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1.3.1 Conducting Cells 

Cardiac conducting cells do not have a stable resting membrane potential (RMP). Instead, they 

spontaneously depolarize. Slow, open Na+ channels cause the membrane potential to rise from 

an initial value of -60mV to -40mV. This spontaneous depolarization accounts for the 

autorhythmicity of cardiac muscle (Rice University, 2012). Once the membrane potential reaches 

-40mV, Ca2+ channels open and induce depolarization until a value of +5mV is reached. At the 

peak of membrane voltage (+5mV), Ca2+ channels close and K+ channels open, allowing K+ to 

exit and repolarize the cell back to its initial value (Rice University, 2012). See Figure 4. 

 

Figure 4. Action Potential in Conducting Cells 

 

1.3.2 Contracting Cells 

The electrical pattern for contracting cells is different in that the resting membrane 

potential is stable, depolarization is rapid, and depolarization is followed by a plateau phase 

(Rice University, 2012). The plateau phase accounts for the relatively long refractory period in 

cardiac-muscle cells. A refractory period is a time where the muscle will not respond to a 
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stimulus. This long refractory period allows the cardiac muscle to pump blood effectively before 

the cardiac muscle cells fire an action potential for a second time. The steps involved in the 

development of an action potential are as follows: initial resting membrane potential of -90mV 

to -80mV. Once threshold is reached, Na+ channels open, and an inflow of Na+ occurs until 

approximately +25mV is reached. Once the peak voltage has been met, Na+ channels close; 

however, Ca2+ channels open and account for the plateau phase and relatively slow rate of 

membrane potential decline (Rice University, 2012). After the membrane potential declines to 

0mV, Ca2+ channels close, K+ channels open, and K+ exits the cell allowing for repolarization of 

the membrane. The membrane continues to drop until it reaches its initial values, K+ channels 

close, and the cycle repeats itself. The entire cycle lasts 250 to 300ms (Rice University, 2012) 

(Figure 5). 
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Figure 5. Action Potential in Contracting Cells 

 

Therefore, the importance of the Ca2+ is twofold: (1) Ca2+ is involved in the troponin-

tropomyosin complex that initiates the mechanical contraction of the heart (i.e., excitation 

contraction coupling) and (2) it accounts for the plateau phase of the action potential. However, 

in order for this to occur cardiac function is dependent upon an adequate source of energy. 
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1.4 Cardiac Muscle Metabolism 

The heart has the highest metabolic demand of any organ system in the body. More than 

95% of ATP generated in the heart is derived from oxidative phosphorylation in the 

mitochondria. The remaining 5% comes mainly from glycolysis and to a lesser extent from the 

citric acid cycle (Krebs cycle) (Ingwall, 2009). 

Substrates are transported across the extracellular membrane into the cytosol and are 

metabolized in various ways. For oxidation, the respective metabolic intermediates (e.g., 

pyruvate or acyl-coenzyme A [CoA]) are transported across the inner mitochondrial membrane 

by specific transport systems. Once inside the mitochondrion, substrates are oxidized or 

carboxylated (anaplerosis) and fed into the Krebs cycle for the generation of reducing 

equivalents (reduced nicotinamide adenine dinucleotide [NADH]2; reduced flavin adenine 

dinucleotide [FADH]) and GTP. The reducing equivalents are used by the electron transport 

chain to generate a proton gradient, which in turn is used for the production of ATP (Figure 6). 
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Figure 6. Schematic representation of classic pathways of cardiac metabolism 

 

Even though the heart mainly relies on fatty acid oxidation in order to produce energy, 

the consumption of excess fats can be potentially detrimental when acetyl-CoA is converted to 

HMG-CoA. HMG-CoA can then undergo different metabolic processes to form cholesterol. 

Cholesterol made in excess can block the coronary arteries and cause coronary heart disease 

(Figure 7). 
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Figure 7. Pathway of cholesterol biosynthesis 
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1.5 Coronary Heart Disease (CHD) 

Heart diseases can be caused by bacteria, viruses, improper opening and closing of the 

valves, or irregular heartbeat. However, cardiovascular disease specifically deals with conditions 

where blood vessels are blocked, leading to myocardial infarction/heart attacks, chest pain, and 

nausea (Mayo Clinic Staff, 2018). This blockage of the blood vessels usually leads to 

atherosclerosis and ultimately coronary heart disease (CHD). 

Atherosclerosis occurs from a buildup of plaque formed by excess cholesterol. The 

plaque buildup on the vessel walls reduces the diameter of the vessel, thus decreasing the amount 

of blood to be circulated throughout the heart and, ultimately, the body (AHA Staff, 2017). With 

diminished blood flow comes diminished oxygen and nutrients circulating in the heart, also 

accounting for some negative effects of atherosclerosis that leads to CHD. 

CHD accounts for 45% of all cardiovascular diseases in the U.S. (AHA, 2016). As with 

most cardiovascular diseases, the most common sign and symptom of CHD is chest pain 

(angina). Specifically, the buildup of plaque and stiffening of the coronary arteries causes 

ischemia, which leads to angina. The ischemia can lead to a myocardial infarction caused by the 

lack of oxygenated blood reaching certain parts of the heart. During an ischemic period, 

oxidative phosphorylation will decrease because the cell is forced to switch from aerobic to 

anaerobic respiration. This switch from aerobic to anaerobic respiration leads to a decrease in the 

production of ATP, and ultimately, the rate cardiac muscle contraction will decrease as a result 

of reduced energy (NIH, 2018). Certain risk factors can also contribute to the development of 

CHD. 
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1.5.1 Risk Factors of CHD 

CHD has multiple risk factors, including age, high blood pressure, and genetics. Just by 

simply aging, individuals increase their chances of suffering from CHD. Because as one 

continues to age, the body undergoes the process of senescence where the cell loses the power to 

divide and grow. Owing to natural “wear and tear” over the years, individuals will not have the 

ability to repair damaged/blocked vessels the same way their bodies would have had when they 

were younger, and this inability to repair damaged blood vessels can contribute to 

arteriosclerosis and eventually CHD. 

Another risk factor is uncontrolled high blood pressure/hypertension. Healthy arteries are 

smooth, strong, and elastic; however, hypertension reduces the characteristics of a healthy artery. 

Instead of being smooth, hypertension causes the vessels to become rough over an exposed 

period of high blood pressure, which then leads to the vessel’s decreased elasticity/flexibility. 

Other risk factors include obesity, physical inactivity, and high stress (Mayo Clinic Staff, 2018). 

The level of intensity or seriousness of each risk factor can have synergistic effects on one 

another and increase the severity of CHD suffered by an individual. CHD can be divided into 

acute coronary syndrome and chronic CHD. 

Acute coronary syndrome occurs when the coronary arteries suffer from decreased 

oxygen and blood levels, causing parts of the heart to die (AHA, 2016). Acute coronary 

syndrome is commonly seen in 3 clinical forms, all related to their appearances in an 

electrocardiogram (ECG): ST elevation myocardial infarction (STEMI), non-ST elevation 

myocardial infarction (NSTEMI), and unstable angina. Both STEMI and NSTEMI are types of 

heart attacks; however, STEMI has full blockage of blood supply causing changes in an ECG 
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while the opposite is true for NSTEMI (Coronary artery disease types, 2018). Unstable angina, 

like the name implies, has the individual suffering from varying levels of severity of chest pain. 

For example, the onset of chest pain could be more frequent or last longer. Note that chronic 

CHD, also known as stable angina, is the initial manifestation of CHD. Even with individuals 

suffering from acute or chronic CHD, there are still methods to prevent and treat CHD. 

1.5.2 Prevention and Treatment of CHD 

Prevention of CHD focuses on individuals following a proper diet, regularly exercising, 

smoking cessation, and avoidance of trans fats. However, if an individual is already suffering 

from CHD, different treatment options are available. Treatment for CHD includes medication, 

such as nitroglycerin or a surgical procedure in the form of angioplasty, stenting, or coronary 

artery bypass grafting. 

Nitroglycerin is used to treat angina because it serves as a vasodilator. It relaxes smooth 

muscle and blood vessels allowing more blood and oxygen to get to the heart, so the heart does 

not have to work as hard, thus reducing chest pain (Nitroglycerin, 2018). However, the “gold 

standard” for treatment of CHD is reperfusion by following angioplastic methods to remove 

blockages or make repairs in the coronary arteries. Even though reperfusion is the main method 

for dealing with CHD, it has been shown to provide detrimental effects to the heart as well. 

 

1.6 Reperfusion 

Reperfusion is the action of restoring the flow of blood to an organ or tissue typically 

after a heart attack or stroke. Reperfusion is of the utmost importance because the major 

complication of CHD is decreased blood flow and oxygen availability. The reintroduction of 
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proper blood flow eventually alleviates most of the problems caused by the narrowed arteries. 

However, studies have shown that reperfusion can actually be detrimental to the heart and can 

further damage the heart after an ischemic episode (Kalogeris, 2014). The additional damage by 

the reintroduction of blood flow is termed “reperfusion injury.” 

Reperfusion injury is exactly as the name implies. The absence 

of oxygen and nutrients from blood during the ischemic period creates a condition in which the 

restoration of circulation results in inflammation and oxidative damage through the induction 

of oxidative stress instead of restoring normal cardiac function (Subodh Verma, 2002).  

1.6.1 Pathophysiology of Reperfusion Injury 

During ischemia the heart suffers low levels of oxygen. The decrease in oxygen causes 

the cardiomyocyte to switch from aerobic to anaerobic respiration. This switch causes two main 

problems: (1) lactate concentration increases and decreases the pH within the cardiomyocyte to 

acidic levels and (2) oxidative phosphorylation stops. The excess H+ produced by the lactate 

activates the Na-H exchanger to expel the H+ and bring Na+ into the cardiomyocyte, while at the 

same time expelling the excess Na+ brought in by the Na-H exchanger using the Na-Ca 

exchanger which increases the Ca2+ concentration in the cytosol. The decrease in oxidative 

phosphorylation means that the mitochondria no longer produce ATP needed for normal 

contraction and relaxation in the heart (Hausenloy & Yellon, 2013) (Figure 8).  

During reperfusion, the heart no longer suffers hypoxia and there is an immediate 

washout of the lactic acid. The quick removal of the lactic acid increases the pH dramatically 

which leads to series of damaging effects. Mitochondrial re-energization also occurs during 

reperfusion and allows for the recovery of the mitochondrial membrane potential that drives the 
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entry of calcium into mitochondria via the mitochondrial calcium uniporter, and ultimately 

induces mitochondrial permeability transition pore (MPTP) opening (Hausenloy & Yellon, 

2013). MPTP is a non-selective channel on the inner mitochondrial membrane. Opening the 

MPTP causes depolarization and decreases oxidative phosphorylation, leading to decreased ATP 

production and ultimately death (Hausenloy & Yellon, 2013). The free radicals damage the 

sarcoplasmic reticulum and cause Ca2+ to leak out. The excess Ca2+ from the damaged 

sarcoplasmic reticulum and the excess Ca2+ brought in initially by the Na-Ca exchanger during 

ischemia causes the myofibers to hyper contract (Figure 8). 

 

 

 

Figure 8. Pathophysiology of Ischemia and Reperfusion Injury 

 

1.6.2 Types of Reperfusion Injury 

Reperfusion injury can be categorized into reversible and irreversible reperfusion injury. 

Reperfusion-induced arrhythmias and myocardial stunning fall under reversible reperfusion 

injury, while microvascular obstruction and lethal myocardial reperfusion fall under irreversible 
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reperfusion injury. Reperfusion-induced arrhythmias are irregular heart rates caused by the 

restoration of blood flow to an area of the heart that was previously exposed to ischemia 

(Manning & Hearse, 1984). Myocardial stunning is a post-ischemic dysfunction resulting from 

oxidative stress and intracellular calcium overload on the heart’s contractile abilities and is the 

best-known form of reperfusion injury (Subodh Verma, 2002) (Hausenloy & Yellon, 2013). 

Microvascular obstruction is defined as the inability to reperfuse a previously ischemic 

area caused by capillary compression from plaque accumulation, cardiomyocyte swelling, and 

neutrophil plugging (Hausenloy & Yellon, 2013). Activated endothelial cells within the blood 

vessels produce more reactive oxygen species (ROS) but less nitric oxide (NO) following 

reperfusion.  

Lethal myocardial reperfusion injury is caused by oxidative stress or calcium overload. 

Oxidative stress occurs rapidly during myocardial reperfusion and as such researchers decided 

that an antioxidant during this period of reperfusion would help reduce injury; however, the 

beneficial results of the experimental and clinical studies were mixed and uncertain (Hausenloy 

& Yellon, 2013). Intracellular and mitochondrial calcium overload begins during ischemia and 

progressively gets worse during reperfusion because of damage to the sarcoplasmic reticulum 

and mitochondrial re-energization.  

Cardiac tissue and muscle are like neurons in that once a portion of cardiac tissue or 

muscle dies it cannot be regenerated and is lost forever. However, there is another method 

researchers are looking into that may be able to decrease infarct size in cardiomyocytes that may 

have suffered from reperfusion injury or a heart attack. In particular, researchers believe that 

targeted modulation of autophagy in heart cells may render cardiomyocytes resistant to ischemia 
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or reperfusion injury and have longer term positive protective effect on cardiac function 

(Przyklenk, Dong, Undyala, & Whittaker, 2012). 

 

1.7 Autophagy 

Autophagy is the controlled digestion of damaged organelles within a cell. It is tightly 

regulated intracellular catabolic system that delivers degraded cytoplasmic constituents to the 

lysosome. It consists of several sequential steps: sequestration, transportation to the lysosome, 

degradation, and utilization of the degraded products (Mizushima, 2007). The goals of the 

process are to reduce the number of damaged organelles or protein aggregates in compromised 

cells and to save and recycle amino acids and other substrates needed for protein synthesis and 

ATP generation (Mizushima, 2007). So far, approximately 30 autophagy-related genes (Atg) 

have been discovered. 

During autophagy induction, contents from the cytoplasm are sequestered by an isolation 

membrane, and complete sequestration forms a double-membraned organelle (i.e., 

autophagosome). The compositions of the inner and outer membranes are different in that the 

inner membrane has the microtubule associated protein 1 light chain 3 (LC3-1), which is 

converted to LC3-2 when linked to phosphatidylethanolamine (Belzile et al., 2016). Therefore, 

LC3-1 is found on the outer membrane and LC3-2 is found on the inner membrane of the 

autophagosome. LC3-2 functions as a nonpolar receptor for p62, which works in multiple 

signaling pathways for apoptosis, and also serves as a marker of autophagy induction 

(Mizushima, 2007). 
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The apoptotic marker p62, also known as the sequestosome (SQSTM1), is found in 

polyubiquinated protein aggregates and binds directly to LC3-2 (Serhiy Pankiv et al., 2007). 

Once bound, p62 serves as a “signal” to attract damaged proteins and organelles to the 

autophagosome for degradation. 

For degradation to occur, the autophagosome fuses with the lysosome to form the 

autolysosome, and the contents within the autolysosome are destroyed by lysosomal hydrolases. 

After the macromolecules have been degraded, the micro molecules are taken to the cytoplasm to 

be recycled (Mizushima, 2007). The recycled amino acids provide the metabolic precursors for 

cardiac development and provides a method of cardiac protection (Yan, 2009). 

 

1.7.1 Regulation of Autophagy 

The most common trigger of autophagy is starvation or a lack of nutrients in the body. In 

mammals, autophagy occurs when there is a lack of amino acids ((Mizushima, 2007). Under 

these conditions, Beclin-1 and Class 3 phosphatidylinositol kinase (PI3K) levels in the cell are 

increased. Beclin-1 is an autophagy-associated tumor suppressor and is distributed within the 

plasma membrane, cytoplasm, and nucleus (Kang, Zeh, & Tang, 2011). Beclin-1 has several 

structural domains, but the most important is the evolutionarily conserved domain which is 

essential for promoting Beclin-1’s autophagy-inducing properties and for inhibiting 

tumorigenesis (Kang et al., 2011). 

Phosphatidylinositol kinase regulates a variety of signaling, trafficking, and metabolic 

processes. Specifically, Class 3 PI3K (also known as Vps34) deals with membrane trafficking by 

promoting endosomal protein sorting, endosome-lysosome maturation, and ultimately 
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autophagosome formation (Jean, Steve and Kiger, Amy, 2014). Also, Class 1 PI3K inhibits 

autophagy via phosphorylation of Akt (i.e., a signal transducer that promotes survival and 

growth) and activation of the mammalian target of rapamycin (mTOR), a signal for nutrient 

availability.  

A general pathway for autophagy induction is as follows: a stress signaling kinase (e.g. 

JNK-1) phosphorylates Bcl-2. The phosphorylation of Bcl-2 allows Beclin-1 to dissociate from 

Bcl-2 and interact with Class 3 PI3K. The interaction between Beclin-1 and Class 3 PI3K 

promotes the conjugation of different Atg, and the Atg conjugation supports the conversion of 

LC3-1 to LC3-2. Once damaged proteins enter the isolation membrane, the membrane elongates 

until it closes to become the autophagosome. The autophagosome fuses with the lysosome to 

form the autolysosome, where the damaged proteins or organelles are broken down and used as 

precursors for other metabolic activity (Figure 9). 

 

Figure 9. Signaling pathway for autophagy 
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1.7.2 Mammalian Target of Rapamycin (mTOR) 

A key regulator of autophagy in mammalian cells is the kinase mTOR which receives 

signals from various metabolic processes and growth factors. During growth, the activity of two 

mTOR complexes (mTORC) is increased by factors that activate Class 1 PI3K pathway, thereby 

increasing Rheb, a GTPase needed for mTOR activity (Carol Chen-Scarabelli, 2015) (Figure 10). 

Class 1 PI3K reduces the Atg conjugation, specifically Atg1-Atg13, thus decreasing autophagy 

induction. The 2 mTOR complexes are mTORC1 and mTORC2. mTORC1 is involved in protein 

synthesis, energy metabolism, and is inhibited by rapamycin, while mTORC2 regulates the 

cytoskeleton and is insensitive to rapamycin. See figure 8. However, an mTOR-dependent 

pathway is not the only autophagy promoter. 

 

 

Figure 10. Activation and regulation of mTORC1 and mTORC2 
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1.7.3 Adenosine Monophosphate-Activated Protein Kinase (AMPK) 

Autophagy also can be regulated by AMPK, an AMP/ATP sensor found in mammalian 

cells. When ATP is depleted, AMP levels rise and “mimic” cell starvation. Low AMP levels lead 

to AMPK activation, which stimulates energy-generating processes (e.g., fatty acid oxidation) 

and inhibits energy-consuming processes (e.g. macromolecule synthesis). Activated AMPK can 

inhibit mTOR by interfering with the GTPase activity of Rheb and with protein synthesis can 

degrade the phosphorylation of ULK1, the mammalian homologue of Atg1, and promote its 

destruction from the mTOR compounds and allows for autophagy induction (Richter & 

Ruderman, 2009).  

 

1.8 Autophagy During Ischemia 

In the body, autophagy occurs normally at low basal levels to maintain cell homeostasis 

by clearing out excess proteins and old organelles. It is upregulated by stress conditions, such as 

an increase in reactive oxygen species or energy deprivation (Ma, 2014). During ischemia, 

autophagy is activated by AMPK while mTOR is inactivated (Ma, 2014). In ischemia, the heart 

is deprived of nutrients and the levels of ATP are decreased. AMPK senses the energy drop 

caused by an increased ratio of AMP to ATP and begins adapting to the problem of low energy 

(Figure 11). 

Scientists were able to confirm the increased ratio of AMP to ATP by suppressing 

endogenous AMPK during ischemia and found that myocardial infarct size was increased. 

However, this study did not directly address the inhibition of autophagy and how it leads to 

increased infarct size (Qi, 2015) . 


