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ABSTRACT  

The human ether-a-go-go-related gene (hERG) encodes the rapidly activating delayed 

rectifier potassium channel (IKr), which is critical for cardiac repolarization. A reduction 

in hERG current can cause long QT syndrome (LQTS), leading to potentially fatal 

cardiac arrhythmias. In Chronic Kidney Disease (CKD), the risk of sudden cardiac death 

(SCD) is increased beyond what is explicable by traditional risk factors for 

cardiovascular disease. The molecular mechanisms governing CKD-induced cardiac 

arrhythmias are unknown, but a significant portion of CKD patients have prolonged QT 

intervals. In CKD, a large number of compounds, which would normally be excreted by 

the kidneys, are progressively accumulated. These compounds are known as uremic 

toxins and have been shown to negatively affect a variety of biological functions. Serum 

concentrations of the uremic toxin p-Cresol (pC) increase exponentially in CKD patients. 

Increased pC has been correlated with QT interval prolongation in patients, but no 

causative link has been established. Impairment of hERG function is a common cause of 

LQTS, so we investigated the effects of pC on hERG protein expression and current. We 

found that pC chronically reduces both hERG current and protein expression at the 

plasma membrane. Our findings suggest that pC acts through a Nedd4-2 dependent 

mechanism to decrease hERG. Our results from stable hERG-HEK cells are corroborated 

with data collected from cultured neonatal rat ventricular myocytes. We also demonstrate 

in an in vivo rabbit model that pC injection results in a prolongation of the QT interval. 

The results presented in this study suggest that pC may play a role in CKD-related LQTS.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW  

1.1 Long QT syndrome  

Long QT syndrome (LQTS) is a cardiac rhythm disorder characterized by the 

prolongation of the QT interval on an electrocardiogram recording, representing a delay 

in ventricular repolarization (Sanguinetti et al., 1995; Curran et al., 1995). This 

pathological condition is brought on by alterations to ionic currents that underlie the 

cardiac action potential (Figure 1). The QT interval is affected by heart rate, so the heart 

rate corrected QT interval (QTc) must be used for proper identification of LQTS. Bazett’s 

formula states that the QT interval is divided by the square root of the RR interval, which 

yields the QTc value. Although QT prolongation is often asymptomatic, it predisposes 

individuals to developing syncope, ventricular fibrillation, and arrhythmias (Vincent et 

al., 1992; Curran et al., 1995). When there is a delay in ventricular repolarization, 

calcium channels may reactivate prematurely, allowing depolarizing calcium current to 

flow while ventricular cardiomyocytes are still partially depolarized (January & Riddle, 

1993). The spread of these early afterdepolarizations throughout the myocardium can 

lead to the development of life-threatening ventricular tachycardia termed Torsades de 

pointes (Tdp) and sudden cardiac death (Schwartz et al., 1993; Curran et al., 1995).  

 

1.1.A Inherited vs. Acquired LQTS  

LQTS may be either congenital or acquired. LQTS is also stratified based on the genes 

affected. Over 90% of congenital LQTS results from interference with one of 3 genes:  
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Figure 1. Interference with IKr results in abnormal cardiac action potentials and 

LQTS. A) Model showing normal ventricular cardiac action potential in black and 

prolonged action potential in red. B) Normal contribution of hERG to the cardiac action 

potential in blue and reduced hERG current shown in red. C) Normal ECG trace shown in 

black and abnormal ECG trace with a prolonged QT interval shown in red. P wave 

represents atrial depolarization, QRS complex represents ventricular depolarization and 

the T wave represents ventricular repolarization. QT interval is the amount of time 

between ventricular depolarization and repolarization (Figure modified from Grilo et al., 

2010).  
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KCNQ1 (LQT1), KCNH2 (LQT2) or SCN5A (LQT3). KCNQ1 encodes the alpha subunit 

of the slow delayed rectifier potassium channel (IKs), KCNH2 also known as hERG 

encodes the alpha subunit of the rapidly activating delayed rectifier potassium channel 

(IKr), and SCN5A encodes the alpha subunit of the voltage-gated sodium channel (INa) 

(Curran et al., 1995; Wang et al., 1995; Wang et al., 1996). Genetically inherited loss-of-

function mutations in hERG are the cause of an estimated 45% of cases of congenital 

LQTS (Splawski et al., 2000). 

 

The majority of cases of LQTS are acquired, not congenital. Acquired long QT syndrome 

can be precipitated by a variety of factors, including gender, age, disease, drug 

interactions and electrolyte imbalances (Kunkler, 2002). Drug interactions or electrolyte 

imbalances can induce LQTS by acutely blocking, degrading or altering the kinetics of 

hERG. Almost all cases of acquired LQTS result from interference with IKr, the current 

passed by hERG channels, as shown in Figure 1 (Kannankeril et al., 2010). For this 

reason, a high incidence of cardiac arrhythmias in a particular patient population warrants 

investigation into hERG activity and protein stability. 

 

1.1.B Models for human LQTS 

In order to properly study LQTS, cellular and molecular methods along with animal 

studies may be used. However, models must be selected carefully because the 

composition of cardiac action potentials across species is very diverse. For cell and 

molecular studies, isolation of cardiomyocytes from neonatal rats is appropriate because 
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during the neonatal stages, rats have a cardiac action potential that is somewhat similar to 

humans (Guo et al., 2007). Neonatal rat cardiomyocytes are easy to culture, and robust 

IKr in the third phase of the cardiac action potential can be recorded and isolated, 

providing excellent conditions for physiologically relevant in vitro investigation (Guo et 

al., 2007).  As rats and mice age, the dominance of the Ito during phase 3 becomes 

apparent, which makes these organisms suboptimal for the study of human cardiac 

arrhythmia. Rabbits, unlike rats, have a cardiac action potential that is remarkably similar 

to a human cardiac action potential (Varró et al., 1993) (Figure 2). The contribution of 

particular ion channels, mostly importantly IKr, to the overall action potential mirror what 

is seen in humans (Vermeulen et al., 1994).  

 

1.2 The hERG Channel  

Acquired LQTS most often results from interference with IKr, the current passed by 

hERG channels (Kannankeril et al., 2010). As shown in Figure 1, IKr plays an important 

role in third phase of cardiac action potentials by contributing significantly to K+ efflux 

and therefore aiding in re-establishing resting membrane potential. For this reason, drugs 

are often screened for their effect on hERG to avoid drug-induced LQTS (Sanguinetti & 

Tristani-Firouzi, 2006). Several common medications, including but not limited to 

quinidine, dofetilide, cisapride, probucol, and phenothiazines, are known hERG-

impairing agents (Keating & Sanguinetti, 2001; Guo et al., 2007). The hERG channel is 

also uniquely susceptible to protease digestion under ischemic/hypoxic conditions and  
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Figure 2. Animal models for human cardiac action potentials. Rabbits represent a 

much better animal model for cardiac arrhythmia than rats because their ventricular 

cardiomyocyte action potential is most similar to humans, with regards to ion channel 

composition and overall shape (Figure from Bouchard et al., 2004).  
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can be rapidly internalized as a result of hypokalemia (Guo et al., 2009; Guo et al., 2011; 

Lamothe et al., 2016).  

 

1.2.A hERG structure  

The human ether-a-go-go related gene (hERG) or KCNH2 encodes the pore-forming 

subunit of the Kv11.1 channel. This voltage gated potassium channel, also referred to as 

the hERG channel, conducts IKr current in vivo, and when hERG channels are expressed 

in vitro the representative current is referred to as IhERG (Curran et al., 1995). hERG 

subunits associate homotetramerically in the plasma membrane to form functional 

channels (Figure 3). Each hERG subunit has six transmembrane domains (S1-S6), and 

large cytoplasmic COOH and NH2 termini (Trudeau et al., 1995). S1 through S4 act as 

the voltage-sensing domain, as the S4 domain contains several positively charged amino 

acid residues (Figure 3).  A change in membrane potential will cause the S4 segment to 

drive movement of S1-S4. Movement of the voltage-sensing domain results in opening or 

closing of the channel pore to allow or prevent the permeation of K+ ions (Perrin et al., 

2008). The S5-S6 segments represent the pore domain that will pass ions when 

tetramerically arranged with other hERG subunits. The S5- to S6-pore linker is exposed 

extracellularly and confers high selectivity to K+ ions (Doyle et al., 1998; Jiang et al., 

2005).  

 

The hERG channel has three structural features that play a role in its unique susceptibility 

to drug interactions and degradation compared to other Kv channels. First, its S5-pore  
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Figure 3. Structure of hERG a-subunit and the hERG channel. A) Representation of 

a single hERG protein embedded in the plasma membrane. Each hERG subunit has six 

transmembrane domains (S1-S6), a long extracellular S5-pore linker, and large 

cytoplasmic COOH and NH2 termini. B) Top-down diagram showing how four hERG 

subunits come together to form the functional Kv11.1 (hERG) channel (Figure from 

Perrin et al., 2008). 
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linker is 43 amino acids compared to 10-23 amino acids in other Kv channels (Jiang et 

al., 2005). The long S5-pore linker provides an amphipathic helical structure as a site for 

drug binding, and is more susceptible to protease cleavage than comparable Kv channels 

(Torres et al., 2003; Lamothe et al., 2016). Second, the pore region of hERG is larger 

than most Kv channels because it is missing two proline residues in the S6 domain that 

other Kv channels possess (Keating & Sanguinetti, 2001). Because hERG has a larger 

pore, drugs become trapped in the inner cavity as the channel moves through 

conformational changes. Third, within the hERG S6 domain there are two aromatic 

amino acid residues, Tyr652 and Phe656, which enhance aromatic drug binding affinity 

through hydrophobic interactions (Sanguinetti & Mitcheson, 2005).   

 

1.2.B Kinetics and Gating  

Kv11.1 (hERG) channels pass the rapidly activating delayed rectifier potassium current, 

IKr. There are three main determinants of how robust IKr will be: the probability that 

channels will be open at a given time, the density of channels on the plasma membrane, 

and the conductance of each individual channel. As seen in Figure 4, hERG channels 

have three distinct conformational states: closed (non-conducting), open (conducting) and 

inactivated (non-conducting) (Perrin et al., 2008). Channels are termed active when they 

are in the conducting state by allowing K+ ions to flow from the inside to the outside of 

the cell. Transition between each state is voltage-dependent. The transition from the 

closed to open conformation is slow, in contrast to the rapid transition from open to 

inactive (Sanguinetti & Tristani-Firouzi, 2006). hERG channels are incapable of moving   
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Figure 4. Gating kinetics of hERG channels. A) Representative graphic of the three 

conformational states of the hERG channel. hERG cycles between closed, open and 

inactivated states. B) Sample hERG current trace with the conformational states labelled. 

The conformational states of hERG are voltage dependent. This representative hERG 

trace was obtained using a simple voltage protocol beginning at a holding potential of -80 

mV, and stepping up to +50 mV, and then bringing cells back to -50 mV to induce the 

tail current (Modified from Vandenberg et al., 2012).  
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directly from the inactivated conformation to the closed conformation, and must move 

through the open state in order to fully deactivate. At negative membrane potentials (-80 

mV) hERG channels remain closed, and in response to depolarizing membrane potentials 

rising above -60 mV, some channels will begin to enter a conducting state. However, 

hERG channels rapidly inactivate after opening, so the initial efflux of K+ ions is small. 

Increasingly positive membrane potentials will cause more channels to move from their 

closed state to the open conformation, and rapidly to their inactivated state.  

 

When cardiac action potential repolarization is initiated, hERG channels rapidly recover 

from inactivation, meaning they are forced to move through the open conformation. 

Recovery from inactivation therefore results in what is called “peak tail current”, which 

represents the maximal current conducted by all functional channels expressed at the 

plasma membrane at a given time (Vandenberg et al., 2012). Recovery from inactivation 

results in a large efflux of K+ ions via hERG channels, contributing significantly to the 

repolarization of cardiomyocytes during phase three of the cardiac action potential 

(Perrin et al., 2008). The rate of repolarization slows as more hERG channels begin to 

close, and membrane potential becomes more negative (Sanguinetti et al., 1995). hERG 

currents also play an important role in maintaining the plateau phase (phase 2) of the 

cardiac action potential by inactivating rapidly after opening. hERG inactivates through 

C-type inactivation rather than N-type, meaning that inactivation occurs by the pore 

collapsing inward rather than being temporarily plugged by a cytoplasmic ball attached to 

the N-terminus (Schönherr & Heinemann, 1996).  
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1.2.C Biosynthesis and Trafficking  

In order for hERG to be functional, the protein must be folded properly, and able to 

traffic to the membrane, and capable of remaining stable in the plasma membrane. The 

synthesis of hERG proteins begins with the translation of hERG mRNA transcripts into 

polypeptides, which are translocated to the endoplasmic reticulum (ER).  In the ER, core-

glycosylation occurs to yield a protein that is 135 kDa, which is the immature form of 

hERG protein (Zhou et al., 1998). While in the ER, chaperone proteins bind to hERG 

subunits and aid them in assembling into tetrameric channel structures (Ficker et al., 

2003). Immature hERG proteins are then trafficked to the Golgi apparatus for complex-

glycosylation with the addition of a 20 kDa complex molecules including an 

oligosaccharide, yielding a 155 kDa protein (Zhou et al., 1998). The fully glycosylated, 

mature hERG channels are then trafficked to the membrane. On a Western blot, the 

mature and immature forms of hERG can be visualized as 155 kDa and 135 kDa bands, 

respectively. Channel density in the plasma membrane is critically important and it is 

reflected by the amount of hERG current, therefore proper synthesis and trafficking is 

essential.  

 

1.2.D Degradation  

There are a variety of factors that contribute to hERG protein stability at the plasma 

membrane. Under normal conditions, mature hERG has a half-life of about 10 to 12 

hours (Ficker et al., 2003). Endocytosis of hERG occurs via a caveolin-dependent 

pathway. Our lab has demonstrated that caveolin-3 (Cav3) regulates endocytosis of 
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hERG specifically, via the E3 ubiquitin ligase Nedd4-2 (Guo et al., 2012). Under normal 

conditions, Cav3, hERG and Nedd4-2 form a complex at the plasma membrane and lead 

to properly timed hERG internalization. Ubiquitinated channels are tagged for 

degradation via a lysosomal or proteasomal pathway (Guo et al., 2012; Kang et al., 

2015). When Nedd4-2 is overexpressed, interactions between these proteins and hERG 

are enhanced, and channel ubiquitination and degradation is accelerated (Guo et al., 

2012).  Pathologically enhanced degradation of hERG leads to decreased channel 

expression and therefore a decreased capability of cells to pass IhERG. Indeed, the rate of 

hERG endocytosis and degradation can be altered by changes in temperature, 

concentration of extracellular proteases, extracellular K+ ion concentration, and presence 

of regulatory proteins like SGK, Nedd4-2, or Cav3 (Vandenberg et al., 2006; Guo et al., 

2009; Massaeli et al., 2010; Guo et al., 2012; Lamothe & Zhang, 2013; Lamothe et al., 

2016). The synthesis and degradation pathway of hERG is summarized in Figure 5 

below.  

 

1.3 Ubiquitination and Nedd4-2 

There are many control mechanisms that affect the density of hERG channels at the 

plasma membrane. Our lab and others have demonstrated that the E3 ubiquitin ligase 

Nedd4-2 is involved in the degradation pathway of hERG (Albesa et al., 2011; Guo et al., 

2012; Cui & Zhang, 2013; Lamothe & Zhang, 2013). It is important to understand 

exactly how ubiquitination occurs, and what allows Nedd4-2 to selectively target hERG.  
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1.3.A Ubiquitination 

Ubiquitin is a small, highly conserved 76 amino acid polypeptide (Hershko & 

Ciechanover, 1998). Ubiquitin tags a protein for degradation by covalently binding to 

lysine residues on the target protein. One of the hallmarks of ubiquitin is its C-terminal, 

which contains seven lysine residues that allow additional ubiquitin molecules to attach 

and form a polymerized ubiquitin chain (Hershko & Ciechanover, 1998). The fate of the 

target protein depends on how many ubiquitin tags are added (Winget & Mayor, 2010). 

Monoubiquitination tags the target protein for lysosomal degradation whereas 

polyubiquitination tags the target protein for proteasomal degradation (Pickart, 2001). 

The process of ubiquitin attachment to the target protein is mediated by three enzymes: 

E1, E2, and E3 (Figure 5). E1 are ubiquitin-activating enzymes, E2 are the ubiquitin-

conjugating enzymes, and E3 are ubiquitin ligases. E3 ubiquitin ligases are the enzymes 

that directly mediate the interaction between ubiquitin and the target protein (Abriel & 

Staub, 2005). E3 enzymes possess target specificity in that they are only capable of 

tagging a protein for ubiquitination if it contains the precise amino acid sequence that the 

enzyme recognizes (Winget & Mayor, 2010).  

 

1.3.B Nedd4-2 

Neural Precursor Cell-expressed Developmentally Downregulated protein 4-2 (Nedd4-2) 

is one such E3 ubiquitin ligase that is known to interact with several ion channels. 

Nedd4-2 is one of the two isoforms of Nedd4 (Nedd4-1 and Nedd4-2). All Nedd4 

proteins all contain a C2 domain, 3 to 4 protein interaction (WW) domains, and a C- 
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Figure 5. Biosynthesis, trafficking and degradation of hERG. The biosynthesis 

trafficking and degradation pathways of hERG are summarized by the graphic above. 

This process is mediated by a variety of Rab proteins, ubiquitin, ubiquitin ligases (E1, E2, 

and E3), deubiquitinating enzymes (DUBs), caveolin and clathrin (Modified from 

Lamothe & Zhang, 2016).  
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terminal HECT domain. HECT domain containing E3’s are directly responsible for 

ubiquitinating the substrate protein after receiving the ubiquitin from an E2 ubiquitin-

conjugating enzyme. The C2 domain on the N-terminal has an auto-inhibitory effect on 

Nedd4-2 because of its capability to bind the HECT domain (Wang et al., 2010). The C2 

domain has been suggested as a calcium, lipid or protein-binding domain, but it’s most 

well characterized for its calcium binding functions (Yang & Kumar, 2010; Wang et al., 

2010). HECT/C2 domain auto-inhibition is released when calcium binds to the C2 

domain, activating Nedd4-2 (Wang et al., 2010).  A rise in intracellular calcium 

concentrations can increase active levels of Nedd4-2, which leads to amplified 

degradation of Nedd4-2 substrates (Luo et al., 2017). The WW domain of Nedd4-2 is 

capable of binding to a PPxY sequence (proline-proline-variable amino acid-tyrosine) 

also known as a PY motif, which are present in many ion channel proteins (Yang & 

Kumar, 2010). Indeed, wild type hERG channels possess a PY motif in the C-terminus in 

the form of a PPAY sequence, which allows Nedd4-2 to tag the channel for degradation 

(Guo et al., 2012) (Figure 6). Our lab has demonstrated that when the PY motif is 

mutated, Nedd4-2 is no longer capable of binding to hERG (Guo et al., 2012). It is 

believed that when Nedd4-2 builds up in excess and there are no available substrates for 

binding, Nedd4-2 will begin to ubiquitinate and degrade itself (Bruce et al., 2008).  

 

1.3.C Ion channel regulation via Nedd4-2  

There are several ion channels that possess PY motifs, and therefore are capable of 

binding to the WW domain of Nedd4-2. Nedd4-2 interactions with epithelial sodium  
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Figure 6. Nedd4-2 regulation of hERG channel activity. Prior to targeting its 

substrates, Nedd4-2 remains inactive with its C2 domain binding to the HECT domain of 

the same molecule, making the WW domain inaccessible. However when Nedd4-2 is 

active, the WW domain binds to the PY motif (PPAY sequence) of hERG channels. 

Internalized hERG channels are sent to endosomes, and the final destination for 

degradation is determined by whether the channel was monoubiquitinated (lysosome) or 

polyubiquitinated (proteasome).  
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channels (ENaC), cardiac voltage-gated sodium channels Nav1.5, hERG channels, 

KCNQ1 channels, and neuronal voltage- gated sodium channels have all been 

documented (Yang & Kumar, 2010). Considering the substrates that have documented 

interactions with Nedd4-2, it is unsurprising that Nedd4-2 expression is highest in the 

heart, kidneys and brain (Jespersen et al., 2007).  

 

Regulation of sodium channels via Nedd4-2 has been extensively studied and well 

characterized. Epithelial sodium channels (ENaC) binding to Nedd4-2 has been shown to 

have potent effects on kidney function. The WW domain of Nedd4-2 binds to the PY 

motif of ENaC on the plasma membrane, decreasing cell surface expression. Liddle 

syndrome is an inherited genetic disorder characterized by early-onset hypertension, 

abnormal kidney function, and pathologically high reabsorption of sodium from the distal 

nephron (Lifton et al., 1996). It has been discovered that Liddle syndrome is caused by a 

mutation in the binding site of Nedd4-2 on ENaC, leading to the build-up of ENaC 

channels on the membrane and abnormal Na+ and water reabsorption (Staub et al., 1996; 

Zhou et al., 2007). The cardiac sodium channel Nav1.5 is also susceptible to Nedd4-2 

degradation via calcium dependent upregulation of Nedd4-2 (Luo et al., 2017). Recent 

studies have also documented Nedd4-2 modulation of a variety of Na+ transporters 

involved in salt-sensitive hypertension, suggesting Nedd4-2 as a potential target for drug 

development (Rizzo & Staub, 2015). 

 

 Interestingly, Nedd4-2 binding with both hERG and ENaC selectively affects plasma 

membrane-bound channels, and does not affect the intracellular pool of either of these 
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channel proteins (Debonneville & Staub, 2004; Guo et al., 2012). This is likely because 

the intracellular pools of channel proteins are in a confirmation that does not allow 

Nedd4-2 to bind. hERG regulation via Nedd4-2 has been extensively studied by our lab 

and others. Our lab has demonstrated the capacity of various small molecules in altering 

the activity of Nedd4-2. Nedd family interacting proteins (Ndfips), Cav3, the small 

GTPases Rab11 and Rab4, the serum- and glucocorticoid-inducible kinase 1 and 3 

(SGK1 and SGK3) and protein kinase C have all been implicated as modulators of 

Nedd4-2 activity under different circumstances (Guo et al., 2012; Lamothe & Zhang, 

2013; Wang et al. 2014; Kang et al., 2015). The core principle remains that when Nedd4-

2 activity is upregulated, hERG expression at the plasma membrane and thus hERG 

current are down regulated. Conversely, when Nedd4-2 activity is significantly down 

regulated, pathologically high levels of hERG can build up in the plasma membrane 

(Chen et al., 2015). Based on these findings, it is clear that normal physiological levels of 

Nedd4-2 play a housekeeping function in the cell by tagging hERG channels that are no 

longer functional at the plasma membrane for degradation.  

 

1.4 CKD-related sudden cardiac death 

Chronic kidney disease (CKD) affects >25 million people in North America yearly. The 

leading cause of mortality in CKD patients is linked to cardiovascular diseases (CVD) 

(Herzog, 2008). The overwhelming majority of CKD patients have at least one 

comorbidity that predisposes them to CVD, such as diabetes, hypertension, and 

atherosclerosis (Lekawanvijit et al., 2016). As CKD progresses, treatment of CVD 
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becomes increasingly difficult because patients often develop left ventricular hypertrophy 

and diuretic resistance (Lekawanvijit et al., 2016). Although CKD patients often have 

several CVD risk factors, this does not fully account for the increased mortality (Herzog 

et al., 2011). Treatment of CKD-related CVD often targets common mechanisms like 

neurohormonal activation, hemodynamic derangement and systemic inflammatory 

activation (Lekawanvijit et al., 2016). However, treatment strategies used to address 

CVD in non-CKD patients are much less effective at reducing mortality in CKD 

populations (Lekawanvijit et al., 2016). There are still missing culprits in CKD-related 

CVD that have not yet been addressed in the treatment of these patients. Non-traditional 

risk factors, such as disordered mineral metabolism (e.g. PO4, Ca2+ and Mg) as well as 

elevated levels of uremic toxins appear to play a key role in pathogenic progression 

(Herzog et al., 2011; Lekawanvijit et al., 2016). These non-traditional risk factors 

predispose the body to cardiac and vascular calcification, impair cardiac and circulatory 

function. The non-traditional risk factors of CVD significantly increase mortality in CKD 

patients, and the mechanistic links between renal disease and cardiovascular 

complications require further investigation.  

 

1.4.A Uremic toxin associated LQTS  

Sudden cardiac death accounts for 20-30% of total CKD patient mortality (Herzog et al., 

2008). The sudden death risk in patients with CKD is 4-20 times higher than in healthy 

populations (Herzog et al., 2011). The mechanisms underlying CKD-related sudden 

cardiac death are not fully understood. Although CKD patients are at a higher risk for 
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cardiovascular complications (e.g. ischemic cardiomyopathy), most CKD patients that 

experience SCD were found not have structural heart disease (Gussak & Gussak, 2007; 

Sherif et al., 2014). Significantly prolonged QT intervals on electrocardiogram (ECG) 

recordings have been observed in CKD patients without structural heart disease or other 

known underlying factors affecting the QT interval. The QT prolongation becomes more 

significant as CKD progresses in severity (Sherif et al., 2014). Among CKD patients, 2/3 

of them had prolonged QT, and 20% of them had QT > 500 ms (Sherif et al. 2014). A 

recent study by Hage et al. found that during 40 ± 28 months of follow-up, out of 280 end 

stage renal disease patients (ESRD), 132 (47%) died before kidney transplantation (2010). 

Using a multi-factor Cox Regression model to control for differences in age, sex, diabetes, 

myocardial infarction, hypertrophy and ejection fraction, prolongation of QT is an 

independent predictor of mortality of CKD patients (Hage et al., 2010).  

 

In CKD, uremic toxins build up as a result of impaired kidney function. There are more 

than 200 compounds known to accumulate in excess during end stage renal disease. 

Originally, it was believed that only about 30 of these compounds may be toxic, but now 

it is known that over 75 of these compounds have potentially toxic effects (Vanholder et 

al., 2003; Neirynck et al., 2013). Uremic toxins can be divided into 3 categories: 1) Small 

water-soluble substances (molecular weight <500Da), 2) Medium-sized toxic substances 

(MW: 500- 5000Da), and 3) Protein-bound molecules. Figure 7 lists all molecules that 

have been acknowledged by the field as potential uremic toxins. It is important to note 

that the reasons these compounds are present in the bloodstream are varied. Some of  
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Figure 7. Identified uremic toxins. This lists all molecules that have been 

acknowledged by the field as potential uremic toxins. Each of these uremic toxins has 

been studied to some extent, but this list is by no means exhaustive. Uremic toxins are 

divided into 3 groups: 1) Small water-soluble compounds 2) Medium-sized toxic 

substances 3) Protein-bound molecules. The list of small water-soluble compounds 

mostly focuses on guanidine conjugates, but it is possible that other identified compounds 

that build up in CKD could exert toxic effects on the body (Modified from Neirynck et 

al., 2013).  

Small water-soluble 
compounds Medium sized molecules Protein-bound solutes

α-Keto-δ-guanidinovaleric
acid
α-N-acetylarginine
Ammonia
Asymmetric 
dimethylarginine (ADMA)
Argininic acid
β-Guanidinopropionic acid
Creatine
Creatinine
γ-Guanidinobutyric acid
Guanidine
Guanidino acetic acid
Guanidinosuccinic acid
Methylguanidine
Symmetric dimethylarginine
(SDMA)
Taurocyamine
Urea

Adiponectin
Adrenomedullin
AGEs
AOPPs
α1-Acid glycoprotein
α1-Microglobulin
Angiogenin
Angiotensin A
Atrial natriuretic 
peptide (ANP)
Basic fibroblast growth 
factor
β-Endorphin
β-Trace protein
β2-Microglobulin
Calcitonin
Calcitonin gene-related 
peptide
Cholecystokinin
Clara cell protein (CC16)
Complement factor D
Cystatin C
DIP-I
Delta-sleep-inducing 
peptide
Desacylghrelin
Dinucleoside
polyphosphates
Endothelin
FGF-23
Ghrelin
Glutathione

Guanylin
Hyaluronic acid
Insulin growth factor-1 
(IGF-1)
Interleukin-1β (IL-1β)
Interleukin-6 (IL-6)
Interleukin-10 (IL-10)
Interleukin-18 (IL-18)
κ-Ig light chain
λ-Ig light chain
Leptin
Methionine-enkephalin
Motilin
Myoglobin
Neuropeptide Y
Orexin A
Orexin B
Osteocalcin
Parathyroid hormone 
(PTH)
Prolactin
Resistin
Retinol-binding protein 
(RBP)
SIAM-1
Substance P
Tumor necrosis factor α 
(TNF-α)
Uroguanylin
VEGF
Vasoactive intestinal 
peptide

Advanced glycation end 
products (AGEs)
Carboxy methyl propyl 
furanpropionic acid (CMPF)
Cytokines
Interleukins
Tumor necrosis factor-α 
(TNFα)
Dimethylguanidines
Hippuric acid
Homocysteine
Indole-3-acetic acid
Indoxylglucuronide
Indoxylsulfate
Kynurenic acid
Kynurenine
Leptin
Phenolic compounds
P-cresylsulfate
P-cresylglucuronide
Phenolsulfate
Phenolglucuronide
Phenylacetic acid
Quinolinic acid
Retinol-binding protein
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these substances are products of metabolism, whereas others are endogenously produced 

to play a role in hormone regulation, immune function or vascular homeostasis. The 

presence of these substances in the circulation isn't inherently dangerous, and depends on 

how much is present, and whether the amount is within the physiological range. 

Molecules like motilin or endothelin under normal conditions can be critical for survival, 

but in CKD when they build up in excess, these molecules may contribute to uremic 

toxicity.  

 

The small water-soluble molecules, including urea, creatinine, guanidines, ammonia and 

asymmetric and symmetric dimethylarginine (ADMA and SDMA) are typically removed 

with relative ease because of their size and solubility. The biochemical effects of urea are 

not fully clear, and improved urea removal does not appear to significantly impact patient 

outcomes (Eknoyan et al., 2002; Locatelli et al., 2009). Although some guanidine 

substances (Guanadine, SDMA, and ADMA) have been identified as potentially pro-

inflammatory and may play a role in generating some medium-sized uremic toxins like 

TNF-a and IL-6 (Glorieux et al., 2004; Schepers et al., 2011). 

 

The toxic medium-sized molecules are most often small peptides, making this the largest 

group of identified uremic toxins (Neirynck et al., 2013). The medium sized molecules 

are typically 500 kDa to 5000 kDa and must be removed via dialysis (Neirynck et al., 

2013). Many of these peptides such as parathyroid hormone (PTH), FGF-23, β-

microglobulin and IL-6 have been well characterized for their role in progressive kidney 

failure, vascular calcification, inflammation and cardiovascular disease. FGF-23 levels 
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have been linked to bone-mineral homeostasis and progressive kidney failure, and have 

been found to directly affect cardiac hypertrophy (Fliser et al., 2007; Faul et al., 2011). 

Certain medium sized molecules (TNFa, β-microglobulin, and IL-6) can be strong 

predictors of mortality, and effective removal of these substances may favorably impact 

patient outcomes (Kimmel et al., 1998; Cheung et al., 2006; Barreto et al., 2010).  

 

Protein-bound uremic toxins (PBUTs) are much more difficult to remove by dialysis than 

the other classes of uremic toxins (Vanholder et al., 2003; Neirynck et al., 2013). Figure 

8 further details the classification of PBUTs, and the two main groupings within this class, 

indoles and phenols (Sirich et al., 2014). PBUTs, more so than the other classes of 

uremic toxins, are often derived from microbial metabolism in the GI tract (Sirich et al., 

2014).  Normally the kidneys are able to clear PBUTs very quickly, but in CKD, protein-

bound and free unbound plasma concentrations of these solutes rise significantly. PBUTs 

can also exist in the circulation in a free, unbound form, which is particularly concerning 

because the protein binding would normally provide a buffer for these toxins (Neirynck 

et al., 2013). Unbound toxins are regarded as the fraction that is capable of being 

physiologically active, and they rise much more quickly than the total plasma level of 

PBUTs, due to competition for a limited number of protein binding sites (Sirich et al., 

2014). Most often these PBUTs are bound to albumin, and binding is conditionally 

reversible. The capacity of these PBUTs to bind to proteins is summarized in Figure 8 

(Sirich et al., 2014). Epidemiological studies have found high levels of PBUTs to be 

linked to adverse cardiovascular events in CKD (Lekawanvijit et al., 2016; Meijers et al., 

2010). Indole and phenol compounds specifically have been identified as the most  
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Figure 8. The characteristics of PBUTs. Most PBUTs are either indole or phenol 

compounds. These compounds are often conjugated with a glycine, sulfate, glutamine or 

glucuronide and have variable binding capabilities (Modified from Sirich et al., 2014).  

  

Class Compound
Molecular 

weight Binding % 
Microbially

derived? 

Indole Indole acetic acid 175 90-98 X
Indoxyl sulfate 213 90-98 X

Indoxylglucuronide 309 40-80 X
L-kynerenine 208

Kynurenic acid 189 90-98

Phenol Phenyl sulfate 174 90-98 X
Phenyl glucouronide 270 40-80 X
4-Ethylphenol sulfate 202 >98

p-Cresyl sulfate 188 90-98 X
p-Cresyl glucuronide 284 <40 X

p-Cresol 108 X
Cinnamoylglycine 205 X

Hippuric acid 179 40-80 X
4-Hydroxyhippuric acid 195
3-Hydroxyhippuric acid 195

Phenylacetic acid 136 40-80
Phenylacetyl-L-glutamine 264 X

Other CMPF >98
Thiocyanic acid <40

1,7-Dimethyluric acid
Adipic acid

Suberic acid
Isovalerylglycine

Tiglylglycine
2-Furoylglycine
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concerning, because they have been linked to increased mortality risk in many studies 

(Lin et al., 2015).  A recent meta-analysis of several patient studies found that high levels 

of indoxyl sulfate appear to be linked with higher mortality risk, but only p-Cresol and its 

metabolites are linked to higher risk of cardiovascular events and mortality (Lin et al., 

2015). The presence of PBUTs has also been linked to cardiac arrhythmias (Tang et al., 

2014; Lin et al., 2015). Elevated uremic toxins in the circulation have the potential to 

interfere with hERG channel function, leading to QT prolongation and a heightened risk 

of arrhythmia and SCD.  

 

1.4.B p-Cresol production and conjugation  

p-Cresol (para-Cresol or 4-methyl-phenol) has been identified as a uremic toxin of 

interest because its presence is highly correlated with adverse patient outcomes. Figure 9 

below summarizes some of the current literature on the effects of this uremic toxin and its  

conjugates on cardiac and vascular targets. This summary focuses mostly on the effects 

of p-Cresol as it relates to CKD-related CVD. p-Cresol is a product of tyrosine 

metabolism in the GI tract by the Clostridiaceae and Enterobacteriaceae bacterial 

families (Wong et al., 2014). Newly formed p-Cresol (pC) then travels through the gut 

lumen into the portal circulation to the liver. In the liver, pC is most often conjugated to 

p-Cresyl sulfate (pCS) via aryl sulfotransferases or p-Cresyl glucuronide (pCG) via 

UDP-glucuronyltransferases (Meijers & Evenepoel, 2011; Nicholson et al., 2016). More 

specifically, sulfotransferase 1A1 (SULT1A1) has been identified as the aryl 

sulfotransferase responsible for converting pC to pCS (Nicholson et al., 2016). Following  
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Figure 9. Cardiovascular effects of pC, pCS and pCG. The table above summarizes 

the current literature on the effects of pC, pCS and pCG specifically related to cardiac 

and vascular targets. A significant portion of this data was first summarized by 

Lekawanvijit et al. (2016). 

  

p-Cresol (pC) p-Cresyl Sulfate (pCS) p-Cresyl Glucuronide (pCG)

Clinical 

• Increased risk for cardiovascular events 
(Meijers et al 2010).

• Increased all-cause mortality (Bammens et 
al 2006).

• Increased risk for cardiovascular (Liabeuf et 
al 2010, Wu et al 2012).

• Increased all-cause mortality (Liabeuf et al 
2010, Wu et al 2011).

• Abnormal QTc interval in ESRD patients 
(Tang et al. 2014). 

• Increased risk for all-cause 
mortality (Liabeuf et al 2013).

• High levels of pCG associated with 
risk for all-cause mortality and 
cardiovascular disease (Poesen et 
al 2016). 

In Vivo 

• pC-induced VSMC dysfunction phenotype 
reproducible in a rat model (Lee et al 
2017).

• Diastolic dysfunction in association with 
cardiac fibrosis, apoptosis, and oxidative 
stress in pCS administered uremic rats (Han 
et al 2015).

• Impairs blood flow with vascular leakage, 
but only when in the presence of both pCG 
and pCS in peritoneal toxin superfusion 
model (Pletinck et al 2013).

• Impairs blood flow with vascular 
leakage, but only when in the 
presence of both pCG and pCS in 
peritoneal toxin superfusion model 
(Pletinck et al 2013).

In 
Vitro 

• Prohypertrophic effects in cultured cardiac 
myocytes (Lekawanvijit et al 2012).

• Reduces spontaneous contraction with 

enhanced irregular beating of cardiac 
myocytes (Peng et al 2012).

• Defective endothelial proliferation and 
wound repair with no effects on cell 
viability and apoptosis in cultured HUVEC 

(Dou et al 2004).
• Defective leukocyte adhesion and 

inhibition of endothelial adhesion 
molecule expression in cytokine 
stimulated HUVEC (Dou et al 2002).

• Disrupts endothelial progenitor cell 
function (Zhu et al 2012).

• VSMC dysfunction via Axl signalling (ROS-
related) pathway (Lee et al 2017). 

• Disrupts adherens junctions, and causes 
calcium- and PKCα-dependent disassembly 
of cardiomyocytes (Peng et al 2013).

• Profibrotic and prohypertrophic effects 
(Lekawanvijit et al 2012).

• Promotes endothelial dysfunction by 

inducing Rho kinase-mediated microparticle
shedding in HUVEC (Meijers et al 2009).

• Increases endothelial permeability to 
albumin, but only in the presence of both 
pCS and pCG (Neirynck et al 2012).

• Increases leukocyte oxidative burst activity 
in healthy human blood exposed to pCS
(Meert et al 2011, Schepers et al 2007).

• Increases endothelial permeability 
to albumin, but only in the 
presence of pCS and pCG (Neirynck

et al 2012).
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conjugation, pC metabolites can be bound to albumin and moved throughout the blood 

stream.  

 

Total amounts of pC and its metabolites in normal patient serum are reported around 0.6 

mg/L (0.006 mM) (Vanholder et al., 2003). Adverse effects of pC compounds have been 

documented when serum levels rise above 6 mg/L, with mean CKD patient 

concentrations reported around 20 mg/L (0.2 mM), and maximal values of about 40 mg/L 

(0.4 mM) (Vanholder et al., 2003; Lin et al., 2015).  Local concentrations of pC in 

different tissues are unknown. Researchers estimate the concentrations of pCS, pCG, and 

pC to be about 94:5:1 in the blood stream (Persico & Napolioni, 2013). Although, recent 

studies have indicated that the balance of pC conjugation shifts towards glucuronidation 

as CKD progresses towards End Stage Renal Disease (ESRD) (Poesen et al., 2016). 

Sulfotransferase activity is indeed diminished as CKD progresses, and the shift towards 

pCG production is highly correlated with CVD and mortality (Poesen et al., 2016). 

Mutsaers et al. (2015) found that in their patient cohort pCG rose from 1.3% of total pC 

metabolites in early CKD to 21% in ESRD patients.  Because pC and related compounds 

are PBUTs, only about 30% of pC can be removed during a 4-hour dialysis session, 

compared to upwards of 70% of urea that is capable of being removed during the same 

timeframe (Vanholder et al., 1999). 
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1.4.C Toxic effects of p-Cresol, p-Cresyl Sulfate and p-Cresyl Glucuronide 

The most common way to measure pC, pCS and pCG is using HPLC or UPLC. In the 

early stages of research into pC and related compounds, pC appeared to be the 

predominant form in the bloodstream. As research in this field progressed, it became 

apparent that the dominant form was pCS, and the extremely high levels of circulating pC 

were due to excessive acidification during the preparation of samples for measurement by 

HPLC (Vanholder et al., 2011; Gryp et al., 2017). The idea that pCS was the 

predominant circulating form of pC was initially suggested in the early 2000’s but was 

not fully acknowledged in the literature until 2011 (Vanholder et al., 2011). This has 

been a source of confusion in the field, so often times in the literature no distinction is 

made between metabolites, or researchers choose to focus in on one form of the 

compound (Vanholder et al., 2011). Several studies in vivo and in vitro have been 

performed using pC or pCS, and to a lesser extent pCG. Which of these molecules is the 

true toxicant has yet to be elucidated. In epidemiological studies, many researchers do not 

attempt to measure each of these as distinctive compounds in the blood stream as the 

presence of all three forms in some capacity are inherently linked (Gryp et al., 2017). 

Moreover, each form appears to have similar predictive power in terms of identifying 

worsening CKD severity and overall mortality (Liabeuf et al., 2013). 

 

Clinical studies completed prior to the discovery of the caveats of using the standard 

sample preparation method, most often discuss pC when in actuality they were more 

likely measuring pCS or pCG (Gryp et al., 2017). Often levels of pC and conjugates are 

grouped together, and referred to as either p-Cresol (making no distinction between 
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conjugates) or p-Cresyl sulfate (based on the assumption that levels of the other forms of 

the compound are negligible). Nevertheless, pC, pCS and pCG have been found in certain 

instances to similarly affect the behaviour of cells in vitro (see Figure 9). Indeed, some of 

the activity of these compounds depends on multiple forms being present in the cellular 

environment (Neirnyck et al., 2013). Additionally, some, but not all, research groups also 

make a distinction between free (unbound) and protein-bound forms of pC and 

conjugates in their experimentation (Meijers et al., 2010).  

 

As the total amount of pC, pCS and pCG in patient serum rises as CKD progresses, and 

higher amounts of unbound pC, pCS and pCG appear because there is less available 

albumin for binding (Lin et al., 2015). The increase in unbound pC compounds is 

correlated with worsening patient outcomes (Lin et al., 2015). Most of the current 

literature focuses on the effect of pC compounds have on endothelial dysfunction, rising 

oxidative stress, and leukocyte activation (summarized in figure 9). For the purpose of 

our study, we focus on the parent compound pC, as the exact proportion of pC, pCG and 

pCS are still a matter of research development. Also, HEK cells are known to express 

SULT1A1 in significant amounts, and is one of the highest recorded from a human-

derived in vitro cell line (Durling et al., 2009). This data suggests that although we’ve 

applied pC to our cells, pCS may also be present in some capacity.  

 

Because of the increased risk of cardiovascular mortality, specifically related to sudden 

cardiac death in CKD patients, investigation into the arrhythmogenic potential of uremic 

toxins, specifically pC, is warranted. Interestingly, Tang et al. (2014) found that in ESRD 
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patients with stable angina, increased levels of serum pCS were correlated with abnormal 

QTc intervals. This study shows a distinct correlation between patient serum pCS and 

arrhythmia. However, only pCS was reported in that study, and no distinction was made 

between pCS, pCG or pC (Tang et al., 2014). To our knowledge, only one study has ever 

directly investigated the effect of pC on ion channel activity. The study from Elliott & 

Elliott (1997) showed that pC (1.5 mM) caused a depolarizing shift via blockade of the 

voltage-gated potassium channels called RCK1 (Kv1.1), though this channel is 

exclusively expressed in brain tissue. 

 

1.4.D Autism spectrum disorder and p-Cresol  

Recently it has been suggested that p-Cresol may also have implications for patient 

populations outside the realm of CKD. Two patient cohort studies have recently shown 

that children with autism spectrum disorder (ASD) have unusually high amounts of both 

pC and pCS in their urine (Altieri et al., 2011; Gabriele et al., 2014). While initially this 

was puzzling to researchers considering that pC generally circulates as pCS in the body, 

it was noted that young autistic children also often suffer from issues of excessive 

intestinal permeability, which could allow the unconjugated form of pC into the 

bloodstream (Persico & Napolioni, 2013). Indeed, it has been found in ESRD patients 

that excess pC and pCS can actually directly cause damage to endothelial tight junctions 

in the gastrointestinal (GI) tract (Vaziri et al., 2012).  
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Children with ASD are known to have high amounts of co-morbidities and about twice 

the overall mortality risk compared to the general population (Bilder et al., 2013).  It has 

been suggested that perhaps ASD children are accumulating pC as a result of 

environmental exposure and a reduced capacity to conjugate and clear pC (Persico & 

Napolioni, 2013). As shown in Figure 10, there are several environmental sources for pC 

that patients with reduced capability to clear pC and its metabolites should be wary of. 

Whatever the reason for the increased pC in the urine of children with ASD, this 

molecule has been suggested for use as a biomarker in ASD diagnosis. These studies are 

the first of their kind and have not been replicated in different age groups. Because it has 

yet to be investigated, no mechanistic link has been suggested between worsening ASD 

diagnosis, or ASD comorbidities and pC.  

 

1.5 Hypothesis  

The uremic toxin p-Cresol decreases hERG expression and IKr, which causes 

prolongation of the QT interval.  

 

1.6 Objectives 

In the present study, the role of pC in the pathogenesis of CKD-related CVD, especially 

LQTS via interference with hERG function has been investigated.   

1. Investigate PBUTs and their effects on hERG 

2. Evaluate the effect of pC application on hERG on:  



32 

 

 

 

 

 

Figure 10. Environmental sources of pC. There are several sources of potential 

exposure to p-Cresol in the environment, though most often the amount of pC is 

negligible.  Normally the kidneys easily clear pC, but under certain circumstances 

exposure should be avoided (modified from Persico & Napolioni, 2013).  
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 mature hERG expression 

  IhERG current 

3. Elucidate mechanisms underlying the effects of pC on: 

 Channel selectivity  

 Cell signaling pathways  

4. Quantify the effects of pC in cultured neonatal rat cardiomyocytes 

5. Evaluate the effects of pC on the QT interval in an in vivo rabbit model 

 

CHAPTER 2: MATERIALS AND METHODS 

2.1 Molecular biology  

hERG cDNA was provided by Dr. Gail Robertson (University of Wisconsin, Madison); 

the human embryonic kidney (HEK) 293 cell line stably expressing hERG channels 

(hERG-HEK cell line) was provided by Dr. Craig January (University of Wisconsin, 

Madison). The human Nedd4-2 plasmid in pBluescript II was obtained from Kazusa 

DNA Research Institute (Chiba, Japan). To generate HA-tagged Nedd4-2 plasmid, the 

open reading frame of Nedd4-2 was amplified using PCR and cloned into HA-pcDNA3 

(Invitrogen). The hERG point mutation Y1078A and C-terminal truncation mutation 

Δ1073 with disrupted Nedd4-2-binding sites were generated using PfuUltra Hotstart PCR 

Master Mix (Agilent Technologies). The mutations were confirmed by DNA sequencing 

(Eurofins MWG Operon). The stable cell lines expressing mutant hERG channels were 

created in HEK 293 cells. Cells stably expressing wild-type (WT) mutant hERG channels 
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were maintained at 37 ºC with 0.4 mg/mL G418 (Invitrogen) in normal culture medium 

which contained minimum essential medium (MEM, Life Technology) supplemented 

with non- essential amino acids and sodium pyruvate, 10% fetal bovine serum (FBS).  

 

2.2 Neonatal rat ventricular myocyte isolation  

The Queen’s University Animal Care Committee approved all studies involving animals 

prior to experimentation. Single ventricular myocytes were isolated from 1- to 2-day-old 

Sprague–Dawley rats by enzymatic dissociation as described previously (Guo et al., 

2007). Immediately following isolation, cells were cultured in Dulbecco’s modified 

Eagle’s medium/Ham’s F-12 medium (Invitrogen) supplemented with 10 % FBS. Cells 

were cultured on coverslips and electrophysiological recordings were performed 24 h 

after treatment. 

 

2.3 Western blot analysis  

For Western blot studies, HEK293 cells are collected from 35mm dishes after culture at 

37°C for at least 24h. Cells were collected with ice cold phosphate-buffered saline (PBS) 

and lysed using a fast lysis sonication method with ice cold RIPA 

(Radioimmunoprecipitation) lysis buffer containing the protease inhibitors cocktail 

(Sigma) and PMSF (Sigma). The whole-cell lysates were centrifuged at 9727 G for 10 

min to pellet insoluble substances. After performing a protein assay to measure 

supernatant protein concentration, loading samples were made with 30 μg to 60 μg /100 

μL, depending on the cell line used. For whole heart samples, loading samples were made 
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with 300 μg to 400 μg /100 μL. Samples of 50 μL/lane were separated using sodium 

dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) gels. Proteins within the 

gels were transferred onto polyvinylidene difluoride (PVDF) membranes overnight. After 

transfer, membranes were blocked with 5% skim milk which is dissolved in Tris-buffered 

saline (TBS), and supplemented with 0.1% TWEEN 20. Membranes are blocked for 1 

hour and subsequently immunoblotted with appropriate primary antibodies for 1 to 12 

hours. Primary antibodies were prepared at 1:1000 or 1:500 concentrations in 5% skim 

milk. Horseradish peroxidase-conjugated secondary antibodies were applied for 1 to 1.5 

hours to detect the signals.  Proteins were visualized with Fuji film using Enhanced 

Chemiluminesence detection kit (GE healthcare).  

 

Adobe Photoshop was used to analyze band intensities and Origin was used for statistical 

analysis. The expression level of β-actin was used as a loading control. Bands were first 

normalized to their respective actin intensities and the normalized intensities from treated 

cells were then compared with those from control cells. Background pixel value was 

subtracted from each band of interest. Band intensities are expressed as relative values to 

their corresponding controls. For statistical analysis, one-way ANOVA or 2-tailed 

Student’s t-test were used. A P-value of 0.05 or less was considered significant.  

 

2.4 Electrophysiological recording  

The whole-cell patch clamp method was used for all electrophysiological recordings. For 

this study, whole cell patch clamp was used to record hERG current (IhERG), EAG current 
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(IEAG), Kv1.5 current (IKv1.5), IKr, INa, and IBa. All HEK cells were harvested from dishes 

by trypsinization, and recordings were made within 4 hours of harvest. Cardiomyocytes 

were cultured on coverslips for 24 hours, at which point these cells were treated and used 

for recordings within 12-24 hours. Cells were kept in standard MEM and all patch-clamp 

experiments were performed at room temperature (22±1°C). For recordings from HEK 

stable cell lines (hERG, Kv1.5, EAG, Y1078A and Δ1073) the pipette solution contained 

135 mM KCl, 5 mM EGTA, 1 mM MgCl2 and 10 mM HEPES (pH 7.2 with KOH). The 

bath solution contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM 

glucose and 10 mM HEPES (pH 7.4 with NaOH). The sampling frequency is 1000Hz for 

IhERG and IEAG, 5000Hz for IKr recording, and 20,000Hz for IKv1.5 recording. The pipette 

resistance was between 2.0-3.5 MΩ. For series resistance, the range was from 3-10 MΩ. 

The capacitance of hERG-HEK cell line was between 10-15 pF. The membrane 

resistance and capacitance were compensated for using the amplifier upon achieving a 

Gigaseal.  

 

The equation below represents channel current flow (I) for ion channels, and is used to 

understand hERG channel activation. 

I= N x Po x C 

hERG channel activation is determined by the probability of channels being in their open 

state at a given voltage. I is a product of the number of channels present on the membrane 

(N), the probability that they will be in an open state (Po) and single channel conductance 

(C). hERG channel activation is slower than other Kv channels because of the delayed 
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movement of the voltage sensor, so longer depolarizing pulses are required in order to 

properly record hERG current.  

 

For hERG recordings, cells were first held at −80 mV and IhERG was elicited by 

depolarizing steps to voltages from −70 to 70 mV in 10-mV increments (Figure 11, A-B). 

The depolarizing steps were held for 4 seconds and were followed by a subsequent 5-

second repolarizing step to −50 mV to induce tail currents. This protocol was applied 

repetitively every 15 s. Analysis of IhERG utilized the tail current induced by the 

repolarizing step. hERG currents are reported for hERG-HEK cells, and hERG mutant 

cell lines Y1078A and Δ1073. The voltage protocols are similar for IEAG and IKv1.5 

recording (Figure 11, C-F). First, membrane potential was held at -80 mV. EAG or Kv1.5 

currents were evoked with depolarizing steps from -70 mV to +70 mV with an increment 

of 10 mV. The depolarizing step lasts for 400ms for Kv1.5 recordings and 4s for EAG 

recordings. The amplitude of the peak pulse current upon depolarization to 50 mV is used 

for analysis. All current traces were analyzed using Clampfit 10.3 software. Tracers were 

placed on either side of the peak current to identify a value for maximum current flow, 

and the amount of current flow present during the holding potential (if there was any 

measurable current) was subtracted. 

 

For neonatal rat ventricular myocytes, action potential duration is reported as the action 

potential duration at 90% repolarization (APD90). The bath solution for APD  
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Figure 11. Sample voltage protocols and tracings. A) hERG voltage protocol. Cells 

underwent depolarizing voltages between -70 and +70 mV in 10-mV increments. Cells 

were held at -80mV. B) hERG sample tracing. The hERG tail currents were recorded 

upon a repolarizing step to 50 mV for 5s. C) EAG voltage protocol. Cells underwent 

depolarizing voltages between -70 and +70 mV in 10-mV increments. Cells were held at 

-80 mV. D) EAG sample tracing. Voltage steps were held for 4 seconds. E) Kv1.5 

voltage protocol. Cells underwent depolarizing voltages between -70 and +70 mV in 10-

mV increments. Cells were held at -80 mV. F) Kv1.5 sample tracing. Voltage steps were 

held for 400 ms. 

  

A

B D

C

F

E

-80 mV -70 mV

70 mV

-50 mV

2s

0
.2

 n
A

2s

-80 mV

-50 mV

-70 mV

70 mV 70 mV

-70 mV-80 mV

-50 mV

2s

2s

200ms

200ms

0
.3

 n
A

2
 n

A



39 

 

measurements contained (in mM): 5 KCl, 130 NaCl, 1 MgCl2, 2 CaCl2, 10 glucose, and 

10 HEPES (pH 7.4 adjusted using NaOH). The pipette solution for APD measurements  

contained (in mM):  135 KCl, 10 EGTA, 1 MgCl2, 5 MgATP, and 10 HEPES (pH 7.2 by 

KOH). For the recording of native IKr in cultured neonatal rat cardiomyocytes, the bath  

solution contained (in mM): 135 CsCl, 1 MgCl2, 10 glucose, and 10 HEPES with pH 7.4 

by CsOH. The bath solution for Ba2+-mediated L-type Ca2+ current (IBa) contained (in 

mM): 140 TEACl, 5.4 BaCl2, 5 CsCl, 1 MgCl2, 10 glucose, and 10 HEPES (pH 7.4 with 

CsOH). The pipette solution for IKr and IBa contained (in mM): 135 CsCl, 5 MgATP, 10 

EGTA, and 10 HEPES with pH 7.2 by CsOH. IKr is elicited by depolarization to voltages 

between -70 mV and 70 mV in 10 mV increments, and membranes are then repolarized 

to the -80 mV holding potential. The peak tail current is used for analysis of IKr. Ba2+-

mediated L-type Ca2+ current (IBa) was elicited by depolarizing pulses from −60 mV the 

holding potential to voltages between −50 and 30 mV in 10 mV increments. The current 

upon depolarization to 0 mV was used for IBa analysis. INa bath solution is composed of 

(in mM): 100 TEACl, 40 NaCl, 5 CsCl, 1 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES. 

INa pipette solution is composed of (in mM): 135 CsCl, 10 EGTA, 5 MgATP, and 10 

HEPES. 

 

2.5 Live rabbit experiments  

Rabbit experiments were performed in accordance with the Canadian Animal Care 

Committee guidelines, and were approved by the Queen’s University Animal Care 

Committee. All experiments were performed with the technical assistance of Deborah 
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Harrington in the Animal Care Facility. The 9 New Zealand White rabbits were obtained 

from Charles River Canada. All rabbits were male, and weighed between 2.0 kg to 2.25 

kg. All of the rabbit’s weights remained relatively constant, within 0.05 kg of their 

starting weight, over the course of our experiment. The experiments occurred over the 

course of 4 days. The rabbits were treated initially with isoflurane anesthetic at 4 - 5% 

and the concentration was decreased to 2% for maintenance. Once it was clear that the 

animals were sufficiently anesthetized, and their heart rate remained steady, ECG was 

recorded for up to 5 minutes. ECG was recorded using a differential AC amplifier (A-M 

Systems Model 1700, Carlsborg, WA), and digitized using a CED Micro 1401 and stored 

on a computer using Spike2 software for analysis (Cambridge Electronic Design, 

Cambridge, UK). For pC injection into rabbits, pC was dissolved in saline solution heated 

to 37°C and administered through marginal ear vein at a daily dose of 15mg/kg. 15 

mg/kg was used in order to maximize the potential for interaction between 

cardiomyocytes and injected pC, despite the rapid clearance time for this molecule. For 

control animals, an equivalent amount of saline solution was administered. These dosages 

were administered daily from day 1 to day 3. ECG was taken twice daily for each rabbit, 

once immediately prior and once 5 minutes after pC or saline injection. ECG readings 5 

min after injection were meant to record any acute changes in the QT interval.  Rabbits 

were monitored over the course of 4 days to detect for the occurrence of long-QT. The 

rabbits were anesthetized by isoflurane inhalation and euthanized via heart removal on 

day 4. The heart was immediately flash-frozen in liquid nitrogen for molecular studies. 

 



41 

 

2.6 Fluorescence microscopy  

For calcium imaging experiments, hERG-HEK cells were cultured on cover slips 

overnight. The Fluo-3AM calcium dye was dissolved in DMSO to make a 5 mM stock 

solution. It was diluted with MEM to a working solution of 5 µM. Cells were then 

incubated with 1 mL of the Fluo-3 AM working solution for 1 h at 37°C. Subsequent to 

the 1h incubation, live cells were imaged with a fluorescence microscope at 470 nm. 

After the initial imaging, cells were treated with pC or with a control solution and 

immediately thereafter, the same live cells were imaged once per minute for 30 min. 

Images were acquired using a Zeiss Observer Z1 inverted fluorescence microscope 

(Zeiss). 

 

2.7 Reagents and antibodies  

Rabbit anti-Kv11.1 (hERG), anti-Kv10.1 (EAG-1), anti-ubiquitin, mouse anti-actin 

antibodies, electrolytes, EGTA, HEPES, glucose, BAPTA-AM, DMEM and p-Cresol 

were purchased from Sigma-Aldrich. Goat anti-hERG (C-20), Goat anti-hERG (F-12), 

rabbit anti-GAPDH, anti-Kv1.5, Protein A/G PLUS Agarose, goat anti-mouse IgG and 

goat anti-rabbit IgG, and mouse anti-goat IgG were purchased from Santa Cruz 

Biotechnology. Rabbit anti-Nedd4-2 antibody was purchased from Cell Signaling 

Technology. MEM, FBS, and Fluo-3 AM calcium dye were purchased from Thermo-

Fisher Scientific (Invitrogen). p-Cresyl sulfate was purchased from ApexBio.  
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CHAPTER 3: RESULTS 

3.1 pC chronically reduces hERG current and protein expression in hERG-HEK 

cells  

The goal of this study was to investigate whether the uremic toxin pC is capable of 

interfering with hERG function. Upon beginning this project, we wanted to assess the 

effect of a variety of PBUTs to see whether there was something unique about pC, or 

whether several PBUTs may be capable of altering hERG activity and contributing to 

LQTS. hERG-HEK cells were treated with the PBUTs p-Cresol (pC), indoxyl sulfate (IS), 

or phenylacetic acid (PAA). To test for an acute blocking effect of these toxins on hERG 

channels, in separate experiments, each of pC, IS and PAA were added to the bath 

solution of the hERG-HEK stable cell line to examine the effect on IhERG during patch 

clamp recordings.  High concentrations of these PBUTs were used in order to ensure that 

if there was any kind of blocking effect it would not be missed (pC=3 mM, PAA= 5 mM, 

IS= 10 mM). None of the three PBUTs tested resulted in an acute block of hERG 

channels (Figure 12A).  

 

To test the chronic effect of these PBUTs on hERG current, hERG-HEK cells were 

treated with each uremic toxin (pC, IS, PAA) for a period of 12 hours (pC=0.5 mM, 

PAA= 1 mM, IS= 2 mM). pC, IS, and PAA were dissolved in media, and control group 

cells were supplemented with an equivalent concentration of excess media. pC 

chronically reduced hERG current, but IS and PAA had no effect (Figure 12B). These  
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Figure 12. Acute and chronic treatment of hERG with uremic toxins. A) Each uremic 

toxin was added to the bath solution of the hERG-HEK stable cell line for 2 min to 

examine their acute effect on IhERG during patch clamp recordings (pC:3 mM, PAA: 5 

mM, IS: 10 mM). pC did not acutely block hERG channels (pC, n= 9) and neither did IS 

(IS, n=4)  nor PAA (PAA, n=6). B) IhERG was elicited from hERG-HEK cells that were 

treated with each uremic toxin for a period of 12h (pC:0.5 mM, PAA: 1 mM, IS: 2 mM). 

pC chronically reduced hERG current after 12 h (Ctl, n= 13, pC, n=13). Neither IS nor 

PAA had an effect on hERG current after 12 h (Ctl, n= 6, IS, n=6, Ctl, n= 6, PAA, n=6) 

(** indicates significance, p-value < 0.05). 
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results suggest that pC is distinct from IS and PAA in its ability to affect hERG. From 

these data we conclude that not all PBUTs are capable of disrupting hERG activity.  

 

Next, we wanted to assess whether pC was changing the gating kinetics or 

electrophysiological properties of hERG. Figure 13 shows IhERG pulse and tail currents 

from hERG-HEK cells treated with 0.5 mM pC for 12h, plotted against voltage used for 

depolarizing step (mV). Based on the data summarized in Figure 13, 0.5 mM pC 

concentration caused a 50% reduction in both pulse and tail currents in pC treated cells 

compared to control hERG-HEK cells. The tail current-activation voltage relationships of 

hERG currents in control cells and those after pC treatment were fitted to the Boltzmann 

equation to obtain the half activation voltage (V1/2) and the slope factor of hERG 

channels. V1/2 was -2.04 ± 2.43 and the slope factor was 6.71 ±  0.13 in control cells. For 

pC treated cells, V1/2 was 4.55 ± 2.45 and the slope factor was 8.06  ±  0.44. Despite the 

slight shift in V1/2, there was no significant difference between the half activations or the 

slope factors of pC compared to control cells. Thus, pC reduces hERG current without 

affecting the electrophysiological properties of hERG channels.  

 

We then sought to demonstrate that the chronic reduction in hERG protein expression 

and current was dose-dependent. For Western blot experiments, hERG-HEK cells were 

cultured with varying concentrations (0 mM- control, 0.1 mM, 0.5 mM, 2.0 mM, and 10 

mM) of pC for 12 hours. hERG from control cells display two bands with molecular 
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Figure 13. pC treatment affects hERG pulse and tail currents. IhERG pulse and tail 

currents from hERG-HEK cells treated with 0.5 mM p-Cresol for 12h, plotted against 

voltage (mV). 0.5 mM pC caused a half maximal reduction in the peak pulse current (Ctl, 

n=5, pC, n=8). 0.5 mM pC also caused a half-maximal reduction in the peak tail current 

(Ctl, n=5, pC, n=8) (** indicates significance, p-value < 0.05).  
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masses of 155 and 135 kDa, respectively. The 135-kDa band represents the core-

glycosylated immature form of hERG, which under normal conditions represents the 

form localized to the ER. The 155-kDa band represents the mature, fully glycosylated 

and functional form of the hERG protein, and is the band used to quantify relative protein 

expression of hERG. 

 

The data suggests that pC reduced protein expression of functional (155-kDa) hERG 

channel proteins in a concentration-dependent manner (Figure 14A). Relative band 

intensities were normalized to their respective actin control and summarized beneath the 

representative Western blot image (n=3). No change in the 135 kDa band was found (data 

not shown). The data from whole-cell patch clamp experiments corroborates what was 

found in the protein expression analysis. For patch clamp experiments, cells were treated 

with varying concentrations of pC (0.01 mM, 0.1 mM, 0.5 mM, 2 mM, and 10 mM). pC 

treatment for 12 h decreased IhERG in a concentration-dependent manner with an IC50 of 

0.5 mM (Figure 14B). Current was almost completely abolished at 10 mM concentration.  

 

3.2 p-Cresol selectively reduces hERG, but not EAG or Kv1.5  

hERG is a unique Kv channel for a variety of reasons (see Introduction for details). 

Nevertheless, we wanted to know whether the effect of pC was specific to hERG 

channels and whether other Kv channels may be similarly affected. We used stably 

expressing Kv1.5-HEK and EAG-HEK cell lines treated with or without pC for 12 hours  
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Figure 14. pC treatment causes reduction in hERG expression. A) pC reduces 

expression of hERG channel proteins in a concentration dependent manner. Relative band 

intensities have been normalized to their respective actin control and are summarized 

beneath the representative Western blot image (n=3). B) pC treatment for 12 h decreases 

IhERG, and current is completely abolished at 10 mM (0.01 mM pC, n=33, 0.1 mM pC, 

n=23, 0.5 mM pC, n=31, 2 mM pC, n= 23, 10 mM pC, n=9).  
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to compare the effects of pC on hERG channels. Representative currents in control and 

pC treatment (concentration 0.5 mM) groups from hERG, Kv1.5 and EAG cells are 

shown. Only hERG, but neither Kv1.5 nor EAG current was reduced by pC (Figure 15).  

 

We further examined the effects of pC treatment on expression of Kv1.5, EAG and hERG 

channel proteins. Relative band intensities of various channel proteins in the presence or 

absence of 0.5 mM p-Cresol are summarized beneath the representative Western blot 

images. pC reduced expression of hERG channel proteins, but not Kv1.5 or EAG (Figure 

16). One of the key differences between Kv1.5 and EAG channels versus hERG channels 

is their respective susceptibility to degradation via Nedd4-2 (Guo et al., 2012). Of these 

three channels, only hERG is susceptible to degradation via Nedd4-2, so we hypothesized 

that the activity of this E3 ubiquitin ligase is involved in pC-induced hERG degradation. 

This could potentially explain why Kv1.5 and EAG current and protein expression were 

not altered by pC treatment.   

 

3.3 pC effect on hERG is Nedd4-2 dependent 

In an effort to understand the pathway through which pC reduces hERG expression and 

current, we assessed the effect pC had on hERG mutants that are insensitive to Nedd4-2.  

Nedd4-2 targets the PPAY sequence (PY motif) in positions 1076-1079 in the hERG C-

terminus. Two Nedd4-2 insensitive hERG mutants were used, Y1078A and Δ1073. 

Y1078A has a point mutation in the binding site, whereas Δ1073 has a truncated hERG  
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Figure 15. The effect of pC treatment on hERG, Kv1.5, and EAG currents. 

Representative currents in untreated (Ctl) and pC treatment (0.5 mM) groups are shown. 

hERG current was reduced by pC (hERG Ctl, n=19, hERG pC, n=17), whereas pC did 

not affect EAG (EAG Ctl n=23, EAG/pC n=21) or Kv1.5 currents (Kv1.5 Ctl, n=31, 

Kv1.5 pC, n=31) (** indicates significance, p-value < 0.05).   

  

100 ms 2 s

 

2 s

 

1
.0

 n
A

0.0

0.5

1.0

 

2
 n

A

0
.5

 n
A

0

2

 

0

2

 

hERG Kv1.5 EAG

Ctl

pC

**

C
u

rr
en

t 
(n

A
) 

C
u

rr
en

t 
(n

A
)

C
u

rr
e

n
t 

(n
A

)



50 

 

 

Figure 16. The effect of pC on expression of hERG, Kv1.5, EAG channel proteins. 

Relative band intensities of various channel proteins in the presence or absence of 0.5 

mM pC are summarized beneath the representative Western blot images (n=7 for hERG, 

n=3 for Kv1.5, n=4 for EAG). pC did not reduce protein expression in EAG or Kv1.5, but 

did persistently reduce hERG protein (** indicates significance, p-value < 0.05).  
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C-terminus (including the PY motif) and thus is 10 kDa smaller than wild type hERG 

proteins (Guo et al., 2012). WT- hERG, Y1078A-hERG, and Δ1073-hERG expressing 

cells were treated with 0.5 mM pC for 12 hours. Western blot analysis showed that 

treatment with pC did not reduce hERG protein expression in Nedd4-2 insensitive 

mutants (Figure 17). Mature (155 kDa) hERG protein was only reduced in the WT pC 

treated cells, and not in the Y1078A or Δ1073 pC treated cells. 

 

Consistent with the Western blot results, patch clamp experiments showed that among 

current traces from WT hERG and hERG Nedd4-2 insensitive mutants, only WT hERG 

current was reduced in response to pC treatment (Figure 18). The protocol used to elicit 

current from Y1078A or Δ1073 was the same as what was used for WT hERG. Mutations 

present in these cell lines do not affect IhERG gating kinetics or electrophysiological 

properties (Guo et al., 2012). Baseline current was lower in Δ1073 mutant, but no 

reduction in response to pC was seen in either Y1078A or Δ1073.  

 

To further demonstrate the capacity of pC to regulate hERG via a Nedd4-2 dependent 

pathway, we tested the effect of pC in hERG-HEK cells with stably overexpressed 

Nedd4-2 (Nedd4-2 OE) (Kang et al., 2015). Current traces from Nedd4-2 OE cell line 

show that the reduction in hERG current caused by pC treatment (0.5 mM) was 

exaggerated compared to the current reduction seen in wild type hERG-HEK cells 

(Figure 19). Nedd4-2 OE hERG cell line displayed current amplitude that was smaller  
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Figure 17. pC does not cause a reduction in protein expression in NEDD4-2 

insensitive hERG mutants. Y1078A and Δ1073 are hERG-HEK cell lines with 

mutations in the Nedd4-2 binding site stably expressed. Representative Western blot 

images from in untreated (Ctl) and pC treated (0.5 mM) cells are shown from Y1078A 

and Δ1073 cells. Protein was only reduced in the WT cells, and not in the Y1078A or 

Δ1073 cells (WT, n=3, Y1078A, n=3, and Δ1073, n=3) (** indicates significance, p-

value < 0.05).  
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Figure 18. pC does not cause a reduction in current in NEDD4-2 insensitive 

mutants. Current traces from hERG-HEK and Nedd4-2 insensitive mutants show that 

only the current from WT hERG-HEK is reduced in response to pC treatment. Baseline 

current is lower in the Δ1073 mutant, but no reduction in response to pC is evident in 

either Y1078A or Δ1073 (WT Ctl, n=32, WT/pC, n=30, Y1078A Ctl, n=18, Y1078A/pC, 

n=17, Δ1073 Ctl, n=10, Δ1073/pC, n=10) (** indicates significance, p-value < 0.05).  
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Figure 19. Reduction in hERG current caused by pC treatment is exaggerated in 

Nedd4-2 OE cells. Current traces from Nedd4-2 OE cell line shows that the reduction in 

current caused by p-Cresol treatment (0.5 mM) is exaggerated in Nedd4-2 OE cells 

compared to wild type hERG-HEK cells (WT Ctl, n=32, WT/pC, n=31, Nedd4-2 OE Ctl, 

n=12, Nedd4-2 OE/pC, n=12) (** indicates significance, p-value < 0.05).  
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than in the WT hERG cell line. pC treatment-mediated IhERG reduction in Nedd4-2 OE 

hERG cells is two-fold greater than pC-treatment-mediated IhERG reduction in WT hERG 

cells. This data further corroborates the idea that Nedd4-2 is involved in pC-induced 

hERG degradation. Nedd4-2 OE was verified by Western blot (not shown).  

 

3.4 Calcium activity in accordance with pC-induced hERG degradation 

Our lab and others have demonstrated that Nedd4-2 activity can be modulated by a 

variety factors, including SGK1, SGK3, PKC, calcium in the intracellular environment or 

phosphorylation status (Wang et al., 2014; Lamothe & Zhang, 2016). During the course 

of the present study, each of these factors was independently investigated (not shown).  

Our preliminary data indicated that the factor that was most relevant to pC regulation of 

hERG via Nedd4-2 is intracellular calcium. Under normal conditions, Nedd4-2 HECT 

and C2 domains bind each other resulting in auto-inhibition. When calcium binds to the 

C2 domain, this auto-inhibition is released which activates Nedd4-2 (Wang et al., 2010). 

Therefore, a rise in intracellular calcium increases the amount of active Nedd4-2 capable 

of binding substrates with a PY motif, which in this case would be the PPAY sequence in 

the hERG C-terminus. 

 

In order to solidify the link between calcium rise and pC, we conducted experiments to 

decrease intracellular calcium levels using the intracellular calcium chelator BAPTA-AM. 

hERG-HEK cells were treated with 0.5 mM pC with or without 10μM BAPTA-AM for 
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12h. In Western blot experiments, BAPTA-AM/pC treated cells did not show a reduction 

in protein expression in response to pC treatment that was seen in WT hERG cells 

(Figure 20). Current from hERG-HEK cells treated with 0.5 mM pC with or without 10 

μM BAPTA-AM for 12h corroborated the data collected from the aforementioned 

Western blot imaging. BAPTA-AM treated cells did not show a reduction in current in 

response to pC treatment, suggesting that the use of this calcium chelator mitigates the 

effect of pC in the hERG-HEK cells (Figure 21). These data suggest that BAPTA-AM 

prevents the effect of pC on hERG channels.  

 

To further demonstrate the effect of pC on intracellular calcium, fluorescent microscopy 

techniques were used to image calcium in individual cells. Representative fluorescent 

microscopy images are shown in Figure 22A. Fluo-3-AM is an indicator of intracellular 

calcium that can be used to show relative Ca2+ concentration in real time. Fluo-3-AM was 

applied to hERG-HEK cells, which were then treated with control solution (MEM) or 0.5 

mM pC. Calcium measurements are summarized in the bar graph shown in Figure 22B. 

Control and treated cells both fluoresced more over time due to increasing auto-

fluorescence of the dye itself. However, the fluorescence density in pC treated cells was 

significantly greater than control treated cells after 30 min. These results suggest that pC 

treatment results in a rise in intracellular calcium, which previous research has shown can 

increase active levels of Nedd4-2 (Wang et al., 2010). These data provide a potential 

mechanism by which Nedd4-2 is activated in the presence of pC, and therefore can lead 

to an increase in hERG degradation.  
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Figure 20. BAPTA treatment protects hERG from pC-induced reduction of protein 

expression. hERG-HEK cells were treated with 0.5 mM pC and 10μM BAPTA-AM for 

12 hours. 10μM BAPTA-AM treated cells did not show characteristic reduction in 

protein expression in response to pC treatment (n=3) (** indicates significance, p-value < 

0.05).  
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Figure 21. BAPTA treatment protects hERG from pC-induced reduction in current.  

Current from hERG-HEK cells treated with 0.5 mM pC and BAPTA for 12 hours are 

shown. Current from BAPTA/ pC treated cells are not reduced compared to cells treated 

only with pC (Ctl, n=14, pC n=19, BAPTA/Ctl, n=17, BAPTA/pC, n=21) (** indicates 

significance, p-value < 0.05).  
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Figure 22. pC increases intracellular calcium in hERG-HEK cells. A) Representative 

fluorescence microscopy images using Flouro-3 AM calcium dye in hERG-HEK cells 

treated with control solution or 0.5 mM pC. B) Calcium measurements summarized in the 

bar graph (n=2). pC treated cells were significantly more fluorescent after 30 min than at 

the 0 min time point. There was no significant change in relative fluorescence density in 

control treated cells between the 0 and 30 min time points (** indicates significance, p-

value < 0.05). 
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3.5 pC treatment in neonatal rat cardiomyocytes results in APD prolongation and 

IKr reduction  

hERG-HEK cells are a useful model to study the precise activity of hERG channels, but it 

is also important to understand whether native IKr in cardiomyocytes responds to pC in a 

similar manner. In order to verify that pC would affect ERG in a cardiomyocyte model, 

we treated cultured neonatal rat cardiomyocytes with pC for 12 hours. These ventricular 

cardiomyocytes were collected from newborn rats on the date of their birth. Neonatal rat 

ventricular cardiomyocytes have similar electrophysiological properties to human 

cardiomyocytes, especially as it relates to IKr (Guo et al., 2007). Patch clamp recording 

from spontaneously beating neonatal rat cardiomyocytes showed a prolongation of the 

overall action potential duration (APD), reported as APD90, in response to pC (0.5 mM) 

treatment (Figure 23).  

 

Next, we wanted to deduce whether prolongation of the APD in response to pC treatment 

was specifically related to a reduction of IKr. Isolation of IKr from neonatal rat 

cardiomyocytes was obtained using cesium-based symmetrical intracellular and 

extracellular solutions (Guo et al., 2012). IKr tail current was significantly reduced in 

response to pC treatment (Figure 24A). We also used pC treated neonatal rat 

cardiomyocytes to collect data on sodium (INa ) and calcium currents (IBa) (Figure 24B-C). 

Increases in INa or IBa could also lead to a prolongation of APD. Our data show that pC 

treatment did not significantly affect either INa or IBa. Therefore, the reduction in IKr is 

most likely the main contributor to prolonged APD overall in pC treated cells.  
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Figure 23. pC prolongs APD in neonatal rat cardiomyocytes. Voltage traces from 

spontaneously beating neonatal rat cardiomyocytes cultured on coverslips. APD90 was 

significantly prolonged in response to pC (0.5 mM) treatment for 12 hours (Ctl, n=17, pC, 

n=24) (** indicates significance, p-value < 0.05).  
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Figure 24. IKr, but not INa or IBa, was significantly altered in neonatal rat 

cardiomyocytes. A) IKr (hERG current) from the neonatal rat cardiomyocytes. IKr tail 

current was significantly reduced in response to pC treatment (Ctl, n= 14, pC, n=14). B) 

Sodium currents were isolated from the neonatal rat cardiomyocytes, and there was a 

visible but non-significant reduction in INa in response to pC treatment (Ctl, n=13, pC, 

n=14). C) Neonatal rat cardiomyocytes showed a slight but non-significant increase in 

isolated IBa in response to pC treatment (Ctl, n=20, pC, n=22) (** indicates significance, 

p-value < 0.05). 
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3.6 Rabbits injected with pC have significantly prolonged QT intervals  

It is clear that pC treatment reduction of hERG in vitro is consistent between both a HEK 

cell model and cultured neonatal rat ventricular cardiomyocytes. In order to test whether 

our hypothesis was also true in vivo, we used a rabbit model injected with pC to look for 

prolongation of the QTc interval. In order to isolate the effect of pC on its own, devoid of 

other aspects of CKD that could potentially predispose an organism to QT prolongation, 

we used rabbits with intact kidneys. Because the rabbits’ kidneys were intact, the 

clearance time for pC is likely relatively fast (within 1 to 2 h) (Koppe et al., 2013). For 

this reason, we injected rabbits with a relatively "high" dose of pC of 15 mg/kg via the 

marginal ear vein, or equivalent amount of saline solution (pC n=5, saline n=4). This 

dose would equate to 2mM if it were distributed completely in the blood of the rabbit, 

which has roughly 70 mL of blood per kg of body weight.  Over the course of our 4 day 

experiment, rabbits were injected with pC or saline for the first 3 days, and on the 4th day, 

no injection was made and rabbit hearts were harvested at sacrifice. On all 4 days of the 

experiment, ECG leads were inserted subcutaneously and recordings were taken 

immediately before injection and 5 to 10 minutes after the injections. Since pC was 

injected into rabbits and no kidney failure is induced, no pain or physical discomfort in 

rabbits was observed.  

 

There were no immediate changes in the QTc interval during the 10 minutes following 

pC injection (not shown). However, over the course of the experiment QTc interval was 

prolonged, which was evident on day 2 and reached significance on day 3 (Figure 25).  
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Figure 25. Rabbits injected with pC experience QT prolongation. A) Representative 

ECG traces from saline treated and pC treated rabbits are shown. B) Over the course of 

the 4 day experiment, the QTc interval was significantly prolonged in pC treated rabbits 

by day 3 (Saline, n=4, pC, n=5) (** indicates significance, p-value < 0.05).   
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The prolongation of the QTc interval slightly decreased on day 4 compared to day 3, 

perhaps owing to some kind of compensation by the animals to the repetitive treatment 

with pC. No changes in heart size or left ventricular mass were observed. Overall, the 

change in the QTc interval from pC treated rabbits was prolonged up to 18% over the 

course of 4 days. The QTc intervals from saline treated rabbits did not change over the 

course of the experiment.  

 

pC treated and saline treated rabbit hearts were flash frozen immediately after sacrifice 

on the 4th day of experimentation. Heart tissue from the ventricular portion of the rabbit 

hearts was removed and immediately prepared for Western blot, shown in Figure 26. 

Overall, it appears that pC treated rabbits have less prominent ERG banding on a Western 

blot than the samples prepared from saline treated rabbit heart tissue. Because whole-

heart tissue Western blots have much more background noise than is typical for this type 

of experiment, no numerical quantification of ERG banding from these samples was 

possible. However, the data shown here suggests that ERG protein expression has been 

reduced over the course of our experiment as a result of pC treatment.  

 

Blood samples were collected with each ECG recording. We attempted to measure serum 

pC level with HPLC, but were unsuccessful. Considering that injected pC will be 

secreted by the renal system and will bind to various proteins, the effective concentration 

remaining in the rabbit after injection would be in the sub-millimolar ranges. 
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Figure 26. pC treated rabbits have reduced ERG protein expression in vivo. Whole-

heart tissue samples were prepared from hearts collected from saline treated or pC treated 

rabbits. pC treated rabbits appear to have reduced ERG protein expression compared to 

saline treated rabbits (n=3, all shown above).  
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CHAPTER 4: DISCUSSION 

Interference with hERG function is known to cause LQTS by delaying repolarization 

during phase 3 of the cardiac action potential. In the present study, the goal was to 

investigate the role of the uremic toxin pC in CKD-related SCD, and assess the potential 

effects of this molecule on hERG function. Increases in pC and its derivatives pCS and 

pCG in the bloodstream have been shown in previous studies to be related to heightened 

mortality risk in CKD patients. High concentrations of pC compounds have been 

correlated with increased CVD risk and prolongation of QTc intervals (Meijers et al., 

2010; Tang et al., 2014; Lin et al., 2015). For this reason, we performed an in-depth 

investigation into the capacity of pC to affect hERG activity in order to better understand 

the potentially pathological effects of this molecule. 

 

First, the goal was to test whether pC was uniquely able to reduce hERG current and 

protein expression in hERG-HEK cells, so we compared its effects to two other well-

known PBUTs, IS and PAA. The data suggests that only pC was able to reduce hERG 

current and protein expression, and pC did so in a concentration-dependent manner 

(Figures 12, 13, and 14). This fits in well with previous literature suggesting that all of 

these PBUTs are related to overall mortality risk, but pC is uniquely related to increased 

risk of CVD (Lin et al., 2015). These molecules may be able to exert potentially harmful 

effects on the body elsewhere; indeed, IS has been shown in many studies to increase 

oxidative stress in the body, but IS and PAA were not capable of affecting hERG activity.  
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We then wanted to test whether pC was capable of affecting other Kv channels expressed 

in the heart, or whether its effects were unique to hERG. The data shows that pC only 

affected hERG expression and current and did not alter the two other channels we tested, 

Kv1.5 and EAG (Figure 15 and 16). To our knowledge, only one other study has 

investigated the effect of pC on ion channels, and they demonstrated a blocking effect of 

pC on RCK1 channels (Elliot & Elliot, 1997). These channels are only expressed in the 

brain, but it still brought into question whether pC may broadly affect Kv channels in 

general. However, our data suggests that this is not the case, and rather the impact that pC 

appears to have on hERG channels does not alter activity of two other Kv channels.  

 

Next, we demonstrated that the effect that pC had on hERG is Nedd4-2 dependent. We 

wanted to see whether pC was directly affecting hERG or whether cell signalling 

pathways are involved. The data indicates that Nedd4-2 insensitive mutant hERG 

channels, Y1078A and Δ1073, were not reduced by pC treatment (Figure 17 and 18). The 

data also shows that pC-induced hERG degradation was exaggerated in our Nedd4-2 OE 

hERG-HEK cells (Figure 19). This finding is also supported by the result that pC did not 

affect Kv1.5 or EAG, which are not susceptible to Nedd4-2 mediated degradation. To 

date, a kit for analyzing Nedd4-2 activity is not yet available. Because activated Nedd4-2 

is also a target of other Nedd4-2 molecules nearby, analyzing the ubiquitinated Nedd4-2 

would be interesting in the future studies (Lamothe & Zhang, 2016). Although the data 

clearly indicates the Nedd4-2 dependence of pC-induced hERG degradation in the 

aforementioned experiments, a direct measurement of Nedd4-2 protein expression would 

have strengthened these results.  
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Further experiments were performed in order to try to better understand how pC regulates 

Nedd4-2 activity. Previous studies from our lab and others have shown that serum- and 

glucocorticoid-inducible kinase 1 and 3 (SGK1 and SGK3) and protein kinase C (PKC) 

can act as modulators of Nedd4-2 activity (Lamothe & Zhang, 2013; Wang et al., 2014). 

Two previous studies of pC’s in vitro effects suggested the involvement of PKCα (Peng 

et al., 2012; Peng et al., 2013). To investigate whether PKC was involved in pC-induced 

hERG degradation, the PKC inhibitor H7 was used. pC was able to decrease hERG in the 

presence of H7, therefore PKC is likely not involved in the interaction between pC and 

Nedd4-2 (data not shown).  

 

Calcium has also been documented as a potent activator of Nedd4-2 (Wang et al., 2010).  

HECT/C2 domain auto-inhibition is released when calcium binds to the C2 domain, 

activating Nedd4-2 by exposing the WW domain, which is capable of binding to the PY 

motif in the hERG C-terminus (Wang et al., 2010). A previous study on pC’s effects in 

cardiomyocytes found that pC treatment increased intracellular calcium concentrations 

(Peng et al., 2012). Using a calcium dye (Fluo-3 AM), we were able to visualize a rise in 

intracellular calcium is appears after pC treatment for 30 min (Figure 22). We were 

unable to observe how calcium would change in HEK cells over the period of time used 

for the majority of our experiments (12h) because after about an hour, the calcium dye 

begins to auto-fluoresce, making quantification increasingly difficult. However, our 
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quantification of rising intracellular calcium in the presence of pC provides a potential 

mechanism by which Nedd4-2 may be activated in the presence of pC. The suggested 

mechanism by which calcium increases Nedd4-2 activity, leading to hERG degradation is 

summarized in Figure 27. This notion is supported by our finding that the cell membrane 

permeant calcium chelator BAPTA-AM completely prevented pC-mediated hERG 

reduction (Figure 20, 21).   

 

Evidence of Ca2+ leak from the ER/SR or from mitochondria has been previously shown 

to occur in response to oxidative stress (Wang et al., 2016). Based on previous research 

findings, our hypothesis is that Ca2+  leaks from the ER/SR due to pC induced damage 

(Figure 27). Indeed, the release of Ca2+ due to organelle damage from oxidative stress has 

been documented to increase hERG degradation (Wang et al., 2016).  Several other 

studies have shown pC is capable of increasing ROS production and oxidative stress (Ito 

& Yoshida, 2014; Lin et al., 2015). 

 

 In this study, we investigated oxidative stress as it relates to pC using a ROS scavenger 

and an antibody for p38-MAPK. The p38-MAPK pathway is involved in cellular 

response to ROS production and is often used as a marker to study oxidative stress (Ito & 

Yoshida, 2014). The membrane permeable ROS scavenger (MnTmPyP) used did not 

rescue hERG from pC-induced degradation, and there was no change in p38-MAPK 

activity in our pC-treated hERG-HEK cells (data not shown). From our unpublished data,  
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Figure 27. pC-induced hERG degradation via Nedd4-2. Nedd4-2 is an E3 ubiquitin 

ligase that reduces hERG protein expression and current. Calcium release from the ER 

releases C2/HECT domain auto-inhibition, which activates Nedd4-2. When Nedd4-2 is 

active, it is capable of ubiquitinating hERG channels by binding to the PY motif in the 

hERG C-terminus, leading to hERG degradation. We propose that p-Cresol enhances 

Nedd4-2 activity by inducing an increase in intracellular calcium. We suspect that the rise 

in calcium is due to a leak from the ER, leading to a decrease in hERG protein expression 

and current.  
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we inferred that ROS activity did not seem to be directly related pC-induced hERG 

degradation. Although based on previous research findings, our measurement of 

intracellular Ca2+  increase could perhaps be indicative that oxidative stress is in fact 

playing a role in the effect of pC on hERG by inducing damage to the ER. The molecular 

mechanisms for pC-mediated intracellular calcium increase warrant further investigation.   

 

Our results from hERG-HEK cell experiments align well with the data collected from 

cultured neonatal rat ventricular cardiomyocytes. pC significantly prolonged the APD in 

cultured cardiomyocytes (Figure 23). It is possible that the APD prolongation could have 

resulted from interference with some other ion channel than hERG. However, when 

isolating for specific currents that may contribute to APD prolongation, only IKr current 

was reduced significantly by pC (Figure 24). These data strengthen our original 

hypothesis that pC induces hERG degradation, which can lead to LQTS in patients with 

pathologically high pC levels. Not only is pC able to affect hERG in a HEK cell model 

with hERG channels stably expressed, but the corresponding current in cardiomyocytes 

(IKr) is also similarly reduced by pC.  

 

Finally, we demonstrated that the effect of pC is relevant in an in vivo model. We used a 

rabbit model because they have a similar action potential profile to humans. In particular, 

the dominance of IKr is clear and present in rabbits, but not in other model organisms (e.g. 

rats or mice). The data presented in our study indicates that injected pC is capable of 
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inducing QTc interval prolongation in a rabbit model (Figure 25). Furthermore, the data 

shows that pC injected rabbits had reduced hERG expression compared to control rabbits 

(Figure 26). Because the kidneys of our rabbits were intact and the pC was injected rather 

than endogenously produced, our results are by no means a perfect recapitulation of the 

human condition. It would be interesting and relevant to investigate how rabbit cardiac 

action potentials behave in the presence of kidney damage that mimics human CKD. 

However, our results show that pC clearly has a role to play in causing LQTS.  

 

One of the key caveats of our study is the use of pC in concentrations that are likely 

outside the physiological range that would be encountered by cardiomyocytes in vivo.  

Total amounts of pC and its metabolites in normal patient serum are reported around 0.6 

mg/L (0.006 mM) (Vanholder et al., 2003). Adverse effects of pC compounds have been 

documented when serum levels rise above 6 mg/L. Mean CKD patient concentrations are 

reported around 20 mg/L (0.2 mM), and maximal values are typically around 40 mg/L 

(0.4 mM) (Vanholder et al., 2003; Lin et al., 2015). For the vast majority of our in vitro 

experimentation, we used 0.5 mM pC in order to demonstrate the effects of this molecule. 

In most other studies demonstrating the effect of pC in vitro, concentrations from 0.1 mM 

to 2.0 mM have been used. In our in vivo rabbit experiments, we injected rabbits with 2 

mM pC. Although this is likely higher than the amounts encountered by CKD patients, 

we believe that the use of higher concentrations of pC in rabbit experiments was required 

because of the rapid clearance of pC compounds, as our model had fully intact kidneys 

(Lesaffer et al., 2003; Koppe et al., 2013). We hoped that increasing the concentration 

would allow for more ERG channels to have the opportunity to come into contact with 
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pC, despite the fact that there would be full and rapid clearance of the molecule, which 

would not occur in CKD.  No other groups to our knowledge have assessed the effects of 

pC in rabbits, but in mice and humans with intact kidneys, pC typically is excreted within 

90 to 240 minutes (Lesaffer et al., 2003; Poesen et al., 2016). 

 

Another potential issue with the data presented here is our use of pC rather than pCS or 

pCG. As previously stated, concentrations of pCS, pCG, and pC are estimated to be 

94:5:1 in the blood stream (Persico & Napolioni, 2013). Although, the balance of pC 

conjugation shifts towards glucuronidation as CKD progresses towards ESRD, increasing 

pCG to about 20% of total pC compounds in the bloodstream (Poesen et al., 2016). It is 

important to note that ours is one of several studies that use pC as a proxy to study the 

effects of this group of toxins. The implications of our study could be different than 

anticipated if it was discovered that these compounds have starkly different effects on 

hERG. In the literature there are few examples of instances where these compounds have 

opposing effects, but they have been demonstrated in some instances (refer to Figure 9).  

 

 

In summary, the results from this study indicate that pC and its related metabolites are of 

concern with regards to LQTS and CKD-related sudden cardiac death. Previous studies 

have correlated pC to increased risk of adverse cardiovascular events, but the present 

findings are the first to suggest a potential causal link between pC compounds and hERG-

related LQTS. A potential mechanism by which pC is able to degrade hERG by way of 

the E3 ubiquitin ligase Nedd4-2 was shown. The data presented here also shows that the 
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effect of pC is reproducible in cultured cardiomyocytes, as well as in an in vivo rabbit 

model.  

 

4.1 Future directions 

It has recently become clear to the research community that pCS is the main in vivo 

metabolite of pC (Lekawanvijit et al., 2016). Because pC and pCS under some 

circumstances have been documented to have somewhat different effects in vitro, we 

wanted to investigate whether these compounds may have differential effects on hERG 

(refer to Figure 9). We have gathered preliminary results from pCS experiments, which 

show that pC and pCS affect hERG channels via different mechanisms. In order to test 

pCS, we treated cells hERG-HEK cells treated with 0.3 mM pCS or Ctl (3% DMSO) 

solution. The mechanism by which pC affects hERG is via 12h chronic hERG 

degradation; but pCS did not chronically reduce hERG current (Figure 28). However, 

pCS did appear to induce an acute hERG block, which was not seen in cells treated with 

pC alone (Figure 29). Maximal blocking affect of pCS is evident after 15 min with about 

a 50% block of hERG current. It is important to note that the amount of pCS used was 0.3 

mM, whereas for most pC experiments we used 0.5 mM. This is because the pCS 

compound obtained from ApexBio was suspended in DMSO. DMSO on its own can be 

potentially harmful to cells, so in order to make sure this was not injuring our cells and 

confounding our results, we decreased the concentration of pCS slightly. The results from 

experiments with pCS suggest that pC and pCS are both capable of altering hERG 

activity, but the pathways by which these are capable of doing so are quite different.  
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Figure 28. pCS does not chronically affect hERG current. Representative current 

traces and summarized data show that there is no chronic effect of applied pCS on current 

in hERG-HEK cells. hERG-HEK cells were treated with pCS (0.3 mM) for 12 h and tail 

current was measured (Ctl n=18, pCS n=12) (** indicates significance, p-value < 0.05).  
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Figure 29. pCS induces acute block in hERG-HEK cells. A) Representative trace of 

time-dependent acute block of hERG current by pCS. Maximal blocking affect of pCS is 

evident after 15 min, at which point the drug was washed out and hERG current began to 

rise again. B) Representative traces and summarized current from cells treated with pCS 

acutely shows that 0.3 mM results in an acute block of IhERG (Ctl n=8, pCS n=10). (** 

indicates significance, p-value < 0.05).  
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These results are preliminary, and more experiments to study the effect of pCS are 

planned. We originally did not believe that the use of pC in our study rather than pCS 

would significantly impact our results, especially considering the fact that the aryl 

sulfotransferases responsible for converting pC to pCS (SULT1A1) are robustly 

expressed in HEK cells (Durling et al., 2009). SULT1A1 expression is most prominent in 

the GI tract, but this sulfotransferase is also expressed in cardiomyocytes and throughout 

the body by endocrine tissues and immune cells (Chapman et al., 2004; Uhlén et al., 

2015). However, when we went on to study the effects of pCS independent of pC 

treatment, we found that the mechanism by which this compound affects hERG activity is 

different than with pC alone. The data shows that pCS actually acutely blocks hERG at a 

lower concentration than pC was capable of affecting hERG. The data also shows that 

there is no acute effect of pCS on hERG, contrary to what was seen with pC in hERG-

HEK cells. It is unknown to our group as to why these compounds interact differently 

with hERG.  

 

Perhaps because pCS has an additional sulfate group, this small increase in the size of the 

molecule makes it more likely than pC to interact with proline residues in the inner pore 

of the hERG channel and cause an acute block. These results suggest that pC and pCS 

both decrease hERG activity, but via different mechanisms. This complicates the results 

found in our in vivo and in vitro experiments, because we now know that if pCS was 

indeed present in some capacity during our previous experiments, hERG activity was 

being decreased by both of these toxins. It is plausible that pC reduced hERG expression 

to a certain degree, and pCS was able to block some of the remaining hERG current more 
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strongly than it would have if pCS was applied alone. We have demonstrated here that pC 

and its conjugate pCS have differential effects on hERG activity, which could 

synergistically contribute to adverse cardiovascular outcomes. Our result regarding pCS 

represents an interesting avenue to delve deeper into the effects of these pC metabolites 

on hERG.  

 

In the future, it would be beneficial to quantify the amount of pC and pCS in our cell 

culture media after treatment with pC for 12h. It would also be interesting to analyze 

blood samples from our rabbit experiments to quantify the clearance time of pC, and also 

how much pC and pCS was circulating at a given time. Because we do not currently have 

data on the conversion of pC to pCS or pCG under different experimental conditions, it is 

difficult to separate the effects of each of these compounds.  

 

For future experiments, we also plan to address our results regarding pC's effect on 

Nedd4-2. These data may be interesting to examine in the context of other channels 

affected by Nedd4-2, not just hERG. The impact of Nedd4-2 is well documented in 

ENaC channels, which are predominantly expressed in the kidney (Zhou et al., 2007; 

Rotin & Staub, 2012). Based on our data, we would expect the expression of ENaC 

channels to decrease in the presence of pC. The data collected on pC and Nedd4-2 may 

actually have important implications for CKD patients with regards to kidney-specific 

issues rather than just for CVD as we have reported here.  
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Because CKD is a very complex disease with a variety of contributing factors, we 

understand that the data presented here represents one piece in the complicated puzzle of 

CKD-related LQTS. In the future, we would like to test the effects of pC and its 

metabolites on hERG in an animal model with a kidney disease phenotype. In a model 

with CKD already present, we would not necessarily need to inject pC, as the induced 

kidney damage would cause uremic toxins to build up endogenously. This was not 

feasible within the timeframe of this research project, because there are no well-

characterized models of CKD that have cardiac action potentials similar to humans. For 

this type of experiment, we would need to create a rabbit or guinea pig model of CKD, 

which would be a lengthy and difficult project to undertake for a Master’s student. 

However, we believe this kind of data could be invaluable for the future of CKD-related 

CVD research.  
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