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Abbreviations 

ACh: acetylcholine 

AEA: N–arachidonoylethanolamine 

AF: atrial fibrillation 

AP(s): action potential(s) 

APA: action potential amplitude 

APD90,75,50,25: action potential duration at 90%, 75%, 50% and 25% of repolarization 

AV node: atrioventricular node 

Bpm: beats per minute 

Cav: L–type calcium channel 

CBC: cannabichromene 

CBD: cannabidiol 

CBG: cannabigerol 

CCh: carbachol 

CHO: Chinese Hamster Ovary cells 

COX: cyclooxygenase enzyme 

CV: cardiovascular 

CVDs: cardiovascular diseases 

DAD: delayed afterdepolarization 

DI: diastolic interval 

EAD: early afterdepolarization 

ERP: effective refractory period 

GI: gastrointestinal 

HEK: Human Embryonic Kidney cells 

hERG: human ether–a–go–go–related gene channel 

ICa,L: inward calcium current 

If: ‘funny current’ (the hyperpolarizing–activated current) 

IK1: inward rectifier potassium current 

IK–ACh: muscarinic–gated potassium current (acetylcholine–regulated potassium current) 

IK–ATP: ATP–sensitive potassium current 

IKr: rapid delayed rectifier potassium current 

IKs: slow delayed rectifier potassium current 



IKur: ultra–rapid delayed rectifier potassium current 

INa,L: ‘window’ or late sodium current 

INa/K: sodium–potassium pump current 

INa: voltage–dependent sodium current 

INCX: sodium/calcium exchange current 

Ito,f: fast component of the transient outward potassium current 

Ito,s: slow component of the transient outward potassium current 

Kir: inward rectifier potassium channel 

Kv: voltage–dependent potassium channel 

LQTS: long QT syndrome 

M cell: midmyocardial cells 

Nav: voltage–dependent sodium channel 

NSAID(s): non–steroidal anti-inflammatory drug(s) 

PGE2: prostaglandin E2 

PGF2α: prostaglandin F2α 

PGI2: prostacyclin 

RMP: resting membrane potential 

SA node: sinoatrial node 

TdP: Torsades de Pointes 

THC: tetrahydrocannabinol 

TRPA: ankyrin–type transient receptor potential 

TRPM: melastatin–type transient receptor potential 

TRPV: vanilloid–type transient receptor potential 

TXA2: thromboxane A2 

Vmax: maximum rate of depolarization 
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1. Introduction 

1.1. Epidemiology of cardiovascular diseases 

According to the World Health Organization, cardiovascular diseases (CVDs) are the 

first cause of deaths worldwide. In 2016, approximately 17.9 million people (31% of all deaths 

in the world) died in, and 45% of all death in Europe was owing to CVDs (Townsend et al., 

2016). Among other factors, arrhythmias are one of the most common precipitating causes of 

sudden deaths in CVDs. It was postulated that antiarrhythmic drugs would be valuable 

therapeutic options to prevent sudden death due to arrhythmias, but most of them exert 

proarrhythmic effects as well. According to the Cardiac Arrhythmia Suppression Trial (CAST) 

study (1989), the abolition of ventricular premature complexes after myocardial infarction 

would increase survival rate, however surprisingly, the use of encainide, flecainide and 

moricizine (class I/C, sodium channel blocking antiarrhythmic drugs) worsened it. Similarly, 

another study (SWORD) by Waldo et al. (1996) have investigated the effects of d-sotalol  

(class III, potassium channel blocking antiarrhythmic drug) in patients with decreased ejection 

fraction and found that d-sotalol increased mortality due to arrhythmias compared to placebo 

group. In addition, there are growing evidence that several non–cardiovascular drugs, such as 

macrolide antibiotics, antihistamines, gastrointestinal or central nervous system drugs can cause 

arrhythmias as side effects although with lower incidence. In harmony with these, in my PhD 

work, I have studied the possible proarrhythmic effects of two commonly used drugs, ibuprofen 

and cannabidiol, in a cellular level. 

1.2. Cardiac ion channels 

Several ion channels are expressed in the heart forming the cardiac action potential 

(AP). Voltage–gated sodium channels are responsible for the development of voltage–

dependent sodium current (INa) during phase 0 of the APs. Among the nine subtypes of sodium 

channels (Nav1.1–Nav1.9), Nav1.5 (encoded by SCN5A gene) and Nav1.8 are abundantly 

expressed in the heart (Priest and McDermott, 2015). The initial fast depolarization of the AP 

is induced by the activation of the Nav1.5 except in the sinoatrial (SA) node and in the 

atrioventricular (AV) node (Remme et al., 2009; Priest and McDermott, 2015). The steady–

state component of INa, also known as the ‘window’ sodium current or late sodium current (INa,L) 

remain activated during plateau phase of the APs (Attwell et al., 1979). Gain–of–function 

mutations of the SCN5A gene generate higher sodium influx into the cardiac myocytes causing 
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long QT syndrome, and the loss–of–function mutations of the gene provoke Brugada syndrome 

with lower expression of Nav1.5 channels (Wilde and Amin, 2018).  

According to the Vaughan–Williams’s classification of antiarrhythmic drugs, sodium channel 

blockers belong to the Class I group and they inhibit Nav1.5 channels (Vaughan Williams and 

Somberg, 1998). Nav1.8 channels (encoded by SCN10A) are presented in human cardiac 

myocytes and in intracardiac neurons as well (Facer et al., 2011), and it was suggested to 

contribute to the INa,L current (Yang et al., 2012). 

Among the voltage–gated calcium channels, mainly L–type calcium (Cav1.x) channels 

are expressed in the heart developing inward calcium current (ICa,L) and shaping phase 2 

(plateau phase) of the APs (Priest and McDermott, 2015). Cav1.2 (encoded by CACNA1C gene) 

is the only calcium channels expressed in ventricular myocytes, but beside Cav1.2, Cav1.3 

(encoded by CACNA1D gene) channels are also expressed in atrial myocytes, SA node and 

AV node (Priest and McDermott, 2015). Furthermore, Cav3.1 and Cav3.2 channels forming T–

type Ca2+ channels are also found in the SA node facilitating slow diastolic depolarization (Ono 

and Iijima, 2005). Gain–of–function mutations of the CACNA1C gene are likely to cause 

prolongation of the action potential duration and non–syndromic long QT syndrome 

(Wemhoner et al., 2015), and the loss–of–function mutations of the CACNA1D are associated 

bradycardia and impaired SA node function with normal QRS complex and QT interval (Priest 

and McDermott, 2015). Calcium channel blocker (notedly non–dihydropyridines, such as 

diltiazem and verapamil) are group in Class IV in the classification of antiarrhythmic drugs 

decreasing heart rate and contractility (Vaughan Williams and Somberg, 1998). 

The repolarization of the APs is characterized by several voltage–gated and inward 

rectifier potassium channels. Voltage–gated potassium channels form outward currents 

contributing to various phases of AP repolarization. Phase 1 repolarization of the APs is 

developed by the fast and slow components of the transient outward potassium current (Ito,f and 

Ito,s) that are the results of the activation and inactivation of Kv4.2/Kv4.3 (Ito,f) and Kv1.4 (Ito,s) 

channels (Varro and Baczko, 2011; Priest and McDermott, 2015). In heart failure, Ito is reduced 

causing prolongation of the AP repolarization, but the inhibition of Ito may initiate shortening 

of the action potential duration as well by indirectly influencing the activation of delayed 

rectifier potassium currents (Grant, 2009). Augmentation of the Ito promotes early 

repolarization and J wave manifestation in dog left ventricular wedge preparations from the 

inferior wall of the heart (Koncz et al., 2014). Delayed rectifier potassium currents contribute 

to the phase 3 repolarization of the AP. Kv1.5 (encoded by KCNA5 gene), Kv11.1/hERG 

(encoded by KCNH2 gene) and Kv7.1/KvLQT1 (encoded by KCNQ1 gene) channels are the 
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pore forming units of the ultra–rapid delayed rectifier potassium current (IKur), the rapid delayed 

rectifier potassium current (IKr) and the slow delayed rectifier potassium current (IKs), 

respectively (Grant, 2009; Priest and McDermott, 2015). IKur is mainly expressed in atrial 

myocytes, therefore pharmacological inhibition of the current may have beneficial effects in 

atrial fibrillation (Priest and McDermott, 2015). IKr is highly expressed in left atrium and 

ventricular myocytes (Grant, 2009), and it is considered as one of the most important 

repolarizing current (Varro and Baczko, 2011). IKs is expressed in atria and ventricles as well, 

but the expression of the current is diminished in midmyocardial cells (Grant, 2009). In normal 

setting, IKs plays a subsidiary role in AP repolarization, but under certain conditions, when 

repolarization would be prolonged, the activation of the current maintains AP duration (Varro 

and Baczko, 2011). 

Inward rectifier potassium channels transport potassium ions at hyperpolarized 

membrane potentials due to the voltage–dependent inhibition of intracellular magnesium ions 

and cytoplasmic polyamine such as spermine, spermidine or putrescine (Vandenberg, 1987; 

Lopatin et al., 1994). Inward rectifier potassium current (IK1) are responsible for the termination 

of phase 3 repolarization and the maintenance of the resting membrane potential of cardiac APs. 

Kir2.1 (encoded by KCNJ2 gene) and Kir2.3 are the main elements of IK1 current in ventricular 

and atrial myocytes, respectively (Melnyk et al., 2002). Andersen-Tawil syndrome is caused by 

the loss–of–function mutations in KCNJ2 gene leading to long QT interval (Donaldson et al., 

2004). Kir3.1 and Kir3.4 are the dominant components of muscarinic–gated potassium current 

(IK–ACh) expressed in atria, sinoatrial and atrioventricular nodes, therefore contributing to the 

parasympathetic regulation of cardiac pacemaker activity by slowing spontaneous 

depolarization phase of the AP (Grant, 2009; Mesirca et al., 2013; Priest and McDermott, 2015). 

ATP–sensitive potassium channels are formed by Kir6.2 in atrial and ventricular myocytes, and 

form ATP–sensitive potassium current (IK–ATP) (Priest and McDermott, 2015). The activation 

of these channels is modulated by the intracellular level of ATP providing a protective factor 

during ischemic preconditioning (Ashcroft, 1988; Liang, 1996). Acetylcholine inhibits the  

IK–ATP and thus decreases the ventricle–Purkinje APD dispersion (Magyar et al., 2021). 

The spontaneous activity of sinoatrial and atrioventricular cells is generated dominantly 

by the hyperpolarizing–activated channel, so called If current during phase 4 of the action 

potential (DiFrancesco, 1985). The If current is an inward cation current mediated by 

intracellular cyclic adenosine monophosphate (cAMP) levels. Activation of the these channels 

by hyperpolarization depolarizes sarcolemmal membrane reaching the threshold potential and 

activating the L-type calcium current (ICa,L). 
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1.3. Dispersion of repolarization as a mechanism of cardiac arrhythmias 

Arrhythmia is defined as an alteration from physiological heart rhythm or rate. Cardiac 

arrhythmias can be induced by altered or abnormal impulse generation, or abnormal impulse 

conduction. In my thesis regarding the cellular mechanism of proarrhythmic action of ibuprofen 

and cannabidiol, I would concentrate on the abnormal impulse conduction caused by dispersion 

of repolarization. 

Dispersion of repolarization is attributed to the different phase 1 and phase 3 

repolarization characteristics in epicardial, midmyocardial (M cells) and endocardial cells 

(Antzelevitch et al., 1991). In epicardial and M cells, spike and dome morphology can be 

observable because of a prominent Ito during phase 1 of the AP (Litovsky and Antzelevitch, 

1988; Antzelevitch et al., 1991). M cells of canines have a smaller presence of IKs and a larger 

presence of INa,L and Na+/Ca2+ exchange current (INCX) than epicardial or endocardial cells, thus 

APs of M cells are prolonged (Liu and Antzelevitch, 1995; Zygmunt et al., 2000 and 2001). 

These heterogeneities can lead to various arrhythmias such as long QT syndrome related 

Torsades de Pointes (TdP) ventricular tachyarrhythmia or ventricular fibrillation. In general, 

long QT syndromes (LQTS) could be congenital or acquired, but both are associated with long 

QT interval in the electrocardiogram (ECG) and with an increased risk of TdP ventricular 

tachycardia or sudden death (Watanabe et al, 2005). Acquired LQTS is most frequently caused 

by different drugs that prolong repolarization and action potential duration (APD) including 

anti–depressant (e.g., mirtazapine, citalopram), anti–psychotics (e.g., clozapine, haloperidol) or 

anti–fungal drugs (e.g., fluconazole, ketoconazole) (Fazio et al., 2013). Administration of these 

drugs amplifies spatial dispersion of repolarization and induce early afterdepolarization (EAD) 

leading to TdP polymorphic ventricular arrhythmia (Belardinelli et al., 2003). Agents that 

reduce IKr or IKs or augment ICa,L or INa,L increase the formation of transmural dispersion of 

repolarization and escalate development of triggered activity causing QT prolongation and 

reentry (Antzelevitch and Burashnikov, 2011).  

1.4. Repolarization reserve 

The definition of repolarization reserve is derived from Roden (1998; 2008) who stated: 

”The concept of ‘repolarization reserve’, the idea is that the complexity of repolarization 

includes some redundancy. As a consequence, loss of 1 component (such as IKr) ordinarily will 

not lead to failure of repolarization…”. 
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Several inward and outward ion currents contribute to the maintenance of repolarization 

reserve. The plateau phase and repolarization of the APs is shaped by steady–state component 

of the fast sodium current (INa,L), L-type inward calcium current (ICa,L), rapid and slow 

component of delayed rectifier outward potassium current (IKr, IKs), inward rectifier potassium 

current (IK1), transient outward potassium current (Ito), sodium–potassium pump current (INa/K) 

and Na+/Ca2+ exchange current (INCX). In case of INa,L or ICa,L are enhanced, plateau voltage is 

altered in more positive values causing activation of IKr which could lead to the shortening of 

repolarization (Varro and Baczko, 2011). On the other hand, Virag et al. (2009) have showed 

that when APs are already prolonged, IKr (and IK1 also) represented a positive feedback 

mechanism further lengthening repolarization. IKs thought to have less influence on 

repolarization than IKr during physiologic conditions, but when duration of APs abnormally 

increased, IKs signifies a safety reserve protecting the heart from arrhythmias (Varró, 2000; 

Carmeliet, 2006). IK1 are open at the end of repolarization and during diastole, thus it prevents 

depolarization of the membrane potential contributing to repolarization reserve in a special way. 

Inhibition of IK1 (by PA-6) allows depolarization and the development of extrasystoles leading 

to ventricular arrhythmias, plus lengthening APD amplifying repolarization heterogeneity 

(Hoeker et al., 2017; Varro and Baczko, 2011). According to Ishihara and coworkers (2009), 

simultaneous inhibition of IKr and IK1 produced EAD because of the weakening of repolarization 

reserve. Ito current is responsible for the formation of phase 1 repolarization of the APs; thus 

these channels play an indirect role in repolarization reserve by affecting other currents. Ito alters 

the action potential amplitude (APA) changing the activation and deactivation manners of 

currents (Varro and Baczko, 2011). Furthermore, the representation of Ito current varies among 

the subepicardial and subendocardial layers of the ventricular wall, supplying the chance for 

repolarization heterogeneity (Litovsky and Antzelevitch, 1988). INa/K is an electrogenic outward 

current transporting Na+ and K+ across the cell membrane and contributes to repolarization 

reserve as well during the entire cardiac cycle (De Weer et al., 1988; Bueno-Orovio et al., 2014). 

In heart failure, the expression of Na+/Ca2+ exchanger gene is increased (Schillinger et al., 

2000), and the increased amount of INCX could trigger delayed afterdepolarization (DAD) and 

cardiac arrhythmias (Bers et al., 2002). 

According to the simplified model illustrated in Figure 1 (Varro and Baczko, 2011), 

during physiologic conditions, the duration of APs of cardiomyocytes is long (200–300 ms), 

thus these cells can not be stimulated again until the end of refractory state, which is 

characterized by the effective refractory period (ERP). If the repolarization and ERP prolonged 

heterogeneously —dispersion of repolarization occurred — between the transmural layers or 
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cardiac regions, cardiac arrythmias (TdP or ventricular fibrillation) were developed due to an 

extrasystole propagating towards cells with short APD (Figure 1). Repolarization reserve 

impairments contribute to the development of inhomogeneous repolarization; thus these 

impairments increase the chance for the formation of ventricular arrhythmias. Overall, 

repolarization reserve is a very complex entity that is vulnerable. Inhibition or augmentation of 

ion currents by different drugs or pathophysiologic conditions could lead to the impairments of 

it causing cardiac arrhythmias. 

Figure 1 – The mechanism of the development of cardiac arrhythmias due to 

inhomogeneous repolarization. Action potentials evoked by extrasystoles (ES) during the 

vulnerable period (red arrows) can travel towards cells with short effective refractory 

periods (ERP). When action potentials propagate back to the site of origin, reentry occurs 

leading to ventricular arrhythmias. 

Modified from Varro and Baczko (2011), with permission. Abbreviation: SR, sinus 

rhythm; ES, extrasystole; ERP, effective refractory period. 
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1.5. Proarrhythmic effects of non-steroidal anti-inflammatory drugs 

NSAIDs are widely prescribed for the treatment of pain, fever and inflammation. Their 

mechanism of action is based on the inhibition of cyclooxygenase (COX) enzymes which have 

two isoforms: COX–1 and COX–2. Traditional NSAIDs suppress both isozymes, but as a 

higher COX–2 expression can be observed during inflammation, COX–2 selective agents 

(“coxibs”) were developed (Hla and Neilson, 1992). Several studies assessed that COX–2 

selective drugs have a lower incidence of gastrointestinal (GI) side effects but a higher 

incidence of cardiovascular (CV) complications than traditional NSAIDs (Coruzzi et al., 2007; 

Marsico et al., 2017). For that reason, rofecoxib and valdecoxib were withdrawn from the 

market (Gunter et al., 2017; Atukorala and Hunter, 2013) and researchers were reconsidering 

the use of NSAIDs. 

In a case-control study, De Caterina et al. (2010) have detected a positive correlation 

between chronic atrial fibrillation (AF) and long-term use of NSAIDs, and this finding was 

confirmed by Schmidt et al. (2011) who also reported an elevated risk of AF and flutter in 

NSAID users compared with non-users. In a population-based cohort of 7 million subjects, 

COX–2 inhibitors (after the withdrawal of rofecoxib) were investigated and researchers have 

found significant higher incidence of AF among COX–2 inhibitor users, however, 

administration of celecoxib and etoricoxib did not reveal significant correlation with 

myocardial infarction (Back et al., 2012). In contrast to the findings of Back and coworkers, 

McGettingan and Henry (2011) assessed an increased risk of cardiovascular events with 

NSAIDs, especially rofecoxib, celecoxib and diclofenac.  

Ibuprofen counts as a relatively safe drug among other NSAIDs (e.g., paracetamol or 

aspirin). The incidence of gastrointestinal side effects (e.g., dyspepsia, nausea, vomiting or 

constipation) is parallel with COX–2 selective agents (Rainsford et al., 2008). The drug could 

elevate blood pressure among normotensive patients, and it could interfere with 

antihypertensive drugs such as β-adrenergic receptor blockers or diuretics (Pope et al., 1993; 

Johnson et al., 1994). According to a cohort study — appeared in The American Journal of 

Cardiology — treatment with ibuprofen significantly increased the risk of arrhythmic event rate 

(Pratt et al., 1994). In addition, in a recent Danish study, the risk of developing cardiac arrest 

was also increased among patients taking ibuprofen (Sondergaard and Gislason, 2017). In a 

case report, published by Douglas (2010), combination therapy with ibuprofen and paracetamol 

was prescribed for a 13–year–old girl for the treatment of hamstring tendinitis. After 

experiencing palpitations, ibuprofen administration was ceased causing termination of her 
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symptoms. In another case study, the arrhythmogenic and QT prolonging effects of levofloxacin 

and ibuprofen combination therapy were emerged after a 43–year–old woman was admitted to 

the Emergency Care Unit because of syncope (Sauza-Sosa, 2016).  

Even though ibuprofen is commonly used, only Yang and coworkers (2008) 

investigated the cardiac electrophysiological effects of ibuprofen in guinea-pig papillary muscle 

and in rabbit sinoatrial node preparations. They found that ibuprofen dose dependently 

prolonged the QRS complex and RR interval on the ECG recordings, however, QT interval was 

significantly decreased in in vivo and in vitro experiments. In some animals, premature 

contractions and ventricular fibrillation occurred as well. Using microelectrode technique, they 

observed that ibuprofen markedly decreased the maximum rate of depolarization (Vmax), action 

potential duration (APD) and effective refractory period (ERP), while it did not influence 

resting membrane potential (RMP) and action potential amplitude (APA) significantly. They 

presumed that ibuprofen is able to inhibit fast Na+ channels and slow Ca2+ channels during 

phase 0 of the fast– and slow–response APs. 

1.6. Possible proarrhythmic effects of cannabinoids 

Cannabis is one of the most used illicit drugs all over the world, and the number of 

regularly users was gradually increased year by year (Burns et al., 2013). Legalization of 

cannabis use facilitates consumption according to Goodman et al. (2020). The major 

components of cannabis are cannabinoids, including psychoactive agents — such as 

tetrahydrocannabinol (THC) — and non–psychoactive compounds like cannabidiol (CBD), 

cannabichromene (CBC) and cannabigerol (CBG) (ElSohly et al., 2017). After the discovery 

of endocannabinoid system, researchers conducted several studies to reveal the possible 

therapeutic options of cannabinoids (Fraguas-Sanchez and Torres-Suarez, 2018). Nowadays, 

there are cannabis–based medicines containing well known amounts of cannabinoids. 

Beneficial effects of cannabinoids are proved for the treatment of several diseases, such as 

Parkinson’s disease (Stampanoni Bassi et al., 2017), Alzheimer’s disease (Talarico et al., 2019), 

Crohn’s disease, irritable bowel syndrome (Goyal et al., 2017), nausea and vomiting due to 

chemotherapy (Adel, 2017) or chronic pain (Yanes et al., 2019). Besides, the inappropriate use 

of CBD oils has a rise in popularity in the past years as a wonder substance for the treatment of 

cancer, autism or epilepsy (Lall, 2020). The main problem with these over–the–counter food 

supplements is that these products contain unknown amount of CBD and/or THC exposing 

patients to high health risk. 
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The development of CV side effects is controversial in the literature. According to 

Pacher et al. (2018) the increased use of medical or recreational cannabinoids is accompanied 

by the higher prevalence of myocardial infarction, stroke, arrhythmias — including atrial 

fibrillation and ventricular tachycardia (Rezkalla and Kloner, 2019) — or cardiac arrest. 

Moreover, cannabis use seems to be an independent predictor of heart failure and 

cerebrovascular accidents among 18–55 years old patients (Kalla et al., 2018). In the 

Determinants of Myocardial Infarction Onset Study, the risk of myocardial infarction was 4.8 

times higher among marijuana users one hour after consumption (Mittleman et al., 2001). On 

the other hand, beneficial effects of CBD have reported as well in experimental models of 

myocardial infarction in which CBD reduced infarct size and the number of ventricular 

arrhythmias (Kicman and Toczek, 2020). This cardioprotective effect could be observed only 

in in vivo experiments, whilst in ex vivo experiments no significant difference could be detected 

(Durst et al., 2007). 

Several case reports were published concerning the association between synthetic 

cannabinoid use and cardiac arrhythmias. Efe et al. (2017) have reported a 23–year–old man 

who was admitted to hospital with atrial fibrillation after the first use of synthetic cannabinoid. 

The case report published by Westin et al. (2016) described a patient with cardiac asystole due 

to synthetic cannabinoid consumption. Atrioventricular block, left bundle branch block, QT 

prolongation and ventricular fibrillation could also develop after the use of synthetic 

cannabinoids (Von Der Haar et al., 2016; Aksel et al., 2015; Yamanoglu et al., 2018). 

1.7. Aims of the study 

The effects of ibuprofen and cannabidiol on the cardiac action potential parameters have 

not yet been reported in larger animals, closer to human in basic electrophysiologic 

characteristics and size. Thus, the purpose of the present study was to investigate the cardiac 

electrophysiological effects of ibuprofen and cannabidiol in guinea–pig, rabbit and dog 

papillary muscle and Purkinje fiber preparations. In order to elucidate their possible 

proarrhythmic side effects, action potential characteristics — including the resting membrane 

potential (RMP), the action potential amplitude (APA), the maximum rate of depolarization 

(Vmax) and the action potential duration at 90%, 75% and 50% of repolarization (APD90, APD75, 

APD50) — were measured during in vitro experiments. 

  



10 

 

2. Materials and methods 

2.1. Human tissue ethics statement 

Non–diseased human hearts were obtained from organ donors whose hearts were 

unusable for transplantation due to logistical, not patient–related considerations. Before cardiac 

explanation, organ donors did not receive medication aside from dobutamine, furosemide and 

plasma expanders. Obtained human cardiac tissues were stored in cardioplegic solution for  

4–8 hours at 4°C. The investigations conformed to the principles of the Declaration of Helsinki 

of the World Medical Association. Experimental protocols were approved by the Scientific and 

Research Ethical Committee of the Medical Scientific Board at the Hungarian Ministry of 

Health under ethical approval No. 4991-0/2010-1018EKU (339/PI/010). 

2.2. Animal ethics statement 

All experiments performed in rabbit, canine and guinea–pig ventricular papillary muscle 

and Purkinje fiber preparations were carried out in compliance with the ‘Guide for the Care and 

Use of Laboratory Animals’ (USA NIH publication NO 85-23, revised 1996) and conformed 

to the Directive 2010/63/EU of the European Parliament. The protocols were approved by the 

Review Board of the Department of Animal Health and Food Control of the Ministry of 

Agriculture and Rural Development (authority approval number XIII/3331/2017 and 

XIII/1211/2012) and the Ethical Committee for the Protection of Animals in Research of the 

University of Szeged, Szeged, Hungary (approval number: I-74-24-2017). 

2.3. Conventional microelectrode technique 

Conventional microelectrode technique was used to record action potentials of 

ventricular papillary muscle and Purkinje fiber preparations of rabbit, canine and guinea–pig. 

Beagle dogs, New Zealand rabbits and adult guinea–pigs of both sexes, weighing 10–15 kg 

(canines), 2–3 kg (rabbits) and 600–800 g (guinea–pigs) were used. 

Before the surgical intervention, heparin was applied in order to inhibit blood clotting 

in the animals. Rabbits and guinea–pigs were terminated by rapid cervical dislocation, and dogs 

were operated under high dose (60 mg/kg intravenously) sodium pentobarbital anesthesia. 

Animal hearts were removed through a right lateral thoracotomy performed just before the 

experiments. Ventricular papillary muscles were obtained from the right and left ventricles of 
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rabbits, dogs and guinea–pigs and free–running (false tendons of) Purkinje fibers were isolated 

from both right and left ventricles of dog hearts.  

The preparations were placed into a bath as soon as possible and perfused with Locke’s 

solution containing 120 mmol/L NaCl, 22 mmol/L NaHCO3, 11 mmol/L D-glucose, 4 mmol/L 

KCl, 1.8 mmol/L CaCl2, 1 mmol/L MgCl2. A gas mixture of oxygen (95%) and carbon dioxide 

(5%) was used to hold the pH between 7.35 and 7.40 at a temperature of 37 °C. The papillary 

muscle preparations were incubated for 1–2 hours to avoid spontaneous alteration of the action 

potentials. During the equilibration period, ventricular papillary muscle preparations were 

stimulated at a basic cycle length of 1000 ms, and Purkinje fibers were stimulated at a basic 

cycle length of 500 ms. Electrical pulses (S1) of 0.5–2 ms in duration were delivered to the 

preparation through a bipolar platinum electrode, and threshold was adjusted twice as high as 

the physiological threshold in intensity. 

During the experiments, glass capillary microelectrodes filled with 3 mol/L KCl 

solution (tip resistance was 10 to 20 MΩ) were used to record action potentials. The 

microelectrodes were coupled to the input of a high–impedance, capacitance–neutralizing 

amplifier (Experimetria 2011) through a silver (Ag-AgCl) junction. With these 

microelectrodes, the preparations were impaled, and the intracellular recordings were displayed 

on a storage oscilloscope (Hitachi V-555). Data were digitized with analogue–to–digital 

converters (ADA 3300, Real Time Devices Inc.) and processed by a computer system (APES 

home–made software) designed for on–line determination of action potential parameters. 

2.4. Protocols 

Test protocol, cycle length dependent protocol and recovery kinetic protocol were 

applied. To register test protocol, ten action potentials were recorded while the papillary muscle 

preparations were stimulated at a basic cycle length of 1000 ms and Purkinje fibers were 

stimulated at a basic cycle length of 500 ms. Cycle length dependent protocol was measured 

when the preparations were stimulated with different constant cycle lengths between 300 and 

5000 ms and the twentieth action potential at every cycle length was recorded. To determine 

the restitution kinetics of action potential duration, extra action potentials were elicited after 

every twentieth basic (S1) beat by using single test pulses (S2) driven at a basic cycle length of 

500 ms in Purkinje fibers of dogs. The intervals between basic and extra stimuli (S1–S2 coupling 

interval) were gradually increased from −20 ms to 10000 ms compared to action potential 

duration at 90% of repolarization (APD90). 
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2.5. Action potential parameters and concentrations of administered drugs 

The following parameters were measured: resting membrane potential (RMP), action 

potential amplitude (APA), maximum rate of depolarization (Vmax), action potential duration at 

90%, 75% and 50% of repolarization (APD90, APD75, APD50). Action potential amplitude was 

defined as the voltage difference between resting potential and the peak of the action potential 

curve. Speed of rapid depolarization phase was characterized by maximum rate of 

depolarization (Vmax). Action potential duration (APD) was used to describe the length of the 

action potential. Protocols were measured both in control conditions and after application of 

the drugs. Control recordings were obtained after equilibration period. 

The effects of ibuprofen and cannabidiol were determined at the given concentrations, 

recording after 30 minutes of exposure. For all experiments, ibuprofen and cannabidiol were 

dissolved in DMSO at stock solution of 25 mmol/L (for ibuprofen) and 10 mmol/L (for 

cannabidiol). To exclude the effects of the solvent, DMSO (2‰), was measured on ventricular 

papillary muscle preparations and Purkinje fibers. 

2.6. Statistical analysis 

All data expressed as mean value ± standard error of the mean (S.E.M.). Normality of 

distributions was verified using Shapiro–Wilk test, and homogeneity of variances was verified 

using Bartlett’s test in each treatment group. Statistical comparisons were made using Student’s 

t-test for paired data and variance analysis (ANOVA) for repeated measurements, followed by 

Bonferroni’s post–hoc test. To calculate the kinetic time constant of the APD90 restitution 

curves, data curves were fitted by a mono–exponential equation. Significant differences were 

defined when the p value was under 0.05 (p < 0.05) and super significance was determined 

when the p value was under 0.01 (p < 0.01). The number of experiments is indicated as “n” for 

each experimental group. 
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3. Results 

3.1. Cardiac electrophysiological effects of ibuprofen 

3.1.1. Effects of ibuprofen on transmembrane action potential parameters in ventricular 

papillary muscle preparations 

The effects of ibuprofen on action potential characteristics were investigated in right 

ventricular papillary muscle preparations of rabbits, dogs and human hearts in concentrations 

of 50 μM, 100 μM or 200 μM. The isolated preparations were perfused with Locke’s solution 

for 1–2 hours and were stimulated at a basic cycle length of 1000 ms. After the equilibration 

period, ibuprofen (in different concentrations) was applied, then the parameters of fast response 

APs were measured after about 30 minutes exposure. 

In rabbit ventricular papillary muscle preparations, ibuprofen, investigated at 50 μM 

concentration, did not significantly change the resting membrane potential (RMP, −88.6 ± 3.3 

mV vs −87.4 ± 3.5 mV), the action potential amplitude (APA, 104.7 ± 4.2 mV vs 105.3 ± 4.0 

mV), the maximum rate of depolarization (Vmax, 155.3 ± 38.2 V/s vs 150.9 ± 29.2 V/s) and the 

action potential durations at 90% and 75% of repolarization (APD90 and APD75, 177.0 ± 6.2 ms 

vs 179.7 ± 8.7 ms and 166.3 ± 5.7 ms vs 167.7 ± 7.7 ms, respectively). Applying cycle length–

dependent protocol, ibuprofen (50 μM) did not alter neither APD90 nor Vmax parameters of the 

action potentials. Application of 100 μM ibuprofen, the drug slightly but statistically significant 

manner increased APD90 from 163.5 ± 11.1 ms to 168.5 ± 11.0 ms (n = 7, p < 0.05) and APD75 

from 149.4 ± 10.1 ms to 155.7 ± 10.9 ms (n = 7, p < 0.05), respectively (see later in Table 4/B, 

Figure 2/A).  

Table 1 summarizes the effects of ibuprofen at 50 μM and 200 μM concentrations in 

canine right ventricular papillary muscle preparations. Ibuprofen at 50 μM did not affect 

markedly action potential characteristics, including RMP, APA, Vmax and APD (n = 8, Table 

1/B), but after the application of ibuprofen at 200 μM concentration (Table 1/C, Figure 2/B), it 

significantly lengthened the APD90 by 4.3 ± 1.0% (from 214.1 ± 5.9 ms to 223.0 ± 4.9 ms;  

n = 6; p < 0.01) and the APD75 by 4.5 ± 1.3% (from 201.0 ± 6.3 ms to 209.8 ± 5.1 ms; n = 6; p 

< 0.05). To exclude the effects of the solvent on action potential parameters, DMSO (2‰) was 

measured alone as well. It elicited no noticeable changes in the mentioned action potential 

parameters, regarding RMP, APA, Vmax, or APD (Table 1/A). 
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Table 1 – The cardiac electrophysiological effects of 2‰ DMSO (panel A), 50 μM (panel B) 

and 200 μM (panel C) ibuprofen in canine right ventricular papillary muscle preparations at 

basic cycle length of 1000 ms.  

A 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 6) 

−83.3 

± 2.3 

106.7 

± 1.5 

136.7 

± 14.2 

203.6 

± 7.6 

187.2 

± 8.9 

157.8 

± 11.6 
 

DMSO 2‰ 

(n = 6) 

−85.8 

± 1.7 

105.3 

± 1.4 

123.3 

± 17.0 

201.6 

± 8.0 

184.9 

± 9.5 

153.8 

± 11.5 

−1.0 

± 1.2 

B 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 8) 

−83.2 

± 1.6 

108.1 

± 1.0 

175.2 

± 22.3 

227.5 

± 9.7 

213.3 

± 9.5 

187.0 

± 9.3 
 

Ibuprofen 50 μM 

(n = 8) 

−85.3 

± 2.1 

106.7 

± 1.9 

172.4 

± 29.9 

225.9 

± 8.9 

213.9 

± 9.0 

187.7 

± 9.7 

−0.6 

± 1.0 

C 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 6) 

−89.0 

± 1.8 

110.6 

± 2.4 

174.6 

± 20.3 

214.1 

± 5.9 

201.0 

± 6.3 

173.8 

± 8.0 
 

Ibuprofen 200 μM 

(n = 6) 

−89.1 

± 3.2 

113.4 

± 3.0 

192.9 

± 27.1 

223.0 

± 4.9# 

209.8 

± 5.1* 

181.6 

± 6.3 

4.3 

± 1.0 

Abbreviations: RMP, resting membrane potential; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD90, APD75 and APD50, action potential duration at 90%, 

75% and 50% of repolarization; n, number of experiments. Data are expressed as means ± SEM; 

*p < 0.05 vs control, #p < 0.01 vs control, Student’s t-test for paired data. 
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Figure 2 – The effects of ibuprofen on action potential characteristics recorded from 

rabbit (panel A) and canine (panel B) cardiac preparations. Original action potential 

records show that ibuprofen slightly but significantly lengthened the action potential 

duration in rabbit right ventricular papillary muscle preparations at 100 μM concentration 

(panel A) and in dog right ventricular papillary muscle preparations at 200 μM 

concentration (panel B) at a basic cycle length of 1000 ms. Abbreviations: VM, 

ventricular muscle. 

In human right ventricular papillary muscle preparations, ibuprofen was applied in 

concentrations of 50 μM and 150 μM, cumulatively. Neither low nor high concentration of 

ibuprofen prolonged APD (n = 4, Table 2 and Figure 3/B) or change other action potential 

parameters significantly. 
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Table 2 – The electrophysiological effects of ibuprofen at 50 μM and 150 μM concentrations 

in human right ventricular papillary muscle preparations at basic cycle length of 1000 ms. 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

Control 

(n = 4) 

−85.2 

± 4.4 

96.9 

± 2.6 

113.5 

± 27.2 

294.1 

± 14.7 

254.8 

± 13.7 

203.4 

± 17.0 

Ibuprofen 50 μM 

(n = 4) 

−80.7 

± 5.7 

91.9 

± 2.2 

91.5 

± 26.2 

293.1 

± 9.4 

247.9 

± 8.5 

200.4 

± 8.4 

Ibuprofen 150 μM 

(n = 4) 

−82.0 

± 1.9 

92.1 

± 2.9 

84.2 

± 20.2 

292.5 

± 9.3 

246.2 

± 10.6 

189.9 

± 13.1 

Abbreviations: RMP, resting membrane potential; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD90, APD75 and APD50, action potential duration at 90%, 

75% and 50% of repolarization; n, number of experiments. Data are expressed as means ± SEM; 

ANOVA for repeated measurements followed by Bonferroni’s post hoc test. 

Figure 3 – The effects of ibuprofen on action potential characteristics recorded from 

canine Purkinje fibers (panel A) and human right ventricular muscle preparations (panel 

B). Representative traces show that ibuprofen significantly shortened the action potential 

repolarization at a basic cycle length of 500 ms in Purkinje fibers of dogs (panel A). The 

drug did not affect action potential characteristics in human papillary muscles at a basic 

cycle length of 1000 ms (panel B). Abbreviations: VM, ventricular muscle; PF, Purkinje 

fiber. 
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3.1.2. Effects of ibuprofen on transmembrane action potential parameters in dog 

Purkinje fiber preparations 

Purkinje fiber preparations from both ventricles of canines were examined at a basic 

cycle length of 500 ms. After the equilibration period, the effects of ibuprofen at 50 μM or at 

200 μM concentration were measured after 30 minutes elapsed. 

All data obtained from test protocol are shown in Table 3. Ibuprofen (at both 50 μM and 

200 μM concentrations) dose–dependently and significantly shortened the APD90 by 1.1 ± 0.3% 

at 50 μM (from 249.8 ± 9.8 ms to 247.0 ± 9.2 ms, n = 6, p < 0.05, Table 3/B) and by 4.5 ± 0.7% 

at 200 μM (from 253.4 ± 14.2 ms to 242.0 ± 13.7 ms, n = 7, p < 0.01, Table 3/C). The drug 

decreased APD75 from 225.9 ± 9.3 ms to 224.1 ± 9.0 ms at 50 μM (n = 6) and from  

226.6 ± 12.3 ms to 217.8 ± 12.2 ms at 200 μM (n = 7, p < 0.01). All the other parameters (RMP, 

APA, Vmax) remained unchanged (Table 3/B and Table 3/C). Representative traces are shown 

in Figure 3/A in which the shortening of the repolarization could be observed. The solvent, 

DMSO (2‰) did not alter markedly any of the measured action potential parameters  

(Table 3/A). 

Various stimulation cycle lengths were also applied in canine Purkinje fibers ranging 

from 300 ms to 1000 ms. As Figure 4 indicates, ibuprofen at 200 μM concentration decreased 

Vmax and shortened the APD90 in a frequency–dependent manner. The APD90 abbreviation was 

more pronounced at higher cycle lengths (Figure 4/A), and statistical significance was reached 

from 500 ms to 1000 ms (n = 6, p < 0.05). Vmax depression was marked at rapid cycle lengths 

(Figure 4/B), but significance was not detectable (n = 6). DMSO (2‰) did not evoke any effects 

on Purkinje fibers using the cycle length–dependent protocol (not shown in Figure). 
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Table 3 – The cardiac electrophysiological effects of 2‰ DMSO (panel A) and ibuprofen at 

50 μM (panel B) and at 200 μM (panel C) concentration in canine Purkinje fiber preparations 

from both ventricles at basic cycle length of 500 ms. 

A 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 5) 

−85.5 

± 0.6 

125.1 

± 3.7 

521.5 

± 24.0 

228.3 

± 3.4 

201.8 

± 5.0 

153.7 

± 9.1 
 

DMSO 2‰ 

(n = 5) 

−83.7 

± 1.8 

127.3 

± 6.1 

537.6 

± 16.9 

227.7 

± 4.5 

202.5 

± 6.3 

157.9 

± 10.5 

−0.3 

± 0.5 

B 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 6) 

−84.6 

± 1.9 

129.2 

± 9.8 

538.3 

± 93.6 

249.8 

± 9.8 

225.9 

± 9.3 

173.0 

± 6.9 
 

Ibuprofen 50 μM 

(n = 6) 

−83.8 

± 2.1 

130.4 

± 9.2 

522.5 

± 102.2 

247.0 

± 9.2* 

224.1 

± 9.0 

173.1 

± 5.8 

−1.1 

± 0.3 

C 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 7) 

−89.7 

± 0.7 

133.5 

± 3.3 

580.7 

± 36.0 

253.4 

± 14.2 

226.6 

± 12.3 

163.9 

± 10.9 
 

Ibuprofen 200 μM 

(n = 7) 

−87.3 

± 1.0 

135.9 

± 3.4 

621.5 

± 93.5 

242.0 

± 13.7# 

217.8 

± 12.2# 

163.7 

± 11.2 

−4.5 

± 0.7 

Abbreviations: RMP, resting membrane potential; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD90, APD75 and APD50, action potential duration at 90%, 

75% and 50% of repolarization; n, number of experiments. Data are expressed as means ± SEM; 

*p < 0.05 vs control, #p < 0.01 vs control, Student’s t-test for paired data. 
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Figure 4 – Cycle length–dependent changes in action potential duration (panel A) and in 

maximum rate of depolarization (panel B) measured under control conditions and in the 

presence of 200 μM ibuprofen in dog Purkinje fiber preparations. Values are means ± 

SEM., asterisks indicate significant changes, *p < 0.05 vs control. Abbreviations: APD90, 

action potential duration at 90% of repolarization; Vmax, maximum rate of depolarization; 

PF, Purkinje fiber; n, number of experiments. 
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3.1.3. Electrophysiological effects of ibuprofen in combination with levofloxacin or 

acetylcholine 

3.1.3.1. The effects of ibuprofen and levofloxacin combination in rabbit right ventricular 

papillary muscle preparations 

We have examined the effects of ibuprofen and levofloxacin combination in rabbit right 

ventricular papillary muscle preparations. The preparations were stimulated at a basic cycle 

length of 1000 ms during and after equilibration period. Ibuprofen at 100 μM concentration and 

levofloxacin at 40 μM concentration were applied in a cumulative manner, and the effects were 

measure after 30 minutes elapsed. 

All the results are summarized in Table 4 and representative action potentials are shown 

in Figure 5. Ibuprofen (at 100 μM concentration) significantly prolonged APD90 by 3.1 ± 1.1% 

(n = 7, p < 0.05) and APD75 by 4.2 ± 1.5% (n = 7, p < 0.05), whilst other action potential 

parameters remained unchanged (Table 4/B). Levofloxacin alone (at 40 μM concentration) did 

not elicit any significant electrophysiological effects on action potential parameters including 

RMP, APA, Vmax, APD90 and APD75 (Table 4/A, Figure 5/A), but the drug intensified the 

APD90 prolongation by 7.5 ± 2.4% (from 168.5 ± 11.0 ms to 182.4 ± 16.0 ms; n = 7, p < 0.05) 

evoked by 100 μM ibuprofen (Table 4/B and Figure 5/B). Addition of levofloxacin after 

ibuprofen significantly increased APD25 by 15.0 ± 5.2% (from 75.5 ± 4.3 ms to 87.5 ± 8.0 ms, 

n = 7, p < 0.05; not shown in Table 4) and APD10 by 24.8 ± 10.5% (from 34.5 ± 2.3 ms to 42.3 

± 3.0 ms, n = 7, p < 0.05; not shown in Table 4). 
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Table 4 – The electrophysiological effects of levofloxacin 40 μM (panel A) and the 

combination of ibuprofen 100 μM with levofloxacin 40 μM (panel B) in rabbit right ventricular 

papillary muscle preparations at basic cycle length of 1000 ms. 

A 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD90 

(%) 

Control 

(n = 7) 

−86.9 

± 1.3 

109.0 

± 2.6 

127.6 

± 7.5 

163.8 

± 6.6 

153.3 

± 6.8 
 

Levofloxacin 40 μM 

(n = 7) 

−85.8 

± 2.0 

111.3 

± 4.0 

128.0 

± 8.0 

164.1 

± 7.0 

154.3 

± 7.4 

0.1 

± 0.8 

B 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD90 

(%) 

Control 

(n = 7) 

−86.5 

± 2.1 

107.2 

± 2.9 

137.1 

± 17.3 

163.5 

± 11.1 

149.4 

± 10.1 
 

Ibuprofen 100 μM 

(n = 7) 

−84.6 

± 2.0 

105.8 

± 2.0 

125.3 

± 9.0 

168.5 

± 11.0* 

155.7 

± 10.9* 

3.1 

± 1.1 

Levofloxacin 40 μM 

(n = 7) 

−85.5 

± 2.0 

110.5 

± 4.0 

141.5 

± 15.0 

182.4 

± 16.0§ 

169.1 

± 16.0 

7.5 

± 2.4 

Abbreviations: RMP, resting membrane potential; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD90, APD75 and APD50, action potential duration at 90%, 

75% and 50% of repolarization; n, number of experiments. Data are expressed as means ± SEM; 

*p < 0.05 vs control, §p < 0.05 vs ibuprofen 100 μM. Student’s t-test for paired data (Table 4/A), 

ANOVA for repeated measurements followed by Bonferroni’s post hoc test (Table 4/B). 
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Figure 5 – The electrophysiological effects of 40 μM levofloxacin alone (panel A) and 

in combination with 100 μM ibuprofen (panel B) on fast–response action potentials in 

rabbit right ventricular papillary muscle preparations at a basic cycle length of 1000 ms. 

Original action potential records indicate that 40 μM levofloxacin did not influence the 

ventricular repolarization in rabbit (panel A), however, in combination with 100 μM 

ibuprofen levofloxacin significantly lengthened the action potential duration (panel B). 

Abbreviation: VM, ventricular muscle. 

3.1.3.2. The effects of ibuprofen and acetylcholine combination in canine right Purkinje 

fibers 

We have also investigated the effects of 50 μM ibuprofen after acetylcholine (ACh) 

pretreatment to mimic increased vagal tone in canine Purkinje fibers at a basic cycle length of 

500 ms (Figure 6). ACh pretreatment slightly but not significantly increased APD90 by  

4.1 ± 2.3% (from 232.5 ± 7.8 ms to 241.4 ± 4.8 ms, n = 6) and APD75 by 4.2 ± 2.1% (from 

206.7 ± 5.8 ms to 214.8 ± 3.3 ms, n = 6). Addition of ibuprofen at 50 μM concentration 

significantly shortened APD90 by 3.3 ± 0.6% (to 233.4 ± 5.1 ms, n = 6, p < 0.01) and APD75 by 

3.2 ± 1.0% (to 207.9 ± 3.3 ms, n = 6, p < 0.05). The drugs did not change significantly other 

action potential parameters (RMP, AMP, Vmax). 

  



23 

 

Figure 6 – The effects of acetylcholine (5 μM) and ibuprofen (50 μM) on action potential 

duration at 90% (left panel) and 75% (right panel) of repolarization in dog Purkinje fibers 

at basic cycle length of 500 ms. Ibuprofen shortened the action potential duration after 

pretreatment with acetylcholine nearly back to the control conditions. Values are mean ± 

SEM. Repeated measures ANOVA followed by Bonferroni’s post-hoc test, asterisks 

indicate significant changes, n = 6, *p < 0.05 vs acetylcholine 5 μM, #p < 0.01 vs 

acetylcholine 5 μM. Abbreviations: APD90, action potential duration at 90% of 

repolarization; APD75, action potential duration at 75% of repolarization; n, number of 

experiments. 
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3.2. Investigation of the electrophysiological effects of cannabidiol (CBD) 

3.2.1. Effects of cannabidiol (CBD) on transmembrane action potential parameters in 

ventricular papillary muscle preparations 

The cardiac electrophysiologic effects of cannabidiol (CBD) was investigated in 

ventricular papillary muscle preparations of guinea–pigs, rabbits and dogs, in concentrations of 

1 μM, 2.5 μM, 5 μM and 10 μM using the conventional microelectrode technique. All the 

isolated preparations were stimulated at 1000 ms basic cycle length during experiments. After 

the equilibration period (1–2 hours), CBD (in different concentrations) was applied, then the 

parameters (APD, Vmax, APA, and RMP) of fast response APs were measured after about 30 

minutes exposure. 

In right ventricular papillary muscle preparations of guinea–pigs, CBD was used in 

concentrations of 2.5 μM and 5 μM. As Table 5 and Figure 7 shows, CBD at both 2.5 and 5 μM 

concentrations lengthened slightly but significantly APD90 by 3.2 ± 0.4% (from 186.2 ± 6.1 ms 

to 192.2 ± 6.8 ms, n = 5, p < 0.01) and by 6.3 ± 2.1% (from 179.9 ± 6.0 ms to 191.5 ± 8.9 ms, 

n = 5, p < 0.05), respectively. Furthermore, at 2.5 μM concentration (Table 5/A), CBD 

significantly increased APD75 by 3.1 ± 0.4% (n = 5, p < 0.01), APD50 by 3.5 ± 0.5% (n = 5, p 

< 0.01) and APD25 by 3.9 ± 1.1% (n = 5, p < 0.05) beside APD90 prolongation. 

Various cycle length–dependent protocol was also applied in right ventricular papillary 

muscles of guinea–pigs. At 2.5 μM concentration, CBD slightly but not significantly lengthened 

APD90 dominantly at cycle length from 300 to 2000 ms (n = 6; Figure 8/A). At 5 μM 

concentration, the drug significantly increased APD90 at all cycle lengths from 300 to 5000 ms 

(n = 5; Figure 8/B). 
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Table 5 – The electrophysiological effects of cannabidiol at 2.5 μM (panel A) and at 5 μM 

concentration (panel B) in guinea–pig right ventricular papillary muscle preparations at basic 

cycle length of 1000 ms. 

A 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 5) 

−86.7 

± 0.4 

124.1 

± 2.9 

209.5 

± 21.0 

186.2 

± 6.1 

180.0 

± 6.1 

166.6 

± 6.2 
 

CBD 2.5 μM 

(n = 5) 

−86.9 

± 0.2 

126.9 

± 3.9 

196.3 

± 24.2 

192.2 

± 6.8# 

185.7 

± 6.8# 

172.5 

± 6.9# 

3.2 

± 0.4 

B 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 5) 

−86.9 

± 0.3 

124.2 

± 2.5 

210.9 

± 26.1 

179.9 

± 6.0 

173.7 

± 6.1 

159.5 

± 5.8 
 

CBD 5 μM 

(n = 5) 

−88.6 

± 0.6 

127.3 

± 3.2 

180.2 

± 19.2 

191.5 

± 8.9* 

184.8 

± 9.0 

170.2 

± 9.0 

6.3 

± 2.1 

Abbreviations: RMP, resting membrane potential; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD90, APD75 and APD50, action potential duration at 90%, 

75% and 50% of repolarization; n, number of experiments. Data are expressed as means ± SEM; 

*p < 0.05 vs control, #p < 0.01 vs control, Student’s t-test for paired data. 
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Figure 7 – The effects of cannabidiol (CBD) on action potential characteristics recorded 

from right ventricular papillary muscles of guinea–pigs. Action potential records indicate 

that CBD slightly but significantly lengthened the action potential duration at 2.5 μM 

(panel A) and at 5 μM (panel B) concentrations at a basic cycle length of 1000 ms. 

Abbreviations: VM, ventricular muscle. 
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Figure 8 – Cycle length–dependent changes in action potential duration measured under 

control conditions and in the presence of 2.5 μM (panel A; n = 6) and 5 μM (panel B; 

 n = 5) cannabidiol (CBD) in guinea–pig right ventricular muscle preparations. Values 

are means ± SEM., asterisks indicate significant changes, *p < 0.05 vs control. Student’s 

t-test for paired data. Abbreviations: APD90, action potential duration at 90% of 

repolarization; VM, ventricular muscle; n, number of experiments. 
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In rabbit right ventricular papillary muscle preparations, CBD was used in 

concentrations of 1 μM, 2.5 μM, 5 μM and 10 μM. Figure 9 and Figure 10 show that CBD 

significantly but not dose–dependently prolonged APD90 at 1 μM by 3.0 ± 1.0%; (from  

159.5 ± 7.1 ms to 164.5 ± 8.6 ms, n = 5, p < 0.05; Figure 9/A and Figure 10/A), at 2.5 μM by 

6.8 ± 3.0% (from 164.4 ± 8.3 ms to 175.3 ± 8.8 ms, n = 7, p < 0.05; Figure 9/B and Figure 10/B) 

and at 5 μM concentration by 6.8 ± 1.6% (from 226.2 ± 8.1 ms to 241,2 ± 7.1 ms, n = 5,  

p < 0.05; Figure 9/C and Figure 10/C) at a basic cycle length of 1000 ms. APD75 was increased 

in the same manner, prolongation was 4.0 ± 1.1% (n = 5, p < 0.05) at 1 μM, 7.4 ± 3.2% (n = 7, 

p < 0.05) at 2.5 μM and 7.0 ± 2.3% (n = 5, p < 0.05) at 5 μM concentration. In some experiments, 

1 μM and 2.5 μM CBD caused triangulation of the APs, but not in others reflected as not 

significant alteration in APD90−APD25 (e.g., at 1 μM concentration: 87.7 ± 7.3 ms vs 90.5 ± 6.5 

ms, n = 5). At high (10 μM) concentration, CBD exerted various effects on AP repolarization 

— including shortening and lengthening of the APD — causing statistically insignificant 

alteration of APD90 (from 154.8 ± 6.7 ms to 151.7 ± 7.4 ms, n = 5; Figure 9/D and Figure 10/D) 

or APD75 (from 141.3 ± 6.5 ms to 139.7 ± 7.7 ms, n = 5). The APD90 lengthening effect of  

2.5 μM CBD was depended on the stimulation frequency (Figure 11). Prolongation of APD90 

could be observed dominantly at rapid pacing rates (at 300–1000 ms basic cycle lengths), and 

at slow pacing rates it vanished gradually (Figure 11). 
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Figure 9 – The effects of CBD on action potential duration at 90% of repolarization 

(APD90) in rabbit ventricular papillary muscle preparations at basic cycle length of 1000 

ms. CBD lengthened the action potential duration at 1 μM (panel A), 2.5 μM (panel B) 

and 5 μM (panel C) concentrations, but not at 10 μM (panel D). Values are mean ± SEM. 

Student’s t-test for paired data. *p < 0.05 vs control. Abbreviations: APD90, action 

potential duration at 90% of repolarization; n, number of experiments. 
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Figure 10 – The effects of cannabidiol (CBD) on action potential characteristics recorded 

from right ventricular papillary muscles of rabbits. Original action potential records show 

that CBD significantly increased action potential duration at 1 μM (panel A), at 2.5 μM 

(panel B) and at 5 μM (panel C) concentrations at a basic cycle length of 1000 ms, but at 

10 μM concentration the lengthening of repolarization is vanished (panel D). 

Abbreviations: VM, ventricular muscle. 
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Figure 11 – Cycle length–dependent changes in action potential duration measured under 

control conditions and in the presence of 2.5 μM cannabidiol (CBD) in rabbit right 

ventricular muscle preparations. Values are means ± SEM., asterisks indicate significant 

changes, *p < 0.05 vs control. Student’s t-test for paired data. Abbreviations: APD90, 

action potential duration at 90% of repolarization; n, number of experiments. 

CBD was applied also in dog right ventricular papillary muscle preparations and results 

are summarized in Table 6. Representative AP traces are shown in Figure 12. After 

approximately 30 minutes equilibration period, the effects of 2.5 μM or 5 μM CBD were 

examined. The drug at 2.5 μM concentration slightly increased the APD90 by 6.2 ± 3.2% (from 

209.1 ± 6.7 ms to 221.4 ± 3.9 ms, n = 5; Table 6/B) and APD75 by 6.5 ± 3.5% (from  

197.5 ± 7.0 ms to 209.6 ± 3.7 ms, n = 5; Table 6/B) but these changes were not statistically 

significant. On the other hand, at 5 μM concentration, the drug significantly prolonged APD90 

by 10.2 ± 3.7% (from 213.2 ± 10.7 ms to 233.4 ± 5.3 ms, n = 5, p < 0.05; Table 6/C) and APD75 

by 11.4 ± 4.3% (from 200.9 ± 10.8 ms to 222.1 ± 5.2 ms, n = 5, p < 0.05; Table 6/C). Neither 

2.5 μM nor 5 μM CBD affect other AP parameters including RMP, AMP and Vmax. The solvent 

was also examined in dog papillary muscle preparation to verify that CBD was responsible for 

the emerged effects. DMSO (1‰) did not affect AP parameters and did not lengthened APD90 

or APD75 (Table 6/A). 
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Table 6 – The cardiac electrophysiological effects of 1‰ DMSO (panel A) and cannabidiol 

(CBD) at 2.5 μM (panel B) and at 5 μM (panel C) concentrations in canine right ventricular 

papillary muscle preparations at basic cycle length of 1000 ms. 

A 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 5) 

−81.1 

± 2.1 

117.1 

± 1.5 

161.4 

± 19.2 

223.8 

± 8.1 

210.9 

± 9.3 

186.0 

± 9.6 
 

DMSO 1‰ 

(n = 5) 

−82.6 

± 1.7 

116.7 

± 0.4 

151.1 

± 15.7 

223.4 

± 7.7 

211.4 

± 8.6 

185.7 

± 8.7 

−0.2 

± 0.5 

B 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 5) 

−80.3 

± 1.9 

116.2 

± 2.0 

196.2 

± 13.8 

209.1 

± 6.7 

197.5 

± 7.0 

172.6 

± 6.6 
 

CBD 2.5 μM 

(n = 5) 

−82.8 

± 1.9 

122.4 

± 1.8 

199.2 

± 20.3 

221.4 

± 3.9 

209.6 

± 3.7 

183.3 

3.9± 

6.2 

± 3.2 

C 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 5) 

−84.7 

± 2.0 

119.4 

± 3.8 

192.9 

± 25.3 

213.2 

± 10.7 

200.9 

± 10.8 

175.8 

± 9.6 
 

CBD 5 μM 

(n = 5) 

−84.7 

± 2.8 

120.5 

± 2.7 

207.5 

± 29.9 

233.4 

± 5.3* 

222.1 

± 5.2* 

194.4 

± 5.2 

10.2 

± 3.7 

Abbreviations: RMP, resting membrane potential; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD90, APD75 and APD50, action potential duration at 90%, 

75% and 50% of repolarization; n, number of experiments. Data are expressed as means ± SEM; 

*p < 0.05 vs control, Student’s t-test for paired data. 
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Figure 12 – The effects of cannabidiol (CBD) on action potential characteristics recorded 

from right ventricular papillary muscles of dogs. Action potential traces show that CBD 

slightly lengthened the action potential duration at 2.5 μM concentration (panel A) and at 

5 μM concentration (panel B) at a basic cycle length of 1000 ms. Abbreviations: VM, 

ventricular muscle. 

3.2.2. Effects of cannabidiol (CBD) on transmembrane action potential parameters in 

dog Purkinje fiber preparations 

The effects of CBD on action potentials recorded from canine Purkinje fiber 

preparations were also studied at a basic cycle length of 500 ms. After the equilibration period, 

the concentration of CBD was increased from 0.3 μM to 1 μM and to 3μM cumulatively, and 

all data were obtained after 30 minutes exposure for each concentration. 
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Table 7 – The electrophysiological effects of cannabidiol (CBD) in concentrations of 0.3 μM, 

1 μM and 3 μM in canine Purkinje fiber preparations at basic cycle length of 500 ms. 

 
RMP 

(mV) 

APA 

(mV) 

Vmax 

(V/s) 

APD90 

(ms) 

APD75 

(ms) 

APD50 

(ms) 

APD90 

(%) 

Control 

(n = 6) 

−89.1 

± 2.9 

130.8 

± 3.7 

569.4 

± 60.8 

222.1 

± 7.5 

202.3 

± 7.2 

156.8 

± 5.9 
 

CBD 0.3 μM 

(n = 6) 

−90.2 

± 0.8 

134.1 

± 3.4 

567.0 

± 73.9 

227.4 

± 7.7# 

207.3 

± 7.8* 

166.6 

± 8.7 

2.4 

± 0.5 

CBD 1 μM 

(n = 6) 

−91.2 

± 1.2 

135.3 

± 3.1 

563.2 

± 80.1 

229.7 

± 8.5* 

210.1 

± 8.7 

171.1 

± 9.2 

3.4 

± 1.4 

CBD 3 μM 

(n = 6) 

−90.4 

± 0.5 

131.2 

± 5.2 

573.9 

± 78.7 

233.8 

± 9.2 

212.9 

± 8.6 

169.8 

± 6.3 

5.7 

± 5.0 

Abbreviations: RMP, resting membrane potential; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD90 and APD75, action potential duration at 90% and 75% 

of repolarization; n, number of experiments. Data are expressed as means ± SEM; *p < 0.05 

vs control, #p < 0.01 vs control. Student’s t-test for paired data. 

Results are summerized in Table 7 and representative action potentials are shown in 

Figure 13. CBD dose–dependently and significantly increased APD90 from 222.1 ± 7.5 ms to 

227.4 ± 7.7 ms (n = 6, p < 0.01) at 0.3 μM (Figure 13/A) and to 229.7 ± 8.5 ms (n = 6, p < 0.05) 

at 1 μM (Figure 13/B) concentration. APD75 was also significantly changed from  

202.3 ± 7.2 ms to 207.3 ± 7.8 ms (n = 6, p < 0.05) at 0.3 μM concentration. Application of  

3 μM CBD further increased the APD90 (to 233.8 ± 9.2 ms, n = 6) and APD75 (212.9 ± 8.6 ms, 

n = 6) parameters of the APs (Figure 13/C), but these results were not significant. Other action 

potential parameters (RMP, AMP, Vmax) remained unchanged. Triangulation of the APs could 

not be observed in these experiments. 

The restitution kinetics of APD induced by 3 μM CBD was also studied in dog Purkinje 

fibers at basic stimulation cycle length of 500 ms. Premature beats were produced after every 

20th basic beat, and the interval between the basic and extra stimuli (diastolic interval, DI) were 

gradually increased. The APD–DI curves (restitution curves, Figure 14) show that CBD slightly 

slowed the restitution kinetics of APD from 317.4 ± 38.0 ms to 431.2 ± 48.6 ms (n = 5). 
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Figure 13 – Electrophysiological effects of cannabidiol (CBD) on action potential 

characteristics recorded from canine Purkinje fibers at a basic cycle length of 500 ms. 

Original action potentials demonstrate that CBD slightly prolonged action potential 

duration at 0.3 and 1 μM concentrations (panel A and panel B). Moreover, at 3 μM 

concentration (panel C) lengthening was more pronounced. Abbreviations: PF, Purkinje 

fiber. 
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Figure 14 – The effects of cannabidiol (CBD) on restitution of action potential duration 

(APD) in canine Purkinje fiber preparations. Data points up to 3000 ms diastolic interval 

were fitted by single exponential function. Kinetical time constants (τ) are shown in 

control conditions and after drug application. Abbreviations: n, number of experiments. 
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4. Discussion 

4.1. Investigation of the electrophysiological effects of ibuprofen 

Ibuprofen is a widely used non–steroidal anti–inflammatory drug (NSAID) all over the 

world for pain, fever, and inflammation relief (Rainsford, 1999). Ibuprofen was first used in 

The United Kingdom in 1969, then from the 1970s it is sold as a prescription only medication. 

Initially, it was prescribed in low doses (400–1200 mg/day) for the relief of musculoskeletal 

pain or the inflammation of joints, but over the years the recommended dose was gradually 

increased to 2400 mg/day (Rainsford, 1999; Rainsford, 2009). Nowadays, low–dose,  

over–the–counter formulations are available in over 80 countries (Rainsford, 2013). The 

mechanism of action of ibuprofen incorporates the alteration of different inflammatory 

pathways in both acute and chronic inflammations (Rainsford, 1992). Main effects exerted by 

the drug — like some other NSAIDs — are mediated by the inhibition of cyclooxygenase–1 

(COX–1) and cyclooxygenase–2 (COX–2) (Rainsford, 1992). Boneberg et al. (1996) found that 

S(+) enantiomer has a higher efficacy for COX–1 and COX–2 compared with R(−) enantiomer. 

The cardiovascular risk of the drug is relatively low, but due to the high risk of COX–2 

selective NSAIDs (e.g., rofecoxib or valdecoxib), traditional NSAIDs, like ibuprofen, need to 

be reinterpreted. Even the European Medicines Agency (2015) have started a review of  

high–dose ibuprofen to evaluate the cardiovascular risks of the drug. 

4.1.1. Changes in action potential characteristics induced by ibuprofen and its possible 

mechanisms 

The cellular electrophysiological effects of ibuprofen have been investigated in only 

one previous study. Yang et al. (2008) found that the drug, in concentrations of 5, 10, 20, 40 

and 80 μg/ml (24.2–387.8 μM), dose–dependently shortened APD and effective refractory 

period (ERP) on fast– and slow–response APs of guinea–pig ventricular papillary muscle 

preparations. In addition, Vmax was also depressed in a dose–dependent and frequency–

dependent manner, however, the RMP and APA were unchanged. Furthermore, they have also 

examined the spontaneous APs of sinus nodes of rabbits and observed that ibuprofen dose–

dependently decreased the beating rate, the spontaneous depolarization rate and Vmax (Yang et 

al., 2008). ECG recorded in in vivo and in vitro experiments revealed that the drug markedly 

increased QRS duration and RR intervals, however, QTc was decreased (Yang et al., 2008). In 

some experiments, premature contraction and ventricular fibrillation occurred, but after 
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ibuprofen wash–out, these events were vanished. They concluded that all these findings suggest 

that ibuprofen is able to block fast Na+ channels and slow Ca2+ channels. 

In our study, we have investigated the cardiac electrophysiological effects of ibuprofen 

in different preparations, i.e., in papillary muscles and Purkinje fibers of rabbits and dogs using 

the conventional microelectrode technique. The applied concentrations of ibuprofen fall into 

the therapeutic range of 10–50 μg/ml (48.5–242.4 μM) observed in patients (Holubek et al., 

2007), however, in patients serum plasma concentrations of the drug could exceed therapeutic 

range in certain situations, including liver or kidney dysfunction, drug interactions or high age 

(Kim et al., 1995). Our findings are partially consistent with the previous investigation reported 

by Yang et al. (2008). We could confirm the frequency–dependent Vmax and APD depression 

evoked by ibuprofen in canine Purkinje fibers (Figure 4). On the other hand, our experiments 

showed that ibuprofen is able to prolong action potential duration at higher therapeutic 

concentrations in ventricular papillary muscle preparations of rabbits (Figure 2) and dogs  

(Table 1 and Figure 2), but not in human ventricular preparations (though the drug was not 

tested above 150 μM concentration) or in dog Purkinje fibers (Figure 3, Table 3). 

In addition, with the use of whole–cell configuration of the patch–clamp technique, it 

was found that ibuprofen moderately, but significantly decreased the amplitude of the late 

sodium current (INa,L) and L–type calcium current (ICa,L) (Paszti et al, 2020). All these effects 

on ion currents could contribute to the shortening of AP repolarization. In contrast to these 

observations, Yarishkin et al. (2009) proved that diclofenac, but neither ibuprofen nor naproxen, 

inhibited INa,L (reversibly) and ICa,L (irreversibly) in a dose–dependent manner in rat ventricular 

myocytes. In addition of the inhibition of INa,L and ICa,L, the amplitude of the transient outward 

potassium current (Ito) and the rapidly activating delayed rectifier potassium current (IKr) were 

also moderately, but significantly decreased after ibuprofen application leading to the 

lengthening of repolarization (Paszti et al, 2020). 

Despite of the contradictory findings, the net effect of ibuprofen on the repolarization 

of the APs depends on several factors including experimental species (rat, guinea–pig, rabbit 

or dog), experimental conditions (room temperature or 37°C), preparations (ventricular 

myocytes or Purkinje fibers) and the distribution of ionic currents. In guinea–pig ventricular 

myocytes, no Ito is presented (Zicha et al., 2003) and moreover, the slowly activating delayed 

rectifier potassium current (IKs) plays a greater role in repolarization than IKs in rabbit, canine 

or human preparations (Bartos et al., 2015). Consequently, in guinea–pig preparations, 

inhibition of Ito and IKr by ibuprofen has less impact on AP repolarization, therefore, the 

inhibitory effects of ibuprofen on INa,L and ICa,L are more pronounced resulting in the 
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abbreviation of repolarization. Similar repolarization shortening could be observed in Purkinje 

fibers due to higher density of INa,L and lower presence of IKr (Bartos et al., 2015). On the other 

hand, in rabbit and dog ventricular preparations, APD lengthening could be observed because 

of the higher presence of Ito, and IKr contributing to AP repolarization. Additionally, IKr and Ito 

play an important role in the development of repolarization reserve, therefore, blockage of one 

or both ion currents could weaken it (Virag et al., 2011; Jost et al., 2013). 

4.1.2. The pro–arrhythmic risk of ibuprofen and levofloxacin combination 

The coadministration of NSAIDs and antibiotics is common in clinical practice. The 

combination of antibiotics with NSAIDs may have synergistic effects resulting in an improved 

effectiveness against bacteria (Chan et al., 2017; Altaf et al., 2019). Fluoroquinolones are a 

class of antibiotics with different indications, including respiratory tract infections, skin and 

soft tissue infections, abdominal infections or urinary tract infections (Van Bambeke et al., 

2005). The cardiovascular side effects of fluoroquinolones are well known: Chiba et al. (2000) 

reported that sparfloxacin, but not levofloxacin prolonged ERP and ventricular repolarization 

and induced TdP ventricular arrhythmia leading to ventricular fibrillation in dogs. In another 

study, quinolone antibiotics significantly increased dispersion of repolarization and induced 

triangulation of APs and TdP tachyarrhythmia (Milberg et al., 2007). Among fluoroquinolones, 

we chose levofloxacin due to the fact that the drug counts as a relatively safe antibiotic with 

low proarrhythmic risk (Chiba et al., 2000; Milberg et al., 2007). To support this hypothesis, 

Lapi et al. (2012) — in a population–based study — found that the use of levofloxacin did not 

increase the risk of serious arrhythmias. Electrophysiological studies show that levofloxacin 

did not induce any APD changes in guinea–pig ventricular myocardia or in rabbit Purkinje fiber 

preparations (Hagiwara et al., 2001; Adamantidis et al., 1998). 

In the present study, our aim was to examine the potential proarrhythmic risk of 

ibuprofen and levofloxacin combination. Levofloxacin, when applied alone, did not alter AP 

characteristics including APD, APA, Vmax and RMP (Table 4/A, Figure 5/A). These findings 

are in accordance with the results of Hagiwara et al. (2001), and Adamantidis et al. (1998). 

However, the application of levofloxacin after ibuprofen pretreatment was markedly lengthened 

APD even though ibuprofen alone caused a moderate APD prolongation (Table 4/B,  

Figure 5/B). Levofloxacin may inhibit human ether–a–go–go–related gene (hERG) channel 

(Kang et al., 2001) which can interfere additively with IKr blocking property of ibuprofen 

leading to enhanced APD prolongation. 
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Our experiments, conducted with the combination of ibuprofen and levofloxacin, 

indicate that even if a drug does not prolong repolarization considerably, the combined effects 

of two or more drugs could enhance APD prolongation additively by decreasing repolarization 

reserve. Furthermore, in other situations when repolarization reserve is already weakened, e.g., 

in heart failure, ischemic heart disease or hypertrophic cardiomyopathy (Varró and Baczkó, 

2011), these drugs may cause further repolarization impairments leading to ventricular 

arrhythmias or even sudden cardiac death. 

4.1.3. Other possible mechanism of cardiac actions of ibuprofen 

The cardiac rhythm is partially regulated by the balance between eicosanoids in the heart 

(Mest et al., 1987). It is also worth to mention that beside direct effects on cardiac ion channels, 

ibuprofen could exert its effects on the development of arrhythmias by the inhibition of COX 

enzymes because by this inhibition, the levels of prostanoids are decreased (Rainsford, 2009). 

Previous studies have showed that left atrial injection of thromboxane A2 (TXA2) could 

induce ventricular arrhythmias via direct action on cardiac myocytes (Wacker et al., 2006 and 

2009). On the other hand, the occurrence of ventricular fibrillation could be reduced by 

prostacyclin (PGI2) in a canine model of sudden cardiac death (Fiedler et Mardin, 1986). 

Moreover, PGI2 seems to have antiarrhythmic properties on aconitine–induced arrhythmias in 

rats (Mest and Forster, 1978). Therefore, in aconitine–induced arrhythmias, alteration of the 

balance between TXA2 and PGI2 in favour of PGI2 could be beneficial in arrhythmia treatment 

(Riedel et al., 1988). Furthermore, PGI2 can significantly reduce the amplitude of early 

afterdepolarization and the prevalence of ventricular tachycardia in anesthetized dogs 

(Miyazaki et al., 1990), although PGI2 may increase the occurrence of non–sustained 

ventricular tachycardias in patients (Brembilla–Perrot et al., 1985). 

The antiarrhythmic properties of prostaglandin E2 (PGE2) was examined in several 

investigations. Mest et al. (1977) compared antiarrhythmic effects of PGE2 with that of 

propranolol and ajmaline on catecholamine–induced arrhythmias in guinea–pigs. Prophylactic 

administration of PGE2 decreased in severity of arrhythmias by 37% (compared with 91% 

propranolol and 34% ajmaline) (Mest et al., 1977). PGE2 dose–dependently decreased the 

incidence of premature ventricular beats in men (Mest et Rausch, 1983) and reduced drug–

induced TdP ventricular tachyarrhythmia that action was not mediated by ATP–dependent  

K+ channels (Farkas and Coker, 2003). 

Evidence about the effects of prostaglandin F2α (PGF2α) is controversial in the literature. 

According to Förster et al. (1973), PGF2α improved or even normalized CaCl2–induced 
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arrhythmias in rats, BaCl2–induced arrhythmias in rabbits and ouabain–induced arrhythmias in 

cats. In addition, Mann et al. (1973) have found that PGF2α could completely abolished 

extrasystoles in 5 of 6 patients. The results of Mann et al. (1973) are consistent with the clinical 

evaluation performed by Sziegoleit et al. (1983) who stated that infusion of PGF2α decreased 

the incidence of extrasystoles in men, although in one patient ventricular tachycardia occurred. 

On the other hand, PGF2α may increase the beating rate in isolated atria of mice (Takayama et 

al., 2005) or in cultured neonatal rats (Li et al., 1997), but in anesthetized cats it could induce 

episodes of sinus bradycardia as well. In addition, it can even increase the incidence of ouabain–

induced arrhythmias in isolated guinea–pig hearts (Moffat et al., 1987). In the experiments of 

Rao et al. (1987), the arrhythmogenic effects of PGF2α depend on the parasympathetic 

innervation of the heart in anesthetized cats. According to them, PGF2α predominantly 

decreased the prevalence of ouabain–induced arrhythmias in non–vagotomised cats and 

aggravated them in the vagotomised group. Furthermore, atropine pretreatment considerably 

decreased the antiarrhythmic effect, and significantly increased the pro–arrhythmic effect of 

PGF2α (Rao et al., 1987). 

In experimental conditions, acetylcholine (ACh) and carbachol (CCh) produces positive 

inotropic effects in isolated rat hearts (Ates et Kaygisiz, 1998) and biphasic inotropic response 

— transient decrease in contractility followed by an increase — in isolated mice left atria 

(Tanaka et al., 2001; Hara et al., 2009). The increase in contractile force is mediated by type 3 

muscarinic acetylcholine receptors via activation of COX–2 enzyme (Harada et al., 2012). 

According to Tanaka et al (2001), prostaglandins (PGF2α, PGD2, PGE2) with the exception of 

PCI2 had positive inotropic effect in mice left atria. Moreover, acetylcholine, PGF2α and PGD2 

lengthened action potential duration in a same manner (Tanaka et al., 2003). 

In order to investigate the interaction between muscarinic agonists and COX enzyme 

inhibitors, we examined the electrophysiological effects of ibuprofen after acetylcholine 

pretreatment in dog Purkinje fiber preparations. We have found that acetylcholine moderately 

but statistically insignificantly increased APD90 and APD75. Addition of ibuprofen after 

acetylcholine significantly decreased APD nearly back to the control conditions while other 

action potential characteristics remained unchanged (Figure 6). The shortening of the 

repolarization was more pronounced compared with the effects of ibuprofen when it was 

applied alone. These observations suggest that parasympathetic predominance alter the 

electrophysiological effects of ibuprofen, thus these effects are mediated not only by direct 

actions on cardiac ion channels but other mechanisms as well. 
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4.2. The investigation of the cardiac electrophysiological effects of cannabidiol 

Cannabidiol (CBD) — a non–psychoactive cannabinoid — was isolated in the 1940s 

from marihuana and Cannabis sativa (Mechoulam and Shvo, 1963). In recent years CBD 

products have become a popular possibility as an over–the–counter medication in various 

medical conditions despite the fact that they contain inaccurate quantity of the cannabinoid 

(VanDolah et al., 2019). In 2018, Epidiolex — containing CBD as an active agent — was 

approved by the US Food and Drug Administration for the treatment of Lennox-Gastaut 

syndrome, Dravet syndrome or tuberous sclerosis complex (VanDolah et al., 2019). Beneficial 

effects of CBD were observed in other disorders as well such as Alzheimer’s disease, 

Parkinson’s disease and multiple sclerosis (Mannucci et al, 2017), or substance use disorders, 

chronic psychosis and anxiety (Bonaccorso et al., 2019). CBD might have a potential role in 

the management of chronic pain through the modulation of endocannabinoid, inflammatory and 

nociceptive systems (Hammell et al., 2016; Boyaji et al., 2020). Moreover, many benign effects 

were observed in experimental models of cardiovascular diseases such as myocardial infarction, 

cardiomyopathy or myocarditis as well (Kicman and Toczek, 2020). In general, the chronic use 

of cannabidiol (up to 1500 mg/day) is well tolerated in humans but the cannabinoid can interfere 

with hepatic drug metabolism (Bergamaschi et al., 2011). Beside hepatotoxicity, CBD was 

found to able to cause diarrhea, fatigue, vomiting and somnolence in humans (Huestis et al., 

2019). Notwithstanding that the clinical use of CBD has risen in the past years, the cardiac side 

effects of CBD have not yet been reported expansively. Thus, our goal was to deepen our 

knowledge concerning the possible cardiac electrophysiological effects of CBD using in vitro 

experimental models. 

4.2.1. The effects of cannabidiol on action potential characteristics 

Our experiments describe the APD lengthening effects of CBD in guinea–pig, rabbit 

and dog papillary muscle and Purkinje fiber preparations. Concentrations of CBD used in our 

experiments match the plasma levels of CBD measured by Deiana et al. (2012), however, the 

actual concentration of CBD could be lower than the target concentration because of the high 

lipophilicity and adherence of CBD to plastic surfaces (Le Marois et al., 2020). 
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In ventricular papillary muscles of guinea–pigs (Table 5 and Figure 7) and dogs  

(Table 6 and Figure 12), CBD — applied in two different concentrations (2.5 and 5 μM) — 

dose–dependently lengthened action potential duration while other action potential parameters 

(APA, RMP, Vmax) were not affected by the cannabinoid. In rabbit ventricular papillary 

muscles, CBD was examined in concentrations of 1, 2.5, 5 and 10 μM (Figure 9 and 10). Similar 

to the results found in guinea–pigs or in dogs, APD prolongation was gradual in the 

concentration range of 1–5 μM, but CBD did not increase APD further at the highest tested 

concentrations (10 μM, Figure 9/D and 10/D). CBD exerted either shortening or lengthening of 

the AP repolarization referring to that CBD might have multiple impact on cardiac ion channels. 

These effects are similar to that of quinidine — a Class I antiarrhythmic drug — which can 

prolong APD90 at 1 μM concentration but at 10 μM concentration the lengthening is 

counterbalanced by the Vmax depression (Roden and Hoffman, 1985). Furthermore, the APD 

lengthening seemed to be frequency–dependent in papillary muscle preparations of guinea–pigs 

(Figure 8) and rabbits (Figure 11), i.e., more pronounced prolongation was observed at rapid 

cycle lengths than at slow pacing rates. 

The cardiac electrophysiological effects of CBD were also investigated in Purkinje 

fibers of canines (Table 7 and Figure 13) and we have found that CBD dose–dependently 

increased APD in a concentration range from 0.3 to 3 μM. In contrast to our findings, Le Marois 

et al. (2020) investigated the effects of CBD in Purkinje fibers of rabbits in different 

concentrations and at different pacing rates. They found that CBD at low concentration  

(0.3 μM) did not alter action potential parameters (APD, Vmax, RMP, APA) at pacing rate of 

15, 60 or 180 beats per minute (bpm) but it shortened action potential duration (APD50 and 

APD90) in a dose–dependent manner at high concentrations (3 and 10 μM) at all pacing rates 

(Le Marois et al., 2020). These results remained stable after CBD was washed out. Moreover, 

CBD significantly decreased APA and it seemed to decrease Vmax at 10 μM concentration at 

pacing rates of 60 bpm and 180 bpm while RMP remained the same except at the highest,  

10 μM concentration at the most rapid, 180 bpm pacing rate (Le Marois et al., 2020). 

Furthermore, the restitution kinetics of APD induced by 3 μM CBD was also examined 

in Purkinje fiber preparations of dogs driven at 500 ms basic cycle length (Figure 14). CBD 

increased APD and slowed the restitution curve kinetics from τ = 317.4 ± 38.0 ms to  

τ = 431.2 ± 48.6 ms (n = 5). Similar effects were earlier described by sotalol and E–4031, 

 — inhibitors of the IKr current — in human undiseased ventricular muscle preparations 

(Arpadffy–Lovas et al., 2020). Basically, the restitution kinetics of the action potential duration 

is the process of AP adaptation to extrasystoles occurring with different diastolic intervals.  
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As diastolic interval increases, the APD of the following extrasystole becomes longer. 

According to the restitution hypothesis, flattening of the restitution curves prevents fibrillation 

through prohibition of AP wave break (antiarrhythmic property), and steep restitution curves 

induce unstable wave propagation resulting in AP wave break and ventricular fibrillation  

(pro–arrhythmic property) (Garfinkel et al., 2000). The principal determinant of the slope of 

the restitution curve might be the lengths of APD of the previous basic beats (Shattock et al., 

2017), which depends mainly on repolarization currents. On the other hand, other 

transmembrane currents — such as Ito, INa and ICa,L — may contribute to slope of it (Elharrar et 

al., 1984; Arpadffy–Lovas et al., 2020). Applying these observations, CBD, by flattening the 

slope of APD restitution kinetics, may decrease pro–arrhythmic consequences and prevent 

ventricular fibrillation in cases of propagating extrasystoles. 

4.2.2. Effects of cannabidiol on cardiac ion channels 

Previous studies have shown that endocannabinoids and synthetic cannabinoids can 

interfere with transmembrane ion channels. Anandamide — also known as N–

arachidonoylethanolamine (AEA) — could inhibit the voltage–dependent sodium channels, L–

type calcium channels, cardiac sodium/calcium exchanger (NCX)–mediated currents  

(Al Kury et al., 2014 and 2014) and the transient outward potassium current (Ito), and augment 

ATP–sensitive potassium current (IK–ATP) in rat ventricular myocytes (Li et al., 2012). 

Moreover, AEA potently blocked Ito in isolated myocytes of human atria (Amoros et al., 2010) 

and inhibited human cardiac Kv1.5 channels — which generate the ultrarapid delayed rectifier 

current (IKur) — in a cannabinoid receptor–independent manner (Barana et al., 2010).  

In addition, JWH–030 — a synthetic cannabinoid — was found to inhibit hERG channels  

(with an IC50 value of 88.36 μM) and lengthen QT interval in anaesthetized rats  

(Yun et al., 2016). On the other hand, it is also worth to note that the repolarization of rat 

ventricles mainly depends on the fast component of transient outward potassium current (I to,f) 

and the ultrarapid delayed rectifier potassium current (IKur), thus inhibition of hERG/IKr 

channels seems not so important (Varro et al., 1993; Yeola and Snyders, 1997). Therefore, 

JWH–030 may exert its effects by the depression of Kv4.2 (Ito) and/or Kv1.5 (IKur)channels. 

Not only endocannabinoids, but CBD can interfere with transmembrane ion channels. 

The cannabinoid can stimulate non–selective cation ion channels such as human vanilloid–type 

transient receptor potential (TRPV1, TRPV2 and TRPV3) and the ankyrin–type TRPA1 

channels and inhibit melastatin–type TRPM8 channel contributing to the antiepileptic, 

analgesic, anti–inflammatory and anti–cancer effects of CBD (Qin et at., 2008;  
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De Petrocellis et al., 2011 and 2012; Iannotti et al., 2014). According to previous researches, 

CBD can inhibit human voltage–dependent sodium currents (INa/Nav1.1–1.7) and human  

T–type calcium channels (ICaT/Cav3.1–3.3) (Ross et al., 2008; Ghovanloo et al., 2018). 

Le Marois et al (2020) have investigated the effects of CBD on the individual currents 

of cardiac APs and they found that CBD inhibited INa, INa,L (Nav1.5), ICa,L (Cav1.2), Ito (Kv4.3), 

IKr (Kv11.1) and IKs (Kv7.1) but did not affect IK1 (Kir2.1) on Chinese Hamster Ovary (CHO) 

and Human embryonic Kidney (HEK) cells. CBD exerted the weakest inhibitory effect on 

Kv11.1 (hERG) channels with IC50 value of 15 μM, and the strongest on Kv7.1 channels with 

IC50 value of 2.7 μM on CHO cells (Le Marois et al., 2020). 

In our study we have investigated the inhibitory effects of CBD on cardiac 

transmembrane ion channels. Whole–cell patch clamp experiments showed inhibition of IKr 

(with IC50 value of 6.5 μM) evoked by CBD in rabbit native ventricular myocytes contributing 

to the lengthening of the AP repolarization (Orvos et al., 2020). Furthermore, the observation 

that 10 μM CBD did not prolong the APD further lead us to measure the effects of CBD on INa,L 

and ICa,L. CBD at 10 μM concentration significantly inhibited INa,L and ICa,L, thus these effects 

might contribute to the observed AP alterations (Orvos et al., 2020). In HEK 293 cell line, CBD 

exerted inhibitory effect on hERG potassium channels with an estimated IC50 value of  

2.07 ± 0.12 μM that was higher than that of tetrahydrocannabinol (THC) (Orvos et al., 2020). 

These observations are fully in–line with the previous studies reported by Al Kury et al. (2014) 

and Ghovanloo et al. (2018) but in contrast to the findings of Le Marois et al. (2020), hERG 

inhibition was more pronounced with a lower IC50 value. The different observed IC50 value of 

hERG inhibition could be the cause of the various effects of CBD on AP characteristics in dog 

Purkinje fiber preparations compared to CBD effects in rabbit Purkinje fiber preparations 

reported by Le Marois et al. (2020). 

Accordingly, these results suggest that at lower concentrations (1, 2.5 and 5 μM), IKr 

and IKs inhibition together might be responsible for the prolongation of APD which was 

compensated by the depression of ICa,L and INa,L at 10 μM concentration in rabbit ventricular 

myocytes. 
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4.2.3. Clinical implications 

Redfern et al. (2003) have investigated the anticipated risk of TdP ventricular 

tachyarrhythmia based on the comparison of hERG activity, action potential duration and QT 

prolongation with QT effects and reports of TdP in humans for 100 drugs. They assessed that 

at least a 30–fold margin between hERG IC50 and Cmax is adequate to avoid arrhythmogenic 

consequences. According to Millar et al. (2018), based on human pharmacokinetic data, the 

mean maximal measured plasma concentration (Cmax) of CBD was 0.58 μM and 0.7 μM  

(at 3 hours) after oral administration of 400 mg and 800 mg of CBD, respectively. The highest 

plasma concentration was 0.35 μM after cigarette smoking containing 19.2 mg CBD  

(Millar et al., 2018). In our experiment the IC50 value was 2.07 μM for the inhibition of hERG 

channels and 6.5 μM for the inhibition of IKr in rabbit ventricular myocytes, i.e., these estimated 

IC50 values of CBD were higher than the reported Cmax values in patients. The ratios of IC50 and 

Cmax values are in the range of 2.96–18.57 meaning that CBD may have pro–arrhythmic risks 

in clinical settings. On the other hand, the electrophysiological effects of CBD on other cardiac 

transmembrane ion channels can mitigate or aggravate the lengthening of the APD resulting in 

altered pro–arrhythmic risk of the cannabinoid. Moreover, Cmax values of CBD could be 

elevated in certain diseases or due to drug–drug interactions —such as ketoconazole, 

amiodarone, verapamil or cimetidine — further increasing the risk of arrhythmogenesis  

(Brown and Winterstein, 2019). Furthermore, the co–administration of CBD with drugs 

lengthening AP repolarization results in an enhanced weakening of the repolarization reserve 

leading to ventricular arrhythmias or even sudden cardiac death (Varró and Baczkó, 2011). 
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5. Conclusion 

The most important findings of this PhD thesis of the followings: 

1. Ibuprofen, a very widely used non–steroidal anti-inflammatory drug, increased action 

potential duration in ventricular papillary muscle preparations of rabbits and dogs at 

intermediate therapeutic and higher therapeutic concentrations (100 or 200 μM). Thereby it 

could decrease repolarization reserve and as such it may represent so far unrecognized 

enhanced proarrhythmic risk. In human cardiac preparations, the 200–250 μM (high and 

maximum) therapeutic concentrations were not tested. The drug did not prolong the APD90 

at 150 μM in human cardiac preparations (though n numbers should be increased in this 

protocol). In Purkinje fibers of canines, the drug shortened action potential repolarization at 

low and high therapeutic concentrations and suppressed maximum rate of depolarization at 

rapid cycle lengths. Moreover, levofloxacin, a well–known fluoroquinolone antibiotic, 

further prolonged action potential duration after the application of ibuprofen even though 

levofloxacin did not alter action potential characteristics when it was applied alone. These 

electrophysiological effects of ibuprofen might be the results of direct interaction between 

the drug and cardiac ion channels. On the other hand, ibuprofen could exert its effects by the 

inhibition of COX enzymes resulting in altered levels of prostanoids which is in connection 

with the parasympathetic innervation in the heart. To test this hypothesis, acetylcholine and 

ibuprofen combination was applied in canine Purkinje fibers, and we have found that 

ibuprofen shortened action potential duration after acetylcholine pretreatment in a higher 

degree compared with the effects of the drug when it was applied without acetylcholine. 

2. Cannabidiol, a non–psychoactive cannabinoid, prolonged action potential duration in 

ventricular papillary muscle preparation of guinea–pigs, rabbits and dogs in a concentration 

range from 1 to 5 μM in a frequency–dependent manner at rapid cycle length, but at higher 

concentration (10 μM), it did not lengthen action potential repolarization further in rabbit 

ventricular myocytes. In Purkinje fiber preparations of dogs, CBD increased action potential 

repolarization in concentrations of 0.3, 1 and 3 μM, and flattening the restitution curve of 

action potential duration. These alterations could decrease repolarization reserve of the 

cardiac action potentials contributing to the pro–arrhythmic risks of CBD resulting in 

Torsades de Pointes ventricular tachyarrhythmia or even sudden cardiac death. 
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