary cultured HAECs, vascular endothelial cell line EA.hy926, and primary 

cultured smooth muscle cells from human saphenous vein using the primers given in 

Table 2-2. The β-actin was used as positive control and the reaction without reverse 

transcriptase (no RT) was set as negative control (Figure 3-1). 
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Figure 3-1 Detection of ORAI and STIM mRNAs in human blood vessels and 

cells. PCR products were shown in the 2% agarose gel stained with ethidium 

bromide. The expected size of PCR amplicons is 238 bp for ORAI1, 210 bp for 

ORAI2, 176 bp for ORAI3, 183 bp for STIM1, 202 bp for STIM2 and 211 bp for β-

actin. No product was detected in the reaction without reverse-transcriptase (no-RT). 

LIMA; Left internal mammary artery, HAEC; Human aortic endothelial cells, SMC; 

Smooth muscle cells isolated from human saphenous vein. 
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ORAI and STIM proteins in the lysates of HAEC, EA.hy926 cells and human LIMA 

were examined by western blotting (Figure 3-2). The protein bands for ORAI1 (~33 

kDa), ORAI2 (~29 kDa), ORAI3 (~31 kDa), STIM1 (~75 kDa) and STIM2 (~100 

kDa) were detected (Figure 3-2A). The β-actin (~43 kDa) was used as positive 

control and the specificity of the antibodies used in this study was confirmed by 

using the lysates from HEK293 cells overexpressing ORAI1 and ORAI2 channels 

tagged with fluorescent protein mCherry, and the cells overexpressing STIM1 tagged 

with EYFP (Figure 3-2B). 
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Figure 3-2 ORAI and STIM proteins detected by western blotting. A, Detection 

of ORAI1-3 and STIM1-2 proteins in human aortic endothelial cells (HAEC), 

EA.hy926 cells and human left internal mammary artery (LIMA). β-actin was used 

as positive control. B, Detection of ORAI1, ORAI2, and STIM1 in the HEK293 T-

REx cells overexpressed with ORAI1-mCherry, ORAI2-mCherry and STIM1-EYFP. 

The non-transfected cells were used as control. The size of tagged mCherry 

fluorescent protein is 25.96 kDa and the enhanced yellow fluorescent protein (EYFP) 

is 26.29 kDa. 
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The localization of ORAI and STIM channels was examined by immunostaining on 

the paraffin-embedded human LIMA sections. The staining was positive in the 

smooth muscle layer and the endothelium (Figure 3-3), suggesting these genes are 

ubiquitously expressed in vascular endothelial cells and smooth muscle cells. No 

staining was observed in the negative control group with boiled primary antibodies. 
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Figure 3-3 Localization of ORAIs and STIMs in human left internal mammary 

arteries. Immunostaining for ORAI1 (B), ORAI2 (C), ORAI3 (D), STIM1 (E) and 

STIM2 (F) on paraffin-embedded sections of LIMA using the Vectashield ABC kit 

with diaminobenzidine substrate. Positive staining shown as brown colour. The 

boiled primary antibody was set as negative control (Control) (A). The results were 

reproducible in the human LIMA samples from three patients. Scale bar is 100 µm. 
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3.3 Regulation of ORAI and STIM expression by high glucose in in 

vitro models 

 

In this section, three sets of experiments were designed to observe the effect of high 

glucose (25 mM glucose) on the expression of ORAIs and STIMs in endothelial 

cells, smooth muscle cells and organ cultured blood vessel segments.    

 

3.3.1 Effect of high glucose on the expression of ORAIs and STIMs in 

endothelial cells 

 

Vascular endothelial EA.hy926 cells were cultured in endothelial medium and 

treated with 25 mM glucose for 60 hours. The equal molar mannitol was used as 

control. The mRNA level was quantified by real-time PCR. As demonstrated in 

Figure 3-4A, the mRNAs of ORAI1, ORAI2, ORAI3, STIM1 and STIM2 were 

significantly increased after the incubation with 25 mM glucose for 60 hours. 

The protein expression of ORAI and STIM isoforms was also examined by western 

blotting.  The band density of ORAIs and STIMs in the high glucose-treated group 

was significantly higher than the group treated with mannitol (Figure 3-4 B-C). 

These data suggested that high glucose upregulated the mRNA and protein 

expression of ORAIs and STIMs in the vascular endothelial cells. 
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Figure 3-4 Upregulation of ORAI and STIM expression by high glucose. 

EA.hy926 cells were cultured with high glucose (25 mM) for 60 hours. The mannitol 

(19.5 mM) plus 5.5 mM glucose was used as equal osmolarity control. The β-actin 

was used as housekeeping gene for relative quantification. A, The mRNA of ORAIs 

and STIMs was quantified by real-time PCR. The mean data were obtained from 

three independent experiments and the triplicate PCR reactions were set for each 

experiment. B, Examples of ORAI1-3 and STIM1-2 detected by western blotting. C, 

The density of protein bands was quantified using ImageJ software. Mean data from 

3 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 
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3.3.2 Effect of high glucose on the expression of ORAIs and STIMs in smooth 

muscle cells 

 

The primary cultured human saphenous vein smooth muscle cells within 5 passages 

were used in the experiment. The cells were incubated with high glucose for 60 

hours, and the normal glucose (5.5 mM) was set as control. The mRNA level of 

ORAI2, STIM1 and STIM2 was significantly upregulated, however, the expression 

of ORAI1 and ORAI3 was decreased (Figure 3-5A). 

Due to the difference in high glucose regulation between endothelial cells and 

saphenous vein smooth muscle cells, expression was re-examined using rat aortic 

smooth muscle cells. The rat aortic smooth muscle cells grew much faster than the 

smooth muscle cells from human saphenous vein, and the cells at passage 2 were 

used in the experiment.  The mRNA expression for ORAI1-3 and STIM1-2 was 

significantly increased in the cells cultured with high glucose for 60 hours comparing 

with the group treated with mannitol (Figure 3-5B), suggesting high glucose 

upregulated the expression of ORAIs and STIMs in the smooth muscle cells.  
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Figure 3-5 ORAI and STIM expression regulated by high glucose in smooth 

muscle cells. The mRNA level quantified by real-time PCR in (A) human saphenous 

vein smooth muscle cells and (B) rat aortic smooth muscle cells after treatment with 

25 mM glucose for 60 and 48 hours respectively. The mannitol (19.5 mM) plus 5.5 

mM glucose was used as equal osmolarity control. The β-actin was used as 

housekeeping gene for relative quantification. Mean data from 3 independent 

experiments with triplicate samples. *P < 0.05; **P < 0.01; ***P < 0.001 
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3.3.3 Effect of high glucose on the expression of ORAIs and STIMs in human 

blood vessels 

 

LIMA segments from 5 non-diabetic patients (60.4 ± 0.8 years) were cultured under 

high glucose conditions for 60 hours. The blood vessel segments from same patients 

were cultured in normal (5.5 mM) glucose in parallel as control. The mRNA 

expression was detected by real-time PCR. The response of the ORAI and STIM 

gene expression to high glucose treatment varied among the different patients 

(Figure 3-6). 
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Figure 3-6 Regulation of ORAI and STIM expression by high glucose in organ-

cultured human left internal mammary artery. The organ-cultured blood vessels 

were treated with normal (5.5 mM) and high (25 mM) glucose for 60 hours. The 

mRNA of ORAIs and STIMs was detected by real-time PCR. The triplicate RT-PCR 

reactions were performed for each patient. Numbers 1-5 indicate the patient code. 
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3.4 Regulation of ORAI and STIM expression in diabetes 

 

To further examine the expression of ORAI and STIM in in vivo conditions, the 

aorta samples from Type 2 diabetic patients and kidney samples from Type 1 

diabetic mouse models were tested. 

 

3.4.1 Human aorta samples from patients with Type 2 diabetes 

 

Human aorta samples from 4 male Type 2 diabetic (56.7 ± 2.7 years) and 4 male 

age-matched non-diabetic patient controls (58.5 ± 3.5 years) were used in this study.  

There was no significant difference in body mass index (BMI, 30 ± 1.6 vs 30 ± 2.0 

kg/m
2
, P > 0.05). The mRNA expression of ORAI and STIM isoforms was 

determined by quantitative real-time PCR using the primers in Table 2-2. Both 

ORAI and STIM mRNA expression were significantly increased in the diabetic 

samples (Figure 3-7). 
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Figure 3-7 ORAI and STIM expression in human aorta. ORAI and STIM 

expression detected by real-time PCR was increased in aorta samples from diabetic 

patients (n = 4). Age-matched aorta samples from non-diabetic patients were used as 

a control (n = 4). The β-actin was used as housekeeping gene for relative 

quantification. The triplicate RT-PCR reactions were performed for each sample. *P 

< 0.05; **P < 0.01 
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3.4.2 Type 1 diabetic mouse models 

 

Since the availability of clinical tissue samples from patients with Type 1 diabetes, 

the gene regulation was investigated using Type 1 diabetic models. In addition, the 

vascular tissues in the mouse is very limited, so the kidney samples from STZ-

induced diabetic mice and Akita Type 1 diabetic mice were used in the following 

experiments. 

 

STZ-induced diabetic mice: The STZ-induced Type 1 diabetic mice were used 

(Table 3-1). The high blood glucose level was developed in the STZ-treated mice 

after 8 weeks injection of STZ. The body weight of the STZ-treated mice was 

significantly reduced. The expression of ORAI1-3 and STIM1-2 mRNAs was 

significantly increased in the kidney samples from STZ-treated mice comparing to 

control mice (Figure 3-8).  

 

 

Table 3-1 Blood glucose level and body weight in streptozotocin-induced Type 1 

diabetic model 

 

Treatment n Start Final n Start Final 

  Vehicle  Streptozotocin 

Blood glucose (mM) 6 9.11±0.33 7.99±0.28 6 9.21±0.39 21.48±1.2*** 

Weight (kg) 6 23.91±1.6 31.30±1.00 6 22.20±1.3 26.49±0.62*** 

*** P < 0.001, Comparison between the control (vehicle) and streptozotocin-treated mice 

group. 
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Figure 3-8 ORAI and STIM expression in the kidney from streptozotocin-

induced Type 1 diabetic mice. The mRNA of ORAIs and STIMs detected by real-

time PCR was increased in kidney samples from streptozotocin (STZ)-treated 

diabetic mice (n = 6) compared to the kidney samples from the control mice treated 

with vehicle (n = 6). The β-actin was used as housekeeping gene for relative 

quantification. The triplicate RT-PCR reactions were performed for each sample. *P 

< 0.05; **P < 0.01 
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Akita Type 1 diabetic mice: The Akita mice model is a genetic Type 1 diabetic 

animal model without significant body weight loss (Yoshioka et al., 1997). 

Therefore this model was used to further examine the store-operated channel gene 

expression in Type 1 diabetes. Six Akita mice were used and 6 wild-type mice at the 

same age were used as control. Blood glucose level and body weight were measured 

at the start and the end of the experiment (Table 3-2). Akita mice developed 

significant hyperglycemia, however, the weight of the mice measured at the start and 

the end of the experiment was similar to that of the wild-type control mice. The 

mRNA expression of ORAI and STIM isoforms was determined by quantitative real-

time PCR using the primers in Table 2-2. ORAI and STIM mRNA expression was 

significantly higher in the kidney samples from Akita mice than that in the wild-type 

mice (Figure 3-9). 

 

 

 

Table 3-2 Blood glucose level and body weight in Akita Type 1 diabetic model  

                                                                                                                 

 n Start Final n Start Final 

  Wild-type  Akita 

Blood glucose (mM) 6 7.99±0.99 8.01±1.27 6 21.90±1.91 21.38±1.92*** 

Weight (kg) 6 18.29±0.42 18.86±0.73 6 18.00±0.75 18.71±0.80 

*** P < 0.001, Comparison between the control (wild-type) and Akita mice group. 
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Figure 3-9 ORAI and STIM mRNA expression in the kidney tissues from Akita 

Type 1 diabetic mice. The mRNA of ORAIs and STIMs detected by real-time PCR 

was increased in kidney samples from Akita diabetic mice (n = 6) compared to the 

wild-type mice (n = 6). The β-actin was used as housekeeping gene for relative 

quantification. The triplicate RT-PCR reactions were performed for each sample. *P 

< 0.05; **P < 0.01; ***P < 0.001 
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3.5 Upregulation of ORAI and STIM by high glucose is mediated by 

calcineurin/ NFAT signalling pathway 

 

To understand the underlying mechanism of ORAI and STIM upregulation by high 

glucose, the potential role of Ca
2+

/calcineurin/NFAT signalling pathway was 

examined, because gene transcription may be affected by the increased intracellular 

Ca
2+

 through this pathway (Hogan et al., 2003). Using primary cultured rat aortic 

smooth muscle cells, the expression of ORAI1-3 and STIM1-2 was increased in the 

cells treated with high glucose. Cyclosporin A (CsA) is a potent calcineurin inhibitor 

(Crabtree, 2001). The high glucose-induced upregulation of ORAIs and STIMs was 

prevented by incubation with CsA at 200 nM for 48 hours. On the other hand, the 

expression of ORAI1-3 was inhibited by application of CsA alone, but no significant 

effect on STIM1 and STIM2 was observed (Figure 3-10). 
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Figure 3-10 Inhibition of high glucose-induced upregulation of ORAI and STIM 

expression by cyclosporin A. Rat aortic smooth muscle cells were cultured with 

high glucose (HG, 25 mM), cyclosporin A (CsA, 200 nM), and high glucose plus 

CsA for 48 hours. The mRNA of ORAIs and STIMs was detected by real-time PCR. 

The β-actin was used as housekeeping gene for relative quantification. Mean data 

from 3 independent experiments with triplicate samples. * P < 0.05; **P < 0.01; 

***P < 0.001 
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The effect of store-operated channel blocker on gene expression was also examined. 

DES has been shown to block the store-operated Ca
2+

 influx and thus reduce the 

intracellular Ca
2+

 level (Zakharov et al., 2004). Incubation with DES 10μM for 48 

hours significantly reduced the expression of ORAI1-3. However, the expression of 

STIM1-2 was not changed (Figure 3-11). 

These data suggested that the upregulation of ORAIs and STIMs by high glucose is 

mediated by Ca
2+

/calcineurin/NFAT signalling pathway.  
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Figure 3-11 Regulation of ORAI and STIM expression by diethylstilbestrol. Rat 

aortic smooth muscle cells were cultured with diethylstilbestrol (DES) 10 μM for 48 

hours. Untreated cells were used as control. The mRNA of ORAIs and STIMs was 

detected by real-time PCR. The β-actin was used as housekeeping gene for relative 

quantification. Mean data from 3 independent experiments with triplicate samples. 

***P < 0.001 
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3.6 ORAI and STIM expression regulated by homocysteine 

 

The regulation of ORAI and STIM expression by Hcy was observed in the primary 

cultured human aortic endothelial cells. The mRNA and protein levels of ORAI and 

STIM isoforms were determined by real-time PCR and western blotting. 

The mRNA level of ORAI1, ORAI2 and ORAI3 was significantly downregulated by 

incubation with 1-100 μM Hcy for 24 hours, but the STIM1 and STIM2 mRNA 

levels were significantly increased after Hcy treatment (Figure 3-12), suggesting that 

the effect of Hcy is different from the oxidative stress condition induced by high 

glucose treatment. 
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Figure 3-12 Regulation of ORAI and STIM mRNA expression by homocysteine. 

Human aortic endothelial cells were cultured with homocysteine (Hcy) for 24 hours. 

The mRNA of ORAIs (A) and STIMs (B) was quantified by real-time PCR. 

Untreated cells were set as control. The β-actin was used as housekeeping gene for 

relative quantification. The mean data were obtained from 3 independent 

experiments and the triplicate PCR reactions were set for each experiment. *P < 

0.05; **P < 0.01; ***P < 0.001  
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The protein levels of ORAIs and STIMs in human aortic endothelial cells lysate 

were also examined by western blotting. The protein band density for ORAI1 and 

ORAI2 proteins was decreased after treatment with 10 μM and 50 μM Hcy, whereas 

the STIM1 and STIM2 protein levels were increased (Figure 3-13). 
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Figure 3-13 Regulation of ORAI and STIM protein expression by homocysteine. 

Human aortic endothelial cells were cultured with 10 μM or 50 μM homocysteine 

(Hcy) for 24 hours. Untreated cells were used as control. The density of protein 

bands detected by western blotting was quantified using ImageJ software. The β-

actin was used as control for quantification. Mean data from 3 independent 

experiments are presented and triplicate protein lanes on the gel were set for each 

experiment. *P < 0.05; **P < 0.01; ***P < 0.001 
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3.7 ORAI and STIM regulated by H2O2 

 

Due to the different effect of high glucose and Hcy on ORAI and STIM expression, 

the effect of H2O2 was also examined. The mRNA expression of ORAI1-3 and 

STIM1-2 was upregulated by incubation with 100 μM or 500 μM H2O2 for 48 hours 

in the vascular endothelial cells EA.hy926 (Figure 3-14) suggesting the effect of 

H2O2 was similar to the high glucose treatment. 
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Figure 3-14 Regulation of ORAI and STIM mRNA expression by H2O2. The 

mRNA level quantified by real-time PCR in EA.hy926 cells cultured with H2O2 for 

48 hours. Untreated cells were used as control. The β-actin was used as housekeeping 

gene for relative quantification. Mean data from 3 independent experiments with 

triplicate samples. *P < 0.05; **P < 0.01; ***P < 0.001 
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3.8 Discussion 

 

The data in this chapter demonstrate that the expression of store-operated Ca
2+

 

channel molecules ORAI and STIM is regulated by oxidative stress conditions in 

human blood vessels and vascular cells, and the upregulation is mediated by the 

Ca
2+

/calcineurin/NFAT pathway. 

Among the numerous Ca
2+

 influx pathways, one important Ca
2+

 influx path in 

mammalian cell plasma membrane is store-operated Ca
2+

 entry, the process in which 

depletion of Ca
2+

  stores in the ER induces Ca
2+

  influx from the extracellular space 

through the activation of plasma membrane SOC channels (Parekh & Penner, 1997; 

Parekh & Putney, 2005). STIM and ORAI proteins were found to be the molecular 

basis of store-operated Ca
2+

 function (Soboloff et al., 2006c). In this thesis, it is 

shown that ORAI1-3 and STIM1-2 mRNAs and proteins are expressed in human 

LIMA, saphenous vein, aorta, and human aortic endothelial and smooth muscle cells. 

This finding is in agreement with the report on the  smooth muscle cells of human 

umbilical artery detected by RT-PCR (Roldan Palomo et al., 2012), and the report on 

ORAI1 and STIM1 in human pulmonary arterial smooth muscle cells detected by 

western blotting (Ogawa et al., 2012), which suggests the ubiquitous expression of 

ORAIs and STIMs in different human vessels. In animals, the expression of STIM1 

and ORAI1 has been detected in rat aortic smooth muscle cells using RT-PCR and 

western blotting (Giachini et al., 2009a; Giachini et al., 2009b; Bisaillon et al., 

2010). Additionally, ORAI splice variants in mice have been reported, such as 

ORAI2L and ORAI2S in a number of tissues including brain, lung, spleen and  

mouse aortic endothelial cells (Gross et al., 2007), however, there are no such 

spliced variants in human blood vessels. An actin-binding spliced variant of STIM1 

(STIM1L) has been demonstrated in mouse tissues and human T lymphocytes and 

skeletal muscle (Darbellay et al., 2011), but this has not been investigated in this 

study. The localization of ORAI and STIM channels in LIMA was also detected by 

immunohistochemistry staining on the paraffin-embedded tissue sections. ORAI and 

STIM proteins were positively stained across the artery sections showing that these 

proteins are expressed in both endothelial and smooth muscle cells. These results 

suggest that store-operated channel molecules ORAI and STIM are ubiquitously 

expressed in human blood vessels. 
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The endothelial cell line EA.hy926 was used in several parts of this study. This cell 

line was obtained by the fusion of primary human umbilical vein cells with the 

human lung cancer cell line A549 resulting in having 4n-complement of 

chromosomes. Nevertheless, Ea.hy926 cells are established as a model for 

investigating endothelial functions after being demonstrated that they express pure 

endothelial cell characteristics, such as endothelin-1, prostacyclin, factor VIII-related 

antigen, and endothelial adhesion molecules (Edgell et al., 1983; Bauer et al., 1992; 

Rieber et al., 1993; Targosz-Korecka et al., 2013). Primary aortic endothelial and 

smooth muscle cells were also used as being closest to native cells since aorta is a 

blood vessel that suffers from atherosclerosis (Kronzon & Tunick, 2006; Hansson & 

Hermansson, 2011; Bastos Goncalves et al., 2012; van Gils et al., 2012; Robbins et 

al., 2013). 

Three oxidative stress conditions were used in in vitro cell models including the 

incubation with high glucose, Hcy and H2O2. ORAI and STIM mRNA expression 

was significantly upregulated by high glucose in vascular endothelial cells. This 

upregulation was confirmed at the protein level by western blotting. However, the 

mRNA expression of these channels in human saphenous vein smooth muscle cells 

showed a different response to high glucose treatment, as mRNA expression of 

ORAI1 and ORAI3 was downregulated when ORAI2, STIM1 and STIM2 was 

upregulated. The reason is unclear, but this could be due to the different location of 

vascular smooth muscle cells in the body. In addition, the primary cultured smooth 

muscle cells may have phenotype changes although the cells we used in the study are 

at early passage numbers, but the cell growth speed for the human saphenous vein 

smooth muscle cells is much slower than the cells isolated from mouse aorta. 

Thirdly, the primary cultured smooth muscle cells from human saphenous vein is 

derived from one patient, therefore it is unclear for potential individual variation. In 

order to give more evidence of ORAI and STIM mRNA expression in smooth 

muscle cells, the rat aortic smooth muscle cells were used and the data showed less 

variation, suggesting that there is a similar effect to the one on vascular endothelial 

cells. The effect of high glucose on ORAI and STIM expression in blood vessels 

segments was examined in organ-cultured LIMA segments from non-diabetic 

patients, but the results are not conclusive due to the big variation between the 

samples from different patients. Therefore, the further in vivo experiments have been 
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performed using the aorta samples from diabetic patients with age-matched non-

diabetic samples as control, which showed less variation and confirmed the 

conclusions from in vitro experiments. 

Further ex vivo experiments were carried out to examine the ORAI and STIM 

expression in Type 1 diabetes. Since there were no clinical samples available from 

Type 1 diabetes, Type 1 diabetic mouse models were used. It is known that diabetes 

is a clinical condition that affects a broad spectrum of tissues throughout the body 

including muscle, skin, heart, brain, and kidneys. To extend the findings of high 

glucose upregulation to other tissues, the expression of ORAI and STIM in kidney 

samples from two Type 1 diabetic mouse models was examined and the upregulation 

was evident in the Type 1 diabetic mouse models.  

STZ-induced Type 1 diabetic model is a classic Type 1 diabetic mouse model. STZ 

is a broad-spectrum antibiotic extracted from Streptomycesacromogenes (Herr et al., 

1959; Rakieten et al., 1963; Brosky & Logothetopoulos, 1969; Junod et al., 1969; 

Rerup, 1970). It causes rapid and irreversible necrosis of β-cells in the pancreas 

(Junod et al., 1967). Early studies have revealed that intravenous injection of 25–100 

mg/kg STZ to rats was able to produce a dose-dependent hyperglycemia (Junod et 

al., 1969). The employed dose of STZ and the animal species define the 

characteristics of diabetes that are developed (Rakieten et al., 1963; Brosky & 

Logothetopoulos, 1969; Junod et al., 1969; Rerup, 1970). Endogenous chronic 

oxidative stress can be studied using the STZ-induced diabetic model (Low et al., 

1997). In the present study, upregulation of ORAIs and STIMs in the kidney samples 

from STZ-induced diabetic mice was significant, which is in agreement with the 

results from endothelial cells cultured in high glucose and the results from diabetic 

human aorta samples. 

Because the STZ mice model showed a significant weight loss, the second Type 1 

diabetic mouse model was used.  Akita mouse model is a genetic modified Type 1 

diabetic model. The Akita mouse model is characterized by progressive 

hyperglycemia with reduced β-cell mass production but without the characteristics of 

insulitis or obesity (Yoshioka et al., 1997; Kayo & Koizumi, 1998). Akita mouse has 

a mutation (C96Y) in the insulin 2 gene (Ins2) (Wang et al., 1999). This mutation 

changes cysteine to tyrosine in the proinsulin, which disrupts the disulfide bond 
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formation that causes drastic conformational change. There are two insulin genes, 

Ins1 and Ins2, that are non-allelic in the mouse but the majority of the total insulin 

produced in the wild-type mice is transcribed by Ins2 gene. Akita mice heterozygous 

for the mutation develop severe diabetes; however single Ins1 or Ins2 knockout 

mutant mice do not develop diabetes indicating there is a significant impact of the 

mutant insulin of Akita on the dysfunction of β-cells (Leroux et al., 2001). In 

agreement with the results from the STZ-treated model, ORAI and STIM expression 

was significantly upregulated in the kidney samples from Akita mice, suggesting that 

hyperglycemia is an important factor for gene regulation, and weight loss is not a 

determinant. Taken together, all the in vivo and in vitro data give the evidence that 

ORAI and STIM gene expression is changed in diabetes and the upregulation by 

high glucose or hyperglycemia happens in most cell types, although there are some 

variations among the isoforms. 

The Ca
2+

/calcineurin/NFAT signalling pathway was specified about 10 years ago 

and was one of the first signalling pathways identified to connect the cell membrane 

with the nucleus (Shaw et al., 1988; Flanagan et al., 1991; Liu et al., 1991; Clipstone 

& Crabtree, 1992). One of the roles of Ca
2+

 is to regulate calcineurin (Klee et al., 

1998), which then dephosphorylates and promotes the nuclear import of the 

cytoplasmic components (NFATc proteins) of NFAT transcription complexes, 

resulting in the activation of genes expression (Flanagan et al., 1991; Jain et al., 

1993; Loh et al., 1996; Beals et al., 1997). The first evidence for the existence of 

NFAT was derived from analysis of antigen-responsive enhancer elements in the 

cytokine IL-2 gene promoter in lymphocytes (Durand et al., 1988). So far, NFAT 

expression or function has been described in several cell types, including mast 

(Weiss et al., 1996), endothelial (Cockerill et al., 1995), neuronal cells (Ho et al., 

1994) and smooth muscle cells (Boss et al., 1998). Distinct tissue-specific patterns 

are followed for the expression of NFAT isoforms (Hoey et al., 1995). A screen for 

somatic cell mutations that prevented NFAT transcriptional activation showed many 

mutations that nullified the activity of the CRAC channels and thus revealed that this 

was the source of Ca
2+

 required for NFAT import (Fanger et al., 1995; Serafini et al., 

1995; Timmerman et al., 1996).  The mechanism for the high glucose-induced gene 

upregulation is unclear; here it is firstly demonstrated that Ca
2+

/calcineurin/NFAT 

pathway is important for ORAI channel regulation through the application of  CsA, 
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an inhibitor of calcineurin (Crabtree, 2001). In addition, inhibition of store-operated 

Ca
2+

 entry by the channel inhibitor DES also decreased the high glucose-induced 

ORAI and STIM upregulation. These two evidences suggest that 

Ca
2+

/calcineurin/NFAT pathway mediates the high glucose-induced store-operated 

channel gene expression.  

Other potential pathways for oxidative stress-induced ORAI and STIM upregulation 

may also exist. For example, H2O2 not only increased the expression of ORAI and 

STIM as demonstrated in this study, but also activated TRPM2, TRPC1, TRPC5, 

TRPC6, the ICRAC current and other Ca
2+

-permeable channels (Xu et al., 2008b; 

Grupe et al., 2010; Ding et al., 2011; Chen et al., 2012) and subsequently increased 

the cytosolic Ca
2+

 concentration and activated the downstream calcineurin/NFAT 

signalling. In addition, the oxidative mechanism has also been suggested for TRPC3 

and TRPC6, since the membrane-permeable radical scavenger, tempol, prevented the 

effect of high glucose (Wuensch et al., 2010). Therefore, the oxidative stress induced 

by high glucose could directly alter the Ca
2+

 homeostasis or increase Ca
2+

-permeable 

channel activity, such as TRPC5, TRPM2, and ORAI1-3, and thus alter the 

downstream Ca
2+

/calcineurin signalling and gene transcription (Graier et al., 1997). 

Although the evidences for the upregulation of ORAIs and STIMs in vascular 

endothelia cells and smooth muscle cells are obvious, it is still unclear for the 

response to other Ca
2+

 channels in different cell types, such as the downregulation of 

TRPC6 seen in diabetic mesangial cells (Graham et al., 2007). Moreover, H2O2 was 

reported to induce apoptosis in primary cultures of human umbilical vein endothelial 

cells (Xu et al., 2008b) , but this was not examined in the present study. Thus, it is 

not clear if the apoptotic effect of H2O2 is related to the H2O2-induced upregulation 

of ORAI1-3 and STIM1-2 expression reported in the present study. However, no cell 

death or shape changes were observed. 

Another oxidative stress-related pathological condition is hyperhomocysteinemia, 

which is also an independent risk factor for the development of CVDs (Mayer et al., 

1996; Mangiagalli et al., 2004). Although the effects of high glucose and H2O2 on 

the ORAI and STIM expression were similar, Hcy had a differential effect on ORAI 

channel expression. ORAI expression was decreased in HAECs after incubation with 

high levels of Hcy. Different concentrations of Hcy were used and revealed that even 
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the smallest dose has a significant effect on the expression of the channels. The 

effect was dose-dependent and it achieved maximum at 50 μM. The downregulation 

of ORAI expression by Hcy may explain the inhibitory effect of Hcy on SOCE 

reported in HUVECs (Zhang et al., 2005). However, the mechanism of Hcy is still 

unclear, although Hcy has been demonstrated to induce cell cycle arrest (Outinen et 

al., 1999) and cause endothelial cell senescence (Zhu et al., 2006) and apoptosis 

(Zhang et al., 2001). Hcy may play a regulatory role in the expression of ORAI and 

STIM in vascular endothelial cells, but the underlying mechanism still needs to be 

investigated in the future.  

 

 

3.9 Summary 

 

In this chapter, store-operated Ca
2+

 channel molecules ORAI1-3 and STIM1-2 were 

identified in human blood vessels, vascular endothelial and smooth muscle cells. The 

expression of these genes was significantly upregulated by oxidative stress 

conditions in cell culture models and arterial segment organ culture model. The 

upregulation was also confirmed in the tissue samples obtained from Type 2 diabetic 

patients and the Type 1 diabetic mice. The upregulation of ORAI and STIM is 

mediated by the calmodulin/calcineurin/NFAT signalling pathway, which was 

evidenced by the application of store-operated blocker DES and the calcineurin 

inhibitor CsA. The effects of high glucose and H2O2 on the ORAI and STIM 

expression are similar, but Hcy may have differential effect on ORAI channel 

expression. These results suggested that upregulation of ORAI and STIM under 

oxidative stress conditions could be an important mechanism for the pathogenesis of 

diabetic vascular disease or oxidative stress-related diseases.  
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Chapter 4 

 

Effects of Oxidative Stress on Ca
2+

 Influx, the Activity of ORAI 

Channels and the Role of Cytosolic STIM1 Movement 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 87 - 
 

4.1 Introduction 

 

Ca
2+

 and ROS are important intracellular signalling molecules that regulate the 

cellular functions (Berridge et al., 2000; Droge, 2002; Ermak & Davies, 2002). 

There is a cross-regulation between Ca
2+

 and ROS, as Ca
2+

 regulates ROS 

production in the mitochondria and the cytosol, and ROS affect Ca
2+

 homeostasis in 

pathophysiological conditions, such as diabetes and atherosclerosis (Droge, 2002; 

Brookes et al., 2004; Yan et al., 2006). Oxidizing agents such as Hcy and H2O2 were 

reported to inhibit SOCE in different cell types including vascular endothelial cells, 

pulmonary artery smooth muscle cells and neutrophils (Zhang et al., 2005; Schach et 

al., 2007; Tintinger et al., 2007; Florea & Blatter, 2008). Using electrophysiology, 

Ca
2+

 imaging and site-directed mutagenesis, it was found that H2O2 inhibited ORAI1, 

but did not affect ORAI3 (Bogeski et al., 2010). The  extracellular  Cys
195

 in ORAI1 

has been identified as the action site for  the differential sensitivity. Nevertheless, the 

direct effect of high glucose and Hcy on ORAI channel activity is unknown. 

The ER Ca
2+

 store depletion is signalled by the ER Ca
2+

 sensor STIM1 to the SOCs 

in the PM (Liou et al., 2005; Zhang, 2005). It has been demonstrated that 

dissociation of Ca
2+

 from the ER-luminal domain of STIM1 results in STIM1 

oligomerization (clustering or puncta) and redistribution of STIM1 to the 

subplasmalemmal area (translocation) (Smyth et al., 2008; Hogan et al., 2010). The 

opening of ORAI channels in the PM is  then triggered by STIM1 via the binding of 

STIM1 to the N-terminus of ORAI, which results in store-operated Ca
2+

 entry 

(Hogan et al., 2010). The deficiency of ICRAC caused by STIM1 dysfunction has been 

implicated in SCID syndrome (Picard et al., 2009). The enhanced expression of 

STIM1 or enhanced store-operated channel activity have been reported in the stroke-

prone spontaneously hypertensive rats (Giachini et al., 2009a) and to be involved in 

the development of cardiomyocyte hypertrophy (Ohba et al., 2009). Recent study 

demonstrated that STIM1 may be related to oxidative stress, as S-gluthationylation 

of STIM1 at Cys
56

 induced STIM1 clustering and ORAI1 channel activation, which 

has been suggested as an ER Ca
2+

 store independent process (Hawkins et al., 2010). 

Therefore, examining whether high glucose, Hcy and H2O2 have any direct effects 

on STIM1 movement -an essential step for ORAI channel activation- would be 

interesting. 
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In this chapter, I aimed to investigate: 1) the acute and chronic effects of  high 

glucose on store-operated and non-store-operated Ca
2+

 influx in vascular endothelial 

cells using Ca
2+

 imaging; 2) the direct effect of high glucose and  Hcy on ORAI1, 

ORAI2 and ORAI3 channel activity using  whole-cell patch clamp recordings in the 

inducible HEK293 T-REx cells co-expressed with STIM1-EYFP and ORAI1 or 

ORAI2 or ORAI3; 3) the effects of high glucose, Hcy and H2O2 on STIM1 

translocation and clustering using live-cell fluorescence imaging on the HEK293 

cells stably transfected with STIM1–EYFP; 4) the effect of high glucose or Hcy on 

endothelial cell functions-proliferation, secretion, migration and tube formation. 
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4.2 Ca
2+

 influx enhanced by high glucose in endothelial cells 

 

4.2.1 Effect of acute application of high glucose on Ca
2+

 influx  

 

Ca
2+

 influx in the vascular endothelial cells EA.hy926 was monitored using Fura-

PE3/AM. In the store-depleted cells by  preincubation with TG (1 μM), Ca
2+

 influx 

evoked after switching from Ca
2+

-free to Ca
2+

 solution was not affected by acute 

application of 25 mM glucose (Figure 4-1A). In the non-store-depleted cells, Ca
2+

 

influx was also not affected by acute application of 25 mM glucose (Figure 4-1B). 
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Figure 4-1 Effect of acute high glucose application on Ca
2+ 

influx in vascular 

endothelial cells. The vascular endothelial cells EA.hy926 were loaded with Fura-

PE3/AM. A,  Cells  pretreated with 1 μM thapsigargin (TG) for 30 min and the 

fluorescence at a ratio of F340/F380 was monitored before and after perfusion with 

high glucose (25 mM glucose) (n = 17 cells). B, Acute application of high glucose 

on Ca
2+

 influx in the cells without store depletion by TG (n = 15 cells). 
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4.2.2 Effect of chronic treatment with high glucose on Ca
2+

 influx 

 

Ca
2+

 entry was markedly enhanced in the store-depleted cells treated with 25 mM 

glucose for 72 hours, but the basal Ca
2+

 level was not altered comparing to the cells 

treated with normal (5.5 mM) glucose for the same time period (Figure 4-2 A-B). 

The similar experiment was carried out in the cells without store-depletion by TG.  

Chronic treatment with high glucose also enhanced non-store depletion related 

component of Ca
2+

 influxes after readmission of Ca
2+

 in the solution (Figure 4-2 C-

D). The effects on non-store-depleted Ca
2+

 influx, Ca
2+

 release and the Ca
2+

 influx 

were further observed in the experiment using the GPCR activator trypsin to actively 

deplete the ER Ca
2+

 store. The non-store-depleted Ca
2+

 influx was also greater in the 

cells incubated with high glucose for 72 hours. The Ca
2+

 release signal induced by 

trysin (0.1 nM) and the subsequent Ca
2+

 influx were significantly higher in the high 

glucose treated group than that in the control group (Figure 4-3). These data suggest 

that the store-operated Ca
2+

 influx, non-store-operated Ca
2+

 influx and Ca
2+

 release 

are enhanced in the cells chronically treated with high glucose. 
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Figure 4-2 Ca
2+

 influx enhanced by chronic treatment with high glucose in 

store-depleted and non-store-depleted vascular endothelial cells. Human vascular 

endothelial cells EA.hy926 were loaded with Fura-PE3/AM, and Ca
2+

 was measured 

as the ratio (F340/F380) of Fura-PE3/AM fluorescence excited at 340 and 380 nm A, 

Store-operated Ca
2+

 influx in the endothelial cells after incubation with or without 

high glucose for 72 hours. The ER Ca
2+

 store was depleted by preincubation with 1 

μM TG for 30 minutes. B, Mean ± SEM data showing the ratio measured in the 

Ca
2+

-free and 1.5 mM Ca
2+ 

solutions in the groups with (n = 52) or without (n = 49) 

chronic (72 h) incubation with high glucose. C, Non-store-operated Ca
2+

 influx in 

the endothelial cells after incubation with or without high glucose for 72 hours. D, 

Mean ± SEM data showing the ratio measured in Ca
2+

-free and 1.5 mM Ca
2+ 

solutions in the groups with (n = 52) or without (n = 49) chronic (72 h) incubation 

with high glucose. ***P < 0.001 
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Figure 4-3  Ca
2+

 release and Ca
2+

 influx enhanced by chronic treatment with 

high glucose in vascular endothelial cells.  Human vascular endothelial cells 

EA.hy926 were loaded with Fura-PE3/AM, and Ca
2+

 was measured as the ratio 

(F340/F380) of Fura-PE3/AM fluorescence excited at 340 and 380 nm. A, After 72 h 

incubation with or without high glucose, the Ca
2+ 

influx was measured after 

admission of Ca
2+

, 0.1 nM trypsin, and readmission of Ca
2+

. B, Mean ± SEM data 

for the Ca
2+

 influx, Ca
2+

 release and Ca
2+

 re-entry in the high glucose-treated (n = 

57) and untreated (n = 53) cells. ***P < 0.001 
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4.3 Functional expression of ORAI and STIM in HEK293 cells 

 

To further examine the effect of oxidative stress conditions on the activity of 

ORAI1-3 and STIM1, the full-length of ORAI mRNAs were amplified and 

subcloned into a pcDNA4 vector with tetracycline regulatory system (Tet-On 

expression system). In this section, the molecular cloning and functional expression 

of ORAI1-3 channels in the HEK293 T-REx cells were characterized. 

 

4.3.1 Molecular cloning of full length ORAI1-3 

 

Human full-length ORAI1, ORAI2 and ORAI3 coding regions were amplified from 

the cDNA of HAEC using the primer sets with specific restriction enzyme sites (see 

Table 2-3).  As presented in Figure 4-4, the expected product sizes for ORAI1, 

ORAI2 and ORAI3 were observed. Successful amplification of full length of ORAI 

cDNAs was confirmed using restricted enzymes and direct sequencing, for example, 

ORAI2 cDNA was cut into two bands by SacII (Figure 4-4D).  The PCR products 

for ORAI1 and ORAI2 were cloned into mCherry-tagged pcDNA4/TO vector, and 

ORAI3 was cloned into mCFP-tagged pcDNA4/TO vector. The ligated products 

were transformed into DH5α E. coli competent cells and the positive colonies were 

screened by the nest PCR with the specific primers for ORAI1, ORAI2 and ORAI3, 

which gave the amplicons with the  size of 238 bp, 210 bp and 176 bp, respectively  

(Figure 4-5). Plasmid cDNAs were extracted from the positive clones and the 

successful cloning of the three ORAI genes were confirmed by sequencing. The 

examples for ORAI2 sequencing and the alignment of ORAI1 gene sequence against 

the mCherry-ORAI1 plasmid cDNA are given in Appendix II and III, which had 

100% identity to ORAI gene sequences in the GenBank (accession number 

NM_032790 for ORAI1, NM_001126340 for ORAI2, and NM_152288 for ORAI3). 
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Figure 4-4 Detection of full length ORAI1-3. PCR products were shown in the 

1.5% agarose gel stained with 0.5 µg/ml ethidium bromide. The observed product 

size of PCR amplicons is 939 bp for ORAI1 (A), 790 bp for ORAI2 (B), and 902 bp 

for ORAI3 (C), which is the same as the predicted size. The expected product sizes 

after digestion of full length ORAI2 with the restriction enzyme SacII are 271 bp and 

519 bp (D). 

 

 

 

      

 

 

Figure 4-5 Example for the PCR screening of ORAI colonies. PCR products were 

shown in the 1.5% agarose gel stained with 0.5 µg/ml ethidium bromide. Expression 

of ORAI1, ORAI2 or ORAI3 was confirmed by PCR in the positive colonies. 
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4.3.2 Expression of ORAI and STIM in HEK293 cells 

 

Expression of STIM1, ORAI1-3 tagged with EYFP or mCherry or CFP was induced 

by 1 μM tetracycline and examined by a fluorescent microscope. STIM1-EYFP was 

mainly localized in the cells, while ORAI1, 2, 3 channels were localized in the PM 

(Figure 4-6).  
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Figure 4-6 Expression pattern for STIM1-EYFP, STIM1-EYFP/TO-mCherry-

ORAI1, STIM1-EYFP/TO-mCherry-ORAI2 and STIM1-EYFP/TO-mCFP-

ORAI3 in HEK293 cells. ORAI1 and ORAI2 are tagged with the monomeric red 

fluorescent protein (mCherry), ORAI3 with the monomeric cyan fluorescent protein 

(mCFP) and STIM1 with the enhanced yellow fluorescent protein (EYFP). Images 

for EYFP/mCherry/mCFP fluorescence were captured using Nikon fluorescence 

microscope equipped with a Nikon Plan Fluor 100×/1.30 oil objective. 
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4.3.3 Characterization of ORAI channels overexpressed in HEK293 cells 

 

The ORAI channel expression in HEK293 cells was induced by tetracycline and the 

whole-cell current was recorded by patch clamp. As demonstrated in Figure 4-7 A-C, 

the IV curves obtained from the cells expressing STIM1/ORAI1, STIM1/ORAI2 or 

STIM1/ORAI3 were similar to the reports (Yeromin et al., 2006; Goto et al., 2010). 

ORAI1 and ORAI2 were activated by 1 μM TG and ORAI3 was activated by 100 

μM 2-APB in the cells co-expressed with STIM1. The whole-cell current in the cells 

expressing STIM1 alone showed similar store-operated current activated by TG, 

suggesting that the overexpressed STIM1 interacts with the native ORAI channel 

proteins, which can produce a similar current to that recorded in the STIM1/ORAI 

co-expressed cells (Figure 4-7D). The non-transfected HEK293 cells had no evident 

store-operated current (Figure 4-7E). These data suggest the success of functional 

expression of ORAI/STIM in the cells.  
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Figure 4-7 Representative IV relationships of ORAI1-3 overexpressed in 

HEK293 T-REx cells.  A, ORAI1/STIM1 HEK293 T-REx cells. B, ORAI2/STIM1 

HEK293 T-REx cells. C, ORAI3/STIM1 HEK293 T-REx cells. D, Non-induced 

STIM1 HEK293 T-REx cells. E, Non-transfected HEK293 T-REx cells. The ORAI1 

and ORAI2 channels were activated in bath solution containing 1 μM TG and 

ORAI3 channels were activated in bath solution containing 100 μM 2-APB. 
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4.4 ORAI channel activity regulated by oxidative stress 

 

In this section, the direct effects of high glucose and Hcy on ORAI currents were 

investigated in the overexpression system using patch clamping. 

 

4.4.1 Direct effect of high glucose on ORAI channel activity 

 

Although the expression of ORAI isoforms can be upregulated by high glucose in 

vascular endothelial cells, the direct effect of high glucose on these channels is still 

unknown. Therefore, in this section, it is examined whether high glucose affects the 

ORAI channels directly. The whole-cell patch clamp experiments were performed in 

the inducible HEK293 T-REx cells co-expressed with STIM1-EYFP and mCherry-

tagged ORAI1 or ORAI2, or mCFP-tagged ORAI3. Acute perfusion with high 

glucose did not change the TG-induced ORAI1 current in the cells co-expressed with 

ORAI1/STIM1, however, DES, a native store-operated channel blocker (Zakharov et 

al., 2004), significantly inhibited ORAI1 channel activity (Figure 4-8). The effect of 

acute perfusion with high glucose on ORAI2/STIM1 was also observed. ORAI2 

current was induced by TG, but perfusion with high glucose did not change the 

current. The ORAI2 current was also sensitive to DES (Figure 4-9). ORAI3 current 

was activated by 2-APB, but inhibited by DES. High glucose had no direct effect on 

ORAI3 current (Figure 4-10). In the non-transfected HEK293 T-REx cells, there was 

no significant current induced by TG or 2-APB (Figure 4-11). These data suggest 

that high glucose had no direct effect on the ORAI channel activity. The enhanced 

store-operated Ca
2+

 influx observed in the endothelial cells could be explained by the 

gene upregulation, rather than the action on the channels per second.  
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Figure 4-8 ORAI1 channel current not affected by high glucose. A, ORAI1-

mCherry overexpressing HEK293 T-REx cells co-expressing STIM1. Red 

fluorescence indicates the expression of ORAI1-mCherry on the plasma membrane. 

B, Representative current-voltage (IV) relationship from the recording presented in 

C. C, Representative time-course whole-cell patch clamp recording in ORAI1 

overexpressing HEK293 T-REx cell co-expressing STIM1. The bar indicates 

application of high glucose (25 mM, HG), followed by application of 

diethylstilbestrol (DES) 10 μM that was used as a channel blocker. D, Mean ± SEM 

data for the inward current (n = 12). ORAI1 channels were activated in bath solution 

containing 1μM TG. ***P < 0.001 
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Figure 4-9 ORAI2 channel current not affected by high glucose. A, ORAI2-

mCherry overexpressing HEK293 T-REx cells co-expressing STIM1. Red 

fluorescence indicates the expression of ORAI2-mCherry on the plasma membrane.  

B, Representative IV relationship from the recording presented in C. C, 

Representative time-course whole-cell patch clamp recording in ORAI2 

overexpressing HEK293 T-REx cell co-expressing STIM1. The bar indicates 

application of high glucose (25 mM, HG), followed by application of 

diethylstilbestrol (DES) 10 μM that was used as a channel blocker. D, Mean ± SEM 

data for the inward current (n = 12). ORAI2 channels were activated in bath solution 

containing 1μM TG. ***P < 0.001 
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Figure 4-10 ORAI3 channel current not affected by high glucose. A, ORAI3-

mCFP overexpressing HEK293 T-REx cells co-expressing STIM1. Red fluorescence 

indicates the expression of ORAI3-CFP on the plasma membrane. B, Representative 

current-voltage (IV) relationship from the recording presented in C. C, 

Representative time-course whole-cell patch clamp recording in ORAI3 

overexpressing HEK293 T-REx cell co-expressing STIM1. The bar indicates 

application of high glucose (25 mM, HG), followed by application of 

diethylstilbestrol (DES) 10 μM that was used as a channel blocker. D, Mean ± SEM 

data for the inward current (n = 12). ORAI3 channels were activated in bath solution 

containing 100μM 2-APB. ***P < 0.001 
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Figure 4-11 No significant current induced by TG in the non-transfected 

HEK293 T-REx cells and the effect of high glucose. A, Representative time-

course whole-cell patch clamp recording in non-transfected HEK293 T-REx cells in 

the presence of 1 μM TG. The bar indicates application of high glucose (25 mM, 

HG) and diethylstilbestrol (DES, 10 μM). B, Representative IV relationship for the 

recording in A. C, Mean ± SEM data for the inward current (n = 6). 
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4.4.2 Direct effect of homocysteine on ORAI channel activity 

 

Since the expression of ORAI isoforms can be downregulated by Hcy in vascular 

endothelial cells, but the direct effect of Hcy on these channels is unknown, the 

effect of Hcy on ORAI channel activity was examined. Whole-cell patch clamp 

experiments were performed in the inducible HEK293 T-REx cells overexpressing 

ORAI1, ORAI2 and ORAI3 co-expressed with STIM1. Acute perfusion with Hcy 

inhibited the TG-induced ORAI1 and ORAI2 currents and the 2-APB-induced 

ORAI3 current (Figure 4-12 A-C). Similar to the results in 4.4.1, DES significantly 

inhibited the channel activity of all three ORAI isoforms. Hcy had no significant 

effect on the endogenous current recorded in the non-transfected HEK293 T-REx 

cells (Figure 4-12D). 
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Figure 4-12 ORAI1-3 channel currents inhibited by homocysteine. Whole-cell 

current was recorded in the inducible HEK293 T-REx cells co-expressed with 

STIM1-EYFP and ORAI1-3. A, ORAI1. B, ORAI2. C, ORAI3. D, Non-transfected. 

Representative time-course whole-cell patch clamp recordings and IV curves are 

presented. The bar indicates application of homocysteine (Hcy) 100 μM, followed by 

application of diethylstilbestrol (DES, 10 μM). Bar charts present the averaged data 

for the inward current measured at -80 mV (n = 5 for each group). The ORAI1 and 

ORAI2 channels were activated in bath solution containing 1 μM TG and ORAI3 

channel was activated in bath solution containing 100 μM 2-APB. **P < 0.01; ***P 

< 0.001 
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4.5 STIM1 translocation and clustering regulated by oxidative stress 

 

In this section, the effects of high glucose, Hcy and H2O2 on cytosolic STIM1 

movement were investigated in the overexpression system using live cell fluorescent 

imaging to examine if this mechanism plays a role in the oxidative stress-induced 

increase of SOCE (section 4.2) or upregulation of SOCs (Chapter 3). 

 

4.5.1 STIM1 translocation regulated by high glucose 

 

In the HEK293 T-REx cells overexpressing STIM1-EYFP, the STIM1-EYFP 

subplasmalemmal translocation and puncta formation was evoked by 1 μM TG. 

Acute perfusion with 25 mM glucose did not cause STIM1 clustering or change the 

TG-induced STIM1 movement (Figure 4-13). The effect of chronic application of 

high glucose was also observed in the cells without store depletion. Incubation of 

STIM1 cells with high glucose for 72 hours did not evoke cytosolic STIM1 

clustering and translocation. The TG-induced cytosolic STIM1 movement was not 

altered by the incubation with high glucose (Figure 4-14).  
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Figure 4-13 STIM1 translocation and clustering not affected by acute 

application of high glucose in the stable transfected STIM1–EYFP cells. A, 

STIM1 puncta formation at the PM of cells in Ca
2+

 bath solution induced by TG and 

the effect of high glucose (25 mM glucose, HG) after acute application. The arrows 

indicate the subplasmalemmal STIM1 clusters (puncta). Also see the supplementary 

Videos 1-3 in the CD attached to the thesis. B, The dynamic changes of ratio of 

fluorescent intensity in the PM (FPM) and the cytosol (Fcytosol) of cells in response to 

HG acute application followed by TG (1 μM) application in Ca
2+

 bath solution and 

the number of STIM1 clusters on the PM before and after application of HG or HG 

plus TG (n = 15 cells in each group). The regions of interest (ROIs) of the PM and 

the nearby cytosol were manually selected. ***P < 0.001 
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Figure 4-14 STIM1 translocation and clustering not affected by chronic 

treatment with high glucose in the stable transfected STIM1–EYFP cells. The 

stable transfected STIM1–EYFP cells were incubated with high glucose (25 mM 

glucose, HG) for 72 hours. STIM1 clustering was induced by application of TG (1 

μM). The arrows indicate the subplasmalemmal STIM1 puncta. 
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4.5.2 STIM1 translocation regulated by homocysteine 

 

No STIM1 puncta formation was observed following acute perfusion with 10 or 50 

μM Hcy in the stable transfected STIM1–EYFP cells (Figure 4-15). However, 

STIM1 puncta appeared after addition of 1 μM TG in the bath solution, suggesting 

that Hcy does not interfere with STIM1 movement during store-operated channel 

activation. Similar to the effect of high glucose treatment, Hcy did not show any 

effect on the STIM1 movement by chronic incubation with 50 μM of Hcy for 24 

hours (Figure 4-16). 
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Figure 4-15 No effect of acute application of homocysteine on STIM1 movement 

in the stable transfected STIM1–EYFP cells. A, The effect of Hcy 10 or 50 μM 

acute application on STIM1 clustering and translocation. The arrows indicate the 

subplasmalemmal STIM1 puncta. B, The dynamic changes of ratio of fluorescent 

intensity in the PM (FPM) and the cytosol (Fcytosol) of cells in response to Hcy acute 

application followed by TG (1 μM) application in Ca
2+

 bath solution and the number 

of STIM1 clusters on the PM before and after application of Hcy or Hcy plus TG (n 

= 12 cells in each group). The ROIs of the PM and the nearby cytosol were manually 

selected. ***P < 0.001 
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Figure 4-16 No effect of chronic treatment with homocysteine on STIM1 

translocation and clustering in the stable transfected STIM1–EYFP cells. The 

stable transfected STIM1–EYFP cells were incubated with 50 μM Hcy for 24 hours. 

STIM1 clustering was induced by application of TG (1 μM). The arrows indicate the 

subplasmalemmal STIM1 puncta. 
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4.5.3 STIM1 translocation regulated by H2O2 

 

In the HEK293 T-REx cells overexpressing STIM1-EYFP, acute application of 100 

μM, 500 μM or 1 mM H2O2 did not cause STIM1 clustering or change the TG-

induced STIM1 movement (Figure 4-17). These data suggest that H2O2 does not 

interfere with STIM1 movement during store-operated channel activation. No 

significant effects were also observed after incubation with 100 μM H2O2 for 48 

hours (Figure 4-18). 
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Figure 4-17 STIM1 translocation and clustering not affected by acute 

application of H2O2 in the stable transfected STIM1–EYFP cells. A, The acute 

effect of H2O2 100 μM, 500 μM or 1 mM on STIM1 clustering and translocation. 

The arrows indicate the subplasmalemmal STIM1 puncta. B, The dynamic changes 

of ratio of fluorescent intensity in the PM (FPM) and the cytosol (Fcytosol) of cells in 

response to H2O2 acute application followed by TG (1 μM) application in Ca
2+

 bath 

solution and the number of STIM1 clusters on the PM before and after application of 

H2O2 or H2O2 plus TG (n = 11 cells in each group). The ROIs of the PM and the 

nearby cytosol were manually selected. ***P < 0.001         
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Figure 4-18 STIM1 translocation and clustering not affected by chronic 

treatment with H2O2 in the stable transfected STIM1–EYFP cells. The stable 

transfected STIM1–EYFP cells were incubated with 100 μM H2O2 for 48 hours. 

STIM1 clustering was induced by application of TG (1 μM). The arrows indicate the 

subplasmalemmal STIM1 puncta. 
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4.6 Endothelial function regulated by oxidative stress and the 

involvement of ORAI channels 

 

4.6.1 Effect of high glucose on endothelial cell migration and tube formation 

 

The effect of high glucose on endothelial cell migration was investigated using 

wound healing assay (Liang et al., 2007). The EA.hy926 cells were cultured in the 

endothelial cell medium and treated with 25 mM glucose for 24 hours. The cell 

number migrated into the wound area was decreased in the high glucose-treated 

group compared to the group cultured in normal glucose (Figure 4-19 A-B). The 

experiment on tube formation revealed that EA.hy926 cells cultured under high 

glucose conditions lost their ability to form network connections between endothelial 

cells by 18% (Figure 4-19 C-D). These results suggest that endothelial cell migration 

and tube formation are inhibited by high glucose. 
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Figure 4-19 Migration and tube formation of endothelial cells inhibited by high 

glucose. A, Example of endothelial cells migration in the control and the high 

glucose (HG, 25 mM)-treated group. The migrated cells across the edge of the 

wound (dot line) were counted after 24 hours treatment with or without HG. B, Mean 

± SEM data for the numbers of migrated cells (n = 5 experiments, 8 microscopic 

fields were recorded for each experiment). C, Example of endothelial cell tube 

formation in the control and the HG-treated group after 24 hours culture. D, Mean ± 

SEM data for the score of angiogenesis in the control and the HG treated group (n = 

8 experiments, 4 microscopic fields were recorded for each experiment). ***P < 

0.001 
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4.6.2 Involvement of ORAI channels in IL-6 secretion in endothelial cells 

 

ORAI1-3 genes were silenced by siRNA transfection in HAECs. The gene silencing 

was confirmed by real-time PCR (Figure 4-20A). After transfection with ORAI 

siRNAs for 24 hours by incubation with the transfectants, the cell culture medium 

was collected and the amount of IL-6 secreted from the cells was measured using 

ELISA. IL-6 released from HAEC was significant increased after transfection with 

ORAI1 siRNAs comparing with the group transfected with scramble siRNA. The 

groups transfected with ORAI2 or ORAI3 siRNAs showed a tendency to increase 

the secretion of IL-6 (Figure 4-20B), suggesting that ORAI channels are involved in 

the IL-6 secretion in the endothelial cells. 
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Figure 4-20 IL-6 secretion increased after ORAI silencing in HAEC. A, 

Silencing of ORAI1, ORAI2 and ORAI3 expression by siRNA transfection in 

HAEC was confirmed by real-time PCR. B, The effect on IL-6 secretion of HAEC 

after transfection with ORAI1, ORAI2 or ORAI3 siRNA (ORAI-si) and pool siRNA 

(pool-si) and mock transfection without siRNA (control). The amount of IL-6 was 

measured by ELISA in the medium collected at 12 hours incubation upon removal of 

the transfectants (n = 4 wells per experiment). ** P < 0.01; *** P < 0.001 
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4.6.3 Involvement of homocysteine in endothelial cell proliferation and IL-6 

secretion 

 

The data in 4.4.2 have demonstrated that Hcy can directly inhibit ORAI; therefore, 

the effect of Hcy on endothelial cell proliferation and the secretion of IL-6 were also 

examined.  The HAECs were cultured in endothelial cell medium and the cell 

proliferation was measured by WST-1 assay. After incubation with Hcy at different 

concentrations for 12 hours, the cell proliferation was significantly inhibited (Figure 

4-21A). The IL-6 released to the cell culture medium was measured and the amount 

of IL-6 was decreased by Hcy treatment (Figure 4-21B). 
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Figure 4-21 HAEC proliferation and IL-6 secretion inhibited by homocysteine. 

Cells were incubated with 1μM, 10μM, 50μM or 100μM Hcy in endothelial cell 

medium containing 10% FCS for 48 hours. Untreated cells were used as control. A, 

The cell proliferation was detected by WST-1 assay (n = 6). B, The IL-6 secretion 

was monitored by ELISA after 12 hours incubation with Hcy (n = 6). *** P < 0.001 
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4.7 Discussion 

 

The data in this chapter show that SOCE is enhanced by chronic high glucose 

treatment in vascular endothelial cells. This enhancement is not mediated by the 

action on ORAI channel itself, because high glucose does not change the ORAI 

currents directly in the cells overexpressing ORAI channels. Cytosolic STIM1 

movement is also not involved in this effect, because acute application or chronic 

treatment with high glucose, Hcy or H2O2 have no direct effect on the STIM1-EYFP 

translocation and clustering or the TG-induced STIM1 clustering and translocation. 

Nevertheless, ORAI1-3 channel activity was directly inhibited by Hcy and it is 

firstly demonstrated here that DES inhibits ORAI1-3 channels. In addition, the 

endothelial functions including cell proliferation, migration, tubular formation and 

IL-6 secretion were also studied by application of high glucose or Hcy or transfected 

with ORAI siRNAs.  

Intracellular Ca
2+

 level or Ca
2+

 homeostasis has been shown to be affected by high 

glucose in early studies (Kimura et al., 1998a; Kimura et al., 1998b; Pieper & 

Dondlinger, 1998). The response to high glucose could be different depending on the 

acute application or chronic treatment.  Acute application with high glucose had less 

effect on Ca
2+

 influx seen in this study and early reports (Graier et al., 1993), but 

chronic treatment by incubation with high glucose for 2-4 days significantly 

increased the Ca
2+

 influx in the EA.hy926 cells seen in this study, in HUVECs 

(Tamareille et al., 2006) and in bovine aorta endothelial cells (Bishara & Ding, 

2010). These findings suggest that the upregulation of ORAI and STIM expression 

may be the main mechanism to explain the high glucose-induced increase in 

intracellular Ca
2+

 level, because high glucose did not change the ORAI channel 

activity in the cells overexpressing ORAI1-3. Ca
2+

 release and OAG-induced Ca
2+

 

influx was also increased in vascular endothelial cells by chronic treatment with high 

glucose (Liu et al., 2008), suggesting the involvement of other Ca
2+

 permeable 

channels in the high glucose-regulated Ca
2+

 homeostasis. 

In order to examine the direct effects of oxidative stress on ORAI channels, the 

STIM1/ORAI1, STIM1/ORAI2 or STIM1/ORAI3 were expressed in the HEK293 

cells using Tet-On expression system. The currents in the cells can be activated by 
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TG for ORAI1-2 and 2-APB for ORAI3, which is in agreement with the previous 

reports (Yeromin et al., 2006; DeHaven et al., 2008), suggesting the cloning and 

functional expression system are successful in this study. In addition, the ORAI 

protein PM localization in the expressed cells, the dependence of STIM1, and 

characteristics of ORAI current IV curves also indicate that the Tet-On system can be 

used for studying the store-operated ORAI channel properties. 

After the characterization of the currents in the inducible STIM1/ORAI HEK293 

cells, the effect of the oxidative stress-inducing compounds on ORAI channel 

activity was examined directly by acute perfusion. No direct effects of high glucose 

on ORAI1-3 currents were observed in the whole-cell patch clamp experiments. 

However, the data in this chapter show for the first time that Hcy inhibits ORAI1-3 

channel current directly, which could be the molecular mechanism to explain the 

inhibition of SOCE in the endothelial cells demonstrated in our lab (unpublished 

data) and others (Zhang et al., 2005). These results taken together with the 

downregulation of ORAI isoforms mRNA and protein expression by Hcy observed 

in previous chapter may suggest a differential effect between Hcy and high glucose 

or H2O2 and indicate that the effect of Hcy on store-operated channels is mediated by 

both direct effect on channel itself and the regulation on gene expression. 

The direct effect of DES,  a native store-operated channel blocker (Zakharov et al., 

2004), on ORAI1, ORAI2 and ORAI3 channel current was firstly examined in the 

present study. DES at 10 μM inhibited all the three ORAI isoforms channel activity. 

DES also inhibited the expression of ORAI1-3 mRNA in vascular endothelial cells, 

suggesting that DES affects ORAIs via the regulation of gene expression and the 

direct action on channel activity per second. 2-APB is another store-operated channel 

blocker in many native cells, however, 2-APB showed differential effects on ORAI 

channels, i.e., inhibition on ORAI1 and ORAI2 currents, but stimulation on ORAI3 

channel, which is consistent with the previous reports (Peinelt et al., 2008; Schindl et 

al., 2008).  

The active or passive Ca
2+

 store depletion in the ER is an essential step for 

subplasmalemmal STIM1 clustering and movement that follows after the application 

of SERCA blockers TG and cyclopiazonic acid (Liou et al., 2005; Zhang, 2005), or 

through IP3R activation by many GPCR agonists such as carbachol (Smyth et al., 
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2008) and ATP/ UTP, respectively (Ross et al., 2007; Chvanov et al., 2008). Since 

this mechanism has been regarded as a crucial step for the SOCE process, the effect 

of oxidative stress on STIM1 clustering and translocation was tested in the stably 

transfected STIM1-EYFP cells. TG-induced STIM1 clustering and translocation was 

confirmed in the stably transfected STIM1 cells and oxidative stress conditions were 

mimicked by acute application or chronic exposure to high glucose, Hcy or H2O2. 

SOCE was increased by chronic treatment with high glucose but high glucose did 

not evoke STIM1 clustering or affect the TG-induced STIM1 clustering. Although 

there was a direct inhibition of ORAI1-3 current by Hcy, no effect was observed on 

STIM1 clustering and movement or the TG-induced STIM1 clustering and 

movement, suggesting that Hcy may not interference with the channel activation 

process. Moreover, H2O2 had no acute or chronic effect on STIM1 clustering and 

movement, despite the fact that the ICRAC current was reported to be activated by 

H2O2 (Grupe et al., 2010).This is probably because these compounds do not cause a 

big Ca
2+

 release, thus no STIM1 clustering and subsequently movement is promoted. 

In addition, we recently examined the link of cytosolic STIM1 movement  to 

mitochondrial functions (Zeng et al., 2012). Reagents that affect mitochondrial 

oxidative stress and damage, such as H2O2 and mercury, showed no effect on STIM 

clustering and translocation, which further supports the findings in this chapter. 

However, reagents that induce mitochondrial Ca
2+

 release, such as the mitochondrial 

metabolic inhibitors 4-(trifluoromethoxy)phenylhydrazone (FCCP) and sodium 

azide, or the non-steroidal anti-inflammatory drug flufenamic acid, were able to 

induce a pattern of cytosolic STIM1 clustering, but no subplasmalemmal 

translocation. 

Changes in the intracellular free Ca
2+

 concentration are key factors for cellular 

functions. Oxidative stress-induced alteration of Ca
2+

 concentration triggers various 

cellular processes. However, different cells may have different outcomes depending 

on the expression levels of each isoforms and their partner proteins. In the present 

study, high glucose and Hcy were used to examine their effect on endothelial cell 

functions. Migration and proliferation of EA.hy926 cells was significantly inhibited 

by high glucose treatment, while high glucose was reported to induce apoptosis 

(Tamareille et al., 2006) or the inhibition of cell proliferation in HUVECs (Xu et al., 
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2009). However, retinal endothelial cells and ECV304 cells may have different 

properties, because it has been reported that high glucose may stimulate the 

migration and tubular formation in these cells (Shigematsu et al., 1999; Huang & 

Sheibani, 2008). The capillary-like structure formation was decreased in the 

HUVECs (Luo et al., 2008), which could be due to the inhibition of cell proliferation 

under high glucose conditions (Xu et al., 2009).  

For the effects of Hcy on endothelial functions, the IL-6 secretion, endothelial cell 

proliferation and ORAI channel activity were all changed by Hcy, suggesting the 

effects and mechanisms of Hcy could be multifaceted and need to be further 

investigated. The effects of Hcy on ORAI gene expression and channel activity 

could be difficult to explain the decrease in IL-6 secretion, because the gene silence 

of ORAIs seems to increase the production of IL-6. 

 

 

4.8 Summary 

 

In this chapter, store-operated and non-store-operated Ca
2+

 influx were found to be 

increased after chronic treatment with high glucose in vascular endothelial cells. 

However, ORAI1-3 channel currents and STIM1 clustering and translocation are not 

affected by high glucose, which suggests that the high glucose-induced enhancement 

of intracellular Ca
2+

 level may be explained only by the upregulation of ORAI and 

STIM expression in diabetic conditions and not by a direct effect on the channel 

activity. On the other hand, Hcy inhibits ORAI1-3 channel currents, which may be 

mediated by a mechanism different from the oxidative stress conditions induced by 

high glucose or H2O2. However, the store-operated channel activation mechanism 

via the interference with intracellular STIM1 clustering and translocation in not 

involved in this process since no STIM1 clustering and translocation was observed 

after treatment with Hcy. Moreover, direct evidence of DES as a pan inhibitor of 

ORAI1-3 channels is provided by the data in this chapter, which is useful for future 

pharmacological research. The vascular endothelial cell functions- proliferation, 

secretion, migration and tube formation- were inhibited by high glucose or Hcy. All 

these findings give a new molecular insight of store-operated Ca
2+ 

signalling 
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pathway under oxidative stress conditions, which may be developed as new potential 

therapeutic targets for the treatment of diabetic vascular complications.  
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Chapter 5 

 

Osmolarity Sensitivity of ORAI Channels 
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5.1 Introduction 

 

Hyperosmolar hyperglycaemic state (HHS) is a complication of diabetes mellitus, 

which may lead to a life-threatening endocrine emergency. HHS is characterized by 

marked hyperglycemia (blood glucose more than 33.3 mM) and high serum 

osmolarity (usually higher than 320 mOsm/kg), but without significant 

hyperketonaemia (<3 mmol/L) or acidosis (pH>7.3, bicarbonate >15 mmol/L) 

(Chiasson et al., 2003; Kitabchi et al., 2008). There are several Ca
2+

-permeable 

channels regulated by osmolarity, however, the involvement of store-operated 

channels in the hyperosmolarity is unknown.   

Changes in osmolarity induce osmotic pressure that results in alterations in cell 

volume. A rapid osmotic swelling or shrinkage is induced upon sudden exposure of 

cells to hypo- or hyperosmotic solutions, respectively, affecting mechanisms 

involved in the regulation of gene expression and metabolism (Lang et al., 1998). 

Anabolic metabolism and proliferation is stimulated by cell swelling whereas 

catabolism, insulin resistance and sensitivity to apoptotic stimuli are induced by cell 

shrinkage (Haussinger & Lang, 1992; Lang et al., 1998; Schliess et al., 2001). 

The alteration of intracellular Ca
2+

 level has been demonstrated under hyperosmotic 

conditions, which could be one of the potential mechanisms for the hyperosmolar 

state (Kajimura & Curry, 1999; Paemeleire et al., 1999; Marchenko & Sage, 2000; 

Sanchez & Wilkins, 2004). Some Ca
2+

 permeable channels are regulated by 

osmolarity, for instance, the transient receptor potential vanilloid 2 (TRPV2) that can 

be activated by hypoosmolarity-triggered cell swelling in mouse aortic smooth 

muscle cells (Muraki et al., 2003). TRPV4 has also been demonstrated as an  

osmolarity-sensitive channel (Strotmann et al., 2000). In addition, hyperosmolarity-

induced cell shrinkage causes rapid production of ROS in human hepatocytes, 

suggesting a link between hyperosmolarity and oxidative stress (Becker et al., 2007; 

Schliess et al., 2007). Due to the relevance of Ca
2+

 signalling and ROS production 

under hyperosmolarity state and the regulation of ORAI and STIM channel 

molecules by oxidative stress, the involvement of ORAIs and STIMs in the 

pathophysiology of hyperosmolarity is examined here. 
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In this chapter, I aimed to investigate the effect of hyperosmolarity on vascular 

endothelial cell migration, store-operated Ca
2+

 influx and the expression of ORAI 

and STIM channel molecules in vascular endothelial cells. The direct effect of 

hyperosmolarity on ORAI1-3 channel current and on STIM1 clustering and 

translocation was also investigated in the inducible ORAI/STIM1 HEK293 cells. 
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5.2 Effect of hyperosmolarity on endothelial cell migration 

 

The effect of hyperosmolarity on endothelial cell migration was investigated using 

wound healing assay (Liang et al., 2007). The EA.hy926 was cultured in endothelial 

cell medium and treated with 19.5 mM mannitol for 24 hours. The cell number 

migrated into the wound area was decreased in the mannitol-treated group compared 

to the control group cultured in normal glucose (Figure 5-1), suggesting the 

hyperosmolarity decreases the endothelial cell migration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 132 - 
 

 

 

 

 

 

 

 

 

Figure 5-1 Effect of hyperosmolarity on endothelial cell migration. A, Example 

of endothelial cells migration in the control (without mannitol) and the mannitol 

(19.5 mM)-treated group. The migrated cells across the edge of the wound (dot line) 

were counted after 24 hours treatment. B, Mean ± SEM data for the numbers of 

migrated cells (n = 5 experiments, 8 pictures per experiment). 
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5.3 Ca
2+

 entry decreased by hyperosmolarity in vascular endothelial 

cells 

 

EA.hy926 cells were cultured in endothelial medium with the addition of 19.5 mM 

mannitol for 72 hours. The intracellular Ca
2+

 concentration was monitored by Ca
2+

 

imaging. Mannitol inhibited Ca
2+

 influx evoked after changing from Ca
2+

-free to 

Ca
2+

 solution. No difference was observed between control and mannitol-treated 

cells in Ca
2+

 peak after admission of 1 μM trypsin, suggesting that mannitol has no 

effect on Ca
2+

 release. However, the Ca
2+

 influx after readmission of Ca
2+

 solution 

after store-depletion by trypsin was inhibited by mannitol (Figure 5-2). 
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Figure 5-2 Ca
2+ 

influx inhibited by mannitol in EA.hy926 cells. The EA.hy926 

cells were cultured in the endothelial cell medium. The changes in [Ca
2+

]i was 

measured as ratios of fluorescence excited at 340 and 380 nm in the Fura-PE3/AM 

loaded cells. A, Ca
2+

 imaging in untreated (control) and mannitol (19.5 mM)-treated 

cells. B, Mean ± SEM data for the Ca
2+

 influx, Ca
2+

 release and Ca
2+

 re-entry in the 

mannitol-treated (n = 12) and untreated (n = 10) cells.  **P < 0. 01 
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5.4 ORAI and STIM expression downregulated by hyperosmolarity 

 

The mRNA level of ORAI1, ORAI2, ORAI3, STIM1, and STIM2 was significantly 

decreased in the EA.hy926 cells incubated with 19.5 mM mannitol for 60 hours, 

comparing with the normal osmolarity group with 5.5 mM glucose (Figure 5-3A). 

Using western blotting, the protein expression of ORAI and STIM isoforms was also 

significantly reduced by 19.5mM mannitol treatment (Figure 5-3 B-C). 
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Figure 5-3 Downregulation of ORAI and STIM expression by hyperosmolarity. 

A, EA.hy926 cells were cultured with mannitol (19.5 mM) in normal glucose (5.5 

mM) for 60 hours. The cells in the control group were incubated in normal medium 

containing 5.5 mM glucose. The mRNA expression was detected by real-time PCR 

and β-actin was used as internal house-keeping gene control for quantification. B, 

Example of the detection of ORAI and STIM proteins by western blotting. The β-

actin was used as control for quantification. C. Mean data from 3 independent 

experiments with triplicate samples are presented. *P < 0.05, **P < 0.01, ***P < 

0.001 
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5.5 Inhibition of ORAI channels by hyperosmolarity 

 

Since the expression of ORAI isoforms can be downregulated by hyperosmolarity in 

vascular endothelial cells, but the direct effect of hyperosmolarity on these channels 

is unknown, therefore, I examined whether mannitol affects the ORAI channels 

directly. Whole-cell patch clamp experiments were performed in the inducible 

HEK293 T-REx cells co-expressed with STIM1-EYFP and mCherry-tagged ORAI1 

or ORAI2, or mCFP-tagged ORAI3 to obtain the IV relationship of the channels. 

When a stable current was observed, acute perfusion with 19.5 mM mannitol 

inhibited the TG-induced ORAI1 and ORAI2 currents and the 2-APB-induced 

ORAI3 current (Figure 5-4). Perfusion with 9.75 mM mannitol had 52% of the 

inhibitory effect that perfusion with 19.5 mM mannitol had on ORAI1 current 

(Figure 5-4A). 
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Figure 5-4 Effect of mannitol on ORAI1-3 channel activity. Whole-cell current 

was recorded in the inducible HEK293 T-REx cells co-expressed with STIM1-EYFP 

and ORAI1-3. A, ORAI1. B, ORAI2. C, ORAI3. The ORAI1 and ORAI2 currents 

were activated by 1 μM TG in the bath solution, and ORAI3 current was activated by 

100 μM 2-APB in the bath solution. Representative IV curves and time-courses are 

presented. Bar charts present the averaged data showing the effect of 9.75 mM or 

19.5 mM mannitol on ORAI1 channel activity or the effect of 19.5 mM mannitol on 

ORAI2,3 channel activity (n = 9 for each group). ***P < 0.001 
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5.6 Effect of hyperosmolarity on STIM1 clustering and translocation 

 

Activation of ORAI channels is triggered by STIM1 subplasmalemmal translocation 

and clustering (Zhang, 2005; Zeng et al., 2012), so the effect of STIM1 translocation 

and clustering was also examined. In the HEK293 T-REx cells overexpressing 

STIM1-EYFP, no STIM1 translocation and puncta formation was observed after 

treatment with mannitol (19.5 mM) for 72 hours. STIM1 translocation and puncta 

formation was evoked by TG (Figure 5-5). These data suggest that mannitol has no 

direct effect on the STIM1 movement. 
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Figure 5-5 Effect of hyperosmolarity on STIM1 translocation and clustering. 

The stable transfected HEK293 STIM1-EYFP cells were cultured in DMEM/F-

12+GlutaMax™-I media and treated with mannitol 19.5 mM for 72 hours, followed 

by application of TG 1 μM. Untreated cells were used as control. The arrows 

indicate the subplasmalemmal STIM1 puncta. ***P < 0.001 
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5.7 Discussion 

 

The results in this chapter show that hyperosmolarity decreases endothelial cell 

migration, store-operated Ca
2+

 influx and the expression of ORAI and STIM in 

vascular endothelial cells. Hyperosmolarity also inhibits ORAI channel activity 

directly without effecting cytosolic STIM1 movement during store-operated Ca
2+

 

channel activation. 

Endothelial cell migration was reported to be regulated by Ca
2+

 influx through 

TRPC5,6 channels (Chaudhuri et al., 2008) and hyperosmolarity increased Ca
2+ 

concentration in endothelial cells and hepatocytes (Paemeleire et al., 1999; 

Krumschnabel et al., 2003). Some Ca
2+

 channels are directly affected by osmolarity 

changes. For instance, L-type Ca
2+

 channel activity was enhanced in rat portal vein 

smooth muscle cells after superfusion with hypotonic solution. The mechanism 

could be through the activation of protein kinase C (Ding et al., 2004). Another 

report showed that increased osmolarity reduced the activity of voltage-gated L-type 

Ca
2+

 channel currents in rat anterior pituitary cells (Ben-Tabou De-Leon et al., 

2006). However, there is no report regarding the role of hyperosmolarity in the 

regulation of SOC channels. 

Mannitol was used in the present study to mimic a condition of hyperosmolarity. 

Whole-cell patch clamp experiments using the inducible ORAI/STIM1 HEK293 

cells revealed that mannitol has a direct inhibitory effect on ORAI1-3 channel 

current. The corresponding concentration of high glucose had no effect on channel 

activity, thus it is suggested that the observed inhibition of channel current was an 

effect of osmolarity. Additionally, ORAI1 channel showed a dose-response 

inhibition under perfusion with mannitol solution. In agreement with this result, the 

results in this chapter demonstrated that hyperosmolarity inhibited SOCE in vascular 

endothelial cells. Moreover, the expression of ORAI and STIM was downregulated 

by hyperosmolarity. However, STIM1 puncta formation and movement was not 

affected by chronic treatment with mannitol, suggesting that STIM1 translocation 

does not play any role on mannitol-inhibited store-operated Ca
2+

 influx. This is a 

novel mechanism that needs to be elucidated in depth. The direct effect of 

hyperosmolarity on channel current may have a big significance in pathology as it is 
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presented here that migration of endothelial cells was inhibited by hyperosmolarity 

and it is already known that hyperosmolarity can be seen in diabetic conditions such 

as the HHS observed in Type 2 diabetes (Kitabchi et al., 2008). 

 

 

5.8 Summary 

 

The data in this chapter demonstrate that ORAI is an osmolarity-sensitive channel. 

Hyperosmolarity decreased SOCE in vascular endothelial cells via direct inhibition 

of ORAI channel current and downregulation of ORAI and STIM channel 

expression. Migration of vascular endothelial cells is also inhibited by 

hyperosmolarity. Since HHS is a severe complication of diabetes, the novel 

mechanism of the sensitivity of ORAI channels to hyperosmolarity and the relevance 

to endothelial functions may provide a new understanding of the pathological 

mechanisms of diabetes and diabetic vascular complications. 
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Chapter 6 

 

General Discussion 
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6.1 Main results and significance of the study 

 

In this study, ORAI1-3 and STIM1-2 were detected in vascular endothelial cells and 

smooth muscle cells and it was found that their mRNA and protein expression is 

upregulated by chronic treatment with high glucose in cell models. Expression of 

ORAI1-3 and STIM1-2 is also upregulated in human aorta from Type 2 diabetic 

patients and kidney tissues from streptozotocin-induced and Akita Type 1 diabetic 

mouse models. CsA and store-operated channel blocker DES prevent the high 

glucose-induced gene upregulation. H2O2 also upregulates ORAI1-3 and STIM1-2; 

however, Hcy increases STIM1-2 expression, but downregulates ORAI1-3. Store-

operated Ca
2+ 

influx is enhanced by chronic treatment with high glucose in 

endothelial cells but there is no effect if treated acutely. High glucose has no direct 

effect on ORAI1-3 currents, but Hcy decreases the currents in HEK-293 cells 

overexpressing STIM1/ORAI1-3. STIM1-EYFP translocation and clustering after 

Ca
2+

 store-depletion are not affected by oxidative stress. It is also demonstrated here 

that hyperosmolarity inhibits ORAI1-3 currents and SOCE and downregulates 

ORAI1-3 and STIM1-2 gene expression, but does not alter cytosolic STIM1-EYFP 

translocation. These data are novel and important for understanding the 

pathophysiology of diabetic blood vessels.  The upregulation of ORAI and STIM 

store-operated Ca
2+

 channel molecules is one of the mechanisms contributing to the 

impaired Ca
2+

 homeostasis in diabetic blood vessels or oxidative stress-related 

vascular injury. 

 

 

6.2 Mechanism of high glucose-induced upregulation of SOCE 

 

Based on the findings in Chapters 3-4, the model for the mechanisms of high 

glucose-induced upregulation of ORAI and STIM is proposed in Figure 6-1. High 

glucose increases intracellular Ca
2+

 concentration. The Ca
2+

 will bind the Ca
2+

 sensor 

protein calmodulin, which activates the phosphatase calcineurin. The activation of 

calcineurin results in dephosphorylation and nuclear import of NFAT proteins, and 

thus leads to the change of ORAI and STIM gene transcription. The effect of high 

glucose is prevented by inhibition of calcineurin with CsA or inhibition of SOCE 
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with DES, which provides the evidence of calcineurin and Ca
2+

 in the signalling 

pathway. Since there is no direct effect of high glucose on ORAI channel current or 

STIM1 translocation, the upregulation of store-operated channel genes could be the 

main mechanism for the high glucose-induced intracellular Ca
2+

 overload. The 

Ca
2+

/calcineurin/NFAT pathway regulated by high glucose could be a positive 

feedback mechanism between the channel expression and SOCE. 

Moreover, it is already known that high glucose induce the overproduction of ROS, 

such as H2O2, via both the NADPH oxidase system and the mitochondrial 

metabolism (Peiro et al., 2001; Mortuza et al., 2013) and this could be another 

potential pathway for upregulation of ORAI and STIM. This is based on the 

evidence that ORAI and STIM expression was upregulated by H2O2 and also ICRAC 

current and other Ca
2+

-permeable channels were activated by H2O2 (Xu et al., 2008b; 

Grupe et al., 2010; Chen et al., 2012). This activation may lead to increased 

intracellular Ca
2+

 concentration and subsequently activation of the downstream 

calcineurin/NFAT pathway. 
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Figure 6-1 Mechanism of store-operated Ca
2+

 entry regulated by high glucose. 

High glucose increases SOCE by upregulation of ORAI and STIM in vitro and in 

vivo via the Ca
2+

/calcineurin/NFAT pathway. Application of cyclosporin A (CsA) or 

diethylstilbestrol (DES) prevents the effect. High glucose-induced oxidative stress 

(ROS production) could be another potential pathway for upregulation. 
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6.3 Limitations of the study 

 

There are some limitations in this thesis such as the low number of the clinical 

samples collected. The waiting time for the collection of the clinical samples is long 

since the cases do not appear very often, thus more samples need to be collected in 

the future. Moreover, Type 1 diabetic tissue from mouse models was used in this 

study, because obtaining blood vessels from patients with Type 1 diabetes was not 

possible as this population does not often undergo cardiac surgery. 

In addition, more evidence is needed for the activity of the Ca
2+

/calcineurin/NFAT 

pathway with regards to the high glucose-induced upregulation of ORAI and STIM. 

The conclusion was based on the inhibition of this effect by CsA although this 

chemical is also an inhibitor of other cellular processes, such as the mitochondrial 

permeability transition pore and the Ca
2+

 entry through the Ca
2+

 uniporter in 

mitochondria (Montero et al., 2004; Chalmers & McCarron, 2008). Nevertheless, 

CsA was used by many studies to prove the involvement of the 

Ca
2+

/calcineurin/NFAT pathway in the promotion of gene expression (Demozay et 

al., 2011; Nijenhuis et al., 2011; Rosenkranz et al., 2011). Other blockers of this 

pathway or RNA interference for NFAT could be used to further confirm this. 

 

 

6.4 Future directions 

 

Vascular endothelial cell functions were shown to be regulated by oxidative stress 

conditions. Besides demonstrating the involvement of ORAI channels in IL-6 

secretion, other vascular cell functions such as migration and angiogenesis should be 

investigated using siRNAs for ORAI/STIM or specific blockers of the ORAI current 

such as DES. This would provide a bigger insight into the role of these proteins in 

the disruption of vascular cell functions under oxidative stress conditions and a 

clinical link to prevention of any vascular dysfunction would be examined as a 

therapeutic diagnosis. 

Changes in Ca
2+

 concentration through ORAI channels potentially have an effect on 

diabetes and hyperglycaemia. A study on the effect of RNS on ORAI and STIM 
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channel molecules would also be a promising field for future research. This would 

provide further information about the effect of oxidative stress on ORAI, STIM and 

SOCE. 

 

 

6.5 Conclusion 

 

The data in this thesis demonstrate for the first time that high glucose increases 

SOCE by upregulation of ORAI and STIM via the Ca
2+

/calcineurin/NFAT pathway 

in vascular cells, but there is no direct effect on the channel itself or STIM1 

movement. ORAI and STIM expression is also increased when the cells are treated 

with H2O2. Hcy, on the other hand, is firstly shown to inhibit ORAI channel activity 

directly as well as the expression of ORAI. Additionally, SOCE is inhibited by 

hyperosmolarity and this may be mediated by the direct inhibitory effect on ORAI 

channel activity or ORAI and STIM expression. These findings suggest that the 

regulation of the store-operated channel activity or related gene expression is a 

potential critical step in the pathophysiology of vascular disease in patients with 

diabetes or oxidative stress-related diseases. 
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Appendix II Example sequencing for full length ORAI2 
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Appendix III Alignment of ORAI1 to the plasmid mCherry-ORAI1 

sequence 

 

ORAI1 NM_032790-   --------------------------------------------------- GCCGCCCGGGGGCTTTTG 

ORAI1 plasmid-          AGTGTGCTGGAATTCGGCACGAGG GCCGCCCGGGGGCTTTTG 

 

CCAGCGGCGCCGCGGGCCTGCGTGCTGGGGCAGCGGGCACTTCTTCGACCTCGTCCTCCT  

CCAGCGGCGCCGCGGGCCTGCGTGCTGGGGCAGCGGGCACTTCTTCGACCTCGTCCTCCT  

 

CGTCCTGTGCGGCCGGCCGGGTGAGGCCGGGCCCGCGTAGGGGGCAGTCGGCGGCTGCCT  

CGTCCTGTGCGGCCGGCCGGGTGAGGCCGGGCCCGCGTAGGGGGCAGTCGGCGGCTGCCT  

 

CCGGCGGAGGTGCCTCGCGGCGCCCGGGCCGGCCCGCGCCTCGGCGGCGTGCTCCATGCA 

CCGGCGGAGGTGCCTCGCGGCGCCCGGGCCGGCCCGCGCCTCGGCGGCGTGCTCCATGCA 

 

TCCGGAGCCCGCCCCGCCCCCGAGCCGCAGCAGTCCCGAGCTTCCCCCAAGCGGCGGCAG  

TCCGGAGCCCGCCCCGCCCCCGAGCCGCAGCAGTCCCGAGCTTCCCCCAAGCGGCGGCAG  

 

CACCACCAGCGGCAGCCGCCGGAGCCGCCGCCGCAGCGGGGACGGGGAGCCCCCGGGGGC 

CACCACCAGCGGCAGCCGCCGGAGCCGCCGCCGCAGCGGGGACGGGGAGCCCCCGGGGGC 

 

CCCGCCACCGCCGCCGTCCGCCGTCACCTACCCGGACTGGATCGGCCAGAGTTACTCCGA  

CCCGCCACCGCCGCCGTCCGCCGTCACCTACCCGGACTGGATCGGCCAGAGTTACTCCGA 

 

GGTGATGAGCCTCAACGAGCACTCCATGCAGGCGCTGTCCTGGCGCAAGCTCTACTTGAG 

GGTGATGAGCCTCAACGAGCACTCCATGCAGGCGCTGTCCTGGCGCAAGCTCTACTTGAG 

 

CCGCGCCAAGCTTAAAGCCTCCAGCCGGACCTCGGCTCTGCTCTCCGGCTTCGCCATGGT  

CCGCGCCAAGCTTAAAGCCTCCAGCCGGACCTCGGCTCTGCTCTCCGGCTTCGCCATGGT  

 

GGCAATGGTGGAGGTGCAGCTGGACGCTGACCACGACTACCCACCGGGGCTGCTCATCGC 

GGCAATGGTGGAGGTGCAGCTGGACGCTGACCACGACTACCCACCGGGGCTGCTCATCGC 

 

CTTCAGTGCCTGCACCACAGTGCTGGTGGCTGTGCACCTGTTTGCGCTCATGATCAGCAC  

CTTCAGTGCCTGCACCACAGTGCTGGTGGCTGTGCACCTGTTTGCGCTCATGATCAGCAC  

 

CTGCATCCTGCCCAACATCGAGGCGGTGAGCAACGTGCACAATCTCAACTCGGTCAAGGA 

CTGCATCCTGCCCAACATCGAGGCGGTGAGCAACGTGCACAATCTCAACTCGGTCAAGGA 

 

GTCCCCCCATGAGCGCATGCACCGCCACATCGAGCTGGCCTGGGCCTTCTCCACCGTCAT 

GTCCCCCCATGAGCGCATGCACCGCCACATCGAGCTGGCCTGGGCCTTCTCCACCGTCAT 

 

CGGCACGCTGCTCTTCCTAGCTGAGGTGGTGCTGCTCTGCTGGGTCAAGTTCTTGCCCCT  

CGGCACGCTGCTCTTCCTAGCTGAGGTGGTGCTGCTCTGCTGGGTCAAGTTCTTGCCCCT  

 

CAAGAAGCAGCCAGGCCAGCCAAGGCCCACCAGCAAGCCCCCCGCCAGTGGCGCAGCAGC 

CAAGAAGCAGCCAGGCCAGCCAAGGCCCACCAGCAAGCCCCCCGCCAGTGGCGCAGCAGC 

 

CAACGTCAGCACCAGCGGCATCACCCCGGGCCAGGCAGCTGCCATCGCCTCGACCACCAT 

CAACGTCAGCACCAGCGGCATCACCCCGGGCCAGGCAGCTGCCATCGCCTCGACCACCAT 

 

CATGGTGCCCTTCGGCCTGATCTTTATCGTCTTCGCCGTCCACTTCTACCGCTCACTGGT 

CATGGTGCCCTTCGG---------------------------------------------------------------------------------------- 

 


