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ABSTRACT 

 
Open heart surgery is often an unavoidable procedure for treatment of cardiovascular disease. 

Myocardial Ischemia-Reperfusion Injury (MIRI) can occur as a result of cardiopulmonary 

bypass which is required in open heart surgery. The multifaceted mechanisms of MIRI involve 

the generation of pro-inflammatory mediators and increase in reactive oxygen species (ROS), 

resulting in damage to proteins, lipids, and DNA, ultimately impacting postoperative cardiac 

performance and complications. Nf-E2 related factor-2 (NRF2), a basic leucine zipper 

transcription factor, is regarded as one of the most important regulators in antioxidant pathways. 

NRF2 binds to and activates the Antioxidant Response Element (ARE) in the promoters of many 

antioxidant and detoxification genes. Mechanism of NRF2 activation involves de novo protein 

translation, or protein stabilization due to dissociation from KEAP1 and other alternative 

mechanisms. 

 

We addressed whether or not cardioplegic solutions induce the activation of NRF2, therefore 

serving to protect the myocardium from MIRI. We next investigated the specific components of 

cardioplegic solution playing critical roles in NRF2 activation and the precise underlying 

mechanism. We used adult cardiomyocytes in culture to test whether or not five different types 

of cardioplegic solutions and their key ingredients induce NRF2. We tested routine laboratory 

cell culture at 37C. Our data showed that Del Nido and High K cardioplegic solution caused 

increases in NRF2 protein levels under cell culture. We found that the combination of K+ and 

Ca2+ included in those cardioplegic solutions play an essential role in induction of NRF2. ARE 

luciferase reporter assay confirmed NRF2 activation as a transcription factor by the cardioplegic 

solutions and K+ in the presence of Ca2+.  Our data supports that cardioplegic solutions can be 
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cardiac protective via the activation of NRF2 and the results also indicate among cardioplegic 

solution compositions, K+ and Ca2+ play an essential role in activation of NRF2.  

 

 
 

INTRODUCTION 

Cardiac Myocyte Function & Physiology Background 

Cardiac muscle cells, i.e. cardiomyocytes, are the contractile unit in the myocardium responsible 

for pumping the blood throughout the circulating systemic. In adult hearts, cardiomyocytes shape 

in rods sometimes with branches and connect with each other to form long fibers.  They pack 

tightly into long fibers with gap junction for cell-cell communicate. Histologically, these cells 

appear striped or striated, because of their content of myofibrils, concatenated sarcomeres, for 

contractile function.  The myofibers are fundamental contractile mechanical unit comprised of 

overlapping thin and thick filaments.  

 
 
 
The sarcoplasmic reticulum, an organelle responsible for storage and shuttling of Ca2+, wraps 

around the myofibrils. The sarcolemma, also called myolemma, is the cell membrane that makes 

periodic deep invaginations into the cells, named t-tubules.  

 

Ca2+ is an essential component to initiate actin-myosin cross bridge cycling and cell contraction. 

In the presence of Ca2+, tropomyosin is bound to troponin, which has three subunits: troponin C 

(TnC), troponin T (TnT), and troponin I (TnI). TnC binds to Ca2+, thus sensing the ‘switch’ of 

cytoplasmic Ca2+ increase during an action potential. TnC Ca2+ binding induces protein 

conformational changes that result in tropomyosin being pulled away, revealing the myosin 
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binding-sites on actin, thus allowing cross bridge cycling to occur when ATP is available. In the 

absence of Ca2+, the myosin binding sites on actin in thin filaments are covered by tropomyosin 

such that they are inaccessible to myosin. 

 

Ventricular myocytes are responsible for pumping the blood for systemic and pulmonary 

circulation.  The phases of a typical ventricular muscle cell action potential and the need for 

synchronicity as well as the energetic demands are illustrated as below (Figure 3) (45). These 

changes are mediated by the stepwise and synchronous opening and closing of ion channels, 

which is initially triggered by primary pacemaker cells, the sinoatrial node (SAN) cells, and 

propagated throughout the myocardium via gap junctions.  
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Figure 1: Typical ventricular muscle cell action potential phases 

Phase 4 is a resting phase (-90mV) due to ta constant outward leak of K+ (IK1) through inward 
rectifier channels.  At this time, fast-sodium channels and slow Ca2+ L-type channels are closed. 
An action potential triggered in a neighbouring cardiomyocyte or pacemaker cell causes the 
membrane potential to rise above -90 mV, causing fast sodium channels start to open one by one 
and further raising membrane potential up to -70mV, initiating all-or-none depolarization (Phase 
0) by inducing large fast sodium channel (INa) to open and K-leak channels to close. L-type (‘long 
lasting”) Ca2+ channels ((ICa(L) open at -40mV. Phase 1 signifies closing of the fast-sodium 
channels and opening of a distinct outward K+ channel (IKto), causing a slight repolarization that 
appears as a “notch” in the action potential. Phase 2 is driven by sustained opening of L-type 
Ca2+ channels, causing constant inward current of Ca2+, which is balanced by outward current of 
K+, creating a plateau in the action potential. Excitation-contraction coupling occurs at this time, 
as Ca2+-induced Ca2+ release from the sarcoplasmic reticulum facilitates actin-myosin 
crossbridge cycling. L-type Ca2+ channels spontaneously close, K-leak channels reopen, and the 
cell repolarizes in phase 3. 
 
 

 

 
 

The figure below (Figure 4) summarizing the cardiac depolarization, excitation-contraction 

coupling, and repolarization rounds out our baseline review of cardiac physiology.  
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Figure 2: Schematic diagram 

L-type Ca2+ channels open at -40mV. Increased sarcoplasmic Ca2+ concentration causes 
Ca2+-induced Ca2+ release from the sarcoplasmic reticulum via RyR (Ryanodine receptor).  
Massive cytosolic Ca2+ binds to troponin C on the thin filaments, moving tropomyosin to 
reveal myosin binding sites on the actin to permit contraction. Repolarization occurs when ion 
homeostasis turns re-established via the Sodium-Ca2+ exchanger, ATP-dependent Ca2+ 
sequestration through SERCA (Sarco/Endoplasmic Reticulum Ca2+ ATPase), and sodium-
K+ ATPase.  

 

 

The history and development of Cardiopulmonary Bypass 

Cardiopulmonary bypass (CPB) surgery usually involves perfusion of cardioplegic solution to 

achieve a relaxed and none-beating heart with a blood-free operation field induced by global 

myocardial ischemia via clamping the aorta. During the surgery, the blood that usually returns 

to the heart is temporarily directed outside the body from superior and inferior vena cava, 

bypassing the heart and lung. In most cases, the bypass is accomplished by inserting a cannular 

safely into the superior and inferior vena cava for venous return and into the aortic root prior to 

the application of the aortic cross-clamp for giving cardioplegia for cardiac arrest. The cross-

clamp is applied distal to the root cannula and proximal to the systemic arterial cannula. After 
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clamping the aorta, an elective temporary cardiac arrest is induced by quick infusion of 

cardioplegic solution into the aortic root, resulting in the closure of aortic valve, and direct 

infusion into the coronary arteries. As a result, the heart is arrested temporarily due to 

depolarization and myocardial metabolism is minimized by induced ischemia. After removing 

the cross-clamp, blood flows to the heart and lung is restored (Figure 5) 

 

 

 

Figure 3: Cardiopulmonary bypass and Cardioplegia 

Venous drainage is accomplished with separate venous cannula for the superior vena cava 
(SVC) and inferior vena cava (IVC). Oxygenated blood is infused via the arterial cannula 
positioned at the junction of the ascending aorta and aortic arch. The cross clamp has been 
applied isolating the coronary arteries for delivery of cardioplegia via a cannula in the proximal 
ascending aorta. Left ventricular distension is avoided by placing a left ventricular (LV) vent 
through the junction of the right superior pulmonary vein and left atrium, advancing it across 
the mitral valve into left ventricle. 
 

 

 

The extracorporeal heart-lung operation was first successfully performed on May 6 1953 by Dr 

J Gibbon to close an atrial septal defect(Hill, 1982).  This generated an explosion of technological 
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progress in cardiac surgery and has changed the whole spectrum of our approach to heart surgery 

as it has become routine due to the advancement in the technique and instrument. A milestone in 

July 1955(Passaroni, Silva, & Yoshida, 2015) marked the improvement in the design and 

function of extracorporeal pumps and bubble oxygenators. Despite technical refinements in CPB 

over the decades, and the surgery has saved millions of lives, CPB is widely perceived to produce 

a variety of adverse side effects, with “oxidative stress” and “ inflammation” playing the 

predominant roles(Zakkar, Guida, Suleiman, & Angelini, 2015). These undesirable side effects 

may potentially contribute to organ dysfunction and complications during recovery (Clermont et 

al., 2002). 

 
 

 Mechanisms of Myocardial Injury Related to CPB 

Mechanical trauma during surgery, aortic cross-clamping and CPB manipulation can produce 

myocardial stress. Two main sources of myocardial injury are systematic inflammatory response 

and ischemic reperfusion.  CBP provokes a robust systemic inflammatory response, due to 

exposure to a complex set of non-physiological and non-endothelia surfaces such as cannular, 

tubing set, reservoir, antifoaming agents, filters, pumps, heat exchangers and oxygenators 

(Clermont et al., 2002). Excluding the heart from the systemic circulation then restoration of 

blood flow to the ischemia tissue can cause the incidence of Myocardial Ischemia-Reperfusion 

Injury (MIRI) (Baufreton, Corbeau, & Pinaud, 2006; Ferrari et al., 1991; Kirklin & McGiffin, 

1987). Clinically, MIRI injury can manifest as arrhythmia, low cardiac output, perioperative 

myocardial infarction and myocardial stunning after cardiac surgery. Histologic evidence of 

MIRI is detected during autopsy in 25%-45% of patients(Weman, Karhunen, Penttila, Jarvinen, 

& Salminen, 2000).  
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Ischemia causes metabolic changes involving depletion of cellular adenosine triphosphate (ATP), 

and accumulation as well as secretion of anaerobic metabolic products. Reperfusion can produce 

an array of events such as: generation of oxygen free radicals, loss of cation homeostasis, 

depletion of energy stores, and subcellular remodeling. In continuity of this response, oxidative 

stress may be initiated and stimulated by multifaced factors, resulting in a series of events 

ultimately lead to cell death or cell degeneration via decreases in mitochondrial capacity(Ott, 

Gogvadze, Orrenius, & Zhivotovsky, 2007). 

 

 

Oxidative stress, defined as a “disruption of redox balance and control”, can be induced during  

CPB via over production of reactive oxygen species (ROS) or reduction of antioxidant reservoir 

due to structural and functional modifications (Berg et al., 2006). Disturbance of the intracellular 

redox homeostasis can lead to cell death or cell degeneration (Case, Ingram, & Haneline, 2008). 

ROS exert their damaging effects attaching macromolecules, causing (i) lipid peroxidation, (ii) 

oxidation of proteins or (iii) damage to DNA(Goodyear-Bruch & Pierce, 2002) (Figure 6). 
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Figure 4: Simplified mechanism of oxidative stress, cellular RNOS generation and 
antioxidant action of SOD and GPx. 

O2: superoxide radical; H2O2: hydrogen peroxide; ONOO.: peroxy radical; OH: hydroxyl 
radical; NO: nitric radical; SOD: superoxide dismutase; GPx: glutathione peroxidase; GSH: 
glutathione; GSSH: oxidised glutathione; GSSG-R: glutathione reductase. 

 

The demographics of cardiothoracic surgery patients has changed with surgeons operating on 

older and sicker patients who have severe and diffuse disease such as underlying diabetes, 

chronic kidney or atherosclerosis.  These patients in general have elevated baseline of 

inflammatory cytokines and oxidative stress before open heart surgery (Giustarini, Dalle-Donne, 

Tsikas, & Rossi, 2009; Karu et al., 2010; Small, Coombes, Bennett, Johnson, & Gobe, 2012). 

An increasing body of evidence indicates that oxidative stress plays a major role in post operation 

complications such as actuate lung injury (ALI), postoperative atrial fibrillation (POAL) and 

acute kidney injury (AKI) (Billings, Ball, Roberts, & Pretorius, 2011; Chow, Herrera Abreu, 

Suzuki, & Downey, 2003; Giustarini et al., 2009)(Figure 7).  
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Figure 5: Adverse effects caused by oxidative stress. 

Oxidative stress initiated by catecholamines, complement system, oscillated cytokines from 
activated neutrophiles, free oxygen radicals released during ischemia-reperfusion period, 
endothelium damage, kallikrein cascade, endotoxine oscillation [4] and stimulated by factors 
such as systemic heparinization, nonpulsatile current, removal of blood stream by cross 
clamping, anaesthetic drugs, reperfusion, acute dilutional anaemia, perfusion pressure, stream 
changes and lungs being out of circulation, play an important role. CPB: cardiopulmonary 
Bypass; SIRS: systemic inflammatory response syndrome; I-R: ischemia-reperfusion; POAF: 
postoperative atrial fibrillation; AKI: acute kidney injury; ALI: acute lung injury; RNOS: 
reactive nitrogen and oxygen species; AOX: antioxidants. 
 
 

 
 
 

Hence, methods of protecting the organs and preventing injury to the myocardium whilst the 

surgeon operated upon are highly significant.  

 

The primary methods of myocardial protection during CPB remains elicitation of a 

diastolic arrest by establishing a less negative resting membrane voltage (-85 mV to -50 mV), 

which is therefore termed “depolarized” arrest (Chambers & Fallouh, 2010). This shift locks the 

transmembrane gradient at a voltage that exceeds the sodium channel threshold (around -70 mV), 

preventing sodium-induced rapid spike of the action potential (Oliveira et al., 2014).  
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Normally, the K+ concentration for hyperkalemic cardioplegic solution should be maintained 

between 10 mmol/L and 30 mmol/L extracellularly, which is equivalent to a membrane potential 

of approximately -70 mV to -35 mV for sodium-channel inactivation threshold and L-type Ca2+ 

channel activation threshold in order to achieve diastolic arrest of the heart while minimize Ca2+ 

uptake into the myocytes ( Figure 8)(Chambers & Fallouh, 2010). However, hyperkalemia is 

associated with both Ca2+ loading and sodium buildup inside the cardiac myocytes since non-

inactivating “window” current occurs at the membrane potentials induced by the range of K+ 

concentration (Figure 9)(Chambers & Fallouh, 2010). As a consequence, abnormal myocardial 

ionic gradients and a reduced myocardial recovery may occur.   

 

Figure 6: Relationship between extracellular K+ concentration and the member 
potential. 

Normally, the extracellular K+ should sit between this relatively safety narrow threshold 
(around -35 mV) (26).  
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Figure 7: The sodium “window’ current. 

The sodium “window” current occurs at the membrane potentials between -60 mV and -20 mV. 
The differential activity rates of the channel “gates” at these potentials cause non-inactivating 
“window” currents (26).  
 

 

Cardioplegic solutions 

A multitude of different cardioplegic solutions have been formulated since the beginning of CPB 

surgery. The composition of the cardioplegia involved in this project is shown in Table 1.  
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Table 1: Composition of cardioplegic solutions.  Prior to the PH correction with sodium 
bicarbonate 

Items Del Nido HK LK HTK Celsior 

Mannitol 3.26 g (20%) 0 0 30.0 mM 60.0 mM 

Magnesium 

chloride 

2 g (50%) 32.0mEq/L 3.0mEq/L 4.0 mM 13.0 mM 

Sodium 

bicarbonate 

13.0mEq/L 

(8.4%) 

20.0mEq/L 

(8.4%) 

20.0mEq/L 

(8.4%) 

0 0 

lidocaine 65.0mg (2%) 100.0mg 

(2%) 

100.0mg 

(2%) 

  

K+ chloride 26.0mEq/L 8.0mEq/L 30.0mEq/L 9.0 mM 15.0 mM 

K+ hydrogen 

2-

ketoglutarate 

0 0 0 1.0 mM 0 

Histidine 0 0 0 198.0 mM 30.0 mM 

Tryptophan 0 0 0 2.0 mM 0 

Ketoglutarate 0 0 0 1.0 mM 0 

Glutamate 0 0 0 0 20.0 mM 

Glutathione 0 0 0 0 3.0 mM 

Ca2+ chloride 0 2.4mEq/l 0 0.02 mM 0.25 mM 

Sodium 

hydroxide 

0 0 0 0 100.0 mM 
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The NRF2 transcription factor 

NRF2 (Nuclear factor-erythroid related factor2) has been viewed as the “master regulator of 

oxidative stress”.  This transcription factor was initially cloned by Moi et.al. in 1994 when 

searching for protein that bind to an extended activator protein-1 (AP-1) sequence (Moi, Chan, 

Asunis, Cao, & Kan, 1994). The induction of the NRF2 transcription program has been linked 

to cytoprotection against a variety of stresses, most significantly the oxidative stress(Ma, 2013). 

The genes best known under the control of NRF2 include antioxidant and detoxification genes. 

Additionally, NRF2 has been found to regulate genes participating in cell signaling, transcription, 

autophagy, anabolic metabolism, cell proliferation and organ development.  

 

  Like most of proteins inside a cell, NRF2 protein is constantly transcribed, translated, and 

degraded under normal physiological conditions. This lends merit to the importance of the NRF2 

mediated antioxidant pathway because the cell invests a large amount of energy to persistently 

transcribe and translate a protein that will succumb to degradation in a matter of minutes. Under 

the condition of oxidative stress, the importance of timely activation of NRF2 has been well 

documented, therefore, the cells must continue to synthesize this critical transcription factor in 

an attempt to defend against further damage. There are several ways to regulate the level of NRF2 

under the circumstance of oxidative stress (see Figure 10)(Chen & Maltagliati, 2018).  

 

 

Regulation of NRF2 by KEAP1-ARE Signaling Pathway 

The redox-regulated transcription factor NRF2 has been well established as the key regulator of 

the antioxidant response inside all cell types. In an unstressed state, NRF2 is kept at a low basal 

level through degradation mediated by KEAP1 dependent ubiquitination and the 26S proteasome.  
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Binding to KEAP1 also prevents NRF2 to translocate to the nuclei where it can turn on the 

expression of its downstream genes. Kelch-like ECH-associated protein 1 (KEAP1), the negative 

regulator of NRF2, recruits E3 ligase to polyubiquitylate NRF2 for proteasome mediated 

degradation(Zhang, Lo, Cross, Templeton, & Hannink, 2004). When the cells are exposed to 

ROS, critical cysteine residues in KEAP1 become covalently modified by oxidation (Zhang & 

Hannink, 2003), altering the confirmation of KEAP1 protein, leading to partial release of NRF2 

and impaired ubiquitylation.  This allows NRF2 protein to accumulate (Baird, Lleres, Swift, & 

Dinkova-Kostova, 2013) and translocate from the cytosol into nuclear, where NRF2 interacts 

with sMaf to bind to antioxidant response element (ARE) sequence located in the promoter 

regions of cytoprotective genes for cytoprotective response (Figure 10). 

 

 

Regulation of the KEAP1-NRF2 pathway by P62/SQATM1 

P62/SQSTM1, a stress-inducible cellular protein, is recruited to the autophagosomes to shuttle 

proteins designated for degradation through the lysosome pathway. Autophagy dysregulation 

leads to accumulation of autophagosomes, where P62 captures KEAP1, thereby preventing 

KEAP1 from sequestering NRF2, resulting in NRF2 stabilization and transcriptional 

activation(Komatsu et al., 2010). Oxidative stress signaling regulates this P62/SQSTM1-

mediated NRF2 activation by phosphorylation. The mammalian target of rapamycin C1 

(mTORC1) phosphorylates P62/SQSTM1, leading to its gain of binding affinity for 

KEAP1(Ichimura et al., 2013), indicating that phosphorylation of P62/SQSTM1 is sufficient for 

potentiating NRF2 protein elevation due to disruption of KEAP1-meddiated NRF2 

ubiquitination (Figure 10). 
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NRF2 activation via regulating De Novo NRF2 protein translation  

NRF2 can be activated via de novo protein translation under oxidative stress condition (Purdom-

Dickinson, Sheveleva, Sun, & Chen, 2007). NRF2 mRNA, containing an internal ribosomal 

entry site (IRES), allows NRF2 protein to be translated under stress condition(W. Li et al., 2010). 

NRF2 is rapidly translated from mRNA via an IRES-dependent mechanism when cells are 

exposed to oxidants(Lee et al., 2017). A marked decrease in global protein expression occurs 

upon exposure to stress including oxidative stress, viral infection, heart shock, nutrient 

deprivation and DNA damaging agents by precluding 5’-cap-mediated translation. It has been 

demonstrated in the literature that cells can sense a spectrum of oxidative stress, with moderate 

levels inducing IRES-mediated translation reprogramming, while high levels resulting in 

mRNAs to be associated with ribosomes in stress granules, sheltered from both damage and 

active translation(Shenton et al., 2006). 

 

Figure 8: Mechanisms of oxidant - induced NRF2 activation. 
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HYPOTHESIS 

 
Our aim is to build upon advancements from the last thirty years for myocardial protection during 

open heart surgery to evaluate current cardioplegic solutions for the potential of further 

enhancement of cardioprotection. We hypothesize that some commonly used cardioplegic 

solution can protect the hearts from oxidative stress via activation of NRF2 transcription factor 

during cardiopulmonary bypass. We intend to demonstrate that cardioplegic solutions not only 

provide a rapid diastolic arrest but serve for myocardial protection via activation of NRF2. Using 

NRF2 as an underlying molecular target, we can improve the formula of the most efficient 

cardioplegic solution for inducing NRF2 to produce an enhanced efficiency for myocardial 

preservation.  

 

MATERIALS AND METHODS 

Reagents 

 Cardioplegic solutions of Del Nido, High K (HK), Low K (LK), Histidine-Tryptophane-

ketoglutarate (HTK) and Celsior were generous gifts from Banner-University Medical Center 

Tucson Cardiothoracic Surgery Division as the leftover from operation.   

 

Cell lines, Culture Conditions and Treatments 

Human adult cardiomyocytes AC16 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 12.5% FBS (fetal bovine serum, GIBCO) and antibiotics (1% of 

100 U penicillin/50g/mL streptomycin solution, GIBCO) at 37°C in a 5% CO2 incubator. The 

cells were seeded at 0.3x106 cells per well for six-well plates and grown to be the desired 
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confluence before treatment. AC16 cells were treated with different cardioplegic solution 

including hyperkalemic and hypokalemic cardioplegia, Del Nido, HTK (Custodiol® HTK 

Bretschneider) and Celsior cardioplegia followed maintaining in the 5%CO2 incubator at 37°C 

until harvesting for measurements of NRF2 levels. For Del nido treatment, 1.6 ml Del Nido was 

mixed with 0.4 ml DMEM for treatment group and 1.6 ml PBS was mixed with 0.4 ml DMEM 

for control groups. For HK and LK, 0.4 ml HK or LK was mixed with1.6 ml DMEM and 0.4 ml 

PBS was mixed with 1.6 ml DMEM for control. For HTK and Celsior, 2 ml pure crystalloid 

solution without mixing with DMEM was added into AC16 cells and incubated for same times 

with HK, LK and Del Nido. 2 ml pure PBS without mixing DMEM were their control groups. 

      
Western Blotting 

After treatment, cells in each well were prepared in Laemmli Lysis buffer [0.1% 2-

Mercaptoethanol, 0.0005% Bromophenol blue, 10% Glycerol, 2% SDS (electrophoresis-grade), 

63 mM Tris-HCl (pH 6.8)] before 10 mins of boiling. Subsequently, western blotting was 

performed by resolving the samples in a 7.5% SDS-polyacrylamide gel electrophoresis at 100 

V and transferred onto a polyvinylidene difluoride (PVDF) membrane (Immobilon-P, Millipore, 

Bedford, MA) for 12 mins using a BioRad rapid transfer system (Hercules, CA). The membranes 

were blocked with 5% nonfat dry milk in TBST buffer (0.1% Tween 20 in TBS) for 1 hour at 

room temperature and incubated with primary antibodies in 5% bovine serum albumin (BSA) 

overnight at 4°C. The membranes were washed three times in TBST with 10 mins each wash to 

remove unbound primary antibody and then incubated with a secondary antibody conjugated 

with horseradish peroxidase for 1 hour at room temperature before four times wash with TBST. 

Final NRF2 level detection was performed with SuperSignal Western Blot Enhancer, and the 

bands were visualized with BioRad ChemiDoc XRS system (Hercules, CA) 
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RESULTS 

To evaluate commonly used cardioplegic solutions for their effect on NRF2 induction, we treated 

AC16 cells with these solutions at the ratio for clinical operation.  Cells were harvested at sample 

buffer for measurements of NRF2 protein using Western blot analysis.  We found that Del Nido 

and possibly HK induce NRF2 protein. 

 

We characterized NRF2 induction pattern by determining the time course of induction.  An 

increase in the level of NRF2 protein has been observed after treatment of Del Nido and reached 

the peak at 2hr after Del Nido treatment (Figure 11).  The time course study also supports that 

HK induced NRF2 protein (Figure 12) and confirmed that LK does not induce NRF2 protein 

(Figure 13).  HTK and Celsior appeared to suppress the expression of NRF2 protein (Figure 

14,Figure 15). 
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Figure 9: NRF2 protein by del Nido 

Del Nido treatment induced a gradual accumulation of NRF2. AC16 cells, 
cardiomyocytes, were treated with 1.6ml Del Nido mixing 0.4ml DMEM for 
treatment group, 1.6ml PBS mixing 0.4ml DMEM for the control group for 0, 10, 30, 
60, 120 and 240 mins and then cells were collected for Western Blot analysis at the 
indicated time points (A). A representative gel is shown (A). The intensity of bands 
was quantified using Image J software (http://rsb.info.nih.gov/ij/), and the data is 
shown (B).  
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Figure 10: NRF2 protein by HK. 

AC16 cells, cardiomyocytes, were treated with 1.6ml DMEM mixing 0.4ml HK and 0.4 
ml PBS for two groups respectively for 0, 10, 30, 60, 120 and 240 mins and then cells 
were collected for Western Blot analysis at the indicated time points (A). A 
representative gel is shown (A). The intensity of bands was quantified using Image J 
software (http://rsb.info.nih.gov/ij/), and the data is shown (B).  
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Figure 11: NRF2 protein by LK. 

AC16 cells, cardiomyocytes, were treated with 1.6ml DMEM mixing 0.4ml LK and 
0.4 ml PBS for two groups respectively for 0, 10, 30, 60, 120 and 240 mins and then 
cells were collected for Western Blot analysis at the indicated time points (A). A 
representative gel is shown (A). The intensity of bands was quantified using Image 
J software (http://rsb.info.nih.gov/ij/), and the data is shown (B).  
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Figure 12: NRF2 protein by HTK. 

AC16 cells, cardiomyocytes, were treated with 2ml pure HTK and 2ml PBS two 
treatment and control groups respectively for 0, 10, 30, 60, 120 and 240 mins and then 
cells were collected for Western Blot analysis at the indicated time points (A). A 
representative gel is shown (A). The intensity of bands was quantified using Image J 
software (http://rsb.info.nih.gov/ij/), and the data is shown (B).  
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Figure 13: NRF2 protein by Celsior. 

AC16 cells, cardiomyocytes, were treated with 2ml pure Celsior and 2ml PBS 
two treatment and control groups respectively for 0, 10, 30, 60, 120 and 240 
mins and then cells were collected for Western Blot analysis at the indicated 
time points (A). A representative gel is shown (A). The intensity of bands was 
quantified using Image J software (http://rsb.info.nih.gov/ij/), and the data is 
shown (B). 
 
 

 
 
 

Del Nido and HK contain high concentration of K+, leading the hypothesis that high levels of 

extracellular K+ is responsible for induction of NRF2. We tested the effect of K+ concentration on 

induction of NRF2, with doses (mM) of 5, 10, 20 and 40. An increased NRF2 protein level was 

observed with an increasing dose of K+ (Figure 16).  Our data suggest that high concentration of K+ 

seems to play a central role in induction of NRF2. 
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Figure 14: NRF2 protein by K+. 

NRF2 protein expression by different dose of K+ incubated with normal DMEM 
supplement. For tested in AC16 cells, doses (μM) of 5, 10, 20 and 40 were treated 
for 4 hours and then and then cells were collected for Western Blot analysis at the 
indicated time points (A). A representative gel is shown (A). The intensity of bands 
was quantified using Image J software (http://rsb.info.nih.gov/ij/), and the data is 
shown (B). 

 
 

 

 

High K+ concentration from hyperkalemic cardioplegic solution activates L-type Ca2+ channel, 

causing Ca2+ influx. To address whether K+ mediated NRF2 induction requires Ca2+ influx, we 

treated cells with K+ in the absence of Ca2+. Doses (mM) of 5, 10, 20 and 40 of K+ were added 

into AC16 cell lines in Ca2+ free medium for 4 hours.  We found that in Ca2+ free medium, K+ 

can no longer induce NRF2 (Figure 17).  
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Figure 15: NRF2 protein by K+ without Ca2+. 

NRF2 protein expression by different dose of K+ incubated with Ca2+ free DMEM supplement. 
For tested in AC16 cells, doses (μM ) of 5, 10, 20 and 40 were treated for 4 hours and then cells 
were collected for Western Blot analysis at the indicated time points (A). A representative gel 
is shown (A). The intensity of bands was quantified using Image J software 
(http://rsb.info.nih.gov/ij/), and the data is shown (B). 
 

 

 

To confirm the dependence of Ca2+ for NRF2 protein induction, we treated cells with a fix dose 

of K+ 40 mM, and added  Ca2+ in Ca2+ free medium, at the dose (mM) of 0.0625, 0.125, 0.25, 

0.5, 1, 2 and 4. A bell-shape dose curve was observed (Figure 18), indicating that Ca2+ is indeed 

required, however Ca2+ at 4 mM is ineffective.   
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Figure 16: NRF2 protein by K+ without Ca2+. 

NRF2 protein expression by different dose of K+ incubated with Ca2+ free DMEM 
supplement. For tested in AC16 cells, doses (μM ) of 5, 10, 20 and 40 were treated for 
4 hours and then cells were collected for Western Blot analysis at the indicated time 
points (A). A representative gel is shown (A). The intensity of bands was quantified 
using Image J software (http://rsb.info.nih.gov/ij/), and the data is shown (B). 
 

 
 

 

We next addressed whether Ca2+ L-type Ca2+ channel blockers Verapamil and Nicardipine, and 

Ca2+ chelator EDTA, could affect K+ from inducing NRF2 protein. We observed that NRF2 

induction was blocked by those agents (Figure 19-21).  



32  

 

 

Figure 17: NRF2 protein by K+ cotreatment with Verapamil. 

NRF2 protein expression by a fixed dose of K+ cotreatment with different dose of 
Verapamil, Ca2+ L-type channel blocker, incubated with normal DMEM 
supplement .Doses (μM) of 0.25, 0.5, 1, 2, 4, 8 and 16 were tested in AC16 cell lines. 
Incubated for 4 hours and then cells were collected for Western Blot analysis at the 
indicated time points (A). A representative gel is shown (A). The intensity of bands 
was quantified using Image J software (http://rsb.info.nih.gov/ij/), and the data is 
shown (B). A decrease expression of NRF2 protein was observed. 
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Figure 18: NRF2 protein by K+ cotreatment with Nicardipine. 

NRF2 protein expression by a fixed dose of K+ cotreatment withb different dose of 
Nicardipine, Ca2+ L-type channel blocker, incubated with normal DMEM supplement. 
Doses (μM) of 2.5, 5, 1, 2, 4, 8 and 16 were tested in AC16 cell lines. Incubated for 4 
hours and then cells were collected for Western Blot analysis at the indicated time points 
(A). A representative gel is shown (A). The intensity of bands was quantified using 
Image J software (http://rsb.info.nih.gov/ij/), and the data is shown (B). A decrease 
expression of NRF2 protein was observed. 
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Figure 19: NRF2 protein by EDTA. 

NRF2 protein expression by EDTA, Ca2+ L-type channel blocker, incubated with normal 
DMEM supplement. Doses (μM) of 2, 4 and 8 were tested in AC16 cell lines. Incubated for 
4 hours and then cells were collected for Western Blot analysis at the indicated time points 
(A). A representative gel is shown (A). The intensity of bands was quantified using Image 
J software (http://rsb.info.nih.gov/ij/), and the data is shown (B). A decrease expression of 
NRF2 protein was observed by treatment of EDTA. 
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Figure 20: NRF2 protein by K+ cotreatment with Ouabain. 

NRF2 protein by a fixed dose of K+ cotreatment with different doses of Ouabain,Doses 
(μM) of 6.25, 12.5, 25, 50, 100, 200 and 400 were tested in AC16 cell lines. Incubated 
for 4 hours and then cells were collected for Western Blot analysis at the indicated time 
points (A). A representative gel is shown (A). The intensity of bands was quantified using 
Image J software (http://rsb.info.nih.gov/ij/), and the data is shown (B). Bell-shape dose 
curve was observed by treatment of different dose of ouabain combing a fixed dose of K+ 
also. 
 

 
 

 
The hyperkalemic cardioplegic solutions in principle causes sodium-channel inactivation and 

intracellular sodium buildup, and reduction of sodium-Ca2+ exchanger activity, which pumps one 

Ca2+ ion out in exchange of three sodium ions.  By inhibiting Na+/K+ exchange ATPase pump, 

K+ becomes less efficient in causing intracellular Ca2+ increase.  We tested the inhibitory effect 

of Ouabain, an inhibitor of Na+/K+ exchange ATPase that decreases intracellular K+, on NRF2 

induction by extracellular K+.  An overall inhibition, although not complete, was observe with 

various concentrations of Ouabain (Figure 22). These data are consistent with the pathway that 

high concentration of extracellular K+ leads to the influx of Ca2+ into the cell for inducing NRF2. 

http://rsb/
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An elevation of NRF2 protein can result from an increase of NRF2 protein translation, a decrease 

of NRF2 protein degradation, or both.  To elucidate the underlying molecular mechanism of 

NRF2 protein induction by K+, we focused on the stability of NRF2 protein. At 4 h after K+ 

treatment, cells were treated with the protein synthesis inhibition cycloheximide at100 ul/mL for 

the indicated time points to determine NRF2 protein stability. Half-life of NRF2 was found to 

extend from 17.80952 min in untreated cells to 25.09901 min in cells exposed to K+ (Figure 23), 

indicating that NRF2 is subjected to a high, albeit slower, rate of degradation under the treatment 

of K+.  

 

Figure 21: Half-life of proteins. 

Treating cells with cycloheximide in a time-course experiment followed by western blot of the 
cell lysates for the protein of interest determines the half-life of protein extend from 17.80952 
min in untreated cells to 25.09901min in cells exposed to K+ in the presence of Ca2+. 

 

 

DISCUSSION 
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Cardioplegic solutions are essential for arresting the heart temporally during cardiopulmonary 

bypass surgery. These solutions have been extensively modified and revised in order to achieve 

desired cardiac arrest with full recovery post-operatively(Loberman et al., 2020). Which 

cardioplegic solution exhibits cardiac protective ability has not been addressed prior to this study.  

NRF2 encodes a transcription factor controlling the expression of antioxidant and detoxification 

genes implicated protection against MIRI. The ability of these cardioplegia solutions on inducing 

NRF2 would provide a measure for cardioprotective effect. Such studies could result in an 

improvement of cardioplegic solution with new targets of NRF2 in an attempt to improve the 

clinical outcomes.  

 

In this study, we compare the effect of various cardioplegia that are widely used in US and 

internationally for their effects on inducing NRF2 using a cardiomyocyte cell culture model. 

These included hyperkalemic and hypokalemic cardioplegia, Del Nido, HTK and Celsior. Our 

results showed that Del Nido appears to be most efficient in inducing NRF2 protein. It was 

reported that that the use of Del Nido is associated with reduction in CPB and cross-clamp time, 

ventilation time and ICU stay and may potentially offer enhanced myocardial preservation 

compared to conventional cardioplegia in adult cardiac surgery(An et al., 2019; Y. Li et al., 2018). 

It is necessary to conduct a prospective, randomized trial to prove the hypothesis of superiority 

of this cardioplegia over another regarding cardioprotective effect via activating NRF2 during 

CPB.  

 

It is important to understand the mechanism by which these solutions provide cardio-protection 

against MIRI. Our data revealed that K+ and Ca2+ play an indispensable role in inducing NRF2 

protein.  Hyperkalemia cardioplegic solutions effectively arrest the heart during open heart 
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surgery by depolarizing the sarcolemma and maintain the membrane potential between -65mV 

to -35 mV by keeping the extracellular K+ level at a narrow safe range.  A recognized adverse 

effect of hyperkalemic cardioplegia is the possible development of ventricular dysfunction 

believed to be related, in part, to intracellular Ca2+ loading, a consequence of K+-induced 

membrane depolarization(Cyran et al., 1993). As a result, other alternatives to inducing 

depolarized by hyperkalemia like inducing a hyperpolarized or polarized arrest came into market 

and were widely utilized. This can be achieved by adding K+ channel blocker-

adenosine(Jovanovic, Alekseev, Lopez, Shen, & Terzic, 1997), shifting resting membrane 

potential away from sodium activation threshold by adding direct sodium channel block-

lidocaine (Dobson & Jones, 2004),adding direct Ca2+ channel blocker-magnesium (Brown, 

Holland, Parenteau, & Clark, 1991) or completely removing Ca2+ from perfusion solution of 

heart muscle(Bers, 2002). All of which lead to the prevention of Ca2+ extracellular overloading.  

HTK features low-sodium and free Ca2+, and Del Nido, having no Ca2+, both are popular 

for pediatric and adult open-heart surgeries. Ca2+ concentration in HK and LK cardioplegic 

solution is lower than St. Thomas’ cardioplegia, another popular cardioplegic solution worldwide.  

However, perfusion of hearts with extracellular solutions containing zero Ca2+ risks the “Ca2+ 

paradox” (Chapman & Tunstall, 1987), which was first mentioned by Zimmerman et al. The 

complete absence of Ca2+ alters the cell membrane of cardiomyocytes, terminating in the 

reperfusion phase with their necrosis. and it is suggested that 1.2-2 mEq/L of Ca2+ concentration 

in a cardioplegic solution optimally prevents “Ca2+ paradox”, being associated with maximal 

myocardial protection(Amano, Sunamori, & Suzuki, 1982).  

 

The results of our experiments have demonstrated that K+ induces NRF2 only in the presence of 

an optimal range of extracellular Ca2+ (1-2mEq/L), with relatively small increase or decrease in 
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Ca2+ content resulting in a large fall in inducing NRF2 protein. It is perhaps no coincidence that 

my data in Ca2+ dependence matches the optimal Ca2+ concentration for cardioplegia as defined 

by previous studies.  A small change of Ca2+ concentration in formulation can result in major 

changes in the efficacy of cardioplegic solutions as well as induction of NRF2.  

 

Our data suggested that half-life of NRF2 is extended from ~17 min in untreated cells to ~25 min 

in cells exposed to K+, indicating that NRF2 protein is subjected to a slower rate of degradation. 

It has been suggested that activation of NRF2 is dependent on the mechanisms that increase its 

stability(Nguyen, Sherratt, Huang, Yang, & Pickett, 2003; Stewart, Killeen, Naquin, Alam, & 

Alam, 2003).  

 

One of the limitations of our studies is that they were carried out in cell culture under 

normothermic condition and therefore may not be extrapolated to hypothermic condition during 

open heart surgery. It is possible that our observed bell-shape dose-response curve of Ca2+ may 

differ or be shifted by cooling. Additionally, validation in animal study or clinical samples is 

absent. It is necessary to carry out a prospective randomized trial to prove the hypothesis of 

superiority of Del Nido and HK over another cardioplegic solution regarding cardioprotective 

effect via activating NRF2 during CPB. 

 

FUTURE DIRECTIONS 

 
Ca2+ is a critical regulator of cardiac myocyte function. In principle, Ca2+ provides the link 

between the electrical signals that pervade the heart and contraction of the myocytes to propel 

the blood through circulation. In addition, Ca2+ controls numerous biochemical and molecular 
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events, including gene transcription. We have found here Ca2+ plays an important role in 

mediating K+ induced NRF2. Therefore, investigation the Ca2+ signaling pathway and address 

how Ca2+ regulates NRF2 protein stability will be our next step in this project. 

 
 
 
Conflict of interest 
 
The author declares that there are no conflicts of interest to this article.  
 
 

Acknowledgements 
 
Funding: The financial support by NIH R01 GM125212 (QMC), NIH R01 GM126165 (QMC), 
Holsclaw Endowment (QMC).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



41  

 
 
 

REFERENCES 

Amano, J., Sunamori, M., & Suzuki, A. (1982). Optimal Ca2+ concentration for a cardioplegic solution and 
"Ca2+ paradox". Adv Myocardiol, 3, 33-39.  

An, K. R., Rahman, I. A., Tam, D. Y., Ad, N., Verma, S., Fremes, S. E., . . . Yanagawa, B. (2019). A 
Systematic Review and Meta-Analysis of del Nido Versus Conventional Cardioplegia in Adult 
Cardiac Surgery. Innovations (Phila), 14(5), 385-393. doi:10.1177/1556984519863718 

Baird, L., Lleres, D., Swift, S., & Dinkova-Kostova, A. T. (2013). Regulatory flexibility in the NRF2-
mediated stress response is conferred by conformational cycling of the KEAP1-NRF2 protein 
complex. Proc Natl Acad Sci U S A, 110(38), 15259-15264. doi:10.1073/pnas.1305687110 

Baufreton, C., Corbeau, J. J., & Pinaud, F. (2006). [Inflammatory response and haematological disorders in 
cardiac surgery: toward a more physiological cardiopulmonary bypass]. Ann Fr Anesth Reanim, 
25(5), 510-520. doi:10.1016/j.annfar.2005.12.002 

Berg, K., Haaverstad, R., Astudillo, R., Bjorngaard, M., Skarra, S., Wiseth, R., . . . Jynge, P. (2006). 
Oxidative stress during coronary artery bypass operations: importance of surgical trauma and drug 
treatment. Scand Cardiovasc J, 40(5), 291-297. doi:10.1080/14017430600855077 

Bers, D. M. (2002). Cardiac excitation-contraction coupling. Nature, 415(6868), 198-205. 
doi:10.1038/415198a 

Billings, F. T. t., Ball, S. K., Roberts, L. J., 2nd, & Pretorius, M. (2011). Postoperative acute kidney injury is 
associated with hemoglobinemia and an enhanced oxidative stress response. Free Radic Biol Med, 
50(11), 1480-1487. doi:10.1016/j.freeradbiomed.2011.02.011 

Brown, P. S., Jr., Holland, F. W., Parenteau, G. L., & Clark, R. E. (1991). Magnesium ion is beneficial in 
hypothermic crystalloid cardioplegia. Ann Thorac Surg, 51(3), 359-366; discussion 367. 
doi:10.1016/0003-4975(91)90845-h 

Case, J., Ingram, D. A., & Haneline, L. S. (2008). Oxidative stress impairs endothelial progenitor cell 
function. Antioxid Redox Signal, 10(11), 1895-1907. doi:10.1089/ars.2008.2118 

Chambers, D. J., & Fallouh, H. B. (2010). Cardioplegia and cardiac surgery: pharmacological arrest and 
cardioprotection during global ischemia and reperfusion. Pharmacol Ther, 127(1), 41-52. 
doi:10.1016/j.pharmthera.2010.04.001 

Chapman, R. A., & Tunstall, J. (1987). The Ca2+ paradox of the heart. Prog Biophys Mol Biol, 50(2), 67-96. 
doi:10.1016/0079-6107(87)90004-6 

Chen, Q. M., & Maltagliati, A. J. (2018). NRF2 at the heart of oxidative stress and cardiac protection. 
Physiol Genomics, 50(2), 77-97. doi:10.1152/physiolgenomics.00041.2017 

Chow, C. W., Herrera Abreu, M. T., Suzuki, T., & Downey, G. P. (2003). Oxidative stress and acute lung 
injury. Am J Respir Cell Mol Biol, 29(4), 427-431. doi:10.1165/rcmb.F278 

Clermont, G., Vergely, C., Jazayeri, S., Lahet, J. J., Goudeau, J. J., Lecour, S., . . . Girard, C. (2002). 
Systemic free radical activation is a major event involved in myocardial oxidative stress related to 
cardiopulmonary bypass. Anesthesiology, 96(1), 80-87. doi:10.1097/00000542-200201000-00019 

Cyran, S. E., Phillips, J., Ditty, S., Baylen, B. G., Cheung, J., & LaNoue, K. (1993). Developmental 
differences in cardiac myocyte Ca2+ homeostasis after steady-state K+ depolarization: mechanisms 
and implications for cardioplegia. J Pediatr, 122(6), S77-83. doi:10.1016/s0022-3476(09)90048-8 

Dobson, G. P., & Jones, M. W. (2004). Adenosine and lidocaine: a new concept in nondepolarizing surgical 
myocardial arrest, protection, and preservation. J Thorac Cardiovasc Surg, 127(3), 794-805. 
doi:10.1016/s0022-5223(03)01192-9 

Ferrari, R., Ceconi, C., Curello, S., Cargnoni, A., Alfieri, O., Pardini, A., . . . Visioli, O. (1991). Oxygen free 
radicals and myocardial damage: protective role of thiol-containing agents. Am J Med, 91(3C), 95S-
105S. doi:10.1016/0002-9343(91)90291-5 



42  

Giustarini, D., Dalle-Donne, I., Tsikas, D., & Rossi, R. (2009). Oxidative stress and human diseases: Origin, 
link, measurement, mechanisms, and biomarkers. Crit Rev Clin Lab Sci, 46(5-6), 241-281. 
doi:10.3109/10408360903142326 

Goodyear-Bruch, C., & Pierce, J. D. (2002). Oxidative stress in critically ill patients. Am J Crit Care, 11(6), 
543-551; quiz 552-543.  

Hill, J. D. (1982). John H. Gibbon, Jr. Part I. The development of the first successful heart-lung machine. 
Ann Thorac Surg, 34(3), 337-341. doi:10.1016/s0003-4975(10)62507-6 

Ichimura, Y., Waguri, S., Sou, Y. S., Kageyama, S., Hasegawa, J., Ishimura, R., . . . Komatsu, M. (2013). 
Phosphorylation of P62 activates the KEAP1-NRF2 pathway during selective autophagy. Mol Cell, 
51(5), 618-631. doi:10.1016/j.molcel.2013.08.003 

Jovanovic, A., Alekseev, A. E., Lopez, J. R., Shen, W. K., & Terzic, A. (1997). Adenosine prevents 
hyperkalemia-induced Ca2+ loading in cardiac cells: relevance for cardioplegia. Ann Thorac Surg, 
63(1), 153-161. doi:10.1016/s0003-4975(96)00769-2 

Karu, I., Taal, G., Zilmer, K., Pruunsild, C., Starkopf, J., & Zilmer, M. (2010). Inflammatory/oxidative stress 
during the first week after different types of cardiac surgery. Scand Cardiovasc J, 44(2), 119-124. 
doi:10.3109/14017430903490981 

Kirklin, J. K., & McGiffin, D. C. (1987). Early complications following cardiac surgery. Cardiovasc Clin, 
17(3), 321-343.  

Komatsu, M., Kurokawa, H., Waguri, S., Taguchi, K., Kobayashi, A., Ichimura, Y., . . . Yamamoto, M. 
(2010). The selective autophagy substrate P62 activates the stress responsive transcription factor 
NRF2 through inactivation of KEAP1. Nat Cell Biol, 12(3), 213-223. doi:10.1038/ncb2021 

Lee, S. C., Zhang, J., Strom, J., Yang, D., Dinh, T. N., Kappeler, K., & Chen, Q. M. (2017). G-Quadruplex 
in the NRF2 mRNA 5' Untranslated Region Regulates De Novo NRF2 Protein Translation under 
Oxidative Stress. Mol Cell Biol, 37(1). doi:10.1128/MCB.00122-16 

Li, W., Thakor, N., Xu, E. Y., Huang, Y., Chen, C., Yu, R., . . . Kong, A. N. (2010). An internal ribosomal 
entry site mediates redox-sensitive translation of NRF2. Nucleic Acids Res, 38(3), 778-788. 
doi:10.1093/nar/gkp1048 

Li, Y., Lin, H., Zhao, Y., Li, Z., Liu, D., Wu, X., . . . Gao, B. (2018). Del Nido Cardioplegia for Myocardial 
Protection in Adult Cardiac Surgery: A Systematic Review and Meta-Analysis. ASAIO J, 64(3), 
360-367. doi:10.1097/MAT.0000000000000652 

Loberman, D., Pelletier, M. P., Yazdchi, F., Aranki, S. F., Preisler, Y., Mohr, R., & Ziv-Baran, T. (2020). 
Myocardial preservation methods in isolated minimal invasive mitral valve surgery: Society of 
Thoracic Surgeons (STS) database outcomes. J Card Surg, 35(1), 163-173. doi:10.1111/jocs.14351 

Ma, Q. (2013). Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol, 53, 401-426. 
doi:10.1146/annurev-pharmtox-011112-140320 

Moi, P., Chan, K., Asunis, I., Cao, A., & Kan, Y. W. (1994). Isolation of NF-E2-related factor 2 (NRF2), a 
NF-E2-like basic leucine zipper transcriptional activator that binds to the tandem NF-E2/AP1 repeat 
of the beta-globin locus control region. Proc Natl Acad Sci U S A, 91(21), 9926-9930. 
doi:10.1073/pnas.91.21.9926 

Nguyen, T., Sherratt, P. J., Huang, H. C., Yang, C. S., & Pickett, C. B. (2003). Increased protein stability as 
a mechanism that enhances NRF2-mediated transcriptional activation of the antioxidant response 
element. Degradation of NRF2 by the 26 S proteasome. J Biol Chem, 278(7), 4536-4541. 
doi:10.1074/jbc.M207293200 

Oliveira, M. A., Brandi, A. C., Santos, C. A., Botelho, P. H., Cortez, J. L., & Braile, D. M. (2014). Modes of 
induced cardiac arrest: hyperkalemia and hypocalcemia--literature review. Rev Bras Cir Cardiovasc, 
29(3), 432-436. doi:10.5935/1678-9741.20140074 

Ott, M., Gogvadze, V., Orrenius, S., & Zhivotovsky, B. (2007). Mitochondria, oxidative stress and cell 
death. Apoptosis, 12(5), 913-922. doi:10.1007/s10495-007-0756-2 

Passaroni, A. C., Silva, M. A., & Yoshida, W. B. (2015). Cardiopulmonary bypass: development of John 
Gibbon's heart-lung machine. Rev Bras Cir Cardiovasc, 30(2), 235-245. doi:10.5935/1678-
9741.20150021 



43  

Purdom-Dickinson, S. E., Sheveleva, E. V., Sun, H., & Chen, Q. M. (2007). Translational control of nrf2 
protein in activation of antioxidant response by oxidants. Molecular pharmacology, 72(4), 1074-
1081.  

Shenton, D., Smirnova, J. B., Selley, J. N., Carroll, K., Hubbard, S. J., Pavitt, G. D., . . . Grant, C. M. (2006). 
Global translational responses to oxidative stress impact upon multiple levels of protein synthesis. J 
Biol Chem, 281(39), 29011-29021. doi:10.1074/jbc.M601545200 

Small, D. M., Coombes, J. S., Bennett, N., Johnson, D. W., & Gobe, G. C. (2012). Oxidative stress, anti-
oxidant therapies and chronic kidney disease. Nephrology (Carlton), 17(4), 311-321. 
doi:10.1111/j.1440-1797.2012.01572.x 

Stewart, D., Killeen, E., Naquin, R., Alam, S., & Alam, J. (2003). Degradation of transcription factor NRF2 
via the ubiquitin-proteasome pathway and stabilization by cadmium. J Biol Chem, 278(4), 2396-
2402. doi:10.1074/jbc.M209195200 

Weman, S. M., Karhunen, P. J., Penttila, A., Jarvinen, A. A., & Salminen, U. S. (2000). Reperfusion injury 
associated with one-fourth of deaths after coronary artery bypass grafting. Ann Thorac Surg, 70(3), 
807-812. doi:10.1016/s0003-4975(00)01638-6 

Zakkar, M., Guida, G., Suleiman, M. S., & Angelini, G. D. (2015). Cardiopulmonary bypass and oxidative 
stress. Oxid Med Cell Longev, 2015, 189863. doi:10.1155/2015/189863 

Zhang, D. D., & Hannink, M. (2003). Distinct cysteine residues in KEAP1 are required for KEAP1-
dependent ubiquitination of NRF2 and for stabilization of NRF2 by chemopreventive agents and 
oxidative stress. Mol Cell Biol, 23(22), 8137-8151. doi:10.1128/mcb.23.22.8137-8151.2003 

Zhang, D. D., Lo, S. C., Cross, J. V., Templeton, D. J., & Hannink, M. (2004). KEAP1 is a redox-regulated 
substrate adaptor protein for a Cul3-dependent ubiquitin ligase complex. Mol Cell Biol, 24(24), 
10941-10953. doi:10.1128/MCB.24.24.10941-10953.2004 

 
 


	LIST OF FIGURES
	LIST OF TABLES
	ABSTRACT
	INTRODUCTION
	Cardiac Myocyte Function & Physiology Background
	The history and development of Cardiopulmonary Bypass
	Mechanisms of Myocardial Injury Related to CPB
	Cardioplegic solutions
	The NRF2 transcription factor
	Regulation of NRF2 by KEAP1-ARE Signaling Pathway
	Regulation of the KEAP1-NRF2 pathway by P62/SQATM1
	NRF2 activation via regulating De Novo NRF2 protein translation

	HYPOTHESIS
	MATERIALS AND METHODS
	Reagents
	Cell lines, Culture Conditions and Treatments
	Western Blotting

	RESULTS
	DISCUSSION
	FUTURE DIRECTIONS
	REFERENCES



