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RESUMEN 
 

Antecedentes: El precondicionamiento farmacológico (PPC) con diazóxido, un abridor de 

canales de K+ sensible al ATP mitocondrial, conduce a la cardioprotección frente a la isquemia. 

El PPC reduce la amplitud de los transitorios de Ca2+ durante los potenciales de acción como 

resultado de la regulación a la baja de los canales de Ca2+ tipo L (González et al., 2010). Sin 

embargo, se ignora si la expresión de otros canales iónicos relacionados con la homeostasis del 

Ca2+ se altera por el PPC. En esta tesis, encontramos que el PPC regula la expresión de STIM 

y Orai (componentes principales de la entrada de Ca2+ controlada por los depósitos 

intracelulares (store operated Ca2+ entry). 

ABSTRACT 
 

Background: Pharmacological preconditioning (PPC) using diazoxide, a mitochondrial ATP-

sensitive K+ channel opener, leads to cardioprotection against ischemia. PPC reduces Ca2+ 

transients during action potentials as a result of down-regulation of L-type Ca2 channels 

(González et al., 2010). However, changes in the expression of other channels involved in Ca2+ 

homeostasis have remained unexplored. In this study, we found that PPC regulates the 

expression of STIM and Orai (major components of Store Operated Ca2+ Entry). 

Methods: We used diazoxide to produce PPC in hearts and isolated cardiomyocytes from adult 

male Wistar rats. The expression and localization of Stim 1 and Orai1 were assessed by 

Western blot and by immunofluorescence, respectively. The expression levels of Stim 1 and 

Orai1 mRNA were quantified using qRT-PCR. 

Results: PPC increased the expression of STIM1 and Orai1, both at the mRNA and protein 

levels. In addition, confocal microscopy revealed a change in the distribution pattern of Stim 1 
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and Orai1 by PPC. The effect of diazoxide was prevented by the ROS scavenger NAC and by 

the mitoKATP channel blocker 5-HD. The increase in the expression of STIM1 and Orai1 

involved de novo protein synthesis, as evidenced by the selective protein synthesis inhibitor, 

cycloheximide. We also found that up-regulation of Stim 1 and Orai1 expression by PPC is 

mediated by the ERK pathway, as revealed by the specific inhibitor U0126.  

Conclusion: Our results demonstrate that PPC up-regulates the expression of STIM1 and 

Orai1. This effect is mediated by ROS via the MAPK/ERK pathway.  

1.INTRODUCTION  

 

1.1 Ischemia 
Myocardial infarction, ischemia and heart failure are leading causes of morbidity and mortality 

in human. Cardiac ischemia is a pathophysiological process in which the heart lacks enough 

supply of oxygen and blood flow to contract normally. It is mainly caused by narrowing and 

blockage of one or more coronary arteries. The ischemia is a condition which denote deficient 

blood supply to tissues due to obstruction of the arterial inflow. The term ischemia was first 

used in the early nineteenth century (Kalogeris et el., 2012).    

During ischemia, cells depend on anaerobic glycolysis for their ATP supply, leading to 

accumulation of lactate, protons, and NAD+, and a subsequent drop in cytosolic pH. To 

reestablish normal pH, the cell extrudes H+ ions in exchange for Na+ via the plasmalemmal 

Na+/H+ exchanger (NHE) (Baines, 2009a, b, 2010, 2011; Murphy and Steenbergen, 2008). Na+ 

ions are, in turn, exchanged for Ca2+ by the plasmalemmal Na+/Ca2+ exchanger. The increase 

in cytosolic Ca2+ may lead to cell death following ischemia/reperfusion. One of the ways cells 

deal with this lethal increase in Ca2+ is to take it up into the mitochondria via the mitochondrial 

Ca2+ uniporter, a protein that uses the negative membrane potential (Δψm) to drive uptake of 

the positively charged Ca2+ ions into the matrix (Contreras et al., 2010; Szydlowska and 



9 
 

Tymianski, 2010; Talukder et al., 2009). However, if the elevations in mitochondrial Ca2+ 

become excessive, they can trigger the mitochondrial permeability transition pore response 

dissipating the membrane potential, impairing ATP production and inducing apoptosis 

(Kalogeris et al., 2012). 

 

Figure 1.1 Mechanisms of mitochondria dependent cardiac cell death. 

Ischemia and ROS induced cardiomyocyte death is through two mitochondria-dependent 

processes. The first involves the induction of the intrinsic apoptotic pathway. Activation and 

integration of proapoptotic Bcl2 proteins such as Bax and Bak into the mitochondrial 

membrane enable the efflux of proteins such as cytochrome c (CytC), Smac/DIABLO, and 

endonuclease-G (endoG). These in turn induce caspase activation and the degradation of DNA. 

The second pathway involves the activation of the mitochondrial permeability transition (MPT) 

pore. Opening of the MPT pore dissipates  Δψm and inhibits ATP synthesis. This event leads 
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to increased production of ROS, swelling and rupture of the mitochondrion (Christopher P. 

Baines, 2010). 

1.2 Ischemic Preconditioning 
In contrast to the effects of stress or ischemia, opening of mitochondrial ATP-sensitive K+  

(mitoKATP)  causes an influx of K+ ions, with diffusion of water and uptake of anions, 

resulting in matrix swelling. This effect preserves the low permeability of the outer membrane 

for nucleotides and then the creates favorable gradient for ATP synthesis and transfer to 

cytoplasm. Activation of mitoKATP controls the matrix volume, preserving a narrow 

intermembrane space, necessary for an effective oxidative phosphorylation. Opening of 

mitoKATP produces a mild depolarization of membrane potential with reduced uptake of Ca2+ 

into the mitochondrial matrix, preventing Ca2+ overload and the opening of MPTP (Testai et 

al., 2015). 

Several studies have been done on the functional recovery and to reduce the extent of infarction 

after ischemic episodes. Heart muscles can be protected from ischemia by Ischemic 

Preconditioning (IP). IP was first defined by Murry et al. in 1986 as repetitive cycles of brief 

periods of ischemia and reperfusion that protected the heart against prolonged ischemia. IP has 

been shown to enhance the recovery of cardiac function, decrease the incidence of arrhythmias, 

and reduce infarct size in hearts subjected to ischemia-reperfusion (I/R) injury. Preconditioning 

of heart by brief periods of ischemia or by administration of  K+ channel opener was found to 

protect the heart from ischemia-reperfusion injury. Two distinct mechanisms have been 

reported to involve in cardioprotection. (1) Mitochondrial ROS production triggered by 

mitoKATP channel opening which will lead to the activation of several protein kinases such as 

PKC and MAPK which are involved in gene transcription and cell growth. (2) Matrix 

contraction because of prevention of high electron transport rates by mitoKATP channel 

opening. Mitochondrial KATP channel regulates mitochondrial volume by preventing the 

disruption of  intermembrane space. (Garlid et al. 2003). 
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Figure 1.2. Schematic description of the different mechanisms that links the activation of 

mitoKATP channels and control of mitochondrial Ca2+ movements and modulation of 

the MPTP. Activation of mitoKATP channels induces inward flow of potassium ions, weak 

membrane depolarization, and reduced driving force for Ca2+ accumulation in the matrix by 

limiting the opening of MPTP. This mechanism reduces the release of mitochondrial 

proapoptotic factors during reperfusion and thus preserves mitochondrial membrane integrity 

(Testai et al. 2015). 

1.3 Pharmacological Preconditioning  
Ischaemic preconditioning (IPC) can be mimicked by pharmacological agents like diazoxide, 

which, among other actions, opens mitoKATP channels. Furthermore, both IPC and 

pharmacological preconditioning (PPC) can be antagonized by mitoKATP channel blockers. 

Based on this pharmacological evidence, mitoKATP channels are proposed to be central in 
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protection of the heart muscle by IPC and PPC (Gonzalez et al., 2015; Garlid et al., 1997; Pain 

et al., 2000).  

Diazoxide significantly reduces the deleterious effects of ischemia by stabilizing mitochondrial 

membrane potential through the opening of mitoKATP channels. As membrane potential is 

being stabilized, mitochondrial Ca2+ overload is reduced thus preventing leakage of 

cytochrome c into cytosol and destruction of cristae. All these events lead to protection of 

cardiomyocytes from apoptosis (Dhalla et al.,2002). 

 

Figure 1.3. The mechanism of effect of diazoxide on cardiomyocytes during anoxia-

reoxygenation. Diazoxide opens mitochondrial KATP channel and restores mitochondrial 

membrane potential reducing mitochondrial Ca2+ overload and preventing the release of 

cytochrome c from mitochondria to cytosol. All these events lead to inhibition of apoptosis and 

protect myocytes against the damage caused by anoxia-reoxygenation. Changes as a result of 

Δψm during anoxia and reoxygenation are shown on the left half of the diagram (Dhalla et al., 

2002). 
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Pharmacological activation of mitoKATPs depends on reactive oxygen species (ROS) 

generated in mitochondria during preconditioning, which prevents mitochondrial Ca2+ 

overloading and MPTP opening (Lesnefsky et al., 2017). In addition to mitochondrial channels, 

L-type calcium channels also play a role in PPC in adult rat cardiomyocytes. PPC reduces both 

Cav1.2 channel current amplitudes and action potential-produced surges in myoplasmic Ca2+ 

concentrations, mitigating I/R-induced damage (González et al., 2010). However, PPC-

induced changes in the functions of other types of channels involved in Ca2+ homeostasis is 

understudied. 

Ca2+ acts as an intracellular second messenger serves a remarkable diversity of roles that span 

a range of biological processes from birth through development, and regulated cell function as 

well as apoptosis. Ca2+ ions are critical mediators of cardiac excitation–contraction coupling, 

the process through which the heart chamber contracts and relaxes. The development of 

contraction depends on an increase in cytoplasmic Ca2+ concentration. During the cardiac 

action potential, Ca2+ enters the cell through depolarization induced Ca2+ channels as an inward 

Ca2+ current (ICa), which contributes to the action potential plateau (Figure 1.4). Ca2+ entry 

triggers Ca2+ release from the sarcoplasmic reticulum (SR). The combination of Ca2+ influx 

and release raises the free intracellular Ca2+ concentration ([Ca2+]i), allowing Ca2+ to bind to 

the myofilament protein troponin C, which then switches on the contractile machinery. For 

relaxation to occur, intracellular must decline which then allows Ca2+ to dissociate from 

troponin. For relaxation to occur, Ca2+ is then removed from the cytosol through four 

transporters, namely the SR Ca2+pump, the sarcolemmal Ca2+ ATPase, NCX, and MCU (Bers, 

2002). 
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Figure 1.4. Ca2+ transport in ventricular myocytes. Inset shows the time course of an action 

potential, Ca2+ transient and contraction measured in a rabbit ventricular myocyte. NCX, ATP, 

PLB and SR (Bers, 2002). 

1.4 Store-operated calcium channels (SOCs) 
Voltage and store-operated Ca2+ channels are the major routes of Ca2+ influx in mammalian 

cells. In metazoans, one of the primary sources of Ca2+ signals in both excitable and particularly 

in non-excitable cells is the family of store-operated calcium channels (SOCs). These channels 

are typically activated by the engagement of cell surface receptors that through G proteins or a 

tyrosine kinase cascade activate phospholipase C to cleave phosphatidylinositol 4,5-

bisphosphate (PIP2) and produce inositol 1,4,5-trisphosphate (IP3). SOCs are so named 

because they respond to the reduction of ER intraluminal Ca2+, a consequence of IP3-induced 

Ca2+ release through IP3 receptors in the ER membrane (Figure 1.5). Store-operated channels 

are unique among ion channels, from their molecular basis to their biophysical properties and 
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mode of regulation. Because of their intimate physical and functional connections to the ER, 

they play a homeostatic role in providing Ca2+ to refill the ER after Ca2+ has been released and 

pumped out across the plasma membrane (Prakriya and Lewis, 2015). 

 

 

Figure 1.5. Store-operated calcium entry. Under physiological conditions, extracellular 

agonists bind to receptors and activate PLC through a G protein or tyrosine kinase-coupled 

pathway. PLC cleaves PIP2 to produce IP3, which releases Ca2+ from the ER. SOCs are 

activated by the depletion of sarcoplasmic Ca2+. SOCs can also be activated experimentally by 

chelating intracellular Ca2+ with EGTA, inhibiting SERCA pumps with thapsigargin, releasing 

Ca2+ from the ER with ionomycin, or chelating intraluminal Ca2+ with TPEN (Prakriya and 

Lewis, 2015). 

 

The endoplasmic reticulum (ER) Ca2+ sensor protein, STIM1, undergoes a complex activation 

process in response to sarcoplasmic Ca2+ store depletion, and translocates into ER plasma 
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membrane (PM) junctions where it tethers and activates PM Orai1 Ca2+ channels. Ca2+ entering 

through Orai1 channels maintains Ca2+ homeostasis, sustaining Ca2+ oscillations and mediates 

Ca2+ signals to control gene expressions (Amcheslavsky et al.,2015).  

Putney first described the concept of capacitative Ca2+ entry (Putney, 1986). According to this, 

the concerted control of both Ca2+ influx and Ca2+ release from intracellular stores maintains 

Ca2+ homeostasis. Several studies showed that ER/SR depletion can trigger subsequent influx 

of extracellular Ca2+  into the cytoplasm to replenish Ca2+  in intracellular stores (Takemura and 

Putney, 1989; Muallem et al., 1990). Entry of extracellular Ca2+ upon store depletion was later 

suggested to be mediated by Ca2+ release activated channels (CRAC) by a process referred to 

as SOCE (Hoth and Penner, 1992; Patterson et al., 1999). 

CRAC activity was first described in 1992 (Hoth and Penner, 1992), but its mechanism of 

activation was not known until 2005 STIM1 was identified as the intracellular CRAC 

component that acts as the Ca2+ sensor. Upon store depletion, STIM1 aggregates and activates 

the PM Ca2+ channel that is necessary for SOCE (Roos et al., 2005; Zhang et al., 2005). The 

first physiological description of STIM1 as a key component of CRAC was done in Drosophila 

S2 cells where SOCE is the predominant Ca2+ entry mechanism. Using RNA interference 

screens of candidate genes, they reported that Stim loss altered SOCE (Roos et al., 2005; Zhang 

et al., 2005). This discovery took place one year after intracellular STIM1 was identified as the 

PM component of CRAC. The Orai gene, so named after the mythological keepers of heaven’s 

gate, was described as a result of genetic mapping of mutations linked to impaired lymphocyte 

function (Zhang et al., 2006). The mechanism of SOCE mechanism was then revised to involve 

two key players:(1) STIM, a transmembrane Ca2+  sensor protein that is located into the SR/ER 

membrane; and (2) Orai, an integral PM protein , subunit of the CRAC channel (Soboloff et 

al., 2012). Once the key genes governing SOCE were identified, the interplay between STIM1  
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and Orai1 was examined. Investigators reported that Orai protein monomers multimerize to 

form a Ca2+ channel whose activity is triggered by  interaction with STIM1 (Penna et al., 2008).  

STIM-Orai Activating Region(SOAR) and CRAC Activation Domain (CAD) were identified 

as active STIM1 sites necessary to trigger the CRAC current (Park et al., 2009; Yuan et al., 

2009). In addition, high-resolution crystal structures of the CAD and the N-terminal region of 

STIM1 as well as the full-length Orai channel have been characterized (Stathopulos et al., 

2008;Hou et al., 2012; Yang et al., 2012). These latter discoveries represent major landmarks 

towards the explanation of the conformational changes of STIM1-Orai complexes as well as 

the possible interactions with key proteins involved in Ca2+ handling mechanisms. 

 

Figure 1.6. STIM activation and organization of the Ca2+ signaling junction. Hypothetical 

model of stromal interaction molecule 1 (STIM1) activation and interaction with Orai1. 

Activation of the STIM1 dimer starts by dissociation of  Ca2+from the EF hand of STIM1. This 

causes EF-hand–SAM domains within the STIM1 dimer to interact, which induces an extended 

configuration of the cytoplasmic coiled-coil domains, dissociation of the Cα3 inhibitory helix 

from SOAR, and the carboxy-terminal flexible domains recede and expose SOAR. STIM1 
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continues to oligomerize and migrates into ER–plasma membrane junctions and active SOAR 

is fully exposed. Large aggregates STIM1 are anchored within ER–PM junctions to activate 

Orai1 proteins (Soboloff et al., 2012). 

 

Excitable and non-excitable cells are differentiated by their characteristics to increase 

depolarization induced concentration of intracellular Ca2+. Excitable cells such as neurons and 

cardiomyocytes have VGCCs that are activated by depolarization induced mechanism and are 

needful for contraction, relaxation and electrical excitability. In contrast to non-excitable cells 

such as lymphocytes and mast cells don’t have voltage gated Ca2+ influx but have CRAC 

channels (Wang et al., 2010). STIM and Orai proteins are the key mediators of SOCE, a nearly 

ubiquitous process in non-excitable cells. CRAC channels are activated after depletion the 

intracellular Ca2+ stores and are important for regulation of gene expression, cell proliferation 

and cell differentiation. Excitable cells also exhibit store-operated Ca2+ channel proteins, but 

these contribute little to Ca2+ influx, whereas non-excitable cells exhibit VGCC proteins, but 

they don’t have voltage-gated Ca2+ currents. Previous studies have reported that SOCE coexists 

with VGCC in excitable cells, including neurons, skeletal muscle cells, and cardiomyocytes 

(Harraz  and Altier, 2014, Park et al., 2010, Wang et al., 2010). 

Activation of Stim 1 by store depletion or mutational modification inhibits VGCC (Cav1.2) 

channels while activating store-operated Orai channels. These both actions are mediated by the 

short STIM-Orai activating region (SOAR) of STIM1. STIM1 interacts with Cav 1.2 where it 

reciprocally controls CRAC and VGCC hitherto to operate independently. Such coordinated 

control of CaV1.2 and Orai channels has major implications for Ca2+ signal generation in 

excitable and non-excitable cells (Wang et al.,2010 ). 
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Figure 1.7. STIM1-mediated regulation of VGCC.(A) In resting conditions, the EF-hand of 

STIM1  is always associated Ca2+. Upon sarcoplasmic depletion, STIM1 molecules aggregate 

closer to ER-PM junction  to activate Orai channels but inhibit CaV1.2(L-type) and CaV3.1 

(T-type) channels.STIM1 then  internalizes  CaV1.2 by removing functional channels from the 

cell surface. (B) Detailed interaction sites of STIM1 with C-terminus Cav1.2. The CAD or 

SOAR region of Stim 1 interacts with the C-terminus of CaV1.2. (Harraz  and  Altier,2014). 

1.5 Store-operated calcium channels (SOCs) in heart 
 

The expression of Stim 1 was first detected in the heart in 2001 (Williams et al., 2001), but its 

physiological function in cardiomyocytes has not studied yet. Although the role of SOCs in the 

adult heart is yet to know, inhibition of SOCs have been shown to enhance functional recovery 

of heart muscle tissues in I/R (Liu et al., 2006; Collins et al., 2013) which suggest that SOCE 

might play a role in Ca2+ overload. 
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In 2002, Hunton et al reported for the first time the existence of SOCE in neonatal rat 

ventricular myocytes (NRVMs) and adult cardiomyocytes. They also demonstrated that SOCE 

was needed for activation of hypertrophic signaling pathways including nuclear translocation 

of NFAT by IP3-generating agonists such as phenylephrine and angiotensin II. While the 

physiological role of SOCE in the adult heart continues to be debated, SOCE is thought to be 

involved in development because high expression levels of STIM1 are seen in neonatal 

cardiomyocytes (Hulot et al., 2011 and Luo et al.,2012). Additionally, SOCE has been 

implicated in pathological conditions of the heart, such as cardiac hypertrophy, a disorder that 

leads to upregulation of STIM1 (Correll at al., 2015; Hulot et al.,2001 and Luo et al., 2012). 

Apart from its potential role in cardiomyocyte hypertrophy little is known about the 

physiological role of STIM1-mediated SOCE in adult cardiomyocytes and whether and how 

expression of STIM1 and Orai1 may be altered in other pathophysiological states remain 

largely unexplored. 

1.6 Store-operated calcium channels (SOCs) and ROS 
 

Store independent activation of SOCs have reported in several studies. In oxidative stress 

conditions, reactive thiol groups of proteins undergoes S-glutathionylation, a reversible 

reaction between cysteine residues of a protein and glutathione (GSH) that regulates redox 

signaling and oxidative stress responses. Exposure of COS7 cells to H2O2 or BSO activates 

Stim 1. Stim 1 then oligomerizes and redistributes from ER to ER-PM junction to activate 

SOCE. A similar store-independent Ca2+entry was studied in mouse embryonic fibroblasts 

(MEFs) but was ineffective in MEFs lacking STIM1, indicating STIM1 as an important 

oxidative stress sensor. STIM1 knockout DT40 chicken B-lymphocytes inhibited SOCE after 

exposure of BSO or H2O2 whereas they showed activation of SOCE after re-expression of 

STIM1 (Hawkins et al.,2010). Several studies showed that induction of hypoxia or oxidative 

stress with either the O2 scavenger sodium dithionite or tert-butyl hydroperoxide (tBHP) 
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promotes redistribution of  STIM1 at ER-PM junctions in various cell lines. stimulated ROS 

produced by hypoxia and oxidant signaling causes store-depletion and triggers SOCs activation 

in human A549 adenocarcinomic alveolar basal epithelial cells and143B osteosarcoma cells, 

respectively (Gusarova et al.,2011, Mungai et al.,2011 and Mancarella et al.,2011). 

 

In this study, we examined the effects of PPC with diazoxide on the transcription and protein 

expression of STIM1 and Orail, and on the intracellular localization of the transcription factors 

c-FOS and NFB, We used western blot and quantitative reverse transcriptase polymerase 

chain reaction (qRT-PCR) experiments to quantitate protein and mRNA transcript levels in 

presence of various drugs aimed at probing the mechanisms mediating PPC. We examined 

whether ROS and the MAPK/ERK pathway may be involved in the upregulation of Orai1 and 

STIM1 proteins by PPC and tested the possibility that changes in the expression of SOCE 

components by PPC depend on c-FOS and NF-B transcription factors. 
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2 Materials and Methods:  

 

2.1The composition of solutions used is given in the tables described below: 
 

Tyrode solution 

Reagents Concentrations 

NaCl 137 mM 

KCl 5.4 mM 

MgCl2 1 mM 

HEPES 10 mM 

Glucose 10 mM 

pH set to 7.47 with 1N NaOH at 25°C; Osmolality: 305 mOsm 

Krebs-Henseleit buffer 

Reagents Concentrations 

NaCl 117.8 mM 

NaH2PO4 1.2 mM 

KCl 6 mM 

NaHCO3 24.3 mM 

MgSO4 1.2 mM 

EDTA 0.027 mM 

Glucose 5.1 mM 

CaCl2 1.6 mM 

pH set to 7.4 with 1N NaOH; gassed with 95% O2, 5% CO2  
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10X PBS 

Reagents Concentrations/Litre 

KCl 2 g 

NaCl 80 g 

KH2PO4 2 g 

Na2HPO4 11.5 g 

pH set to 7.4 with 1N NaOH 

10X protein running buffer 

Reagents Concentrations/Litre 

Tris Base 30.2 g 

Glycine 144 g 

SDS 10 g 

pH set to 8.3 with concentrated HCl 

4X sample loading buffer 

Reagents Concentrations 

Tris HCL (pH 6.8) 0.2 M 

SDS 0.8 g/10ml 

Glycerol 40% 

β-Mercaptoethanol 14.7 M 0.4 ml/10 ml 

EDTA 0.5 M 0.05 M 

Bromophenol blue 8 mg/10 ml 
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Protein transfer buffer 

Reagents Concentrations/100 ml 

Tris Base 0.532 g 

Glycine 0.293 g 

SDS 10% 0.375 ml 

Methanol 20% 

 

Blocking solution 

4.5 % non-fat milk powder in 1X PBS solution 

Coomassie blue staining solution 

Reagents Concentrations/200 ml 

Glacial acetic acid 10% 

Methanol:H2O 1:1 

Coomassie brilliant blue R-250 0.5 g 

 

Ponceau red staining solution 

Reagents Concentrations 

Acetic acid 1% 

Ponceau red 0.5 g/100 ml 
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Destaining solution 

Reagents Concentrations 

Methanol 30% 

Acetic acid 10% 

 

2.2. Pharmacological agents 
 

Reagents Concentrations 

Diazoxide (Dzx) 100 μM; 20 mg/kg 

5-HD 100 μM 

NAC 2-4 mM 

Cycloheximide 10 µM 

U0126 (MAPK/ERK inhibitor)  5 mM 

 

2.3. Animals  
 

Adult male (250–300 g) Wistar rats were used in this study. Our experimental protocols were 

approved by the Division of Laboratory Animal Units, Cinvestav-IPN, in compliance with 

federal law and Consejo Nacional de Ciencia y Tecnología (CONACYT) regulations.  

Previous to extraction of the heart rats were anesthetized with 50 mg/kg of sodium 

pentobarbital, injected intraperitoneally. A 500-U/kg heparin sodium solution was also 

administered intraperitoneally.  
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2.4. Isolation of Hearts 
 

Hearts were rapidly excised, arrested in modified Krebs-Henseleit buffer and perfused in a 

Langendorff apparatus with an aortic cannula. Unless otherwise stated, all chemicals and 

materials were purchased from Sigma–Aldrich (St. Louis, MO, USA). Isolated hearts were 

subjected to the following treatments: The control group was perfused for 90 min with Krebs-

Henseleit buffer. The diazoxide (Dzx)-treated (Tocris, Bristol, UK) group was perfused for 90 

min in Krebs-Henseleit buffer also containing 100 M Dzx. In the NAC-Dzx group, the ROS 

scavenger NAC (4 mM) was added to Krebs-Henseleit buffer for15 min. Thereafter, hearts 

were perfused for 90 min in this buffer to which Dzx was added (100 M). The NAC-treated 

group was perfused for 90 min with Krebs-Henseleit buffer to which NAC (4 mM) was added. 

Experiments using the mKATP channel antagonist 5-HD (100 M) were done with a protocol 

similar to that used with NAC. 

2.5. Isolation of ventricular myocytes 
 

Rats were anesthetized with 50 mg/kg of sodium pentobarbital, injected intraperitoneally. A 

500-U/kg heparin sodium solution was also administered intraperitoneally. Hearts were 

perfused for 5 minutes at 37oC with Ca2+-free Tyrode’s solution. Hearts were recirculated for 

60 minutes with Tyrode’s solution supplemented with 70-U/mL type II collagenase 

(Worthington, Lakewood, NJ), and 0.5-mg/100 mL type XIV protease (Sigma). Ventricles 

were minced and shaken 2–3 times at 45 rpm for 7 minutes in the same solution. The dislodged 

cells were filtered through a cell strainer (100 mm nylon BD Falcon) and centrifuged at 28g 

for 2 minutes. The pellet was resuspended in Tyrode’s solution with 1% bovine serum albumin. 
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2.6. Cardiomyocyte treatments  
 

The pellet was resuspended for 90 min in Tyrode solution plus 1% BSA in control experiments, 

or in an identical solution containing diazoxide (100 µM), 5-hydroxydecanoate (5-HD; 100 

µM), N-acetyl-L-cysteine (NAC; 2 or 4 mM) for the indicated time periods. Cardiomyocytes 

of cycloheximide (CHX) group, were exposed to 10 M cycloheximide (CHX), a selective 

inhibitor of protein synthesis for 30 min and then incubated for 90 min in the same solution 

with 100 M Dzx added. The U0126 plus diazoxide group used the selective noncompetitive 

inhibitor of the MAPKs, MEK1 and MEK2, U0126 (1,4-diamino-2,3-dicyano-1,4-

bis(methylthio) butadiene, 5 mM; Sigma), added to cardiomyocytes for 1 hour and then 

cardiomyocytes were incubated for further 90 min in the same solution with diazoxide. All 

drugs were removed by washing 3 times with Tyrode solution containing bovine serum 

albumin (1 mg/mL) and 1-mM Ca2+. Thereafter, cells were centrifuged at 28g for 2 minutes, 

and total protein were extracted for western blot analysis. 

2.7. Membrane Fractionation and western blotting 
 

For preparation of the membrane compartment, heart tissue was homogenized in ice-cold lysis 

buffer containing, in mM: 20 Tris (pH 7.4), 5.0 EDTA, 250 sucrose, 1.0 

phenylmethanesulfonylfluoride, and 2.5% protease inhibitor mix. Tissue homogenates (20% 

w/v) were centrifuged at 1,000g for 10 min to remove nuclei and debris, and the supernatant 

was ultracentrifuged at 110,000g for 75 min at 4 °C to pellet the crude membrane fraction (both 

the sarcolemmal and microsomal subfractions). The resulting pellet was resuspended in 

solubilization buffer (50 mM Tris (pH 7.4), 100mM NaCl, 50mM LiCl, 5mM EDTA, 0.5% 

(v/v) triton X-100, 0.5% (w/v) sodium deoxycholate, 0.05% (w/v) SDS, and 0.02% (w/v) 

sodium azide). After incubation for 30 min on ice, the remaining insoluble material was 
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collected by centrifugation (14,000g, 10 min, 4 °C). Protein content of the supernatant 

(particulate membrane fraction) was measured with Bradford assay.  

In some experiments, dissociated myocytes were used for Western blotting by resuspension in 

lysis buffer containing: 20 mM Tris (pH 7.5), 100 mM NaCl, 1% triton X-100 and protease 

inhibitors. Lysis was achieved by continuous agitation for 60 min at 4°C followed by five 

cycles of sonication. Samples were centrifuged at 13,000g for 10 min at 4°C and the soluble 

fraction used for Western blots. Protein content was measured with Bradford assay. 

 

We subjected membrane fraction or total fraction samples (50-60 mg) to 10% sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (180 V, 120 minutes), transferred the resultant 

proteins bands onto nitrocellulose membranes, blocked the membranes with 4.5% nonfat dried 

milk in PBS, and probed the membranes with anti-STIM1 monoclonal antibody (1:1000; 

Abcam), anti-Orai1 polyclonal antibody (1:3000; Abcam), anti–phospho-44/42 MAPK 

(Erk1/2) polyclonal antibody (1:1000; Cell Signaling Technology), anti-actin monoclonal 

antibody (1:2000; anti- Sigma Aldrich), anti SGK 1 (1:500; Abcam) and GAPDH monoclonal 

antibody (1:10,000; Sigma Aldrich) in PBS for 12–14 hours at 4oC. After rinsing, the blots 

with PBS-tween 20 (0.1%), they were incubated for 1 hour with anti-rabbit (1:50,000) or anti-

mouse (1:75,000) horseradish peroxidase conjugated secondary antibody (Invitrogen, 

Carlsbad, CA) in PBS and rinsed with PBS-tween 20 (0.1%). Antibody labeling was detected 

with Immobilon Western reagent (Millipore Co, Billerica, MA) according to the 

manufacturer’s instructions. 

2.8. Measurement of ROS production 
 

ROS was measured using the cell-permeant fluorescent probe, 5-(and-6)-chloromethyl-2′,7′- 

dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA, Molecular 

Probes/Invitrogen). Cardiomyocytes were loaded with 10 µM CM-H2DCFDA and incubation 



29 
 

in the dark for 30 min at room temperature. Loaded myocytes were incubated in dye-free 

solution for over 30 min to allow conversion of the dye into its ROS-sensitive form. 

Immediately after dye loading, ROS production was measured every 5 min for 90 min, in 

myocytes in Tyrode solution, with or without diazoxide (100 µM). The effect of DZX on ROS 

production was estimated by measuring fluorescence signals first for 15 minutes under control 

conditions and then for 90 minutes with Dzx.  

2.9. Immunochemistry 
 

Freshly isolated adult rat cardiomyocytes were suspended in tyrode solution containing 1 mM 

Ca2+ plus 5 % Fetal Bovine Serum (Thermofisher scientific) and were plated onto laminin 

treated slides and allowed to settle for 2 hours at 37oC before being treated with drugs. Once 

cardiomyocytes are attached they were treated for 90 min in control experiments, or in an 

identical solution containing diazoxide (100 µM), 5-hydroxydecanoate (5-HD; 100 µM), N-

acetyl-L-cysteine (NAC; 2 or 4 mM) for the indicated time periods. In the U0126 plus 

diazoxide group, the selective noncompetitive inhibitor of the MAPKs, MEK1 and MEK2, 

U0126 (1,4-diamino-2,3-dicyano-1,4-bis(methylthio) butadiene, 5 mM; Sigma) was added to 

cardiomyocytes for 1 hour and then cardiomyocytes were incubated for additional 90 min in 

the same solution with diazoxide. In the cycloheximide group, the selective inhibitor of protein 

synthesis cycloheximide (10µM; Sigma) was added to cardiomyocytes for 30 mins and then 

cardiomyocytes were further incubated 90 min in the same solution with diazoxide. Removal 

of all drugs was done by washing 3 times with tyrode solution containing 1mM Ca2+. 

Immediately after treatments, cells were fixed using 4% paraformaldehyde in PBS for 15 min 

at 4oC. After three washes with PBS, cells were permeabilized and blocked in PBS containing 

0.3 % triton X-100 and 5% donkey serum for 1 hour at room temperature. Cells were then 

incubated overnight at 4 °C with the primary antibody in PBS containing 0.3% Triton X-100 

and 0.5% BSA . Primary antibodies used were: monoclonal anti-STIM1 (1:50; Abcam, 
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Cambridge, UK), polyclonal anti  -Orai1 (1:50; Thermofisher Scientific, Waltham, MA, USA), 

monoclonal anti c-FOS (1:50, Santa Cruz), monoclonal anti NFBp65 (1:50; Santa Cruz, CA, 

USA). After washing three times in PBS, cells were incubated for 1 h at room temperature with 

secondary antibodies: Alexa Fluor 555-conjugated donkey anti-rabbit (1:200; Thermofisher 

Scientific, Waltham, MA, USA) for Stim1 and Alexa Fluor 488-conjugated donkey anti-mouse 

(1:200; Thermofisher Scientific, Waltham, MA, USA) for Orai1, NFB and c-FOS. Thereafter, 

preparations were washed three times in PBS and were incubated for 10 min at room 

temperature with Hoechst nuclear stain (1:1000; Invitrogen, Carlsbad, CA, USA). Negative 

controls were identically processed but without primary antibodies. 

Labeling was visualized under a laser scanning confocal microscope (Leica, Wetzlar, 

Germany, model TCSSP8) with argon (488 nm) and helium/neon (543 nm) lasers used with an 

optimized pinhole diameter. Confocal images were obtained as Z-stacks of single optical 

sections, which were superimposed as a single image in Leica LAS AF 2.6.0 build 7268 

software. Immunofluorescence was quantified in ImageJ 1.44 p (NIH, Bethesda, MD, USA) 

after the images were threshold adjusted (pixel value used to find edges of immunolabeling 

closed regions) at an intensity of twice the mean intensity and three (for STIM1) or five (for 

Orai1) times the standard deviation. The threshold area was outlined under particle analysis 

(size 0-infinity; circularity 0-1). 

2.10. qRT-PCR 
 

RNA was isolated from cardiomyocytes with RLT buffer and a RNeasy Mini Kit (Qiagen, 

Hilden, Germany), and cDNAs were synthesized with a Taqman reverse transcription kit 

(Thermofischer, Waltham, MA, USA). Transcript levels were determined in TaqMan assays 

(Rn02397170_m1, Rn01506496_m1; Applied Biosystems, Foster City, CA, USA) and an 

iCycler iQ machine (Bio-Rad, Hercules, CA) with TaqMan Gene Expression Master Mix 

(Thermofischer, Waltham, MA, USA). mRNA expression was assessed relative to the 
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ribosomal RNA 18S (Hs999999_s1, Applied Biosystems, Foster City, CA, USA), as 

recommended by the manufacturer. Relative changes in expression were calculated by the 2-

ΔΔCT
 method (Livak and Schmittgen.,2001). 

2.11. Data analysis 
 

The data, which are expressed as means ± standard errors of the mean (SEMs), were tested for 

normal distribution, analyzed with independent t-tests (when two groups were compared) or 

with analyses of variance (ANOVAs) followed by multiple comparison Dunnett’s tests (each 

treatment group vs. control group) as appropriate. A significance criterion of p < 0.05 was used. 
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3. RESULTS  
 

3.1. Upregulation of STIM1 and Orai1 proteins by PPC 
 

We found that the abundance of STIM1 and Orai1 proteins significantly increased by PPC. 

Among the several isoforms, STIM1 and Orai1 are predominant in heart and were recognized 

by specific antibodies. Figure 1A shows representative western blots of STIM1 and actin from 

whole membrane fractions of ventricles of control (lane a) and Dzx-treated hearts (lane b). PPC 

led to an increase in the density of the STIM1 band with no changes in the density of the actin 

band which was used as a standard for normalization. The graph in Fig. 1B summarizes results 

from several experiments performed as in in Fig. 1A . On the other hand, Orai1 protein was 

also upregulated by PPC. Fig. 1C shows representative western blots of Orai1 and actin bands 

under control conditions (lane a) and in Dzx-treated cardiomyocytes (lane b). The density of 

the actin band remained unchanged and was used to normalize the values of Orai1 abundance. 

Fig. 1D shows mean density values (± SEM) of Orai1 bands under experimental conditions as 

in Fig. 1C. Orai1 abundance increased by ~50%, similar to the increase observed in the density 

of STIM1 band under the same experimental conditions (Fig. 1B). 

 

Figure 3.1. PPC increases STIM1 and Orai1 expression. A:  Representative western blots of 

STIM1 and actin of whole membrane fractions from control (lane a) and Dzx-treated hearts 
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(lane b). B: Mean values (±SEM, n=7) of normalized densities of STIM1 bands. C: 

Representative western blots of Orai1 and actin of whole membrane fractions from control 

(lane a) and Dzx-treated hearts (lane b). D: Mean values of normalized densities of Orai1 bands 

(± SEM, n=4). *p˂0.05, **p˂0.01. 

3. 2 The distribution pattern of STIM1 is disrupted by PPC 
 

The effects of PPC were not limited to upregulation of STIM1, there were also changes in its 

distribution pattern as revealed by immunofluorescence imaging. This is shown in Fig. 2 A-E. 

Illustrated are representative zoomed images of cardiomyocytes under control conditions and 

after PPC (Fig. 2A). In control cardiomyocytes STIM1 had a characteristic cross-striated 

distribution. STIM1 is organized into both puncta and linear structures along the Z-disk. In 

contrast, a clear alteration of this pattern was seen in PPC cardiomyocytes. Fig. 1B shows mean 

values of fluorescence along the longitudinal axis of control and Dzx-treated myocytes 

illustrated in Fig. 2C. Peaks of fluorescence were regularly spaced in control cardiomyocytes 

and this pattern was lost by PPC. In addition, and consistent with the western blot results (Fig. 

1 A-B), the number of particles and its mean size were incremented (Fig.2C-D), leading to an 

increase in the ratio of total particle area and cell area (Fig.2E). On the other hand, Orai1 protein 

was also upregulated by PPC. 
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Figure 3.2. Confocal microscopy images of myocytes under control conditions and after PPC. 

Images show localization of STIM1 (red) with DAPI-labeled nuclei (blue). Calibration bars: 

10 m. B: Mean values of  fluorescence intensity along the longitudinal axis from myocytes 

shown in A. C-E: Particle analysis of  myocytes under the same conditions as in A . Illustrated 

are mean values of number of particles (C); particle size (D) and ratio of total particle area and 

cell area (E) (± SEM, n=5-10). Empty bars, control; filled bars, Dzx.  

3.3 PPC increases the expression of Orai 1 
 

The localization of Orai1 in control and PPC cardiomyocytes was assessed by 

immunofluorescence (Fig. 3A). We found that Orai1 is located along the surface membrane in 

control and PPC cardiomyocytes and consistent with western blot results, a large increase in 

the abundance of Orai1 was observed (Fig. 3A). Particle analysis of confocal images from 

several experimental replicates revealed an increase in the number of particles in PPC 

cardiomyocytes (Fig. 3B).  
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Figure 3.3.A: Representative immunofluorescence images of myocytes showing the 

distribution of Orai1 under the indicated experimental conditions. B: the graph shows the mean 

values (±SEM, n=6-10) of number of particles of Orai1 from confocal images of myocytes 

under experimental conditions as in A. **p˂0.01. 

3.4 Pharmacological preconditioning and ROS production. 
 

Dzx opens mitoKATP channels and increases the rate of ROS production by mitochondria 

(Pain et al., 2000; Lesnefsky et al., 2017). Therefore, to assess whether dzx increase ROS 

production, ROS levels were measured with the cell-permeant fluorescent probe CM-

H2DCFDA and found that dzx increased ROS production within minutes. Figure 4 summarizes 

the results from several experiments, showing mean relative fluorescence values as a function 

of time. A significant increase in ROS production was observed in myocytes incubated in dzx 

containing solution compared with controls. 
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Figure 3.4. Pharmacological preconditioning and ROS production. The graph shows mean 

values (±SEM) of ROS production in control (open circles, n = 7) and PPC cardiomyocytes 

(filled circles, n = 7) as a function of time. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. 

3.5.The role of mitoKATP channels and ROS on upregulation of STIM1 

and Orai1 proteins by PPC 
 

To assess whether the increase in protein abundance of STIM1 and Orai1 proteins in PPC 

cardiomyocytes shown in Fig. 1 depends on ROS and on the opening of mitoKATP channels, 

we used the specific mito KATP channel blocker 5-HD and the ROS scavenger NAC in western 

blot experiments under the experimental conditions described in the legend. We found that 

STIM1 and Orai1 protein abundance remained unchanged in PPC cardiomyocytes that were 

pretreated with 5-HD or NAC, as shown in the representative immunoblots of Fig  5 A and C. 

Actin bands were used as standard for normalization of STIM1 and Orai1 bands. Results from 

several experimental replicates are summarized in Fig. 5 B and D.  
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Figure 3.5. Upregulation of STIM1 and Orai1 proteins by PPC depends on ROS and opening 

of mitoKATP channels. A: Representative western blots of STIM1 and actin of whole 

membrane fractions of ventricles. Lane a, control; lane b, Dzx; lane c, Dzx + 5-HD; lane d, 

Dzx + NAC. B: Mean values (± SEM, n=3-7) of normalized densities of STIM1 bands under 

the indicated experimental conditions. Actin was used as a loading control. C: Representative 

western blots of Orai1 and actin of whole membrane fractions of ventricles under experimental 

conditions as in A. D: Mean values (± SEM, n=4) of normalized densities of Orai1 bands under 

the indicated experimental conditions. Actin was used as a loading control. *p˂0.05, **p˂0.01. 
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3.6. The role of mitoKATP channels and ROS on STIM 1 distribution 

changes by PPC 
 

The possibility that mitoKATP channels and ROS also play a role in change in distribution of 

STIM1 by PPC was investigated next. Figure 6A shows representative immunofluorescence 

images of cardiomyocytes obtained under the experimental conditions indicated above images. 

Consistent with results shown in Fig. 2, PPC disrupted the distribution pattern of STIM1. 

However, the distribution pattern observed in control experiments was preserved when 5-HD 

or NAC were added to the Dzx-containing solution. This is shown in more detail after 

magnification of the areas indicated by yellow boxes shown below images. Mean fluorescence 

intensity values of the images shown in panel A are plotted in Fig. 6B and confirm the role of 

ROS and mitoKATP channels in the distribution changes of STIM1 by PPC. 
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Figure 3.6. Role of ROS and mitoKATP channels on STIM1 distribution changes by PPC. A: 

Upper panels, representative confocal images of myocytes under the indicated experimental 

conditions. Lower panels are enlargements of yellow boxed areas. Images show localization of 

STIM1 (red) with DAPI-labeled nuclei (blue). Calibration bars: 10 m. B: Plot fluorescence 

intensity profiles along the longitudinal axis of myocytes shown in A. 

3.7. The role of mitoKATP channels and ROS on localization of Orai 1 by 

PPC 
 

The possibility that mitoKATP channels and ROS also play a role in change in Orai1 by PPC 

was examined. Fig. 7A illustrates representative immunofluorescence images of Orai1 in 

cardiomyocytes incubated under the indicated experimental conditions. The increase in surface 

expression of Orai1 by PPC was completely abrogated by blocking mitoKATP channels with 

5-HD or using NAC. Similarly, the increase in the number of particles by PPC was blocked by 

the same compounds as shown in the graph of Fig. 7B that summarizes results from several 

experimental replicates. 
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Figure 3.7: Role of ROS and mitoKATP channels on  Orai1 distribution changes by PPC. A: 

Representative confocal images of myocytes under the indicated experimental conditions. 

Images show localization of Orai1 (green) with DAPI-labeled nuclei (blue). Calibration bars: 

10 m. B: Particle analysis of myocytes under the same conditions as in A. Illustrated are mean 

values of number of particles (± SEM, n=5-7). *p˂0.05. 

3.8. PPC and SGK 1 
 

The increase in protein abundance by PPC could be due to reduced degradation or increased 

synthesis or both. The possibility that decreased degradation could play a role was investigated 

by measuring the protein expression of SGK1, an enzyme that has been associated with an 

increase in the abundance of Orai1, disrupting its degradation (Lang et al., 2012), but no 

changes were observed (Fig.9 A and B). On the other hand, as expected from the western blot 

results, qRT-PCR experiments revealed no changes in the relative values of mRNA expression 

of SGK1 (Fig.9 C).  

 

Figure 3.8. PPC has no effect on SGK 1. A: Representative western blots of SGK1 and actin 

of cytosolic fractions from control and Dzx-treated hearts. B: Mean values of normalized 

densities of SGK1 bands. Actin was used as a loading control in panel A. C: Mean relative 

values (± SEM, n=4) of SGK1 mRNA from cardiomyocytes at the indicated incubation times 

in Dzx.   
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 3.9. Increased STIM1 protein levels produced by de novo protein synthesis 
 

The possibility that PPC increases the abundance of STIM1 proteins by de novo synthesis was 

further supported by experiments done with the protein synthesis inhibitor, CHX. Fig. 9A 

shows representative western blots of STIM1 and actin from cardiomyocytes under the 

experimental conditions described in the legend. The increase in STIM1 protein expression by 

PPC was blocked in part by CHX, which by itself had negligible effects on STIM1 abundance. 

Fig. 9B shows summarized results from several experiments as in A. CHX also blocked the 

changes in the distribution pattern of STIM1 produced by PPC. Fig. 9C shows representative 

confocal images of cardiomyocytes incubated under the experimental conditions indicated 

above panels. Enlarged images of selected areas of the same cardiomyocytes (yellow boxes) 

are illustrated in the lower panels. The change in the distribution pattern of STIM1 produced 

by PPC was prevented by CHX, which by itself had no effect on the distribution pattern. 
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Figure 3.9. The effect of PPC on STIM1expression and localization is prevented by CHX. A: 

Representative western blots of STIM1 and actin from myocytes incubated under the following 

experimental conditions: lane a, control; lane b:Dzx, lane  c: Dzx + CHX; lane d: CHX. B: 

Mean values of normalized densities of STIM11 bands (± SEM, n=6-10). Actin was used as a 

loading control. *p˂0.05. C: Upper panels, confocal microscopy images of myocytes under the 

experimental conditions indicated above panels. Images show localization of STIM1 (red) with 

DAPI-labeled nuclei (blue). Calibration bars: 10 m.  Lower panels are enlargements of the 

corresponding yellow boxed areas. 
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3.10. Increased STIM1 protein levels produced by de novo protein 

synthesis 
 

The effect of CHX on upregulation of Orai1 protein by PPC was investigated next. Figure 10 

A shows representative immunoblots of Orai1 and actin under the experimental conditions 

described in the legend. PPC increased the density of the band corresponding to Orai1, an effect 

that was completely prevented by CHX. CHX by itself had negligible effects on Orai1 

abundance. Actin was used as a loading control to normalize the values of Orai1 band densities. 

Results from several experiments as in Fig. 10A are summarized in the graph of Fig. 10B. 

Illustrated are mean values (±SEM) of the relative expression of Orai1. PPC had no effect on 

Orai1 abundance in the presence of CHX, confirming the hypothesis that the increase in the 

expression of Orai1 by PPC is related to de novo protein synthesis As expected from the 

western blot results, confocal microscopy revealed that CHX prevented the effects of PPC. 
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Figure 3.10. The effect of PPC on Orai1expression is prevented by CHX. A: Representative 

western blots of Orai1 and actin from myocytes incubated under the following experimental 

conditions: lane a, control; lane b:Dzx, lane  c: Dzx + CHX; lane d: CHX. B: Mean values of 

normalized densities of Orai1 bands (± SEM, n=4). Actin was used as a loading control. C: 

Confocal microscopy images of myocytes under the experimental conditions indicated below 

panels. Images show localization of Orai1 (green) with DAPI-labeled nuclei (blue). Calibration 

bars: 10 m. D: Mean values (± SEM, n=10) of number of particles under the indicated 

experimental conditions from experiments as in C.** p<0.01. *p˂0.05 . 
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3.11. PPC increases the mRNA expression of STIM1 and Orai1 
 

Based on the results of cycloheximide, we speculated that PPC increases the mRNA expression 

of STIM1 and Orai1. To test this possibility, the time course of the expression levels of mRNA 

of STIM1 and Orai1 from cardiomyocytes incubated in Dzx was measured with the qRT-PCR 

technique. We found a significant increase in the levels of STIM1 and Orai1 mRNA after 

preincubation with Dzx for 15 min. As shown in Figure 11A-B, overexpression of both 

messengers was transient and mRNA levels decreased below control values after 60 min of 

Dzx preincubation.   

 

Figure 3.11. PPC increases the expression of STIM1 and Orai1 mRNA. A-B: Mean relative 

values (± SEM, n=9-11) of STIM1 and Orai1 mRNA expression from cardiomyocytes 

incubated in Dzx at the indicated times (filled bars).  **p˂0.01. 

3.12. Regulation of Orai1 and STIM1 expression by PPC are mediated by 

the MAPK/ERK pathway  
 

We made the hypothesis that the MAPK (mitogen-activated protein kinases) /ERK pathway is 

involved in upregulation of Orai1 and STIM1 proteins by PPC. To test this hypothesis, we 

performed western blot experiments to detect possible changes in the abundance of pERK. 

Figure 12A shows representative western blots of pERK and actin under the experimental 
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conditions indicated in the legend. The density of the pERK band increased by PPC and this 

effect was prevented by the MAPK/ERK inhibitor UO126 which by itself decreased pERK 

abundance below the control level. The expression of actin remained unchanged in all 

treatments and was used to normalize the density values of pERK bands. Results from several 

experimental replicates are summarized in Fig. 12B, confirming that pERK expression 

significantly increased by PPC.  

             

Figure 3.12. PPC upregulates pERK. A: Upper panels, representative western blots of pERK 

of membrane fractions from whole ventricle extracts. Lane a, control; lane b, Dzx; lane c, Dzx 

+ UO126; lane d, UO126. Lower panels, the corresponding blots of actin used as loading 

controls. B: Mean values (± SEM, n=4-8) of normalized densities of pERK bands under the 

same conditions as in A. 

3.13. Regulation of Orai1 and STIM1 expression by PPC are mediated by 

the MAPK/ERK pathway is through ROS  
 

In other systems phosphorylation of ERK is mediated by an increase in mitochondrial ROS 

production that follows the opening of mitoKATP channels (Samavati et al., 2002). To assess 

whether this also holds true for cardiomyocytes, the abundance of pERK was measured in 

western blot experiments in lysates from total fractions of cardiomyocytes preincubated with 

5-HD or NAC. Fig. 13A shows representative western blots under the experimental conditions 



47 
 

indicated in the legend. Preincubation with Dzx increased the density of the pERK band, as 

described in (Fig. 12A-B) while in the presence of Dzx and 5-HD or Dzx and NAC, no such 

changes were observed (Fig. 13A). 5-HD and NAC by themselves had negligible effects on the 

expression of pERK. The graph in Fig. 13 B summarizes results from several experimental 

replicates as in A. The density values of pERK were normalized by the densities of the GAPDH 

bands that did not change by the treatments and were used as standard. 

 

Figure 3.13. PPC upregulates pERK through ROS.A: representative western blots of pERK 

and GAPDH. Lane a, control; lane b, Dzx; lane c, DZX + 5-HD; lane d, 5-HD; lane e, DZX + 

NAC; lane f, NAC. B: The graph shows mean values (±SEM, n=4-8) of the relative expression 

of pERK under the indicated experimental conditions. ** p<0.01. 

3.14. Regulation of STIM1 by PPC is mediated by the MAPK/ERK 

pathway 
 

The possibility that MAPK/ERK pathway is involved in up-regulation of STIM1 was checked 

by using MAPK/ERK inhibitor UO126. Preincubation in Dzx increased STIM1 expression 

(lane b) compared to the control (lane a) and this increase was blocked by UO126 (lane c) while 

the inhibitor had little effect on STIM1 expression by itself (lane d). Fig. 14B summarizes 
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results from several experimental replicates confirming the role of the pERK/MAPK pathway 

on STIM1 expression.  

 

 

                  

Figure 3.14. The MAPK/pERK pathway is involved in upregulation of STIM1 by PPC. A: 

Representative western blots of STIM1 and actin. Lane a, control; lane b, Dzx; lane c, Dzx + 

UO126: lane d, UO126. B: Mean values (±SEM, n=4-8) of the relative expression of STIM1 

under experimental conditions as in A.  

3.15. Regulation of Orai 1 by PPC is mediated by the MAPK/ERK pathway 
 

The possibility that MAPK/ERK pathway is involved in up-regulation of Orai 1 was checked 

by using MAPK/ERK inhibitor UO126. Preincubation in Dzx increased Orai 1 expression (lane 

b) compared to the control (lane a) and up-regulation of Orai1 expression by PPC was 

completely abrogated by UO126 (lane c).      



49 
 

 

Figure 3.15. The MAPK/pERK pathway is involved in upregulation of Orai 1 by PPC. A: 

Representative western blots of Orai1 and actin. Lane a, control; lane b, Dzx; lane c, Dzx + 

UO126: lane d, UO126. D: Mean values (±SEM, n=4-8) of the relative expression of 

Orai1under the indicated experimental conditions* p<0.05, **p<0.01. 

3.16. Regulation of STIM1 and Orai 1 distribution pattern by PPC are 

mediated by the MAPK/ERK pathway through ROS 
 

Confocal microscopy experiments also suggested the involvement of the pERK/MAPK 

pathway in the changes of the distribution pattern of STIM1 by PPC. Figure 16A shows 

representative confocal images of STIM1 under the experimental conditions described above 

images. UO126 completely suppressed the changes in the distribution pattern produced by Dzx 

as illustrated in the enlarged segments (yellow boxes) of the images. Likewise, UO126 also 

blocked overexpression of Orai1 by Dzx along the surface membrane of cardiomyocytes as 

shown in Fig. 16B. This was confirmed by evaluating the number of particles under each 

experimental condition as summarized in the graph shown in Fig. 16C.  
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Figure 3.16. Role of the MAPK/pERK pathway on changes in STIM1 localization pattern and 

upregulation of Orai1 by PPC. A: Upper panels: Confocal microscopy images of myocytes 

under the indicated experimental conditions. Images show localization of STIM1 (red) with 

DAPI-labeled nuclei (blue). Calibration bars: 10 m. Lower panels, amplification of the 

corresponding yellow boxed areas. B: Representative confocal images of cardiomyocytes 

under conditions as in A. Images show localization of Orai1 (green) with DAPI-labeled nuclei 

(blue). C: The graph shows the mean (±SEM, n=5-6) number of particles of Orai1 from 

confocal images as in B. * p<0.05. 
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3.17. PPC induces translocation of transcription factors NFkB and c-Fos 

into the nucleus 
 

The possibility that changes in the expression of SOCE components by PPC depend NFkB and 

c-Fos transcription factors was investigated next. We found that after 15-60 min preincubation 

in Dzx both factors were translocated to the nucleus by PPC, as illustrated in the representative 

confocal images shown in Figure 17A-B. Similar results were obtained in two separate 

experimental replicates.  

 

    

 

 

 

              

Figure 3.17. PPC induces translocation of transcription factors NFkB and c-Fos into the 

nucleus. A:  Confocal microscopy images of myocytes under the experimental conditions 

indicated above panels. Images show localization of NFkB (green) with DAPI-labeled nuclei 

(blue). B: Representative confocal images of cardiomyocytes under conditions as in A. Images 

show localization of c-Fos (green) with DAPI-labeled nuclei (blue). Calibration bars: 10 m. 
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3.18. Translocation of NFκB and c-Fos into the nucleus by PPC is mediated 

by ROS 
 

To check the possibility that ROS is involved in translocation of both transcription factors into 

the nucleus by PPC was checked by using ROS scavenger NAC and found that translocation 

of NFκB and c-Fos was completely blocked by NAC, suggesting the involvement of ROS. 

Similar results were obtained in two separate experimental replicates.  

 

Figure 18. PPC induced translocation of transcription factors NFκB and c-Fos into the nucleus 

is mediated by ROS. A:  Confocal microscopy images of myocytes under the experimental 

conditions indicated above panels. Images show localization of NFκB (green) with DAPI-

labeled nuclei (blue). B: Representative confocal images of cardiomyocytes under conditions 

as in A. Images show localization of c-Fos (green) with DAPI-labeled nuclei (blue). Calibration 

bars: 10 m 
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3.19. Translocation of NFκB and c-Fos into the nucleus by PPC is via 

MAPK/ERK pathway 

  
The possibility that MAPK/ERK pathway is involved in the translocation of transcription 

factors  NFκB and c-Fos  into the nucleus was checked by using MAPK/ERK inhibitor UO126. 

We found that after 15-60 min preincubation in Dzx both factors were translocated to the 

nucleus by PPC and the translocation was completely blocked by UO126 , suggesting the 

involvement of MAPK/ERK pathway. Similar results were obtained in two separate 

experimental replicates.  

 

 

Figure 19. that MAPK/ERK pathway is involved in the translocation of transcription factors  

NFκB and c-Fos  into the nucleus. A:  Confocal microscopy images of myocytes under the 

experimental conditions indicated above panels. Images show localization of NFκB (green) 

with DAPI-labeled nuclei (blue). B: Representative confocal images of cardiomyocytes under 
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conditions as in A. Images show localization of c-Fos (green) with DAPI-labeled nuclei (blue). 

Calibration bars: 10 m.  

4. DISCUSSION 
 

4.1. Up-regulation of Stim 1 and Orai1 by PPC 

  
In the present work we present the novel observation that both protein components of SOCE, 

stim 1 and Orai1, are upregulated by PPC. We also demonstrated for the first time in adult 

cardiomyocytes that Stim 1 and Orai1 expression are upregulated by ROS through the MAPK 

pathway. Upregulation of these two proteins was shown to be dependent upon de novo 

synthesis, as evidenced by the associated changes in the expression of their mRNA and protein 

abundance, with the protein synthesis inhibitor CHX (Rivera-Pagán et al.,2015) preventing 

upregulation of Stim 1 and Orai1. Moreover, we found no evidence that protein degradation 

pathway play an active role in upregulation of Stim 1 and Orai  regulation. Orai1 is a target of 

Nedd4-2, a ubiquitin ligase which prepares several plasma membrane proteins for degradation. 

STIM is similarly regulated by ubiquitination  (Keil et al.,2010). Phosphorylation of Nedd4-2 

by the SGK1(serum and glucocorticoid regulated kinase 1)  leads to binding of Nedd4-2 to the 

protein 14-3-3 thus preventing its interaction with Orai1 (Lang et al., 2012).  In the present 

work we found no changes in the expression of SGK1 in PPC. Rivera-Pagán et al in 2015 

demonstrated that the increase of TREK-2 protein expression requires De novo protein 

synthesis, while protein degradation pathways do not contribute to TREK-2 up-regulation after 

ischemic conditions. 

4.2. The effect ROS on up-regulation of Stim 1 and Orai1 

  
PPC-cardioprotection is mediated by mitochondrial ROS whose production increases by 

opening mitoKATP channels with drugs like Dzx (Garlid et al., 1997; Pain et al., 2000; 

Gonzalez, 2010). Dzx is known to increase the rate of mitochondrial production of ROS 
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(Forbes et al., 2001; Oldenburg et al., 2003; Pasdois et al., 2008; Gonzalez et al., 2010). 

Gonzalez et al. (2010) described that down-regulation of Cav1.2 channels is mediated by ROS 

and in the present study we found that opening of mitoKATP channels and ROS  

production are also required for overexpression of SOCE components since we observed that 

the specific blocker 5-HD (Hu et al., 1999;Garid et al.,1997; McCullough et al.,1991) and the 

ROS scavenger NAC completely abrogated the increase in Stim 1 and Orai1 protein expression 

by PPC. Previous study done in adult rat cardiomyocytes has shown that  5-HD inhibits cardiac 

ATP sensitive potassium channels. The open probability of the channel was reduced in the 

presence of 5-HD by suggesting that 5-HD is specific blocker of ATP sensitive potassium 

channel (McCullough et al.,1991). Several studies have shown that the 5-HD completely 

antagonized the effect of diazoxide (Hu et al., 1999; Garid et al.,1997; Gonzalez et al.,2010). 

We also found changes in the localization pattern of Stim 1 by PPC and previous observations 

in human osteosarcoma cells under hypoxia revealed translocation of Stim 1 to plasma 

membrane junctions in a ROS dependent manner (Mungai et al., 2011). 

4.3. Upregulation of STIM1 and Orai1 by PPC involves ROS activation of 

the MAPK signaling pathway 
 

ROS are important signaling molecules for activation of MAPKs. Several studies have 

demonstrated that ROS can induce activation of MAPK pathways. (Bae et al., 1997; Guyton et 

al., 1996; Sundaresan et al., 1995). The prevention of ROS by antioxidants also blocks MAPK 

activation indicating the involvement of ROS in activation of MAPK pathways (Guyton et al., 

1996).  Samavati et al in 2002 demonstrate that diazoxide can activate the ERK MAPK in THP-

1 cells and  this activation was inhibited in cells  pretreated with the oxygen radical scavenger 

NAC indicating the role of ROS in activation of MAPK pathway. 
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Figure 4.3.1. N-acetylcysteine (NAC) attenuates ERK activation mediated by diazoxide. 

Cells were preincubated for 90 min with 30 mM NAC. After 90 min, 100 µM diazoxide was 

added for indicated times.  

 

The activation of ERK is associated with cell survival and cell proliferation in response to 

growth factors (Seger and Krebs, 1995). In non-excitable cells depletion of intracellular Ca2+ 

stores by the SERCA inhibitor thapsigargin results in a time and concentration dependent 

activation of  ERK (Rosado and Sage, 2001) and opening of mitoKATP channels with Dzx 

increases phosphorylation of  ERK (Samavati et al., 2002). Involvement of ROS in MAPK 

activation during PPC of cardiomyocytes is supported by several observations. Firstly, 

phosphorylation of ERK increased following PPC, an effect that was blocked by 5-HD and 

NAC in the present study (Fig 13). Secondly, we found that PPC-induced overexpression of 

Stim 1 and Orai1 was blocked by UO126, a MAPK pathway inhibitor. Several studies have 

demonstrated that UO126 is a specific blocker of MAPK (Hotokezaka et al.,2002; Planz et 

al.,2001; Namura et al.,2001 ). Consistent with our observations, it has been reported that the 

opening of mKATP channels with Dzx increases phosphorylation of ERK in human monocytic 

cells (Samavati et al., 2002). ROS are activated by various stresses and prevented by 

intracellular antioxidants. When ROS production exceeds the capacity of the antioxidants, 

induces oxidative modification of MAPK signaling proteins, thereby leading to MAPK 
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activation. Potentially, ROS could activate MAPK pathways by oxidative modifications of 

MAPK signaling proteins and/or by inactivation of MAPK phosphatases.  (Son et al., 2011). 

  

Figure 4.3.2. Mechanisms for ROS-mediated activation of MAPK pathways. 

 

4.4. Upregulation of Stim 1 and Orai1 expression by PPC and SOCE 
 

Upregulation of Stim 1 and Orai1 by PPC would be expected to be accompanied by an increase 

in SOCE. Previous study have demonstrated that  mast cell activation is related to increased 

Ca2+ entry through SOCs. Ovalbumin stimulation increased intracellular ROS production in 

mast cells through activation of phosphoinositide 3-kinase (PI3K) pathway, which results in 

upregulation of the expression levels of Stim 1 and Orai 1, leading to increase in SOCE and 

subsequent mast cell activation (Yang et al.,2012)However, previous observations in 

cardiomyocytes showed a drastic decrease and not an increase in Ca2+ influx through SOCs in 

PPC cardiomyocytes. The reduction in Ca2+ influx by PPC was explained by ROS and Ca2+ 

dependent inactivation of Orai1 channels (Sampieri et al., 2019).  
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Figure 4.4.1. Decrease in  Ca2+ influx through SOCs in PPC (Sampieri et al.,2019). 

Our present results suggest that additional factors also contribute to a reduction in SOCE. For 

example, although PPC increased the expression of Stim 1, it completely disrupted its 

distribution pattern in the cardiomyocyte. Previous work has shown that the localization of 

Stim 1 resembles the distribution of the junctional SR along the Z-disk (Bonilla et al., 2019). 

We confirmed this distribution in control cardiomyocytes and found peaks of fluorescence 

evenly distributed along the longitudinal axis. Peaks were separated by a distance that is 

consistent with the sarcomere length. In PPC cardiomyocytes the number and size of particles 

associated to Stim 1 fluorescence increased but peaks of fluorescence were no longer regularly 

spaced. Furthermore, the stoichiometry between Orai1 and Stim 1 is critical for channel 

function. A ratio of 2 Stim 1s per 1 Orai1 is generally accepted (Hoover and Lewis, 2011; Yen 

and Lewis, 2019) and as evidenced by experiments in HEK cells, expressing Stim 1 and Orai1 

at varying ratios results in a highly non-linear, bell-shaped relation between Orai1 expression 

and the amplitude of SOC currents in which currents peak at a ratio ~ 2 Stim 1 per 1 Orai1 

(Fig.4.4.3 ) (Hoover and Lewis, 2011), leading to the paradoxical observation that increased 

Orai1 expression reduces SOCE (Yen and Lewis, 2019).  

 



59 
 

 

Figure 4.4.2. STIM-Orai complex stoichiometry for the regulation of store-operated 

calcium entry: Depletion of ER Ca2+ triggers STIM1 to accumulate at ER-plasma membrane 

junctions where it binds and activates SOCE. STIM1 is a dimer, and dissociation of Ca2+ from 

its two luminal domains associates STIM1 oligomerization. The CRAC channel is a hexamer 

of Orai1 subunits based on crystallographic and electrophysiological studies. STIM1 binding 

activates CRAC channels in a highly nonlinear way, such that all six Orai1 binding sites must 

be occupied to account for the activation. STIM1 dimers bind to individual or pairs of Orai1 

subunits (Yen and Lewis, 2019).  
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Figure 4.4.3. CRAC channel activity is a highly nonlinear function of Orai expression. 

Reduced level of STIM lowers the threshold for Orai-induced suppression of SOCE. After 

store depletion, Ca2+ influx rates were measured on Ca2+ readdition in cells with moderate 

(circles) or low (triangles) levels of mChSTIM.  

This paradox has been explained by an excess of Orai1 competing for a limited number of Stim 

1 proteins. Our western blot experiments showed that in PPC cardiomyocytes Stim 1 and Orai1 

protein expression increased by a similar amount and therefore a deficit in the number of Stim 

1 proteins would be expected. This would result in a deficient activation of Orai1 channels and 

therefore in a decrease of SOCE. A reduction in SOCE is likely beneficial under conditions of 

ischemic stress. The SR Ca2+ content is markedly depleted in intact hearts subjected to I/R 

(Valverde et al., 2010) which would be expected to be followed by activation of SOCE.  

 

 

Figure 4.4.4. The increase in diastolic Ca2+ is the mirror-like image of the decrease in SR- 

Ca2+ content. Overall results of Mag-fluo-4 fluorescence (upper panel) in pre-ischaemia and 
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reperfusion. Results of Rhod-2 obtained in experiments from the same group (lower panel) are 

shown for comparison. Changes in diastolic level of Rhod-2 fluorescence are expressed as 

percentage of the pre-ischaemic diastolic value. As shown, the recovery profile of SR- Ca2+ 

(Mag-fluo-4) was a mirror-like image of cytosolic Ca2+ (Rhod-2) (Valverde et al., 2010).  

A decrease in SOCE by PPC would mitigate the drastic increase in cytosolic Ca2+ caused by 

ischemia that is associated to cell death allowing protection of the heart from ischemic insults. 

 

Figure 4.4.5. The mechanisms of Ca2+ signaling in regulating cell death. Upon apoptotic 

stimulation, an increase of Ca2+ in the cytosol is generated via Ca2+ release from the ER or Ca2+ 

influxes from the extracellular medium. These excessive Ca2+ ions then bind to Ca2+ dependent 

enzymes, such as calpain and calcineurin, by activating their downstream targets including the 

Bcl-2 family proteins. Alternatively, the released Ca2+ is directly taken up by mitochondria 
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through mitochondrial Ca2+ uniporter (MCU). Mitochondrial overload with Ca2+ releases 

cytochrome c into cytosol. All these events lead to apoptosis. (Guo et al., 2005) 

4.5. Role of NFB  in upregulation and ROS of Stim 1 and Orai1 

expression 
 

Several lines of evidence suggest that the increase in expression of Stim 1 and Orai1 by PPC 

involves the protein complex NFB. Firstly, our experiments demonstrated translocation of 

this nuclear factor into the nuclei of PPC cardiomyocytes and both translocation and 

upregulation of Stim 1 and Orai1 were related to ROS elevations since they were blocked by 

NAC. Second, Promoter region of Orai 1 has binding sites  for several transcription factors  

such as Pax-4a, c-Rel, CUTL1, FOXO1, RelA, NFB, and RSRFC4  whereas Stim1 has AP-

1, NFB, SRF, c-Fos, c-Jun, hepatic  nuclear factor 1 (HNF1), and POU2F1.Among the several 

regulators of Stim 1 and Orai1 expression, NFB  is common to both. (Niemeyer, 2016).Work 

done in mast cells and heterologous expression systems has demonstrated binding of NFB  to 

specific sites of the promoter regions of STIM1 and Orai1 genes increasing transcription. 

Inhibition of the NFB  by Wogonin or silencing of NFB subunits p65, p50, or p52 decreased 

Stim 1 and Orai1 at mRNA level while overexpression of NFB increased Stim 1 and Orai1 

mRNA  (Eylenstein et al., 2012).   

 

Figure 4.5.1. NFB binding sites to the promoter region of Stim 1 and Orai 1. analysis of 
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the DNA sequence of STIM1 transcriptional start site (S1) and Orai1 transcriptional start site 

(O1 and O2) revealed putative  NFB   binding sites (italic, underlined) is shown. 

Although the targets of ROS remained to be identified, several possibilities may be suggested. 

It has been previously demonstrated in non-excitable cells that ROS activate SGK1 (Eylenstein 

et al., 2012). This enzyme is located upstream of NFB  (Kobayashi and Cohen, 1999; Prasad 

et al., 2000) and is expressed in adult cardiomyocytes (Kobayashi et al., 1999). However, it has 

been recently demonstrated that glucocorticoid stimulation increases SGK1-dependent SOCE 

activation but decreases mRNA expression of Orai1 in rat cardiomyocytes (Wester et al., 

2019), while in our present experiments we observed a ROS-dependent upregulation of Orai1 

mRNA in PPC cardiomyocytes. Other alternatives to explain the action of ROS on 

translocation of NFB include:1.Activation of NFB by oxidation (Oeckinghaus and Ghosh, 

2009). Micromolar amounts of hydrogen peroxide were found to activate NFB  in lurkat T 

cells and HeLa cells whereas variety of antioxidative have been reported to potently suppress 

the activation of NFkB (Schreck et al.,1991). 2. The interaction of ROS with NFB  at several 

locations within the signaling pathway(Morgan and Liu, 2011). A distinct redox regulation of 

NFB between cytoplasm and nucleus have been reported. ROS stimulates the NFB pathway 

in the cytoplasm whereas it inhibits NFB activity in the nucleus. ROS can be involved in both 

the activation and the  inhibition of NFB signaling (Kabe et al.,2005).  3. In many cases ROS 

activate NFB through phosphorylation of proteins like IkBa that binds to NFB. Exogenously 

added H2O2 regulates NFκB activation through alternative phosphorylation of IκBα (Takada et 

al.,2003). Further research is needed to elucidate the detailed mechanism through which ROS 

activate NFB  in PPC cardiomyocytes. 
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 4.6. The involvement of pERK and c-Fos in upregulation of Stim 1 and 

Orai1 by PPC and  role of ROS 
 

Our experiments demonstrated that upregulation of Stim 1 and Orai1 by PPC also involves 

activation of the MAPK signaling pathway by ROS. These important signaling molecules have 

been shown to activate MAPKs in smooth muscle and other systems (Sundaresan et al., 1995; 

Guyton et al., 1996; Bae et al., 1997; Son et al., 2011). Involvement of ROS on MAPK 

activation during PPC in cardiomyocytes is supported by the following observations: Firstly, 

phosphorylation of the mitogen-activated protein kinase (MAPK) ERK increased by PPC, an 

effect that was blocked by 5-HD and NAC. Secondly, overexpression of Stim 1 and Orai1 by 

PPC was blocked by UO126, an inhibitor of MEK in the upstream activation of MAPK. 

Consistent with our observations, it has been previously reported that opening of mitoKATP 

channels with Dzx increases phosphorylation of ERK in a human monocytic cell line (Samavati 

et al., 2002). The mechanisms by which ROS can activate MAPK pathways include oxidative 

modifications of MAPK signaling proteins and inactivation of MAPK phosphatases (Son et al., 

2011). Among the several molecules downstream ERK, the immediate early gene c-Fos plays 

a prominent role (Plotnikov et al., 2011). In this study, we also observed translocation of c-Fos 

to the nucleus of PPC cardiomyocytes which depended on ROS and ERK, as suggested by the 

action of NAC and UO126. The role of ROS on c-Fos translocation is consistent with previous 

observations in cultured neonatal cardiomyocytes showing that H2O2 treatment rapidly 

increases the expression of c-Fos (Cheng et al., 1999). Furthermore, the promoter region of the 

STIM gene has a putative c-Fos binding site (Fig. 4.6.1) (DebRoy et al., 2014).  
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Figure 4.6.1. AP1 (c-Fos, and c-Jun) binding site to the STIM1 promoter. The putative 

nucleotide sequence identified in the 5-regulatory region of human (A) and mouse (B) STIM1 

genes. Nucleotides are numbered relative to the transcription start site as 1. Potential consensus 

sequences for the transcription factors NF-B and AP1 are indicated in boldface and are 

underlined. 

Previous work in endothelial cells has revealed that STIM1 is upregulated during sepsis, its 

expression depends on the cooperative action between NFB and p38, another MAPK. 

Bacterial endotoxin induces time-dependent binding of NF-B and c-Fos to Stim 1 promoter 

(DebRoy et al., 2014). Silencing of c-Fos markedly reduces Stim 1 overexpression indicating 

a key role of this transcription factor in the regulation of Stim 1 expression (Fig.4.6.2) (DebRoy 

et al., 2014). Taken this background into consideration, it is plausible that c-Fos also 

upregulates Stim 1 in adult cardiomyocytes during PPC. 
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Figure 4.6.2. c-Fos is required for LPS induced STIM1 expression. HLMVE cells were 

transfected with control, siRNA (Sc-siRNA) or c-Fos-siRNA. After transfection, cells were 

exposed to LPS for indicated time periods. 

4.7. Cav1.2 channels and SOCs 
 

Voltage and store-operated Ca2+ channels are the major routes of Ca2+ influx in mammalian 

cells. In cardiomyocytes, the influx of Ca2+ through voltage-activated Cav1.2 channels is 

crucial for excitation-contraction coupling (Bers, 2002). Cardiomyocytes also express the Ca2+ 

sensor Stim 1 and Orai1, its associated Ca2+ channel, both components of SOCE (Saliba et 

al.,2015; Hulot et al.,2011). Previous work has shown a coordinated regulation between Cav1.2 

channels and SOCs. When Stim 1 is activated it binds to the C-terminus of Cav1.2 channels, 

inhibits gating  and causes internalization of the Cav1.2 channel (Park et al., 2010, Wang et al., 

2010). Gonzalez et al in 2010  have demonstrated that PPC brings about a decrease in the 

expression of Cav1.2 channels while the opposite is true for SOCs as our present observations 

indicate. However, increased expression of Stim 1 and Orai11 by PPC appears not to be directly 

related to down-regulation of Cav1.2 channels by preconditioning. This is because down-

regulation of the voltage activated Ca2+ channel is due to increased degradation of the principal 
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subunit of the channel (Gonzalez et al., 2010), while in the present experiments, changes in the 

expression of Stim 1 and Orai1 were related to de novo protein synthesis. 

CONCLUSION  
 

• Pharmacological preconditioning increases the expression of Stim 1 and Orai 1. 

• An increase in the expression of STIM 1 and Orai 1 in preconditioning is mediated by 

ROS. 

• Up-regulation of STIM 1 and Orai 1 involves increased mRNA levels and de novo 

synthesis of proteins. 

• PPC produces de novo synthesis of STIM1 and Orai1 by a mechanism that involves 

NFkB, c-Fos, and ROS via MAPK/ERK signaling. 
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6. APPENDIX  
 

A. Preliminary data shows that PPC increases NFκB 
 

The protein level of transcription factor NFκB was determined in nuclear fraction by using 

Western blot and found that the expression of NFκB increases by PPC.  

                          

 

Figure A1. An increase in NFκB by PPC . A: Upper panels, representative western blots of 

NFκB of nuclear fractions from cardiomyocytes. Lower panels, the corresponding blots of actin 

used as loading controls. 

B. Glycosylation pattern in Orai 1 
 

The molecular weight of Orai 1 is 33 kDa but in our study we found Orai 1 at 55 kDa and we 

always have been observing multiple banding in Orai 1. To confirm the non-specific binding 

of Orai 1 we have used two different antibodies from Abcam and Thermofisher where in both 
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we have got consistent multiple banding and the most abundant band was at 55 kDa (Figure 

B1 A-B). This was again confirmed by using liver sample as a positive control (Figure B1 C).  

Dorr et al in 2016 reported that multiple banding in Orai 1 is because of Glycosylation. We 

also have analysed total glycosylation sites in adult rat by using NetOGlyc 4.0 Server and found 

that there are total 16 glycosylation sites of Orai 1 present in rat (Figure B2).  To test whether 

glycosylation was primarily responsible for the variations in the band pattern, we compared 

protein lysates before and after treatment with peptide N-glycosidase F (PNGase F), an amidase 

that cleaves off the innermost N-acetylglucosamine, thereby removing all N-glycans.  Indeed, 

treatment with PNGase  reduced the patterns to bands with molecular mass of ~33kDa and the 

intensity of band at 55 kDa is also reduced, suggesting that in these cells, Orai1 may be 

subjected to additional posttranslational modifications (Figure B3). 

                                                                                                                   

 

Figure B1. Multile banding in Orai 1. A-C:  Representative western blots of Orai 1 of whole 

membrane fractions from control (lane a) and Dzx-treated hearts (lane b) and liver sample (lane 

c). 
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Figure B2. Glycosylation sites of Orai 1 in Rat 

                        

Figure B3. De-glycosylation of Orai 1 by PNGase (Peptide -N-Glycosidase). Upper panels, 

Representative western blot of Orai 1 of whole membrane fractions from control heart. Lane 

1-Without denaturation, Lane 2-Denatured without enzyme, Lane 3-Denatured with enzyme. 

Lower panels, the corresponding blots of actin used as loading controls. 
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C. Stim1 and Orai1 colocalization 

  
Stim1 interacts with Orai1 to activate SOCE. To check whether Stim 1 interacts with Orai1 in 

PPC, dual staining experiments were done by using confocal microscopy. We also checked the 

possible interaction of Stim 1 and Orai1 by depleting intracellular Ca2+ store. To deplete the 

intracellular Ca2+ store we had used thapsigargin (Tg), an inhibitor of SERCA.  

The colocalization of two proteins is demonstrated by the yellow staining as showed in 

enlarged panels (Fig C2). Images were analyzed for colocalization utilizing the Pearson’s 

Correlation. Pearson’s Correlation of both increased after store depletion with Tg. This 

increased colocalization is expected to increase the opportunity for physical interaction 

between Stim 1 and Orai1, resulting in activation of calcium influx through Orai1. Whereas, 

the Pearson’s Correlation of Stim1 and Orai 1 seems to be decreasing after PPC. However, 

recent studies from our lab reported that PPC decreases SOCE (Sampieri et al.,2019).  Based 

on colocalization results, decrease in physical interaction of Stim 1 and Orai1 in PPC could 

reduce SOCE.  
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Figure C1. Stim 1-Orai1colocalization. Confocal microscopy images of cardiomyocytes under 

control condition, after Tg and  PPC. Left panels: Images show colocalization of STIM1 (red) 

Control 

Tg 

Dzx 
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with Orai1 (green).Right panels: Analysis of the colocalization of Stim 1 and Orai1 by 

Pearson’s Coefficient.    

 

 

 

   

    

 

Figure C2. Zoomed confocal images of cardiomyocytes after Tg and  PPC. Images show 

colocalization of STIM1 (red) with Orai1 (green). 

D. Calmodulin is involved in disruption of Stim 1 in PPC  
 

Li et al in 2017 have reported that the binding of calmodulin to the Stim 1 disrupts the Stim1-

Orai1 complex by disassembling Stim1 oligomer and inhibits SOCE. Based on this we made 

hypothesis that change in distribution of Stim1 in PPC is because of disassembling of Stim1 

oligomer and calmodulin is involved in this. To test this hypothesis, an inhibitor of calmodulin 

W-7 was used. PPC disrupted the distribution pattern of STIM1. However, the distribution 

Stim 1 Orai1 Merge 

Tg 

Dzx 
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pattern observed in control experiments was preserved when W7 was added to the Dzx-

containing solution. This is shown in more detail after magnification of the selected areas of 

the same cardiomyocytes shown below images (Fig D).  

 

 

Figure D. Immunofluorescence images show the cellular distribution of STIM 1 in 

cardiomyocytes with control or with Dzx or with Dzx+W7 (30 min with W7 (30µM) followed 

by 90 min with Dzx in same solution) or with Control+W7 (30 min with W7 (30µM) followed 

by 90 min with tyrode solution). Enlarged images of selected areas of the same cardiomyocytes  

are illustrated in the lower panels. 

E. Intracellular Ca2+ plays a role in change in localization of Stim 1 and 

Orai 1.  
 

Sampieri et el in 2019 reported that inactivation of SOCE in PPC depends on intracellular Ca2+. 

The possibility that intracellular Ca2+ could play a role in change in localization of Stim 1 and 

Orai 1 was investigated by using a cell-permeant Ca2+ chelator BAPTA-AM. PPC disrupted 

the distribution pattern of STIM1. However, the distribution pattern observed in control 

experiments was preserved when BAPTA-AM was added to the Dzx-containing solution. This 
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is shown in more detail after magnification of the selected areas of the same cardiomyocytes 

shown below images (Fig E1). Fig.E2 illustrates representative immunofluorescence images of 

Orai1 in cardiomyocytes incubated under the indicated experimental conditions. The increase 

in surface expression of Orai1 by PPC was completely abrogated by BAPTA-AM. Based on 

these results we confirmed that changes in  Stim 1 and Orai 1 by PPC are related to intracellular 

Ca2+. 

 

 

Figure E1. Immunofluorescence images show the cellular distribution of STIM 1 in 

cardiomyocytes with control or with Dzx or with Dzx+BAPTA-AM (30 min with BAPTA-

AM (30µM) followed by 90 min with Dzx in same solution. Enlarged images of selected areas 

of the same cardiomyocytes  are illustrated in the lower panels. 
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Figure E2. Immunofluorescence images show the cellular distribution of Orai 1 in 

cardiomyocytes with control or with Dzx or with Dzx+BAPTA-AM (30 min with BAPTA-

AM (30µM) followed by 90 min with Dzx in same solution. 
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