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ABSTRACT 

Besides the health benefits of regular exercise, high-level training, above an optimal level, may 

have adverse effects. In this study, we investigated the long-term vigorous training evoked 

structural–functional changes in a small animal model of athlete’s heart. Thirty-eight 

4- month- old male guinea pigs were randomized into sedentary and exercised groups. The 

latter group underwent a 15-week-long endurance-training program. To investigate the effects 

of the intense long-term exercise, in vivo (echocardiography, electrocardiography), ex vivo and 

in vitro (histopathology, patch clamp) measurements were performed. Following the training 

protocol, the exercised animals exhibited structural left ventricular enlargement and a 

significantly higher degree of myocardial fibrosis. Furthermore, resting bradycardia 

accompanied by elevated heart rate variability occurred. The observed bradycardia, prolonged 

QTc intervals and increased repolarization variability parameters may raise the risk of 

electrical instability in exercised animals. Complex arrhythmias did not occur in either group, 

and there were no differences between the groups in ex vivo or cellular electrophysiological 

experiments. The detected structural–functional changes share similarities with the human 

athlete’s heart; therefore, this model might be useful for investigations on cardiac remodeling. 

Athletes often seek various avenues to achieve their goals in sport career. The consumption of 

cannabis, cannabidiol, a non–psychoactive cannabinoid, and non-steroidal anti-inflammatory 

drugs is not rare among athletes to reach greater sporting achievements. However, the use of 

cannabis or ibuprofen is associated with known cardiovascular side effects such as cardiac 

arrhythmias or cardiac arrest. The mechanisms behind these adverse effects are poorly 

understood yet. In the present studies, we investigated the cellular electrophysiological effects 

of cannabidiol and ibuprofen with whole-cell configuration of patch clamp technique in native 

left ventricular myocytes on several potassium currents with major roles in the repolarization 

reserve, and on inward currents. Since both drugs significantly influenced the amplitude of 

various transmembrane ionic currents, they can evoke prolonged action potential duration and, 

consequently, prolonged QT interval under certain circumstances. Therefore, these agents 

should be consumed with caution by athletes, as they can attenuate the repolarization reserve 

and, together with the cardiac structural-electrophysiological changes that can result from 

long- term vigorous training, may lead to life-threatening arrhythmias.  
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1. INTRODUCTION 

1.1 Athletic training-induced functional and structural cardiac remodeling 

Regular physical activity and competitive sports have undeniable benefits in improving quality 

of life and life expectancy, hence regular exercise should be encouraged in all individuals 

(Mahindru et al., 2023; Ruegsegger & Booth, 2018; Wang & Ashokan, 2021). It should be 

emphasized that participating in sporting activities and the corresponding training have 

profound effects on the cardiovascular system, including the size, mass, function, and structure 

of the heart. Repetitive high-intensity exercise over a long period of time requires increased 

demand. The enhanced demand due to increased physical activity leads to the adaptation of the 

heart to the elevated workload, this type of cardiac condition is often referred to as the 

“athlete's heart” (Beaudry et al., 2016). Namely, the term “athlete’s heart” describes the 

reversible physiological structural and functional cardiac changes following long-term training. 

Besides the positive impacts, recent decades have witnessed a growing number of athletes who 

constantly push their limits to achieve greater athletic performance. Those who perform 

high- level training beyond an optimal level may be more prone to unpleasant cardiac events 

such as atrial and ventricular arrhythmias, and even sudden cardiac death (SCD) in certain 

circumstances (Eijsvogels et al., 2018; Merghani et al., 2016). Therefore, it is important to be 

familiar with the U-shaped relationship between exercise intensity and the risk of 

cardiovascular events (Merghani et al., 2016; Polyak et al., 2023). Long-term high-level 

exercise or sometimes overexertion may act as a trigger for arrhythmogenesis especially in pre-

existing cardiac conditions (e.g., hypertrophic cardiomyopathy, long-QT syndrome) or in the 

presence of silent attenuated repolarization reserve due to various causes, including electrolyte 

imbalance, doping or seemingly harmless drugs (Polyak et al., 2023; Varro & Baczko, 2010). 

A growing body of literature indicates the enhanced incidence of various sports-related 

arrhythmias, including bradyarrhythmias, supraventricular arrhythmias, ventricular 

arrhythmias, and even SCD (Link & Estes, 2010; Palatini et al., 1985; Zorzi et al., 2020). As 

Maron previously pointed out, SCD occurs more often among athletes who engage in low 

isometric and high dynamic intensity sporting activities, such as soccer and basketball players 

(Maron, 2007). Fortunately, the prevalence of SCD among athletes is low, approximately 

1:50  000 – 1:100 000 (Maron, 2007; Pigozzi & Rizzo, 2008); however, this ratio is presumably 

underestimated by these statistics. 
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In many cases; however, the underlying causes of malignant cardiac arrhythmias and even SCD 

cannot be satisfactorily verified. In some cases, autopsy findings remain negative (Asif et al., 

2013), raising suspicions of other unknown mechanisms behind these tragic events. 

Up to now, the presence of fibrosis in endurance racers has been reported in several studies 

(Malek & Bucciarelli-Ducci, 2020; Rajanayagam & Alsabri, 2021; Zhang et al., 2020), and also 

several animal studies confirmed this issue in detail (Benito et al., 2011; Kui et al., 2021; Polyak 

et al., 2023; Topal et al., 2022). The enhanced level of myocardial fibrosis may contribute to 

the development of cardiac arrhythmias, as a potential arrhythmia substrate by decreasing the 

impulse conduction and interfering with the propagation of the impulse. 

Several studies have described changes in the different intervals of the electrocardiogram 

(ECG) following athletic training, such as increased RR intervals, prolonged QT, and heart rate 

corrected QT interval (QTc) (Holly et al., 1998; Lengyel et al., 2011; Pelliccia et al., 2002). 

Presumably, the coexistence of altered cardiac structure and attenuated repolarization reserve 

may enhance the susceptibility to arrhythmogenicity among athletes. It is important to 

emphasize that the prolonged repolarization-induced repolarization inhomogeneity, which is 

also an important contributor to an arrhythmia substrate, alone is not sufficient to elicit cardiac 

arrhythmias but it may establish a potential substrate (Roden, 2008; Varro & Baczko, 2010, 

2011). In this case, a “trigger” like an extrasystole in a vulnerable period with unfortunate 

timing can traverse the ventricle where the repolarization inhomogeneity was augmented, so it 

can form a reentry pathway (see detail in Chapter 1.4) (Varro & Baczko, 2010). The research 

community continues to show a great interest in studying the underlying cellular 

electrophysiological drivers of different arrhythmias associated with chronic high-intensity 

exercise. 

1.2 The association between the QT interval and the cellular electrical cycle of ventricular 

myocytes 

Sound and reliable electrical function are indispensable for the proper mechanical function of 

the heart. Each myocardial cell generates a special electrical signal, called action potential (AP) 

(Nerbonne & Kass, 2005). It is well known that action potentials (APs) originating from 

different regions of the heart have a unique pattern. These differences contribute to the normal 

unidirectional propagation of excitation through the myocardium and the generation of normal 

cardiac rhythms (Nerbonne & Guo, 2002; Zicha et al., 2003). The summary of local potential 

changes, for instance, action potentials results in an easily measurable composite record from 

the body surface, known as an electrocardiogram (ECG). Therefore, ECG is a non-invasive 
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diagnostic tool that provides valuable information about the current electrical status of the heart, 

including rhythm or conduction, and even cardiac remodeling due to various conditions, such 

as long-term extreme exercise, agents, or drug-induced alterations (Joukar, 2021). 

The ECG is composed of several sections, among which the QRS interval represents the time 

needed for the depolarization of the ventricles. Similarly, the QT interval represents the full 

depolarization and subsequent repolarization of the ventricles, with the duration of 

repolarization playing a major role in the duration of the QT interval. During this period, firing 

and recharging of ventricular myocytes are produced by the finely tuned balance between the 

consecutive activation (opening) and inactivation (closing) of various transmembrane ion 

channels that conduct depolarizing, inward (Na+, Ca2+) and repolarizing, outward (K+) currents 

(Fig. 1). 

The cellular electrical cycle of the left ventricular myocardial cell can generally be divided into 

five distinct phases. The initial phase (phase 0) reflects the rapid depolarization of the myocytes 

when the negative resting membrane potential (approximately – 90 mV) rapidly shifts into a 

positive voltage range. It refers to the function of the fast sodium current (INa) which is the main 

contributor to the rapid propagation of the electrical cycle. During the overshoot, the short-lived 

fast sodium current begins to inactivate while the transient outward potassium current (Ito) 

simultaneously activates. The interplay of these ionic currents mainly supports the development 

of the rapid repolarization phase (phase 1) which sets the potential for the next phase (Grant, 

2009). The magnitude of this phase has a key role in creating the spike-and-dome configuration 

of the AP, which is a specific marker for identifying the ventricular origin of the cell. Phase 2, 

also known as the “plateau phase”, is maintained by balanced interactions of several inward 

and outward currents. Throughout this phase, the membrane permeability to calcium increases 

(via L-type calcium current; ICaL), maintaining and prolonging the action potential duration 

(APD) which is crucial for myocyte contraction. Besides that, the additional contributors to 

phase 2 are the window/late sodium current (INaL) and the sodium-calcium exchanger (INCX). 

As ICaL slowly decays towards the end of phase 2, outward potassium currents namely the slow 

(IKs) and fast (IKr) components of delayed rectifier potassium current start to activate. After the 

inward current decayed, during the initial part of phase 3, IKr and IKs start restoring the 

membrane potential to its resting level, and lastly and primarily the inward rectifier potassium 

current (IK1) completes the repolarization. Finally, phase 4, or resting membrane potential 

during diastole, is generated in part by IK1 and presumably the sodium-potassium ATPase 

pump. 
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Figure 1. Schematic illustration of ventricular cardiac electrical processes 
Fig. 1A indicates a schematic illustration of ECG and its QRS and QT intervals with the 

underlying action potential characteristic of a midmyocardial left ventricular myocyte. The 

upper panel of Fig. 1B. shows a representative ventricular action potential waveform and the 

five distinct phases of the action potential kinetics. The yellow arrows indicate the two 

repolarization phases (phase 1 and phase 3, respectively). On the lower panel of Fig. 1B., the 

inward currents are depicted as downward, and outward currents are depicted as upward 

deflections. The amplitudes of the illustrated currents are not proportional to each other. 

1.3 The importance of repolarization reserve 

As described above, the repolarization phase of the AP depends on the critical balance of several 

inward and outward transmembrane ionic currents that forms a strong repolarization reserve. In 

recent times, it has become evident that the repolarization is adequately over-secured to protect 

the heart against extremely lengthened APD and consequently prolonged QT interval, which 

can provide a potential substrate for the development of different arrhythmias. The concept of 

repolarization reserve is originally proposed by Roden (Roden, 2004, 2006, 2008) and later this 

concept has been proven experimentally (Jost et al., 2005; Varro et al., 2000). Based on this 

concept and strongly evidenced experimental data, the loss of one repolarization component 

(i.e., IKr) does not lead to a marked lengthening of APD and, therefore, excessively prolonged 

QT interval. In other words, repolarizing currents, until a certain level, can compensate for the 

function of each other. The underlying mechanism behind this observation is that other 

transmembrane ion channels can partly compensate for the function of the missing link, 
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therefore, the repolarization remains seemingly intact. Consequently, the properly functioning 

heart is defended by the orchestrated cooperation between the different repolarizing ionic 

currents against malignant cardiac arrhythmias. 

The different outward potassium currents during the repolarization phases have important roles 

in the repolarization reserve. It is widely accepted that the control of the repolarization process 

is mainly governed by IKr, while IKs, because of its slow activation and fast deactivation kinetic, 

presumably has little impact on normal repolarization. But when the APD is lengthened and its 

plateau is shifted into a more positive voltage range, it may provide the opportunity for the 

development of greater IKs, which successfully limits further APD lengthening. This potency 

highlights the significance of IKs as an important player of the repolarization reserve (Varro et 

al., 2000). 

Additionally, recent studies about the repolarization reserve highlighted that Ito is an essential 

contributor of the initial phase 1 repolarization, and greatly influences the amplitude of the 

plateau phase and consequently the kinetics of other transmembrane currents (Dong et al., 2006; 

Niwa & Nerbonne, 2010). However, Ito also can be a part of the repolarization phase, since it 

has a slowly decaying and “window current” components (Virag et al., 2011). Therefore, it may 

also have an impact on repolarization together with other repolarizing currents. It has been 

shown that Ito varies between the layers of the heart, therefore it may contribute to the spatial 

heterogeneity as well (Antzelevitch et al., 1991). 

1.4 The dispersion of repolarization, as a potential underlying mechanism for cardiac 

arrhythmias 

Cardiac arrhythmia is an umbrella term that involves several conditions characterized by 

alterations in the physiological rhythm of the heart. Among the many potential cellular 

electrophysiological mechanisms, cardiac arrhythmias can develop by abnormal impulse 

conduction as a result of fibrosis and/or enhanced repolarization inhomogeneity. The 

characteristics of phase 1 and phase 3 repolarization differ in the epicardial, midmyocardial, 

and endocardial cells of the left ventricle (Johnson et al., 2018). Despite these differences, the 

neighboring myocytes are electrotonically well-coupled, resulting in a relatively small 

dispersion of repolarization. According to the well-established and experimentally proved 

hypothesis, the incidence of cardiac arrhythmias can be augmented if the repolarization is 

lengthened thereby increasing spatial repolarization heterogeneity (Akar et al., 2005; Varro & 

Baczko, 2011; Varro et al., 2021). The explanation for this mechanism is that a significantly 

prolonged effective refractory period, coupled with increased repolarization heterogeneity, 
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favors the development of re-entry arrhythmias, especially after an extrasystole acts as a trigger 

(Varro & Baczko, 2010; Varro et al., 2021) (Fig. 2). 

The repolarization reserve can be attenuated by drug exposures (i.e., cardioactive or typically 

non-cardioactive agents), cardiac remodeling due to various conditions (i.e., diseases, heart 

failure, extreme training), hypokalemia, or genetic disorders like long-QT syndromes. In these 

conditions, even a moderate potassium current inhibition may lead to potentially proarrhythmic 

prolongation of the ventricular APD. Consequently, it is important to keep in mind that the 

inhibition of multiple potassium channels or the failure of these channels can cause excessive 

impairment of repolarization, associated with enhanced proarrhythmic risk (Varro & Baczko, 

2010, 2011). 

Figure 2. Schematic illustration of the mechanism of inhomogeneous repolarization 

provoked cardiac arrhythmias 
Sinus impulses (grey arrows) travel via physiological pathways in normal conditions. An 

extrasystole during a vulnerable period can only propagate via myocytes which are not in an 

effective refractory period (#1, #3, #4, #6). The abnormal impulse can travel towards myocytes 

which are in an effective refractory period (#2 and #5). Re-entry pathways can occur as a result 

of inhomogeneous repolarization (#7). As the lower representative ECG illustration on the left 

side indicates, this mechanism can facilitate different types of arrhythmias, like ventricular 

tachycardia. ERP, effective refractory period; ECG, electrocardiogram. Modified from Varro 

and Baczko (2011), with permission. 
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1.5 The impact of seemingly harmless drugs among athletes 

To achieve higher levels of physical strength, high work performance over time, increased 

period of exhaustion, and more supportive psychological functions are essential for also “elite” 

and “amateur” athletes, therefore, they often seek different avenues to reach greater 

achievements. A lot of products in the market, for instance, various dietary supplements (e.g., 

cannabidiol; CBD) and even some medicines (e.g., non-steroidal anti-inflammatory drugs; 

NSAIDs) offer several benefits for athletes to accomplish their goals (Docter et al., 2020; Lima 

et al., 2016; Lundberg & Howatson, 2018; McCartney et al., 2020). Surprisingly, the 

cardiovascular safety profile of some compounds found in these products, like the impact on 

the duration of the QT interval and/or different transmembrane ionic currents, has not been 

properly investigated yet. Therefore, the interplay between these compounds and other factors, 

such as chronic high-intensity exercise evoked cardiac structural and electrophysiological 

remodeling, may attenuate the repolarization reserve, thus increasing the potential 

arrhythmogenic substrate in athletes. Accurate characterization of the effects of some seemingly 

harmless compounds on ventricular repolarization would be necessary, regardless of their 

seemingly marginal effects. 

Figure 3. Hypothetical mechanism and summary of risk factors most likely involved in 

malignant arrhythmias and sudden cardiac death of competitive athletes 

Modified from Varro and Baczko (2011), with permission. 
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1.6 Arrhythmogenic potency of cannabidiol consumption 

While being illegal in many jurisdictions, according to surveys, cannabis (marijuana) is one of 

the most commonly used drugs with hallucinogenic side effects, and the number of users is 

increasing worldwide (Kalla et al., 2018). Nowadays, it is becoming fashionable, not only for 

its pleasurable effects but also for its potential beneficial impacts on athletic performance and 

recovery (Docter et al., 2020; McCartney et al., 2020). Cannabis consists of several compounds, 

of which tetrahydrocannabinol (THC) is a psychoactive compound, while cannabidiol (CBD) 

gained pharmacological interest due to its lack of psychotropic activity (Fraguas-Sanchez & 

Torres-Suarez, 2018; Rapin et al., 2021). Following the discovery of the endocannabinoid 

system, healthcare professionals have been closely monitoring the intensive research into their 

potential effects. Cannabis-based medicines contain known amounts of CBD and/or THC levels 

with well-defined medical indications (Adel, 2017; Fraguas-Sanchez & Torres-Suarez, 2018; 

Stampanoni Bassi et al., 2017). Interestingly, CBD consumption has increased dramatically 

over the last few years thanks to readily available products, for example, CBD oil, which can 

contain up to 20 % CBD and a significant amount is absorbed (Czegeny et al., 2021; Topal et 

al., 2021). Moreover, CBD is widely used among athletes for its claimed effects, such as 

decreased anxiety, fear memory extinction, anti-inflammatory properties, relief of pain, and 

post-exercise recovery (Rojas-Valverde, 2021). It is important to note that these dietary 

supplements usually do not meet quality standards and the exact CDB content is unknown, 

nevertheless, the efficacy and indications of these products are mainly unsupported in clinical 

settings. 

Some recent studies raised concerns about cannabinoid-related adverse cardiovascular events, 

such as significant QT prolongation, the development of multiform cardiac arrhythmias, 

myocardial infarction, and even SCD; however, the mechanism of these cardiac arrhythmias is 

poorly understood (Manolis et al., 2019; Ozturk et al., 2019). Possible impacts of CBD on 

various voltage-gated outward and inward transmembrane ion channels with key roles in the 

repolarization reserve are not negligible, therefore may contribute to arrhythmogenic potential. 
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1.7 Potential arrhythmogenic effects of a widely used non-steroidal anti-inflammatory 

drug, called ibuprofen 

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used for the treatment of fever, 

inflammatory processes, and to provide pain relief (Panchal & Prince Sabina, 2023). A large 

number of over-the-counter (OTC) NSAID products are available on the market. Furthermore, 

over the last years, a robust and extensive product portfolio of NSAIDs, product approvals, and 

launches have been raised extremely making them easily available. Ibuprofen is a common 

OTC and prescribed NSAID for the treatment of mild to moderate pain (i.e., menstrual cramps, 

toothache, migraine), to control fever, for easing pain and inflammation related to joints, bones, 

and muscles (i.e., rheumatoid arthritis), and for easing pain and swelling caused by sprains and 

strains such as sports injuries (Bushra & Aslam, 2010; Rainsford, 2009; Warden, 2010). 

Different NSAIDs (i.e., ibuprofen, diclofenac, naproxen, etc.) are commonplace among 

athletes, including elite, recreational, and college-athletes as well (Lippi et al., 2006; Ziltener 

et al., 2010). The NSAID-containing OTC products are not on the drug prohibited list of the 

World Anti-Doping Agency, therefore, they are favored for possible prevention of exercise-

induced fatigue, to increase pain tolerance, and to reduce inflammation from injuries (Warden, 

2010; Warner et al., 2002). 

In a recent report, it was shown that diclofenac enhanced cardiovascular risk and caused SCD 

in some soccer players (Gillon D., 2006). In an experimental study, it was shown that diclofenac 

decreased repolarization reserve by inhibiting IKr and IKs which is associated with enhanced 

proarrhythmic susceptibility (Kristof et al., 2012). 

While ibuprofen has a relatively safe drug profile, some studies raised awareness of its 

contribution to the development of various cardiovascular events, including cardiac arrest, 

palpitation, and a higher rate of arrhythmic events (Pratt et al., 1994; Sondergaard et al., 2017). 

Interestingly, only a few studies have experimentally investigated the link between the 

therapeutically relevant and supratherapeutic concentrations of ibuprofen and its cardiac 

electrophysiological effects experimentally (Wolfes et al., 2022; Yang et al., 2008; Yarishkin 

et al., 2009). However, our knowledge of the impact of ibuprofen on different transmembrane 

ionic currents, with significant relevance on repolarization reserve, remains incomplete. 
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2 AIMS 

Since the different changes occurring during repolarization present a very complex issue 

affected by several factors, such as structural and functional cardiac remodeling associated with 

long-term endurance training, as well as drug-induced alternations of repolarization reserve, the 

aims of the present study were the following: 

1. To develop a small animal model that was relevant to the human athlete’s heart. 

2. To assess the underlying mechanism of structural–electrical cardiac changes due to 

long-term endurance training. 

3.  To investigate the cardiac electrophysiological effects of cannabidiol and ibuprofen at 

the cellular level in native left ventricular myocytes obtained from larger animals that 

closely mimic human basic cellular electrophysiology (rabbit and canine). To elucidate 

their proarrhythmic side effects, their attenuating impacts were studied on various 

transmembrane ionic currents, which play a key role in the repolarization reserve. 
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3 MATERIALS AND METHODS 

3.1 Ethical issues of animal studies 

All experiments 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 

Directive 2010/63/EU of the European Parliament. The protocols have been approved by the 

Ethics Committee for the Protection of Animals in Research of the University of Szeged, 

Szeged, Hungary (authority approval number: I-74-24-2017) and by the Department of Animal 

Health and Food Control of the Ministry of Agriculture and Rural Development (following 

authority approval numbers related to all studies: XIII/2163/2019, XIII/3331/2017, 

XIII/3330/2017 and XIII/1211/2012). 

3.2 Various experimental settings for the examination of endurance training-induced 

structural and electrophysiological cardiac remodeling in a guinea pig athlete’s heart 

model 

To examine the profound impacts of long-term endurance training, we developed a small animal 

athlete’s heart model. To understand this issue in depth, several investigation techniques were 

applied. 

3.2.1 Experimental protocol 

Male albino Dunkin-Hartley guinea pigs were used for the evaluation of potential structural and 

electrophysiological changes due to long-term endurance training. Four-month-old animals 

with initial weighing between 300–350 g were randomized into exercised (“EXE” n = 19) and 

sedentary (“SED”, n = 19) groups. 

Training sessions were performed on a special rodent treadmill system with four separated 

glass-wall corridors for the animals and adjustable gradient and speed intensity (Treadmill for 

rats, Elunit Group/Elunit Medical Equipment, Belgrade, Serbia). The “EXE” group was 

involved in the 15-week-long running training program, while the “SED” group did not 

participate. The latter group received the same handling (i.e., placement on the treadmill) to 

avoid differences originating from different handling procedures. 

The training protocol was initiated with a 2-week-long warm-up period, to familiarize the 

animals with handling and the laboratory environment. Subsequently, the “EXE” group 

underwent a progressive endurance-training program combined with interval running sessions 

for 60–90 minutes daily, 5 times a week. Speed and inclination of the treadmills were increased 
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progressively each week until reaching a range of 0.6–1.92 km/h and 14 % inclination. Based 

on the related literature and preliminary studies, the animals achieved high-level performance 

with a lack of distress. 

3.2.2 Echocardiography measurements 

Transthoracic echocardiographic examination was performed in the 15th week of the training 

protocol in conscious animals. M-mode parasternal long-axis view was applied using an 

11.5 MHz transducer (GE10S-RS, GE Healthcare, Chicago, IL, USA), connected to an 

echocardiographic imaging unit (VividS5, GE Healthcare, Chicago, IL, USA). All parameters 

were analyzed by an expert cardiologist in a randomized and blinded manner. The mean values 

of three distinct measurements were calculated and used for statistical evaluation.  

Left ventricular internal diameter during systole (LVIDs) and diastole (LVIDd), the thickness 

of the left ventricular posterior wall at systole (LVPWs), interventricular septum (IVS), and end 

ejection fraction (EF) were measured in M-mode images. The wall thickness and diameter 

parameters were corrected with the animal’s body weight (BW). The BW of the animals was 

measured immediately before the echocardiography study. Fractional shortening (FS) was 

calculated as FS = (LVIDd− LVIDs)/LVIDd×100. 

3.2.3 Electrocardiography measurements 

In conscious guinea pigs, ECG recordings were performed using pericardial leads before (0th 

week) and at the end (15th week) of the training protocol without any pain or stress. The ECGs 

were recorded with National Instruments data acquisition hardware (PC card, National 

Instruments, Austin, TX., USA) and SPEL Advanced Haemosys software (version 3.26, MDE 

Heidelberg GmbH, Heidelberg, Germany). Various ECG parameters, including heart rate (HR), 

RR, PQ, QRS, and QT intervals, were analyzed manually by positioning screen markers at 40 

consecutive sinus beats, starting 10 minutes into the ECG recording. As the QT interval is 

influenced by the heart rate, based on a recently published paper (Polyak et al., 2018), the 

relationship between the RR interval and the consecutive QT interval in sinus rhythm was 

examined. Briefly, 40 consecutive QT intervals were measured together with the corresponding 

RR intervals. Simple linear regression revealed a positive correlation between QT and RR 

obtained from 38 guinea pigs (QT = 0.55 x RR + 9.31). The equation was rearranged to allow 

the calculation of the heart rate –corrected QT interval in guinea pigs at an RR interval of 

182 ms using the formula QTCX = QTX – 0.55 x (RR(X-1) – 182). With these equations, plotting 

QTc against the corresponding RR interval procedures a regression line with a slope of zero, 

indicating that these corrections remove the influence of the heart rate. 
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3.2.4 Evaluation of beat-to-beat variability and instability of ECG intervals 

Beat-to-beat variability and instability parameters of the RR and QT intervals, including the 

“root mean square of successive differences”, the “standard deviation of the successive 

differences”, the “short-term variability”, the “long-term variability”, the “long-term 

instability”, and “instability” of the ECG intervals were derived and calculated from 60 

consecutive sinus beats as described previously (Polyak et al., 2018). 

3.2.5 Ex vivo electrophysiological study in isolated Langendorff perfused guinea pig 

hearts and histopathological studies 

Out of 38 guinea pigs, 12 were used for ex vivo Langendorff measurements (“EXE” n = 6, 

“SED” n = 6). The applied method of Langendorff perfusion was described in detail (Kui et al., 

2016). The animals were anticoagulated with sodium heparin (1000 international units) injected 

intraperitoneally and were over-anesthetized with thiopental-sodium (80 mg/kg 

intraperitoneally), then their hearts were excised and attached to a vertical Langendorff 

apparatus. Throughout the experiments, Krebs–Henseleit buffer solution was used containing 

(in mM): NaCl 118.5, glucose11.1, MgSO4 0.5, NaH2PO 1.2, KCl 4.3, NaHCO 25.0, and CaCl2 

1.8. The experimental protocol started with a 20-minute equilibration period followed by a 30-

minute period when the ECG recordings were performed. 

After these experiments, the hearts were removed from the apparatus, and cardiac tissue 

samples were fixed using a formaldehyde solution. Samples were taken from the 

subendocardial region of the atria, septal region, and free-wall region of the ventricular for 

histological studies. Paraffin sections of the hearts were stained with Crossmon’s trichrome 

staining (Crossmon, 1937) to identify collagen deposition. An independent pathologist 

performed a semi-quantitative analysis in a blinded manner to evaluate the degree of interstitial 

fibrosis as follows: 0 = no fibrosis, 1 = moderate fibrosis, and 2 = severe fibrosis. 

3.3 Cell preparations 

Enzymatic isolation of the left ventricular segment is a crucial step in whole-cell patch-clamp 

experiments. The termination protocols of each experimental species (guinea pig, rabbit, and 

canine) strictly followed the corresponding animal ethical regulations. In all cases, a general 

isolation method was followed. A general isolation method was followed across all species, 

with only the Ca2+ concentration of the isolation solution, and the types and quantities of 

enzymes used throughout the enzymatic isolation differing per species. The general Ca2+-

free isolation solution was always composed of (in mM) NaCl 135, KCl 4.7, KH2PO4 1.2, 
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MgSO4 1.2, HEPES 10 glucose 10, Taurine 35, Na-pyruvate 5, with the pH adjusted to 7.4 

using NaOH. 

3.3.1 Enzymatic isolation of guinea pig left ventricular myocytes 

Left ventricular tissue was enzymatically isolated to study the endurance training-induced 

electrophysiological changes at the cellular level. The termination of the animals is described 

in detail above. Hearts were rapidly excised and immersed in a cold (4 ○C) isolation solution 

containing 0.75 mM Ca2+. Thereafter, each heart was cannulated via the aorta onto a 

Langendorff apparatus. The blood from the heart was washed out retrogradely with oxygenated 

and pre-warmed (37 ○C) isolation solution containing 0.75 mM Ca2+. After the washout period 

(10 to 12 minutes), the hearts were perfused with Ca2+-free isolation solution for 8–10 minutes, 

until the hearts stopped beating. Finally, the process was completed with enzymatic isolation: 

for 10–15 minutes the hearts were perfused with the general isolation solution containing 

0.8 g/L collagenase (type II, Worthington), 0.1 g/L proteinase (type XIV, Sigma–Aldrich), 100 

μm Ca2+. At the end of the enzymatic isolation process, the left ventricular myocardium was 

minced and cut into small strips. For approximately 10 minutes, the strips were placed into a 

storage solution with a high concentration of potassium, containing (in mM): L-glutamic acid 

monohydrate 203.2, Taurine 125.15, KCl 74.55, KH2PO 136.09, HEPES 238.3, MgCl2 203.31, 

glucose 180.16, EGTA 380.35, pH adjusted to 7.3 with KOH. After gentle agitation, the cells 

were separated by filtering through a nylon mesh and they were stored at room temperature in 

the high-concentrated K+-solution (Topal et al., 2022). 

3.3.2 Enzymatic isolation of rabbit left ventricular myocytes 

To examine the effects of different cardioactive drugs on transmembrane ion channels, New 

Zealand white rabbits of either sex (weighing 1.5–2.0 kg) were used. The rabbits initially 

received iv. injection of 400 IU/kg heparin into the marginal vein of the ear vein, then they were 

sacrificed by a concussion to avoid the possible cardio-depressant effects of anesthetics. After 

the quick removal of the heart, it was placed into cold (4 °C) isolation solution containing 1mM 

Ca2+ The blood was washed out over a period of approximately 3–5 minutes, then enzymatic 

isolation was performed using the general isolation solution supplemented with 1.8 mg/ml 

collagenase (type II, Worthington) and 33 µM Ca2+ for 12–15 minutes. Subsequently, the left 

ventricular region was excised and cut into small strips, then they were placed in an enzyme-

free solution containing 1 mM Ca2+ for 10 minutes. It was followed by gentle agitation and 
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filtering through a nylon mesh. The cells were stored at room temperature in 1 mM 

Ca2+- contained isolation solution. 

3.3.3 Enzymatic isolation of canine left ventricular myocytes 

To study different cardioactive drugs, Beagle canines of either sex (weighing 10–12 kg) were 

used. The animals were anesthetized and sacrificed with iv. injection of pentobarbital 

(60 mg/kg), then the heart was rapidly removed through a right lateral thoracotomy. Thereafter, 

the left ventricular segment was gently excised. Subsequently, it was cannulated via a coronary 

artery and placed on a modified Langendorff perfusion system. After the previously describes 

processes (see detail in Chapter 3.3.2) the segment was enzymatically isolated with an isolation 

solution containing 0.66 mg/mL collagenase (type II, Worthington) and 33 µM Ca2+. In the 15th 

minute of the enzymatic isolation, 0.12 mg/mL protease (type XIV, Sigma-Aldrich) was added 

to the solution. The remaining steps were the same as mentioned in the previous chapter. 

3.4 Whole-cell patch-clamp experiments of various transmembrane ionic currents in left 

ventricular myocytes 

The full methodology of transmembrane ionic current measurements using the whole-cell 

configuration of the patch clamp technique was described in detail in recent studies (Kohajda 

et al., 2022; Polyak et al., 2023). Briefly, the experiments were carried out at 37 ○C. 

HEPES- buffered Tyrode’s solution served as the normal superfusate (composition in mM: 

NaCl 144, NaH2PO4 0.4, KCl 4.0, CaCl2 1.8, MgSO4 0.53, glucose 5.5, and HEPES 5.0, at a 

pH of 7.4). One drop of cell suspension was placed in a transparent chamber mounted on the 

stage of an inverted microscope (Olympus IX51, Tokyo, Japan), and individual myocytes were 

allowed to settle and adhere to the bottom of the chamber before the suspension was initiated 

and maintained by gravity. Micropipettes were fabricated from borosilicate glass capillaries 

(Science Products GmbH, Hofheim, Germany), using a P-79 Flaming/Brown micropipette 

puller (Sutter Co, Novato CA, USA), and had a resistance of 1.5 to 2.5 Mohm when filled with 

pipette solution. The membrane currents were recorded with Axopatch-200B amplifiers 

(Molecular Devices, Sunnyvale, CA, USA) by applying the whole-cell configuration of the 

patch-clamp technique. The membrane currents were digitized with 250 kHz analog to digital 

converters (Digidata 1440A, Molecular Devices, Sunnyvale, CA, USA) under software control 

(pClamp 10, Molecular Devices, Sunnyvale, CA, USA). The same software was used for offline 

analysis. 
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3.4.1 Measurements of various potassium currents 

Under rectangular command pulses, the inward rectifier (IK1), the transient outward (Ito), the 

rapid (IKr), and the slow (IKs) delayed rectifier potassium currents were recorded in HEPES-

buffered Tyrode’s solution. The composition of the pipette solution (mM) was: KOH 110, KCl 

40, K2ATP 5, MgCl2 5, EGTA 5, and HEPES 10 (the pH was adjusted to 7.2 using aspartic 

acid). 1 µM nisoldipine was added to the bath solution to block ICaL. When Ito and IK1 were 

recorded, both IKs and IKr were inhibited by using their selective blockers, 0.5 µM HMR-1556, 

and 0.1 µM dofetilide, respectively. When IKr was recorded, IKs was inhibited by using the 

selective IKs blocker HMR-1556 (0.5 µM). For IKs measurements, IKr was blocked by 

0.1 µM dofetilide, and the bath solution contained 0.1 µM forskolin. 

3.4.2 Measurement of L-type calcium current 

The L-type calcium current (ICaL) was recorded in HEPES-buffered Tyrode’s solution 

supplemented with 3 mM 4-aminopyridine. The pipette solution contained (in mM): CsCl2 125, 

TEACl 20, MgATP 5, EGTA 10, and HEPES 10. The pH was adjusted to 7.2 with CsOH. 

3.4.3 Measurement of late sodium current 

The late sodium current (INaL) was activated by depolarizing voltage pulses of 2 s at –20 mV 

from a holding potential of –120 mV, with pulsing cycle lengths of 5 s. After incubation with 

the drug for 5–7 minutes, the external solution was replaced with a solution containing 20 µM 

tetrodotoxin (TTX), which completely blocked the INaL. The external solution was HEPES-

buffered Tyrode’s solution supplemented with 1 µM nisoldipine, 0.5 µM HMR-1 556, and 

0.1 µM dofetilide to block ICaL, IKs, and IKr currents. The composition of the pipette solution is 

described above (lásd ICal). 

3.4.4 Measurement of NCX current 

For the measurement of the Na+/Ca2+ exchanger current (INCX), the method of Hobai et al. was 

applied (Hobai et al., 1997). Accordingly, the NCX current is defined as a Ni2+- sensitive current 

and measured in a special K+-free solution (composition in mM: NaCl 135, CsCl2 10, CaCl2 1, 

MgCl2 1, BaCl2 0.2, NaH2PO4 0.33, TEACl 10, HEPES 10, glucose 10, ouabain 20 µM, 

nisoldipine 1 µM, and lidocaine 50 µM at pH 7.4) as described earlier in detail (Jost, Nagy, et 

al., 2013). The pipette solution used for recording INCX contained (in mM) CsOH 140, aspartic 

acid 75, TEACl 20, MgATP 5, HEPES 10, NaCl 20, EGTA 20, and CaCl2 10. The pH was 

adjusted to 7.2 by CsOH. 



18 
 

3.5 Measurements of single-cell action potentials 

The perforated patch-clamp technique was used to measure action potentials from isolated left 

ventricular myocytes. The membrane potential was recorded in the current-clamp 

configuration. The myocytes were paced with a rapid rectangular pulse (from 0 to 180 mV, 5 

ms) at a frequency of 1 Hz to elicit the action potential. A HEPES- Tyrode solution was used 

as the extracellular solution. The patch pipette solution contained (in mM): 120 K-gluconate, 

2.5 NaCl, 2.5 MgATP, 2.5 Na2ATP, 5 HEPES, 20 KCl, titrated to a pH of 7.2 with KOH. 

50 µM β-escin was added to the pipette solution to achieve the membrane patch perforation. 

Membrane voltage was obtained by using an Axoclamp 1-D amplifier (Molecular Devices, 

Sunnyvale, CA, USA) connected to a Digidata 1440A (Molecular Devices, Sunnyvale, CA, 

USA) analog-digital converter. The membrane voltage was recorded by Clampex 10.0 

(Molecular Devices, Sunnyvale, CA, USA). At least 60 beats were recorded, and the action 

potential duration was measured at 90% of repolarization (APD90). The short-term variability 

of action potential duration (STV-APD) was calculated by analyzing 30 consecutive action 

potentials. 

3.6 Statistical analysis 

IBM SPSS Statistics V25 software package was used for statistical analysis. Continuous data 

were expressed as mean ± standard error of the mean (SEM). The normality of distributions 

was verified using the Shapiro-Wilk test and the homogeneity of variances was verified using 

Bartlett’s test. Unpaired and paired Student’s t-tests were applied to assess whether there was a 

statistically significant difference between the means in independent and paired groups, 

respectively. Variance analysis (ANOVA) for repeated measurements with Bonferroni post hoc 

test. Data were considered statistically significant when p < 0.05. 
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4 RESULTS 

4.2 Examination of long-term endurance training-induced cardiac remodeling in a small 

animal model 

4.2.1 Echocardiographic changes after long-term endurance training 

The 15-week-long training program led to significant changes in diastolic parameters in the 

„EXE” group: greater internal dimension of the left ventricle (LVIDd) and increased 

interventricular septum thickness (IVSd) (Fig. 4A; 4B). Additionally, the thickness of the left 

ventricular posterior wall in systole (LVPWs) was significantly increased in the „EXE” group 

(Fig. 4C). It is important to highlight that „EXE” animals showed an increasing tendency in the 

left-ventricular end-diastolic dimension (LVIDs) („EXE vs. „SED”: 5.1 ± 0.4 vs. 4.3 ± 0.3, 

p > 0.05). The ejection fraction (EF) and fractional shortening (FS) did not differ significantly 

between the groups (EF: „EXE” vs. „SED”: 86.1 ± 1.9 vs. 87.4 ± 2.2, p > 0.05, FS: „EXE” vs. 

„SED” 52.9 ± 2.5 vs. 54.9 ± 2.7, p > 0.05). The structural changes after long-term endurance 

training detected by echocardiography are shown in Fig. 4. 

Figure 4. Echocardiographic cardiac parameters in conscious guinea pigs following a 

15- week-long endurance training program 
The wall thicknesses and diameter parameters were corrected with the BW of the animals. 

LVIDd, end-diastolic left ventricular internal diameter (A); IVSd, end-diastolic interventricular 

septal wall thickness (B); LVPWs, end-systolic left ventricular posterior wall thickness (C); 

BW, body weight; EXE, exercised group; SED, sedentary group. All values are means ± SEM. 

*p ˂ 0.05, unpaired t-test, „EXE” vs. „SED” groups. 
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4.2.2 Long-term endurance training-induced cardiac fibrosis in guinea pig athlete’s 

heart model 

The histopathological study identified a significantly greater degree of fibrosis in the 

subendocardial region of the right atria, the right ventricle, and the septal wall of the hearts in 

the „EXE” group (Fig. 5D). In addition, enhanced fibrosis was also presented in the left 

ventricle in the „EXE” animals. The long-term endurance training indicated greater fibrosis 

scores and the greater presence of scarring tissue in „EXE” animals compared to their sedentary 

counterparts (Fig. 5E). 

Figure 5. Enhanced myocardial fibrosis in the exercised guinea pig hearts 
Upper panels (A, B, C), display representative histological images using Crossmon’s trichrome 

staining taken from sedentary control (A, fibrosis score = 0) and exercised guinea pigs (B, 

fibrosis score = 1 and C, fibrosis score = 2). Bar charts show the presence of fibrosis within the 

groups, expressed as the percentage of the total number of animals, irrespective of the degree 

of fibrosis (D), and the estimation of the amount of scarring via fibrosis scoring (E) in sedentary 

and exercised guinea pigs. Semi-quantitative analysis was performed to score the degree of 

interstitial fibrosis with the following criteria: 0 = no fibrosis; 1 = moderate fibrosis; 2 = severe 

fibrosis. EXE, exercised group; SED, sedentary group. *p < 0.05, unpaired t-test; “EXE” vs. 

“SED” guinea pigs. 
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4.2.3 The effect of long-term endurance training on heart rate in conscious animals and 

in ex vivo isolated Langendorff perfused guinea pig hearts 

In conscious “EXE” animals the endurance training program resulted in significantly 

lengthened RR intervals indicating training-induced bradycardia (Fig. 6A). However, in 

contrast with the in vivo data, after the denervation of the autonomic nervous system during 

ex  vivo Langendorff experiments, the RR intervals did not differ significantly between the 

groups (Fig. 6B). These outcomes together support the impact of increased vagal tone on 

training-induced resting bradycardia in conscious “EXE” guinea pigs. 

Various beat-to-beat variability parameters, including the root mean square of the successive 

differences (rmsSD) and the standard deviation of successive differences (sdSD) of the RR 

intervals, significantly increased by the end of the training protocol in conscious “EXE” guinea 

pigs compared to the “SED” animals (Fig. 6C and 6D, respectively). These outcomes further 

support the hypothesis of a notable increase in parasympathetic tone due to long-term endurance 

training in this model. 

Figure 6. The impact of long-term endurance training on RR intervals and its variability 

parameters in in vivo and in ex vivo studies 
The RR intervals in conscious guinea pigs at the end of the training program (A) and in ex vivo 

Langendorff experiments (B). The in vivo RR variability parameters in conscious guinea pigs: 

rmsSD, root mean square of successive differences (C); sdSD, the standard deviation of 

successive differences (D). All values were derived and calculated from 60 consecutive 

ventricular complexes during sinus rhythm by the end of the training protocol. EXE, exercised 

group; SED, sedentary group. All values are means ± SEM. *p ˂ 0.05, unpaired t-test; “EXE” 

vs. “SED” guinea pigs. 
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4.2.4 The effect of long-term endurance training on ECG parameters and their 

variability parameters 

The ECG recordings at the 15th week in conscious animals revealed no significant difference in 

the PQ interval between the examined groups (“EXE” vs. “SED”: 55.0 ± 1.5 vs 51. 9 ± 1.2 ms, 

p > 0.05); however, the QRS interval significantly widened in the “EXE” group (“EXE” vs. 

“SED”: 51.8 ± 1.5 vs. 45.6 ± 1.0 ms*, p ˂  0.05). Contrarily, the lengths of PQ and QRS intervals 

did not differ significantly between the groups in ex vivo Langendorff experiments. (PQ: “EXE” 

vs. “SED”: 54.0 ± 2.0 vs. 59.4 ± 2.3 ms, p > 0.05, QRS: “EXE” vs. “SED”: 30.9 ± 1.02 vs. 

29.7  ± 1.2 ms, p > 0.05). 

The 15-week-long training program led to several changes in the repolarization and its 

variability parameters in conscious animals. At the end of the training protocol, the QT interval 

was significantly prolonged in the “EXE” group compared to the “SED” group (Fig. 7A). Since 

the heart rate influences the length of the QT interval, the heart rate corrected QT interval (QTc) 

was calculated as described above (see detail in Chapter 3.2.3). The QTc of conscious “EXE” 

animals was significantly longer compared to the untrained animals at the end of the training 

protocol (Fig. 7B). The short-term variability of the QT intervals (STV-QT) seemed elevated 

in the “EXE” group; however, it did not reach statistical significance (Fig. 7C). 

Additionally, an increased tendency was observed in other beat-to-beat variability parameters 

of repolarization in “EXE” animals (including long-term variability (LTV), long-term 

instability (LTI), instability (I)), but none reached a statistically significant difference 

(LTV- QT: “EXE” vs. “SED”: 3.2 ± 0.2 vs. 2.7 ± 0.2 ms, p > 0.05, LTI-QT: “EXE” vs. “SED”: 

2.8  ± 0.2 vs. 2.4 ± 0.2 ms, p > 0.05, I-QT: “EXE” vs. “SED”: 4.8 ± 0.3 vs. 4.3 ± 0.3 ms, 

p > 0.05). 

Similar to the unchanged RR intervals, the duration of QT intervals did not differ between the 

groups in ex vivo Langendorff experiments (“EXE” vs. “SED” 133.1 ± 2.2 vs. 131.7 ± 2.6 ms, 

p > 0.05). 

Cardiac arrhythmias were not detected during in in vivo ECG studies in either group. Although 

a few cardiac arrhythmias developed in both groups during ex vivo Langendorff experiments, 

there were no differences in the number and complexity of these arrhythmias between the 

groups (data not shown). 



23 
 

Figure 7. Effect of long-term endurance training on the ECG QT interval and its beat-to-

beat variability parameters as markers of repolarization inhomogeneity 
The QT interval (A), the heart rate corrected QT interval (QTc) (B), and the short-term 

variability of QT interval (STV-QT) (C) of the ECG in conscious guinea pigs at the end of the 

training protocol. All values were derived and calculated from 40 consecutive ventricular 

complexes during sinus rhythm. Representative images illustrate the length of the QT interval 

in conscious sedentary (D) and exercised (E) guinea pigs at the end of the several-week-long 

training program. EXE, exercised group; SED, sedentary group. All values are means ± SEM. 

*p ˂ 0.05, unpaired t-test; “EXE” vs. “SED” guinea pigs. 

4.2.5 Electrophysiological findings at the cellular level following long-term endurance 

training 

Under the current exercise training protocol and experimental measuring conditions, 

magnitudes of the slow component of delayed rectifier potassium current (IKs) (Fig. 8D), the 

late sodium current (INaL) (Fig. 8E), and the sodium-calcium exchanger (INCX) (Fig. 8F) in native 

guinea pig left ventricular myocytes showed no significant differences between the groups. 
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In agreement with the patch clamp data, there was no significant difference in the length of 

action potential duration measured at 90% repolarization (APD90) in myocytes isolated from 

the left ventricle of the exercised group compared to the sedentary group (Fig. 8B). The short-

term variability of action potential duration (STV-APD) did not differ significantly between the 

groups (Fig. 8C). 

Figure 8. Effects of long-term sustained training on cardiac action potential duration, its 

short-term variability, and transmembrane ionic currents in left ventricular myocytes 
Fig. 8A illustrates the representative action potential curves recorded from isolated left 

ventricular myocytes of sedentary and exercised guinea pigs. Fig. 8B shows the action potential 

duration (APD) measured at 90% repolarization (APD90) in enzymatically isolated left 

ventricular single myocytes of sedentary and exercised animals. Fig. 8C shows the short-term 

variability of action potential duration (STV-APD) of a single left ventricular myocyte of 

sedentary and exercised guinea pigs. The lower panels demonstrate the effects of long-term 

endurance training on different transmembrane ionic currents: the current-voltage curve shows 

the amplitude of IKs (D), bar charts indicate the late Na+ current (INaL) (E), and the Na+/Ca2+ 

exchange current (INCX) (F). The term “n” represents the number of experiments and the term 

“N” refers to the number of animals. EXE, exercised group; SED, sedentary group. All values 

are means ± SEM. *p ˂ 0.05, unpaired t-test; “EXE” vs. “SED” guinea pigs. 
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4.3 Investigating the electrophysiological effects of cannabidiol on repolarizing 

transmembrane potassium currents 

4.3.1 Effects of cannabidiol on rapid delayed rectifier potassium current in native rabbit 

left ventricular myocytes 

The possible effect of CBD on the rapid delayed rectifier potassium current (IKr) was examined 

in enzymatically isolated left ventricular myocytes from a rabbit heart at 37 °C. The following 

rectangular voltage pulse protocol was used for whole-cell patch clamp measurements: the 

holding potential at – 80 mV was followed by a 25 ms long pre-pulse at – 40 mV for inactivating 

the fast sodium current. The IKr was activated by one-second-long depolarizing voltage pulses 

with 0.05 Hz pulse frequency. The depolarizing test potentials ranged from – 30 mV to 

+ 50 mV, after which, the cell was repolarized to – 40 mV. The deactivating tail current at 

– 40 mV was evaluated as IKr tail current. To understand the drug response in detail, different 

concentrations of CBD were used. 

The whole-cell patch clamp studies showed significant inhibition of IKr after 3–5 minutes of 

acute drug superfusion. As Fig. 9A indicates, already the experiments with 1 µM CBD clearly 

show an inhibition of IKr in native rabbit left ventricular myocytes. The subsequent 

current- voltage curves show that greater inhibitions were observed after applying higher 

concentrations of CBD, namely 2.5, 5, and 10 µM CBD (Fig. 9B, C, D). While there was a 

slighter inhibition of IKr following the application of 1 µM CBD (Fig. 9A), the IKr tail was 

significantly depressed by the acute superfusion of the highest CBD concentration (10 µM) 

(Fig. 9D). These results support the concentration-dependent inhibition on IKr by CBD. 
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Figure 9. Effect of CBD on the rapid delayed rectifier potassium current (IKr) in native 

rabbit ventricular myocytes at 37 °C 
Current-voltage curves show the inhibition of IKr under control conditions and after the 

application of 1 µM (A), 2.5 µM (B), 5 µM (C), and 10 µM (D) CBD. Insets indicate the used 

voltage rectangular protocols. The IKr deactivating tail current was measured at -40 mV. The 

term “n” represents the number of experiments. All values are means ± SEM. *p < 0.05, 

ANOVA for repeated measurements. 

 

After the experiments were conducted with several different concentrations, the half-maximal 

effective concentration (EC50) was estimated to promote greater understanding. To determine 

this value, enzymatically isolated left ventricular myocytes were depolarized to + 20 mV for 

one-second-long followed by a test pulse at – 40 mV, during which the IKr deactivating tail 

current was measured. The cycle length was 20 s. The concentration-dependent patch clamp 

studies revealed an estimated EC50 value of 4.9 µM (Fig. 10). 
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Figure 10. Examination of the inhibitory effect of CBD on the rapid delayed rectifier 

potassium current (IKr) in native rabbit left ventricular myocytes 

The concentration-response curve indicates an estimated half-maximal effective concentration 

value (EC50) of 4.9 µM CBD for IKr. Insets indicate the tail current section of the original IKr 

current under control conditions and in the presence of 1 µM, 2.5 µM, 5 µM, and 10 µM CBD. 

The dashed lines of the inset representative images refer to the baseline for the IKr tail current 

level after the test pulse at -40 mV. All values are means ± SEM. 

4.3.2 Investigating the inhibitory effect of cannabidiol on slow delayed rectifier 

potassium current in native rabbit left ventricular myocytes 

The inhibitory effect of CBD on the slow component of delayed rectifier potassium current (IKs) 

was examined under rectangular voltage pulse command: the holding potential at – 80 mV, 

with a short pre-pulse at – 40 mV for eliminating the fast sodium current which was followed 

by five- second-long depolarizing voltage pulses ranging from – 30 mV to + 50 mV, with a 

pulse frequency of 0.1 Hz. Thereafter the IKs tail current amplitude was measured at – 40 mV. 

The patch clamp studies revealed that CBD depressed the amplitude of IKs in native rabbit left 

ventricular myocytes. As shown by the inset representative section of the original IKs tail current 

in Fig. 12 and the current-voltage curve in Fig. 11A, acute superfusion of 1 µM CBD resulted 

in a significantly decreased tail current amplitude. The subsequent current-voltage curves 

illustrate that the inhibition increased with higher CBD concentrations. A significant reduction 

was observed after the acute superfusion of 2.5 µM CBD (Fig. 11B), which concentration is 

close to the estimated EC50 value (Fig. 12). The current amplitude decreased further after acute 

superfusion of 5 µM CBD (Fig. 11C), additionally, the IKs tail current seemingly vanished after 
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application of 10 µM CBD (Fig. 11D). On this basis, CBD depressed the IKs tail current 

amplitude in a concentration-dependent manner. 

Figure 11. Effect of CBD on the slow delayed rectifier potassium current (IKs) in native 

rabbit ventricular myocytes at 37 °C 

Current-voltage curves show the inhibition of IKs under control conditions and after the 

application of 1 µM (A), 2.5 µM (B), 5 µM (C), and 10 µM (D) CBD. Insets indicate the used 

voltage rectangular protocols. IKs tail current amplitude was measured at – 40 mV. The term 

“n” refers to the number of experiments. All values are means ± SEM. *p < 0.05, ANOVA for 

repeated measurements. 

 

Following the determination of the inhibitory effects of various CBD concentrations, the EC50 

value was estimated. As shown in Fig. 12, the concentration-response curve indicated an 

estimated EC50 value of 3.1 µM, after a five-second-long + 20 mV depolarizing test pulse 

measured at – 40 mV with a pulsing cycle length of 10 s. The inserted original IKs tail current 

records clearly illustrate the inhibitory potential of each CBD concentration used. 
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Figure 12. Examination of the inhibitory effect of CBD on the slow delayed rectifier 

potassium current (IKs) in native rabbit left ventricular myocytes 

The concentration-response curve indicates an estimated half-maximal effective concentration 

value (EC50) of 3.1 µM CBD for IKs. Insets indicate the tail current section of the original IKs 

current under control conditions and in the presence of 1 µM, 2.5 µM, 5 µM, and 10 µM CBD. 

The dashed lines of the inset representative images refer to the baseline for the IKs tail current 

level after the test pulse at -40 mV. All values are means ± SEM. 

4.3.3 Examination of the cannabidiol-induced changes on transient outward potassium 

current and inward rectifier potassium current in native canine and rabbit left 

ventricular myocytes 

The impact of CBD on the transient outward potassium current (Ito) was studied under the 

following rectangular voltage pulse command: the – 90 mV holding potential was followed by 

a 300 ms long depolarizing test pulse where the Ito sharply activated. The depolarizing voltage 

pulses raised from the holding potential to – 20 mV, gradually increasing by 10 mV up to 

+ 50 mV with a pulsing cycle length of 3 s. 

The whole-cell patch clamp experiments revealed that the Ito amplitude in enzymatically 

isolated canine left ventricular myocytes was significantly reduced by CBD (Fig. 13A). 

However, no change in the current amplitude of native rabbit left ventricular myocytes was 

detected even in the presence of 10 µM CBD (Fig. 13B). As shown in Fig. 13C, various CBD 

concentrations were applied in isolated canine left ventricular myocytes to estimate the 

EC50 value, including 1 µM, 2.5 µM, 5 µM, and 10 µM. As shown by the inset representative 

section of the original Ito record in Fig. 13C and the current-voltage curve in Fig. 13A, the Ito 

current amplitude was significantly depressed by 5 µM CBD, aligning closely with the 
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estimated EC50 value. To exclude the influence of DMSO, a solvent control experiment was 

performed. As the inset representative image shows in Fig. 13C, the latter experiment design 

revealed that 0.01 % DMSO had no effect on Ito. 

Figure 13. Effect of CBD on transient outward potassium current (Ito) in native canine 

and rabbit left ventricular myocytes at 37 °C 
Current-voltage curves show the inhibition of I

to
 under control conditions and after the 

application of 5 µM and 10 µM CBD in canine (A) and rabbit (B) left ventricular myocytes, 

respectively. Insets indicate the voltage protocols and sections of original I
to

 records in control 

and in the presence of CBD. The concentration-response curves indicate an estimated half-

maximal effective concentration value (EC50) of 5.0 µM CBD (C). In Fig. 12C, insets indicate 

sections of the original I
to 

current under control conditions and in the presence of 1 µM, 2.5 µM, 

5 µM, 10 µM CBD, and 0.01 % DMSO. These representative images were recorded from canine 

left ventricular myocytes after a 300 ms long pulse to 50 mV test potential with a pulsing cycle 

length of 3 s. The term “n” refers to the number of experiments. All values are means ± SEM. 

*p < 0.05, ANOVA for repeated measurements. 
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As Fig. 14 presents, CBD had no impact on the inward rectifier potassium current (IK1): for 

instance, even the highest applied concentration (10 µM) did not show a significant change on 

IK1 in native rabbit left ventricular myocytes. IK1 was measured as a steady-state current at the 

end of the 400 ms pulses from - 90 mV to 0 mV with a pulse frequency of 0.33 Hz. The holding 

potential was – 90 mV. 

Figure 14. Lack of CBD effect on inward rectifier potassium current (IK1) in native rabbit 

ventricular myocytes at 37 °C 
The steady-state current of voltage curves of I

K1
 in control conditions and after the application 

of 10 µM CBD. Inset indicates the used rectangular voltage protocols. Data expressed as means 

± SEM. p > 0.05, ANOVA for repeated measurements. 

4.4 Investigating the electrophysiological effects of cannabidiol on different inward 

transmembrane ionic currents 

4.4.1 Effects of cannabidiol on L-type calcium current in native rabbit left ventricular 

myocytes 

The potential effects of CBD were also studied on the L-type calcium current (ICaL) in 

enzymatically isolated left ventricular myocytes. For the imitation of slower and faster heart 

rates at the cellular level, two voltage protocols with different cycle lengths were used to 

measure the ICaL: 1) after – 80 mV holding potential and short prepulse at – 40 mV, serving the 

inactivation of INa, the ICaL was evoked by 400 ms long depolarizing voltage pulse to various 

test pulses ranging from – 35 mV to + 55 mV with a 5000 ms long cycle length, 2) another 

voltage protocol was similar to the latter one but with 300 ms long depolarizing voltage pulse 

and 500 ms long cycle length. 
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As current-voltage curves indicate, 10 µM CBD markedly reduced the amplitude of ICaL in a 

frequency-dependent manner (Fig. 15A, 15C). The current amplitude was significantly 

depressed under both longer and shorter cycle lengths as well. As the representative original 

ICaL traces indicate, 10 µM CBD markedly reduced the amplitude of the current at 0 mV test 

potential (Fig. 15B, 15D). 

Figure 15. Effect of CBD on the L-type calcium current (ICaL) in native rabbit ventricular 

myocytes at 37 °C 
The current-voltage curves indicate the inhibition of 10 µM CBD on I

CaL 
at 5000 ms (A) and 

500 ms (C) cycle lengths. Insets indicate the used voltage rectangular protocols. Representative 

I
CaL

 current traces were recorded under control conditions and in the presence of 10 µM CBD 

at 5000 ms (B) and 500 ms (D) cycle lengths at 0 mV test potential. The “n” refers to the number 

of experiments. All values are means ± SEM. *p < 0.05, ANOVA for repeated measurements.  
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4.4.2 Effects of cannabidiol on late sodium current in native rabbit left ventricular 

myocytes 

The potential effect of CBD was studied on late sodium current (INaL) in native rabbit left 

ventricular myocytes as well. The current was activated by raising the depolarizing pulses to 

– 20 mV from a holding potential of – 120 mV, and the current amplitude was measured at 

50 ms. 

The application of 10 µM CBD led to a significant reduction of the INaL at – 20 mV. INaL was 

defined as a TTX-sensitive current by subtracting current traces recorded in the presence of 

20 μM TTX from traces of control and 10 µM CBD recordings (Fig. 16A). 

Figure 16. Effect of CBD on the late sodium current (INaL) in native rabbit ventricular 

myocytes at 37 °C 
The bar diagram of 10 µM CBD induced inhibition on I

NaL
 (A) and representative original 

record of TTX-sensitive current (I
NaL

) traces at - 20 mV (B). The “n” refers to the number of 

experiments. All values are means ± SEM. *p < 0.05, ANOVA for repeated measurements. 

4.5 Investigating the electrophysiological effects of ibuprofen on transmembrane ionic 

currents 

4.5.1 Effects of ibuprofen on transient outward potassium current and inward rectifier 

potassium current in native canine left ventricular myocytes 

Previously described rectangular voltage protocols and experimental settings were used to study 

the impacts of ibuprofen on Ito and IK1 in enzymatically isolated left ventricular myocytes of the 

canine heart. As voltage-current curves show, the amplitude of Ito slightly but significantly 

reduced after the acute superfusion of 250 µM ibuprofen. To exclude the influence of DMSO, 



34 
 

a solvent control experiment was performed. Based on our findings, 0.01 % DMSO did not 

affect Ito (Fig. 17A). 

As the steady-state current-voltage curves indicate, the IK1 remained unchanged after the 

application of both the solvent and 250 µM ibuprofen (Fig. 17B). 

Figure 17. Effect of ibuprofen on the transient outward potassium current (Ito) and the 

inward rectifier potassium current (IK1) in native canine left ventricular myocytes at 37  C 

Current-voltage curves show the inhibition of I
to

 under control conditions and after the 

application of 0.01 % DMSO and 250 µM ibuprofen (A). In Fig. 16A, the inset shows the 

inhibitory effect of 250 µM ibuprofen in the section of the original I
to

 current record. In Fig. 

16B, the steady-state current of voltage curves of I
K1

 in control conditions and after the 

application of 0.01 % DMSO and 250 µM ibuprofen. Insets indicate the used voltage 

rectangular protocols. The “n” refers to the number of experiments. All values are means ± 

SEM. *p < 0.05, ANOVA for repeated measurements. 

4.5.2 Effects of ibuprofen on the L-type calcium current and the late sodium current in 

native canine left ventricular myocytes 

The previously detailed voltage protocol with a cycle length of 5000 ms was used to measure 

ICaL in enzymatically isolated canine left ventricular myocytes. As shown by the voltage-current 

curve, the 0.01 % DMSO did not change the amplitude of the current. However, 250 µM 

ibuprofen reduced the ICaL moderately but significantly (Fig. 18A). As the representative 

original ICaL traces show, the amplitude of ICaL returned to baseline levels after an approximately 

ten-minute-long drug washout period (Fig. 18B). 

In addition, INaL was also affected by 250 µM ibuprofen under the rectangular protocol 

described above. The current amplitude was moderately but significantly reduced at – 20 mV 

(Fig. 18C). No effect of the 0.01 % DMSO application was observed on INaL (Fig. 18C). 
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As previously mentioned, the current was defined as TTX-sensitive current by subtracting 

current traces recorded in the presence of 20 μM TTX from traces of control, DMSO, and 

ibuprofen recordings. 

Figure 18. Effect of ibuprofen on L-type calcium current (ICaL) and late sodium current 

(INaL) in native canine ventricular myocytes at 37 °C 

The current-voltage curve indicates the inhibitory effects of 250 µM ibuprofen and 0.01 % 

solvent DMSO on I
CaL 

with a cycle length of 5000 ms (A). The representative I
CaL

 current traces 

were recorded under control conditions and in the presence of 0.01 % DMSO and 

250 µM ibuprofen, as well as after the washout period, at 5000 ms cycle length at 0 mV test 

potential (B). The bar chart in Fig. 17C illustrates the absence of effect from 0.01 % DMSO 

and the inhibitory effect of 250 µM ibuprofen on I
NaL

. The I
NaL

 was defined as TTX-sensitive 

current by subtracting current traces recorded in the presence of 20 μM TTX from traces of 

control, DMSO, and ibuprofen recordings. Insets indicate the used voltage protocols. Values 

are measured at - 20 mV. The “n” refers to the number of experiments. All values are 

means ± SEM. *p < 0.05, ANOVA for repeated measurements. 
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5 DISCUSSION 

The main goals of my thesis were the attempt to investigate possible changes of the 

repolarization reserve in certain situations like chronic endurance training-induced cardiac 

remodeling and to identify the cannabidiol (CBD) and ibuprofen treatment-evoked cellular 

cardiac electrophysiological alterations, since these certain situations may be associated with a 

higher risk of the development of cardiac arrhythmias. 

5.1 Considerations for the appropriate choice of experimental animal models for the 

human heart 

Cardiac arrhythmias continue to be a major health burden worldwide, as they are one of the 

leading causes of mortality and morbidity, especially in patients with pre-existing 

cardiovascular diseases such as atherosclerosis, heart failure, or myocardial infarction. In 

particular, sudden cardiac death (SCD) secondary to cardiac arrhythmias is a leading cause of 

death in the Western World, accounting for up to 20 % of all natural deaths and up to 50 % of 

all cardiovascular deaths (Deo & Albert, 2012). Therefore, research into the underlying 

mechanisms is important for the development of novel preventive and therapeutic strategies. 

While human-induced pluripotent stem cell-derived cardiomyocytes offer several advantages, 

their use is limited due to their distinct cellular electrophysiological properties compared to 

mature adult myocytes (Karbassi et al., 2020; Lundy et al., 2013) Therefore, animal studies 

remain prominent in understanding the mechanisms of cardiac arrhythmias, developing and 

testing drugs, and exploring various treatment strategies in cardiac electrophysiology at both 

the atrial and ventricular levels (Odening et al., 2021). 

The proper choice of an animal model depends mainly on the investigated research question 

and the nature of arrhythmia. Rodents are widely used laboratory animals for their advantages, 

such as low maintenance costs, ease of housing, breeding, and handling (Milani-Nejad & 

Janssen, 2014). However, rodents present substantial differences from the cardiac 

electrophysiological features of the human heart, including heart rate, transmembrane ionic 

currents, and autonomic regulation. The high heart rate, especially of small rodents, leads to 

faster systolic and diastolic phases of the heart muscle to maintain proper cardiac output 

(Janssen & Periasamy, 2007). Consequently, the ventricular action potential duration (APD), a 

short repolarization phase, and the absence of a distinct plateau phase are present at the cellular 

level (Farraj et al., 2011). Not surprisingly, many of the potassium currents during 

repolarization in mice and rats differ markedly from those in humans. 
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The heart rate of larger laboratory animals and humans is considerably lower than that of small 

rodents, such as mice and rats. Noteworthy, some electrophysiological characteristics of other 

laboratory animals, like dogs, rabbits, and guinea pigs, share similarities with the human heart. 

The left ventricular region of the canine heart has similar cellular electrophysiological 

properties to human hearts, with a similar transmembrane ionic profile, therefore, the canine 

model is an important platform in cardiac arrhythmia research (Odening et al., 2021). 

Consequently, it serves as a useful tool for determining the relevance of the arrhythmogenic 

mechanism of different drugs (Piktel & Wilson, 2019). It is important to note that in the field 

of cardiovascular research, the guinea pig and rabbit animal models offer the same economic 

benefits and large sample sizes similar to rats and mice but provide additional advantages. 

Besides the heart rate is lower than in mice and rats, the characteristic of QT interval and action 

potential (AP) are similar to larger laboratory animals such as dogs (Baczko et al., 2016; Nanasi 

et al., 2021). Therefore, comparable to the canine model, rabbits and guinea pigs are often 

employed as ‘drug-induced long-QT’ models in safety pharmacology and toxicology research 

(Odening et al., 2021). Although, it should be noted that the transient outward potassium current 

(Ito) in native left ventricular myocytes of guinea pig and rabbit hearts is distinct from those of 

dogs and humans (Odening et al., 2021). 

Overall, the cardiac electrophysiological characteristics of canine, rabbit, and guinea pig animal 

models enable a more relevant approximation of human cardiac electrophysiology in 

experimental arrhythmia research. 

5.2 The impact of endurance training-induced cardiac remodeling in a small animal 

athlete’s heart model 

5.2.1 Long-term endurance training-induced structural changes 

In our small animal training model, we aimed to characterize the chronic endurance 

training- induced structural cardiac changes. The main structural change involved the dilation 

and enlargement of the left ventricular myocardium following long-term endurance training, 

this finding is consistent with the results of Polyak et al. in larger animal models (Polyak et al., 

2018). However, similar to elite athletes, ejection fraction and fractional shortening remained 

unchanged in the exercised group compared to the sedentary animals (Pluim et al., 2000). Our 

structural and hemodynamic echocardiographic results correspond to the high dynamic demand 

training-induced cardiac adaptations among endurance athletes. Even though some of our 

measurements turned out to be not statistically significant, the observed overall trends could be 

valuable to understand the structural adaptations in the athlete's heart model and can facilitate 
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further investigations. The specific nature and frequency of each sporting activity 

fundamentally affect the exercise-induced physiological cardiac response and adaptation 

(Morganroth et al., 1975), therefore the validation of cardiac morphological changes through 

echocardiography was essential. Some investigators have reported that regular isotonic 

exercises related to endurance training (i.e., swimming, long-distance running, road cycling) 

commonly lead to cardiac enlargement (increased left ventricular cavity dimension), albeit 

obvious cardiac hypertrophy (increased left ventricular wall thickness) is not present in every 

case (D'Andrea et al., 2010; Mitchell et al., 2005; Morganroth et al., 1975). 

Recently many studies have focused on the incidence and prevalence of myocardial fibrosis 

and its arrhythmogenic potency among athletes who engaged in intense endurance training. 

Since the development of cardiac fibrosis is not rare, our study attempted to assess the degree 

of fibrosis in exercised guinea pigs. Myocardial fibrosis, as a potential arrhythmia substrate, 

can contribute to the development of re-entry arrhythmias since the structural integrity of the 

heart is damaged (Nguyen et al., 2014). In a multicenter study, a higher prevalence of left 

ventricular scars were observed via high-sensitivity cardiac magnetic resonance imaging among 

251 enrolled athletes with otherwise unremarkable clinical findings (Crescenzi et al., 2021). 

They raised the concern of a possible association between the presence of left ventricular 

fibrosis and apparently idiopathic ventricular arrhythmias in seemingly healthy athletes. Based 

on the “extreme exercise hypothesis”, repetitive and uninterrupted exposure to long-term 

vigorous exercise may increase the risk for the development of cardiac fibrosis (Eijsvogels et 

al., 2018). Since this type of structural alteration is strongly linked to the cumulative exercise 

dose, clinical follow-up of active veteran athletes is essential to reduce the risk of adverse 

cardiovascular outcomes (Eijsvogels et al., 2018; Wilson et al., 2011). Although we focused on 

the prolonged endurance training-induced left ventricular remodeling in our study, it is 

noteworthy that highly trained endurance athletes are prone to atrial fibrillation. Fibrotic 

changes within the atria may contribute to the occurrence of supraventricular arrhythmias 

(Peritz et al., 2020). Besides the human data, several training models conducted on large and 

small animals clearly documented the increased level of myocardial fibrosis after several weeks 

of training (Benito et al., 2011; Kui et al., 2021; Polyak et al., 2023). 

Our histopathological findings align with the aforementioned studies: higher levels of cardiac 

fibrosis developed after chronic endurance training in the hearts of exercised guinea pigs 

compared to their sedentary counterparts. A significantly increased level of fibrosis was 

documented in the left and right atrial, septal, and right ventricular regions of the heart, 

additionally, a similar nearly significant trend was observed in the left ventricle. Since our 
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working hypothesis focused on electrophysiological alteration due to long-term vigorous 

training, we did not determine the biological markers or underlying causes of cardiac fibrosis. 

However, some studies have investigated this issue in depth among highly trained humans and 

in animals (Aschar-Sobbi et al., 2015; Benito et al., 2011; Kui et al., 2021; Lindsay & Dunn, 

2007; Oh et al., 2020). Although this type of structural abnormality is undetectable in most 

cases under the generally used non-invasive methods, like echocardiography or 

electrocardiography, it may impact the development of re-entry cardiac arrhythmias. Therefore, 

myocardial fibrosis may predispose to potentially life-threatening cardiac arrhythmias, as an 

arrhythmia substrate. 

5.2.2 Investigation of chronic endurance training-induced resting bradycardia and beat-

to-beat heart rate variability parameters 

Sinus resting bradycardia is considered to be a characteristic and well-recognizable 

electrophysiological hallmark of long-term high-intensity aerobic training among humans 

(Azevedo et al., 2014; Chapman, 1982; Jensen-Urstad et al., 1997), as well as in animal models 

of athlete’s heart (D'Souza et al., 2014; Kui et al., 2021; Polyak et al., 2023). Our results well 

correlate with the literature, since the exercised guinea pigs developed significant resting 

bradycardia compared to the sedentary animals at the end of the training protocol. 

Although resting bradycardia is a general finding, there is considerable debate about the 

underlying mechanism of training-induced resting bradycardia in recent years. Earlier studies 

suggested that resting bradycardia is a consequence of increased vagal activity (Jensen-Urstad 

et al., 1997; Macor et al., 1996). While other studies took a critical look at the exclusive role of 

enhanced parasympathetic tone in the development of training-induced resting bradycardia. 

They proposed that intense exercise induces morphological and electrical intrinsic remodeling 

of the sino-atrial node (SAN), which plays a crucial role in the development of resting 

bradycardia. According to this hypothesis, the role of vagal tone is most probably secondary, 

or non-existent (Boyett et al., 2013; Katona et al., 1982). In our previous study, we 

demonstrated that SAN remodeling occurred in the large animal model of the athlete’s heart 

and presumably it has an important role in the observed decreased resting heart rate in conscious 

trained dogs (Polyak et al., 2023). However, our results in guinea pigs seem inconsistent with 

the latter perspective since no statistically significant difference was detected in spontaneous 

heart rate between the groups during ex vivo Langendorff experiments. Although we do not 

know the appropriate reason of the observed differences between our results and other studies, 

there are some possibilities that can account for this observation. Firstly, species-dependent 
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differences cannot be ruled out. Also, the SAN region in vivo is mainly perfused by extracardiac 

vessels rather than the coronary vasculature. During ex vivo isolated heart perfusion a relative 

bradycardia can be observed, which may not accurately reflect the in vivo SAN activity. 

Moreover, potential alterations of the calcium homeostasis could also occur (Bell et al., 2011; 

Sutherland & Hearse, 2000). In addition, it cannot be ruled out that this training protocol at the 

applied frequency and intensity may not have induced intrinsic remodeling of the SAN. 

Therefore, all these factors must be considered prior to interpreting the outcomes of our study. 

To summarize, our findings suggest that an enhanced vagal tone played an important role in the 

development of resting bradycardia and the observed increased heart rate variability parameters 

in conscious exercised guinea pigs. However, a more diverse methodology, including the 

isolation of the right atrial region and the SAN, might have provided a better insight into the 

SAN remodeling. Additionally, a more intense and prolonged endurance training program, 

resulting in more pronounced resting bradycardia, might have made possible the detection of 

the intrinsic remodeling of the SAN. 

The enhanced beat-to-beat heart rate variability parameters are intrinsically linked to the 

previously described sinus bradycardia. The present study revealed that exercised guinea pigs, 

with significant resting bradycardia, developed significantly enhanced heart rate variability 

parameters, suggesting the effectiveness of the applied training protocol. Athletes usually have 

greater heart rate variability than untrained counterparts: an increased heart rate variability, 

accompanied by decreased resting heart rate, typically indicates an individual's ability to cope 

well with the training. Therefore, these parameters correlate well with physical fitness levels in 

elite athletes (Buchheit, 2014) and provide insight into the function and responsiveness of the 

heart. Heart rate variability parameters are often considered surrogate markers of 

parasympathetic tone (Thomas & Viljoen, 2019). Consequently, our findings support the idea 

that resting bradycardia accompanied by the increased heart rate variability parameters in 

conscious exercised guinea pigs may result from higher parasympathetic activity induced by 

endurance training. 

5.2.3 The effect of long-term endurance training on ventricular depolarization and 

repolarization under in vivo and in vitro circumstances 

Experimental and human data have shown that long-term intense training can produce 

prolonged QT interval in healthy athletes compared to sedentary subjects. Supposedly, 

prolonged QT interval may act as a potential arrhythmia substrate, as may favor life-threatening 

arrhythmias and even SCD in apparently healthy individuals (Schouten et al., 1991). Some 
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studies pointed out that different QT interval variability parameters, like heart rate corrected QT 

(QTc) and short-term variability of QT interval (STV-QT) can be considered as potential 

cost- effective arrhythmia predictors in different conditions with prolonged QT interval, such 

as in patients with long QT syndrome or patients with dilatated cardiomyopathy and also in 

athletes (Hinterseer et al., 2009; Hinterseer et al., 2010; La Fountaine et al., 2011; Lengyel et 

al., 2011) 

Our in vivo ECG results correlate with the human data since profound QT interval prolongation 

was presented in the exercised group by the end of the training protocol. Since the QT interval 

is greatly affected by the heart rate, to minimize the influence, it is essential to implement a 

frequency correction. Although there are many correction formulas in the literature, universal 

QT correction formulas can be problematic in QTc comparisons at different heart rates and in 

different species as well. A simple linear regression was used to calculate QTc which resulted 

in plotting QTc against the corresponding RR interval procedures a regression line with a slope 

of zero, indicating that these corrections remove the influence of the heart rate. Presumably, 

this methodology could offer a reliable tool for examining the QTc in guinea pigs. The QTc of 

conscious exercised animals was slightly but significantly enhanced and a seemingly greater 

STV-QT variability parameter was observed in conscious exercised guinea pigs at the end of 

the training protocol.  

Interestingly, the imprint of QT interval prolongation detected in conscious exercised guinea 

pigs was not observed in in vitro experiments. The duration of the QT interval did not differ 

between the groups in ex vivo Langendorff studies. Therefore, the detected in vivo QT interval 

prolongation most likely can be attributed to exercise-induced resting bradycardia resulting 

from increased parasympathetic tone. A further support of this statement, neither the action 

potential duration (APD) nor the short- term variability of action potential duration (STV-APD) 

was altered in enzymatically isolated left ventricular myocytes of exercised guinea pigs 

compared to sedentary animals. Our recently published study of a large animal model of the 

athlete’s heart showed that besides significantly lengthened QT and QTc intervals, prolonged 

APD and STV-APD developed in exercised dogs. In this study, it was pointed out that 

decreased amplitude of the transient outward potassium current (Ito) may contribute to the 

observed prolongation in in vivo and in vitro experiments as well (Polyak et al., 2023). Since 

the Ito lacks in the native left ventricular myocytes of the guinea pig’s heart, it can limit the 

electrophysiological translational value to the human hearts. In guinea pig left ventricular 

myocytes the major repolarizing rate-dependent current is the slow component of the delayed 

rectifier potassium current (IKs), which may have a more prominent role than IKr in 
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repolarization of the guinea pig heart (Bartos et al., 2015; O'Hara & Rudy, 2012; Zicha et al., 

2003). Based on our cellular electrophysiological data, the amplitude of IKs did not differ 

between the examined groups. However, similar to the results of our previous study, the 

amplitude of IKs, late sodium current (INaL), and sodium-calcium exchanger (INCX) did not differ 

significantly between the exercised and sedentary groups (Polyak et al., 2023). Although it 

cannot be excluded the control of other uninvestigated currents, like the rapid component of 

delayed rectifier potassium (IKr) current and/or the L-type calcium current (ICaL), may have an 

impact on the altered QT interval and its variability parameters in conscious exercised guinea 

pigs. Presumably, the electrophysiological differences among the species strongly limit the 

correlation between the human heart and our small animal model from the perspective of 

repolarization. 

The PQ interval in conscious exercised guinea pigs although showed some tendency to increase 

but did not reach the level of statistical significance. This may be attributed to the enhanced 

vagal tone after endurance training; however, further investigations are needed. Widened QRS 

complex on the ECG suggests an electrical conduction abnormality (Crescenzi et al., 2021), 

and it is associated with a higher risk of arrhythmias (Robyns et al., 2016). Similar to our 

previous study conducted on dogs (Polyak et al., 2023), long-term training evoked a 

significantly widened QRS complex in conscious exercised guinea pigs. Interestingly, this 

finding diminished in ex vivo Langendorff experiments. Since the observed broad QRS complex 

of the conscious exercised guinea pigs and the absence of this phenomenon in ex vivo 

Langendorff experiments are not entirely understood, it would be essential to examine this issue 

in more depth. 

5.3 Investigating the cannabidiol evoked cellular electrophysiological alterations and its 

possible consequences 

5.3.1 Effects of cannabidiol on cardiac transmembrane ionic channels 

CBD has become widely used and a fashionable compound because of its potential benefits. 

However, its detailed electrophysiological features on cardiac ionic currents are poorly 

investigated. Therefore, we aimed to investigate the effects of CBD on various transmembrane 

ionic currents. Our studies pointed out that CBD has multiple inhibitory effects on various 

transmembrane ionic currents which play a key role in ventricular repolarization. Application 

of lower (1 2.5, 5 µM) and higher (10 µM) concentrations resulted in significant depression of 

IKr in native rabbit left ventricular myocytes. In a recent study, QT prolongation was reported 

in anesthetized rats by a synthetic cannabinoid compound, namely JWH-030 (Yun et al., 2016). 
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However, the chemical structure of this compound is different from CBD and it inhibited hERG 

channels with a relatively high EC50 value (88.36 µM). However, it is important to highlight 

that in the rat ventricle the role of IKr seems not as prominent for controlling repolarization as 

in other laboratory animals with greater translational value to the human heart (Arpadffy-Lovas 

et al., 2022). Based on this, the observed synthetic cannabinoid compound evoked QT 

alternations attributed to Kv1.5 and Kv4.2 rather than hERG channel inhibition. Besides the IKr 

inhibition, our study showed that IKs was also inhibited significantly by CBD at lower (1, 2,5, 

5 µM) and highest (10 µM) concentrations as well. This current has an essential role in the 

repolarization reserve. As described thoroughly in the introduction section (see detail in Chapter 

1.3), IKs can partially replace the role of other poorly operating outward potassium currents 

during the repolarization phase (Jost et al., 2005; Varro et al., 2000; Varro et al., 2021). If IKs is 

suppressed, the repolarization reserve is attenuated, therefore it potentially increases the risk of 

the development of cardiac arrhythmias under certain circumstances. 

Moreover, our experimental design revealed that CBD significantly inhibited Ito in isolated 

canine left ventricular cells at every concentration used (1, 2.5, 5, 10 µM). But even the highest 

applied concentration of CBD (10 µM) did not show any effect in isolated rabbit myocytes. 

This difference can be attributed to the marked species-dependent expression of the 

pore- forming protein subunits. The Ito is conducted by Kv4.3 in the canine heart (Han et al., 

2002), whereas in rabbits Ito is conducted by Kv1.4 channels in the left ventricle (Wang et al., 

1999). In this scenario, the canine model is believed to show a greater level of translational 

value to humans. In the left ventricle of the human heart, similar to dogs, two distinct subtypes 

form the Ito, namely Ito,fast, and Ito,slow, determined by Kv3.4 and Kv1.4, respectively (Odening 

et al., 2021). As pointed out in several studies, Ito is critical in regulating myocardial electrical 

properties during the very early phase of the AP (Dong et al., 2006; Niwa & Nerbonne, 2010; 

Virag et al., 2011; Zicha et al., 2004). Given the multiple outward potassium channel inhibition 

by CBD, the use of this cannabinoid may result in APD prolongation and consequent QT 

lengthening (Orvos et al., 2020; Topal et al., 2021). 

Other major findings of our study were that ICaL and INaL were inhibited by 10 µM CBD. These 

observations are in line with the study of Isaev et al., which also pointed out that CBD inhibits 

the ICaL in isolated rabbit left ventricular myocytes (Isaev et al., 2022). Therefore, the 

suppression of these inward currents with 10 µM CBD can counterbalance the inhibited 

multiple potassium channel-induced repolarization lengthening. 

Summarizing the electrophysiological results of the previously described experiments, lower 

concentrations of CBD can lead to a lengthened APD, and consequently, prolonged QT and 
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QTc intervals, due to multiple potassium channel inhibition. However, higher concentrations 

(≥ 10 µM) may result in an unchanged or even shorter duration of left ventricular AP due to the 

coinhibition of inward transmembrane ionic currents. It is worth noting that the effect of CBD 

on the repolarization duration is controversial in the literature. For instance, based on a 

computational model of rabbit ventricular AP, Isaev et al. hypothesized that IKs and IKr 

inhibition alone at low (≤ 2 µM) concentrations of CBD, causes significantly lengthened APD 

(29 %), whereas integration of INaL and ICaL inhibition at higher CBD concentrations (≥ 5 µM) 

results in significantly shortened APD (27 %) (Isaev et al., 2022). 

5.3.2 Potential adverse cardiovascular events associated with cannabidiol consumption 

Nowadays, CBD is widely used as a popular dietary supplement in various formats; however, 

the exact CBD content of these products usually remains unclear and may contain significant 

levels of other unknown substances. Since CBD is not prohibited by the World Anti-Doping 

Agency, CBD consumption is getting fashionable among amateur and elite athletes because of 

its alleged or real positive effects (Lachenmeier & Diel, 2019). Despite its growing popularity 

spreading, some studies warn athletes to avoid the use of CBD until further research into the 

efficacy and safety of supplementation is available (McCartney et al., 2020). A recent 

systematic review showed that 23.4 % of athletes reported using cannabis in 2019 (Docter et 

al., 2020). Although this seems to be a lower rate of use than in the general population, it is 

important to highlight that this number is presumably underreported since the surveys about 

cannabis use were reliant on self-reporting. Since several routes of administration exist, it is 

important to be familiar with the pharmacokinetics of CBD. At high temperatures, the majority 

of CBD is broken down (Czegeny et al., 2021), whilst from CBD oils containing up to 

20 % CBD, a significant amount of CBD is absorbed (Zgair et al., 2016). According to human 

pharmacokinetic data, the mean maximal plasma concentration (Cmax) values for CBD can reach 

0.58 μM and 0.7 μM (at 3 hours) after oral administration of 400 and 800 mg of CBD, 

respectively (Millar et al., 2018). On the other hand, cigarette smoking containing 19.2 mg CBD 

led to a Cmax value of 0.35 μM (Millar et al., 2018). In the present experiments, CBD had 

inhibitory potential on the activity of several outward transmembrane potassium currents during 

the repolarization phases. Taking into account our experiments, the EC50 values for IKr, IKs, and 

Ito inhibition were 4.9, 3.1, and 5 μM, respectively. These EC50 values are higher than the Cmax 

values observed in enrolled individuals in the aforementioned studies. Redfern et al. have 

attempted to investigate the risk of Torsades de Pointes ventricular tachyarrhythmia (TdP) 

development based on the comparison of hERG activity, APD, and QT prolongation with the 
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observed QT alterations and reports of TdP in humans for 100 different drugs. They suggested 

that at least a margin of 30-fold between hERG EC50 and Cmax is an acceptable degree of safety 

to avoid arrhythmogenic events (Redfern et al., 2003). The ratios of IC50 and Cmax values in our 

study are in the range of 2.96–18.57, which may refer to moderately increased pro-arrhythmic 

risks in clinical settings. 

Our findings suggest a small or negligible pro-arrhythmic risk in physiological conditions in 

healthy individuals. Our results align with a clinical report showing that CBD oromucosal spray 

did not lead to alterations of different ECG parameters, including QTc (Sellers et al., 2013). 

Another clinical study reported that long-term Sativex (THC + CBD) treatment evoked T-wave 

alteration in only one out of 146 patients (Serpell et al., 2013). Therefore, it is likely that in the 

case of inhalation or oral use of cannabis-derived products, CBD itself may not represent a 

significant pro-arrhythmic risk. Nevertheless, higher Cmax values may occur in certain 

individuals with markedly slower drug elimination due to concomitant diseases or with 

concomitant use of other drugs that inhibit the metabolism of CBD, therefore cautions should 

be advised (Iffland & Grotenhermen, 2017). As CBD can affect cardiac electrophysiology, it 

may further increase the risk of developing cardiac arrhythmias. When the intake of CBD is 

combined with pharmacological agents that affect cardiac repolarization, as well as in certain 

pathophysiological situations in which cardiac repolarization reserve is attenuated (Varro & 

Baczko, 2011; Varro et al., 2021) or drug metabolism is impaired, CBD may have an additive 

effect, further increasing the proarrhythmic risk and the possible incidence of SCD. Such 

additive interactions have been reported in both experimental (Lengyel et al., 2007) and clinical 

settings (Wisniowska et al., 2016). Evidence from several clinical studies suggests that athletes 

who engage in chronic high-intensity exercise appear to experience irregular heart rhythm, 

which in rare and sudden cases can be fatal (Dello Russo et al., 2022; Link & Estes, 2010; 

Maron, 2007; Zorzi et al., 2020). Considering the literature reports presented previously and 

the experiments in guinea pigs presented in my thesis, as well as our results in trained dogs in 

our previous work, it is important to note that the effects of electrophysiological cardiac 

remodeling induced by long-term heavy endurance exercise and the use of CBD can be additive, 

and may result in life-threatening cardiac arrhythmias. Therefore, it needs particular attention 

in the future. Although the underlying causes of malignant arrhythmias can be diverse, it cannot 

be excluded that CBD intake may contribute to their development, therefore, CBD-containing 

preparations should be used with appropriate caution. 

The cardiovascular effects of CBD may only be partially due to its impacts on transmembrane 

ion channels. The cardiovascular safety of this agent may be influenced by its interaction with 
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other targets, and by the presence of myocardial ischemia (Ferdinandy et al., 2019) as well. 

Therefore, further studies are needed to evaluate the adverse cardiovascular effects of CBD and 

other cannabinoids both in vivo and in vitro studies, with a particular focus on the benefit-risk 

assessment of products with different cannabinoid content. 

5.4 Investigating the ibuprofen evoked cellular electrophysiological changes and its 

possible consequences 

5.4.1 Investigating the alterations in transmembrane ionic current magnitude induced 

by therapeutic concentrations of ibuprofen 

Although ibuprofen has long been one of the most commonly used non-steroidal anti-

inflammatory drug (NSAID) on the market, its electrophysiological effects are poorly 

investigated. A recent nationwide case-time-control study reported that the use of two NSAIDs, 

namely diclofenac and ibuprofen, is associated with an increased risk of out-of-hospital cardiac 

arrest and consequent sudden cardiac death (Sondergaard & Gislason, 2017). Although the 

mechanism of these tragic events is unclear and can be diverse, the possible direct modulation 

of these drugs on the transmembrane ionic channels should also be considered. 

In our study, 250 µM (51.5 µg/mL) ibuprofen affected the amplitude of various transmembrane 

ionic currents in isolated canine left ventricular myocytes. Neither the kinetic nor the measured 

amplitude of the inward rectifier potassium current (IK1) was affected by the applied 

concentration of ibuprofen. However, it moderately but significantly decreased the amplitude 

of Ito. In our previous study, it was found that 250 µM ibuprofen significantly inhibited the IKr 

in canine left ventricular myocytes (Paszti et al., 2021). This argument is further strengthened 

by the previous experimental study (Kristof et al., 2012), which indicated that diclofenac 

decreased repolarization reserve by inhibiting IKs and IKr in the canine heart. In this paper it has 

also been shown that diclofenac during the attenuation of the repolarization reserve with 

dofetilide also facilitated TdP-like arrhythmia in in vivo rabbit experiments (Kristof et al., 

2012). Our previous study pointed out (Paszti et al., 2021), identically to the study of Kristof et 

al., that in normal situations and at therapeutically relevant concentrations, ibuprofen exerted 

no or only a moderate prolongation of repolarization in ventricular muscle preparations, but in 

situations where the repolarization reserve was attenuated, the degree of repolarization 

lengthening was further increased. 

Since cardiac repolarization is determined not only by outward potassium currents, the effect 

of ibuprofen was also studied on INaL and ICaL in isolated canine left ventricular myocytes. At a 

concentration of 250 µM, ibuprofen moderately, but in a statistically significant manner 
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decreased the amplitude of both inward transmembrane ionic currents. Similar to our study, 

Kristof et al. found that 30 µM diclofenac slightly inhibited the ICaL. (Kristof et al., 2012). 

A previous study has hitherto investigated the electrophysiological effects of ibuprofen 

experimentally (Yang et al., 2008). They pointed out that ibuprofen dose-dependently shortened 

the APD and the effective refractory period on fast and slow response action potentials in guinea 

pig ventricular papillary muscle preparations. It might be speculated that sodium and calcium 

transmembrane ionic channels are dose-dependently suppressed by ibuprofen. In our present 

study, we could confirm the hypothesized inhibition of ICaL and INaL. However, Yarishkin et al. 

found that diclofenac, but not ibuprofen inhibited INaL and ICaL in a dose-dependent manner in 

rat ventricular myocytes (Yarishkin et al., 2009). 

To sum up our cellular electrophysiological results, 250 µM ibuprofen induced moderate but 

significant inhibition of several transmembrane ionic currents, including INaL, ICaL, IKr, and Ito, 

which can lead to unchanged or moderately prolonged repolarization (Paszti et al., 2021). These 

dissimilarities can be attributed to the different baseline electrophysiological features of the 

used species in respective studies (i.e., rabbit, neonatal rat, or dog), and differences in the 

experimental conditions (room temperature vs 37 °C). Unlike dogs, left ventricular guinea pig 

myocytes are unique due not only to their total lack of native Ito but the very strong expression 

of IKs as well (Bartos et al., 2015; Zicha et al., 2003). Consequently, inhibition of Ito and IKr in 

the left ventricular region of the guinea pig heart has a lesser impact on repolarization compared 

to dogs. Therefore, ibuprofen-induced inhibition of ICaL and INaL in the guinea pig ventricle 

would alter the balance of outward and inward currents, and favor a relative enhancement of 

outward currents, resulting in shortened repolarization. The opposite effect is expected in the 

mid-myocardial region of the left ventricle of rabbit and canine hearts, where the density of IKs 

is weaker than in guinea pigs, therefore, IKr should make a stronger contribution to the 

repolarization (Jost, Virag, et al., 2013). Additionally, it is well-established that Ito is a key 

regulator in shaping the morphology of broad, plateau-possessing cardiac AP and in 

repolarization (Dong et al., 2006; Virag et al., 2011). Consequently, the co-inhibition of IKr and 

Ito can lead to attenuated repolarization reserve. Since ibuprofen is commonly prescribed for 

the symptomatic treatment of fever, it would be useful to investigate its electrophysiological 

effects under hyperthermic conditions as well. 

5.4.2 Increased risk of arrhythmic events associated with ibuprofen intake 

Ibuprofen is a common over-the-counter (OTC) and prescribed NSAID (Bushra & Aslam, 

2010; Rainsford, 2009; Warden, 2010). Athletes are also frequent consumers since they often 
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seek new ways to enhance their athletic performance, therefore different NSAIDs provide 

opportunities to amateur and professional athletes not just for pain relief but also increased pain 

tolerance and faster recovery. Many athletes take pre-emptive NSAIDs in the hope of 

preventing exercise-induced soreness and pain (Harle et al., 2018; Lima et al., 2016; Warden, 

2010; Warner et al., 2002). Some studies reported that NSAIDs, especially ibuprofen, are 

common among endurance athletes (i.e., marathon runners, and soccer players) who usually 

take them daily to achieve the desired effect. For instance, based on a recently published survey, 

nearly 90 % of the runners who participated in Parkrun UK used NSAIDs, usually in the form 

of over-the-counter ibuprofen. Moreover, most of them used NSAIDs directly before, during, 

and after the race to relieve pain and to compete more effectively (Rosenbloom et al., 2020) 

According to the literature, athletes frequently use higher doses of ibuprofen than the 

recommended therapeutic dose. Despite valuable studies joining the growing evidence that 

ibuprofen and other NSAID consumption before workout does not offer any benefit and causes 

disagreeable damage, particularly to the intestines (Da Silva et al., 2015; Manoukian et al., 

2017; Nieman et al., 2006; Van Wijck et al., 2012), the adverse cardiovascular events are poorly 

highlighted. Despite that, some studies have drawn attention to the greater risk of adverse 

cardiovascular events, such as myocardial infarction, and sudden cardiac arrest, associated with 

larger doses and/or chronic use of these drugs (Bohm et al., 2013; Lundberg & Howatson, 2018; 

Pratt et al., 1994; Ratliff et al., 2002). The applied concentration of ibuprofen in our experiments 

was relatively well-fitted to the therapeutic range in patients (10 μg/mL to 50  μg/mL; 48.5 μM 

to 242.4 μM, respectively) (Holubek et al., 2007; Mazaleuskaya et al., 2015). Although 

ibuprofen counts as a relatively safe drug among other NSAIDs, it is also worth noting that in 

certain situations, such as old age, altered metabolism due to disease (e.g., liver or kidney 

failure), or drug interactions, plasma levels may rise above the therapeutic range. 

Based on our cellular electrophysiological findings, ibuprofen seems a relatively safe drug 

under normal circumstances. However, under certain conditions characterized by attenuated 

repolarization reserve, like the athlete’s heart presented also in this thesis, ibuprofen may 

enhance proarrhythmic risk and may even contribute to the incidence of adverse cardiovascular 

events, such as arrhythmias and even sudden cardiac arrest. This possibility should be 

considered and addressed in clinical practice, given that ibuprofen is a commonly used OTC 

drug taken daily by millions of people without any medical supervision. 
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6 CONCLUSION 

The most important new results in this Ph.D. thesis are the followings: 

1. In exercised guinea pigs, long-term endurance training decreases the repolarization reserve, 

but unlike other experimental animal models of the athlete’s heart, it is mainly attributed 

to the chronic endurance training-induced enhanced vagal tone, not to the 

electrophysiological remodeling. 

2. Similar to other animal models of athlete’s heart and human data, long-term heavy 

endurance training evoked a significant level of cardiac fibrosis in the exercised guinea 

pigs, which may enhance proarrhythmic risk. 

3. Cannabidiol (CBD) depresses the amplitude of several transmembrane ionic currents, such 

as Ito, IKr, IKs, ICaL, and INaL, which can attenuate the repolarization reserve in the ventricle. 

4. Ibuprofen decreases different transmembrane ionic currents, such as Ito, ICaL, and INaL which 

can lead to decreased repolarization reserve in the ventricle. 

The present study introduced a novel guinea pig exercise-induced athlete’s heart model. In our 

model, similar to the endurance-trained human athlete’s heart, long-term endurance training led 

to increased left ventricular end-diastolic diameter and moderate enlargement of cardiac muscle 

due to increased volume load. In addition, mild fibrosis was also present that may also occur in 

human athlete’s hearts according to recently published studies. The several-week-long 

endurance training program also led to electrophysiological changes in conscious exercised 

guinea pigs. The in vivo resting bradycardia and increased heart rate variability parameters 

together with unchanged ex vivo results indicated a higher resting vagal tone in exercised 

animals. The widened QRS interval in conscious exercised animals may be associated with 

structural and functional remodeling of the heart. The significantly prolonged QT interval due 

to decreased resting heart rate can be related to the increased vagal tone in exercised animals. 

Besides the observed QT interval prolongation, conscious exercised guinea pigs developed 

slightly increased QT variability parameters, which may indicate impaired repolarization and 

higher repolarization instability. 

These observations do not necessarily indicate that at a competitive level, endurance exercise 

is harmful since the evidence regarding the beneficial effect of exercise is overwhelming. 

However, in certain individuals or in situations where the repolarization reserve is impaired due 

to hidden diseases, such as hypertrophic cardiomyopathy, long QT-syndromes, diabetes or 

electrolyte imbalances, doping substances, or any seemingly harmless drugs, the observed 

significant resting bradycardia, alterations of in vivo depolarization and repolarization, and mild 
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fibrosis induced by endurance training in our study may present additional potential risk factors 

to be considered in the prevention of possible adverse events in competitive sport. 

Athletes often seek different avenues to reach greater sporting achievements. Therefore, they 

often use different agents, for instance, CBD or NSAIDs, like ibuprofen to accomplish their 

goals. 

CBD has a prominent impact on the cellular level of the heart. It decreases the amplitude of 

various potassium currents each of which plays a prominent role in left ventricular 

repolarization. CBD significantly depressed the amplitude of Ito, IKr, and IKs of enzymatically 

isolated left ventricular myocytes at lower (1, 2.5, 5 µM) and higher (10 µM) concentrations. 

The inhibition of multiple potassium currents can evoke prolonged action potential duration 

and consequently prolonged QT interval. It is worth noting that the proper selection of the 

animal model for investigating the effects of a drug is important since the incorrect choice can 

lead to poor translational value to human hearts. As our study indicates, the applied highest 

concentration (10 µM) of CBD caused significantly decreased Ito of the left ventricular 

myocytes of the canine heart; however, the amplitude of the current remained unchanged in 

native rabbit left ventricular myocytes. Our study suggests that potential prolongation of the 

repolarization can be counterbalanced by the 10 µM CBD evoked inhibition of ICaL and INaL. 

The alterations of transmembrane ionic currents at lower concentrations of CBD could decrease 

the repolarization reserve of the cardiac action potentials contributing to the proarrhythmic risks 

of CBD resulting in cardiac arrhythmias or even sudden cardiac death. 

Based on our study, ibuprofen has a slight impact on different transmembrane ionic currents, 

including Ito, INaL, and ICaL in the therapeutic concentration. Consequently, at least regarding its 

cardiac electrophysiological properties, ibuprofen is a relatively safe drug in normal situations. 

Despite that, because of the easy availability of different over-the-counter products, ibuprofen 

can be easily administered above the therapeutic range. However, in certain conditions 

characterized by attenuated repolarization reserve, ibuprofen may enhance proarrhythmic risk, 

and may even contribute to the incidence of sudden cardiac death observed in clinical studies. 

This possibility should be considered and taken into account in clinical practice since ibuprofen 

is a very commonly used over-the-counter drug, taken every day by several million people 

without medical control. 

In conclusion, these agents should be consumed with caution by athletes, as they can attenuate 

the repolarization reserve and, together with the cardiac structural-electrophysiological changes 

that can result from long-term vigorous training, may lead to life-threatening arrhythmias. 
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Abstract
Besides the health benefits of regular exercise, high-level training——above an optimal level——may have adverse effects. In

this study, we investigated the effects of long-term vigorous training and its potentially detrimental structural–functional
changes in a small animal athlete’s heart model. Thirty-eight 4-month-old male guinea pigs were randomized into seden-
tary and exercised groups. The latter underwent a 15-week-long endurance-training program. To investigate the effects
of the intense long-term exercise, in vivo (echocardiography, electrocardiography), ex vivo, and in vitro (histopathology,
patch-clamp) measurements were performed. Following the training protocol, the exercised animals exhibited structural
left ventricular enlargement and a significantly higher degree of myocardial fibrosis. Furthermore, resting bradycardia ac-
companied by elevated heart rate variability occurred, representing increased parasympathetic activity in the exercised
hearts. The observed prolonged QTc intervals and increased repolarization variability parameters may raise the risk of
electrical instability in exercised animals. Complex arrhythmias did not occur in either group, and there were no differ-
ences between the groups in ex vivo or cellular electrophysiological experiments. Accordingly, the high parasympathetic
activity may promote impaired repolarization in conscious exercised animals. The detected structural–functional changes
share similarities with the human athlete’s heart; therefore, this model might be useful for investigations on cardiac
remodeling.

Key words: long-term endurance training, cardiac remodeling, echocardiography, electrocardiography, histology

Résumé
En dehors des bienfaits pour la santé qu’apporte l’exercice physique régulier, l’entraînement de haut niveau – au-delà d’un

degré optimal – pourrait avoir des effets indésirables. Cette étude portait sur les effets de l’entraînement vigoureux à long
terme de même que sur des variations structurelles ou fonctionnelles potentiellement délétères dans un modèle de cœur
d’athlète chez un petit animal. Nous avons réparti aléatoirement 38 cobayes mâles âgés de 4 mois dans des groupes de sé-
dentarité et d’exercice physique. Les animaux de ce dernier groupe ont suivi un programme d’entraînement en endurance
sur 15 semaines. Nous avons procédé à des épreuves in vivo (échocardiographie, électrocardiographie), ex vivo et in vitro
(histopathologie, « patch-clamp ») en vue d’étudier les effets de l’exercice intense à long terme. À la suite du protocole, les an-
imaux entraînés ont présenté une augmentation structurelle de la taille du ventricule gauche et une augmentation marquée
du degré de fibrose myocardique. En outre, nous avons observé une bradycardie au repos accompagnée d’une augmenta-
tion de la variabilité de la fréquence cardiaque chez les animaux entraînés, ce qui représente une augmentation de l’activité
parasympathique cardiaque dans leur cas. La prolongation des intervalles QTc et la hausse des paramètres de la variabilité de
la repolarisation pourraient entraîner un accroissement du risque d’instabilité électrique chez les animaux entraînés. Nous
n’avons pas observé d’arythmies complexes dans l’un ou l’autre groupe, ni de différence entre eux quant aux mesures ex
vivo ou dans le cadre des expériences d’électrophysiologie cellulaire. Conséquemment, l’augmentation de l’activité parasym-
pathique à des degrés élevés pourrait favoriser l’apparition d’anomalies de la repolarisation chez les animaux entraînés
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conscients. Les variations structurelles et fonctionnelles que nous avons décelées présentent des points communs avec le cœur
d’athlète chez l’humain. Par conséquent, ce modèle pourrait être utile en vue d’étudier le remodelage cardiaque. [Traduit par la
Rédaction]

Mots-clés : entraînement en endurance à long terme, remodelage cardiaque, échocardiographie, électrocardiographie, his-
tologie

Introduction
The positive impact of regular exercise on a healthy and ful-

filling lifestyle is undoubted (Deslandes et al. 2009; Lavie et al.
2019). Therefore, active athletes are considered the healthiest
members of our society. Regular and intense long-term train-
ing can elicit reversible structural and functional adaptation
of the heart, called the “athlete’s heart”. Despite its benefi-
cial impacts, there is an increasing amount of evidence that
long-term high-intensity sporting activity may also have ad-
verse effects beyond an “optimal dose” (Eijsvogels et al. 2018).
As pointed out previously by Maron (2007), sudden cardiac
death (SCD) occurs more frequently among active athletes
who participate in sporting activities with high dynamic and
low isometric intensity like football and basketball players.
Recently, an increasing number of studies have investigated
the presence of fibrosis in human endurance racers (Malek
and Bucciarelli-Ducci 2020; Zhang et al. 2020; Rajanayagam
and Alsabri 2021). In addition, the long-term heavy training-
induced heart adaptation can also be associated with other
pathological conditions (e.g., hypertrophic cardiomyopathy,
arrhythmogenic right ventricular cardiomyopathy, or con-
genital coronary artery anomaly), which in turn, increase
the incidence of cardiac arrhythmias and even SCD (Corrado
et al. 2003; Alpert et al. 2015). Although SCD is rare in young
top athletes, it occurs approximately two to four times more
often than in the age-matched control population (Marijon
et al. 2011). Furthermore, in a significant number of cases,
the cause of malignant arrhythmias and even SCD cannot
be verified satisfactorily. Although many screening strategies
are known, the early detection of increased susceptibility for
these unexpected events in apparently healthy individuals
is challenging. In addition, in a number of cases, autopsy
findings remain negative (Asif et al. 2013), suggesting that
there must be uninvestigated and still unknown causes be-
hind these tragic events that claim deeper examination. It is
hypothesized that altered cardiac morphology and impaired
cardiac repolarization can be arrhythmogenic substrates that
may underline the development of malignant ventricular
arrhythmias following long-term heavy training, although
the exact mechanisms are still unclear (Varro and Baczko
2010).

The underlying mechanisms responsible for the develop-
ment of malignant arrhythmias in the athlete’s heart are still
unclear; therefore, there is a critical need to investigate car-
diac remodeling in animal models with a significant transla-
tional value for the human heart. The goals of this study were
to develop an animal model that was relevant to the human
athlete’s heart and to assess mechanisms underlying cardiac
structural–electrical changes due to long-term endurance
training.

Materials and methods

Ethical issues
The experiments were carried out in compliance with the

Guide for the Care and Use of Laboratory Animals (USA NIH pub-
lication No. 85-23, revised 1996) and conformed to Directive
2010/63/EU of the European Parliament. The protocols have
been approved by the Ethical Committee for the Protection of
Animals in Research of the University of Szeged, Szeged, Hun-
gary, and by the Department of Animal Health and Food Con-
trol of the Ministry of Agriculture and Rural Development
(authority approval number XIII/2163/2019).

Experimental protocol
Male albino Dunkin–Hartley guinea pigs with initial

weights of 300–350 g were randomly assigned to exercised
(“EXE”, n = 19) and sedentary (“SED”, n = 19) groups. The
guinea pigs from both groups were 4-month-old at the be-
ginning of the training protocol.

Running sessions were performed on a special rodent
treadmill system (Treadmill for rats, Elunit Group/Elunit Med-
ical Equipment, Belgrade, Serbia) with four separated cor-
ridors for the animals and controllable gradient and speed
intensity. The exercised group underwent a 15-week-long
training session, while the sedentary animals did not partic-
ipate in the training. However, they were subjected to the
same handling procedure as the exercised animals (includ-
ing placement on the treadmill) to avoid differences originat-
ing from different animal handling. The protocol started with
a 2-week-long warm-up period (to get accustomed to han-
dling, non-invasive in vivo ECG measurements, and treadmill
running); thereafter, the exercised group underwent a pro-
gressive endurance-training program combined with interval
training sessions. The animals were trained five times a week
with 60–90 min daily running sessions. To enhance the strain,
the speed and the grade of the treadmill were increased pro-
gressively every week until reaching 0.6–1.92 km/h and 14%
inclination. The training protocol was tested in preliminary
experiments and set to the maximum level that could be per-
formed without significant distress to the animals.

Electrocardiography
In conscious guinea pigs, ECGs were recorded using precor-

dial leads at the 15th week without any pain or stress. The
ECGs were recorded with National Instruments data acqui-
sition hardware (PC card, National Instruments, Austin, TX.,
USA) and SPEL Advanced Haemosys software (version 3.26,
MDE Heidelberg GmbH, Heidelberg, Germany). The records
were digitalized and stored on a computer for later analysis.

C
an

. J
. P

hy
si

ol
. P

ha
rm

ac
ol

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
U

ni
ve

rs
ité

 d
e 

Sh
er

br
oo

ke
 o

n 
10

/1
1/

22
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1139/cjpp-2022-0073


Canadian Science Publishing

Can. J. Physiol. Pharmacol. 100: 993–1004 (2022) | dx.doi.org/10.1139/cjpp-2022-0073 995

RR, PQ, QRS, and QT intervals were measured by manual po-
sitioning of screen markers of 40 consecutive sinus beats at
the 10th minute after initiation of the recording, then mean
values were calculated. As QT interval is influenced by the
heart rate, baseline data for ventricular heart rates and QT in-
tervals were used to determine the relationship between the
RR interval and the consecutive QT interval in sinus rhythm
as described previously (Polyak et al. 2018). These data were
obtained from 38 guinea pigs in vivo. Forty consecutive QT
intervals were measured together with the corresponding RR
intervals. Simple linear regression revealed a positive corre-
lation between QT and RR intervals in guinea pigs (QT = 0.55
× RR + 9.31). The equation was rearranged to allow the cal-
culation of the rate-corrected QT interval in guinea pigs at an
RR interval of 182 ms using the formula QTcx = QTx − 0.55 ×
(RR(x−1) − 182). With these equations, plotting QTc against the
corresponding RR interval produces a regression line with a
slope of zero, indicating that these corrections remove the
influence of the heart rate.

Measurement of the beat-to-beat variability and
instability of the ECG intervals

Beat-to-beat variability and instability parameters of the RR
and QT intervals (e.g., the “root mean square of the successive
differences”, the “standard deviation of the successive differ-
ences”, the “short-term variability”, “long-term variability”,
“long-term instability”, and “instability” of the ECG intervals)
were derived and calculated from 60 consecutive sinus beats
as described previously (Polyak et al. 2018).

Echocardiography
Transthoracic echocardiographic examination was per-

formed at the 15th week of the training protocol in con-
scious animals. M-mode parasternal long axis view was ap-
plied using 11.5 MHz transducer (GE 10S-RS, GE Healthcare,
Chicago, IL, USA), connected to an echocardiographic imag-
ing unit (Vivid S5, GE Healthcare, Chicago, IL, USA). All pa-
rameters were analyzed by an expert cardiologist in a ran-
domized and blinded manner. Left ventricular internal diam-
eter during systole (LVIDs) and diastole (LVIDd), thickness of
the left ventricular posterior wall at systole (LVPWs), inter-
ventricular septum (IVS), and end ejection fraction (EF) were
measured in M-mode images. The wall thickness and diame-
ter parameters were corrected with the animal’s body weight.
Fractional shortening (FS) was calculated as FS = [(LVIDd −
LVIDs)/LVIDd] × 100].

Ex vivo electrophysiological measurements in
isolated Langendorff perfused guinea pig hearts
and in vitro histopathology

Of 38 guinea pigs, 12 were used for ex vivo Langendorff
measurements and thereafter for in vitro histopathological
experiments (“EXE” n = 6, “SED” n = 6). The method of Lan-
gendorff perfusion we used was described in detail (Kui et al.
2016). The animals were anticoagulated with sodium hep-
arin (1000 international units) injected intraperitoneally and
were over-anesthetized with thiopental-sodium (80 mg/kg in-
traperitoneally), then their hearts were excised and attached

to a vertical Langendorff apparatus. Throughout the experi-
ments, Krebs–Henseleit buffer solution was used containing
(in mM): NaCl 118.5, glucose 11.1, MgSO4 0.5, NaH2PO4 1.2,
KCl 4.3, NaHCO3 25.0, and CaCl2 1.8. The experimental pro-
tocol started with a 20-min equilibration period. This was fol-
lowed by a 30-min-long period when the ECG recordings were
performed.

Subsequently, the hearts were removed from the appara-
tus and cardiac tissue samples were fixed using a formalde-
hyde solution. Samples were taken from the subendocardial
region of the atria, septal, and ventricular free wall for histo-
logical studies. Paraffin sections of the hearts were subjected
to Crossmon’s trichrome staining (Crossmon 1937) to iden-
tify collagen deposition. Semi-quantitative analysis was per-
formed by an external pathologist in a blinded manner to
assess the degree of the interstitial fibrosis by evaluating the
samples on a semiquantitative scoring scale: 0 = no fibrosis,
1 = moderate fibrosis, 2 = severe fibrosis.

Isolation of single myocardial myocytes
Twenty-six guinea pig hearts (“EXE” n = 13, “SED” n = 13)

were used for in vitro cellular electrophysiological experi-
ments. The termination of the animals is described in de-
tail above. Hearts were excised rapidly and immersed in a
cold (4 ◦C) Ca2+-containing isolation solution composed of
(in mM) CaCl2 0.75, NaCl 135, KCl 4.7, KH2PO4 1.2, MgSO4

1.2, HEPES 10 glucose 10, Taurine 35, sodium pyruvate 5,
and pH adjusted to 7.4 with NaOH. Thereafter, each heart
was cannulated and retrogradely perfused via the aorta on
a Langendorff apparatus with a Ca2+-containing isolation so-
lution at the constant temperature of 37 ◦C for 10 min with
a composition described above. The hearts then were per-
fused with Ca2+-free isolation solution for a period of 8–10
min. Finally, the perfusion was completed with a solution
containing 0.8 g/L collagenase (type II, Worthington), 0.1 g/L
proteinase (type XIV, Sigma–Aldrich), 100 μm CaCl2, and the
heart was perfused for a further 10–15 min with this solu-
tion. At the end of the enzymatic dissociation process, the
left ventricular myocardium was minced and gently agitated.
Freshly isolated cells were placed in a storage solution with
a high concentration of potassium, containing (in mM): L-
glutamic acid monohydrate 203.2, Taurine 125.15, KCl 74.55,
KH2PO4 136.09, HEPES 238.3, MgCl2 203.31, glucose 180.16,
EGTA 380.35, pH adjusted to 7.3 with KOH before use.

Voltage-clamp measurements
The full methodology of transmembrane ionic current

measurements using the whole-cell configuration was de-
scribed in detail in our previously published studies. Man-
ual patch-clamp recordings of transmembrane currents were
undertaken using rectangular command pulses for slow de-
layed rectifier potassium current (IKs) (Topal et al. 2021), late
sodium current (INaL) (Hezso et al. 2021) measurements, and
voltage ramp for the Na+/Ca2+ exchanger current (INCX) (Hobai
et al. 1997; Otsomaa et al. 2020). Experiments were carried
out at 37 ◦C.
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Fig. 1. Echocardiographic cardiac dimensions in conscious guinea pigs following 15-week-long endurance training. The wall
thicknesses and diameter parameters were corrected with the animal’s body weight. LVIDd, end-diastolic left ventricular in-
ternal diameter (A); IVSd, end-diastolic interventricular septal wall thickness (B); LVPWs, end-systolic left ventricular posterior
wall thickness (C). All values are means ± SEM. ∗P < 0.05, unpaired t-test, “EXE” versus “SED” guinea pig.

Measurements of single cell action potentials
The perforated patch-clamp technique was used to mea-

sure action potentials from isolated left ventricular myocytes
from both exercised and sedentary animals. The membrane
potential was recorded in the current-clamp configuration.
The myocytes were paced with a rapid rectangular pulse
(from 0 to 180 mV, 5 ms) at a frequency of 1 Hz to elicit the
action potential. A HEPES- Tyrode solution was used as the ex-
tracellular solution (composition in mM: NaCl 144, NaH2PO4

0.4, KCl 4.0, CaCl2 1.8, MgSO4 0.53, glucose 5.5 and HEPES 5.0,
at pH of 7.4) served as normal superfusate. The patch pipette
solution contained (in mM): 120 K-gluconate, 2.5 NaCl, 2.5
MgATP, 2.5 Na2ATP, 5 HEPES, 20 KCl, titrated to pH 7.2 with
KOH. 50 μM β-escin was added to the pipette solution to
achieve the membrane patch perforation. Membrane voltage
was obtained by using an Axoclamp 1-D amplifier (Molecular
Devices, Sunnyvale, CA, USA) connected to a Digidata 1440 A
(Molecular Devices, Sunnyvale, CA, USA) analog-digital con-
verter. The membrane voltage was recorded by Clampex 10.0
(Molecular Devices, Sunnyvale, CA, USA). At least 60 beats
were recorded, and the action potential duration was mea-
sured at 90% of repolarization (APD90). The short-term APD
(STV-APD) variability was calculated by analyzing 30 consec-
utive action potentials described above.

Statistical analysis
IBM SPSS Statistics V25 software package was used for

statistical analysis. Continuous data were expressed as
mean ± standard error of the mean (SEM). Unpaired Stu-
dent’s t-test was applied to whether there was a statistically
significant difference between the means in independent
groups, respectively. Data were considered statistically signif-
icant when p < 0.05.

Results

Structural echocardiographic parameters
The 15-week-long high-intensity endurance-training pro-

gram resulted in the following significantly greater echocar-
diographic parameters at diastole (corrected for body
weight): the internal dimension of the left ventricle (LVIDd)
(Fig. 1A) and the interventricular septum thickness (IVSd)
(Fig. 1B). In addition, a significant increase was also observed
in the LVPWs in exercised guinea pigs (Fig. 1C). An increased
tendency was detected in the left ventricular end-systolic
dimension (LVIDs) in the exercised group compared to the
sedentary animals, although it did not reach statistical signif-
icance (“EXE” vs. “SED”: 5.1 ± 0.4 vs. 4.3 ± 0.3, p > 0.05). The
EF and the FS were not different between the two groups (EF:
“EXE” vs. “SED”: 86.1 ± 1.9 vs. 87.4 ± 2.2, p > 0.05, FS: “EXE”
vs. “SED”: 52.9 ± 2.5 vs. 54.9 ± 2.7, p > 0.05). The structural
changes detected by echocardiography are shown in Fig. 1.

Long-term endurance training-induced fibrosis
A significantly higher degree of fibrosis manifested in the

subendocardial region of the right atria, the right ventricle,
and in the septal wall of the hearts in the exercised group
compared to sedentary animals and, in addition, enhanced
fibrosis was also present in the left ventricle, although it did
not reach statistical significance (Fig. 2).

Effects of endurance training on heart rate and
PQ and QRS intervals of the ECG

In conscious animals, the 15-week long-term endurance-
training program resulted in significantly lengthened RR
intervals in the exercised group (Fig. 3A), representing
training-induced bradycardia. However, after sympathetic
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Fig. 2. Enhanced myocardial fibrosis in the exercised guinea pig hearts. Upper panels (A, B, C), representative histological
images using Crossmon’s trichrome staining taken from sedentary control (A, fibrosis score 0) and exercised guinea pigs
(B, fibrosis score 1 and C, fibrosis score 2). The estimation of the amount of scarring via fibrosis scoring (D) and bar charts
showing the presence of fibrosis within the groups, expressed as the percentage of the total number of animals, irrespective of
the degree of fibrosis (E) in sedentary and exercised guinea pigs. Semi-quantitative analysis was performed to score the degree
of the interstitial fibrosis with the following criteria: 0 = no fibrosis; 1 = moderate fibrosis; 2 = severe fibrosis. ∗P < 0.05,
unpaired t-test; “EXE” versus “SED” guinea pig.

and parasympathetic denervation, the RR intervals did not
differ significantly between the groups during ex vivo Lan-
gendorff experiments (Fig. 3B), which support the prominent
influence of the parasympathetic nervous system on training-
induced resting bradycardia.

The beat-to-beat variabilities, including root mean square
of the successive differences (rmsSD) (Fig. 3C) and standard
deviation of successive differences (sdSD) of the RR intervals
in exercised animals significantly increased compared to the
sedentary group (Fig. 3D), representing the influence of the
increased parasympathetic tone.

There was no statistically significant difference during in
vivo ECG measurements in PQ intervals (“EXE” vs. “SED”:
55.0 ± 1.5 vs. 51.9 ± 1.2 ms, p > 0.05), but the QRS inter-
val was significantly widened in the exercised group com-
pared to sedentary animals by the end of the training pro-
tocol (“EXE” vs. “SED”: 51.8 ± 1.5 vs. 45.6 ± 1.0 ms, p < 0.05).
The PQ and QRS intervals were not different between the two
groups in ex vivo Langendorff experiments. (PQ: “EXE” vs.
“SED”: 54.0 ± 2.0 vs. 59.4 ± 2.3 ms, p > 0.05, QRS: “EXE” vs.
“SED”: 30.9 ± 1.02 vs. 29.7 ± 1.2 ms, p > 0.05).

Effects of endurance exercise on ECG
repolarization parameters and their
beat-to-beat variabilities

In in vivo measurements, significantly prolonged QT in-
tervals were detected in the exercised group compared to
sedentary animals at the 15th week (Fig. 4A). Since the heart
rate influences the length of the QT interval, the heart rate-
corrected QT interval (QTc) was calculated as described above.
The QTc of the exercised animals was significantly longer
compared to untrained animals at rest (Fig. 4B). The short-
term beat-to-beat variability of the QT interval (STV-QT) that
characterizes the instability of cardiac ventricular repolariza-
tion was elevated in the exercised group; however, it did not
reach statistically significant difference (Fig. 4C). Other beat-
to-beat variability parameters of repolarization were calcu-
lated (including long-term variability (LTV), long-term insta-
bility (LTI), instability (I)), and an increased tendency was ob-
served in these parameters, but none reached a statistically
significant difference (LTV-QT: “EXE” vs. “SED”: 3.2 ± 0.2 vs.
2.7 ± 0.2 ms, p > 0.05, LTI-QT: “EXE” vs. “SED”: 2.8 ± 0.2 vs.
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Fig. 3. The effect of long-term endurance training on RR intervals and their beat-to-beat variabilities in conscious guinea pigs
and in ex vivo Langendorff experiments. The mean RR intervals in conscious guinea pigs (A) and the mean RR intervals in
ex vivo Langendorff experiments (B). The RR variability parameters in conscious guinea pigs (C, D). All values were derived
and calculated from 60 consecutive ventricular complexes during sinus rhythm at the 15th week. rmsSD, root mean square
of successive differences; sdSD, the standard deviation of successive differences of the RR intervals. Representative figures of
beat-to-beat heart rate in conscious sedentary (E) and exercised (F) guinea pigs at the end of the endurance training program.
All values are means ± SEM. ∗P < 0.05, unpaired t-test; “EXE” versus “SED” guinea pig.

2.4 ± 0.2 ms, p > 0.05, I-QT: “EXE” vs. “SED”: 4.8 ± 0.3 vs.
4.3 ± 0.3 ms, p > 0.05).

Similar to unchanged RR intervals, there were no substan-
tial differences in QT intervals between the groups in ex vivo

Langendorff experiments (“EXE” vs. “SED”: 133.1 ± 2.2 vs.
131.7 ± 2.6 ms, p > 0.05).

No cardiac arrhythmias were observed during in vivo
ECG recordings in either group. Although a few ventricular
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Fig. 4. Effect of sustained training on the ECG QT interval and its beat-to-beat variability parameters as markers of repolariza-
tion inhomogeneity. The QT interval (A), the heart rate corrected QT interval (QTc) (B), and short-term variability of QT interval
(STV-QT) of the ECG (C) in conscious guinea pigs at the 15th week. All values were derived and calculated from 40 consecutive
ventricular complexes during sinus rhythm. Representative figures of the length of QT interval in conscious sedentary (E) and
exercised (F) guinea pigs at the end of the endurance training program. All values are means ± SEM. ∗P < 0.05, unpaired t-test;
“EXE” versus “SED” guinea pig.

arrhythmias were detected in both groups during ex vivo Lan-
gendorff experiments, there were no differences in numbers
and complexity of these arrhythmias between the groups
(data not shown).

Cellular electrophysiological properties in
exercised and in sedentary guinea pig hearts

Under the current exercise training protocol and exper-
imental measuring conditions, the magnitudes of IKs, INaL,

and INCX in native guinea pig ventricular myocytes showed
no significant differences between the exercised and seden-
tary groups (IKs at + 50 mV: “EXE” vs. “SED”: 2.1 ± 0.2 pA/pF
vs. 1.8 ± 0.2 pA/pF p > 0.05, INaL: “EXE” vs. “SED”: 0.4 ± 0.02
pA/pF vs. 0.5 ± 0.03 pA/pF p > 0.05, INCX at + 20 mV: 1.4 ± 0.1
pA/pF vs. 1.4 ± 0.1 pA/pF, INCX, at − 80 mV: −0.9 ± 0.1 pA/pF
vs. −1.0 ± 0.1 pA/pF p > 0.05).

In agreement with these data, there was no significant dif-
ference in APD90 length in myocytes isolated from the left
ventricle of the exercised group compared to the sedentary
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group (“EXE” vs. “SED”: 347.0 ± 10.6 ms vs. 337.2 ± 13.3 ms,
p > 0.05). The short-term variability of action potential dura-
tion did not differ significantly between the groups (STV-APD:
“EXE” vs. “SED” 8.6 ± 0.7 ms vs. 8,4 ± 0.7 ms, p > 0.05).

Discussion
This study investigated the effect of 15-week-long en-

durance training on a newly developed guinea pig model
that has similar baseline cardiac electrophysiological prop-
erties as the human heart, unlike commonly used rodent
models (e.g., rat and mouse) with a lack of action potential
plateau phase and have several other electrophysiological dif-
ferences.

On the basis of echocardiographic and histological find-
ings, the present training protocol led to structural cardiac
remodeling, including increased left ventricular dimensions
and incipient myocardium enlargement. In addition, a higher
degree of fibrosis developed that may impart heart vulnera-
bility to adverse events like malignant cardiac arrhythmias.
Significant resting bradycardia and increased heart rate vari-
abilities were observed in consciously exercised guinea pigs.
On the contrary, however, the heart rate parameters showed
no differences between the examined groups in ex vivo ex-
periments. These findings support the idea that the observed
changes may relate to the increased vagal tone due to in-
tense training. The significantly prolonged QT and QTc inter-
vals and the elevated variability parameters of the repolariza-
tion (including short-term variability, long-term variability,
long-term-instability, and instability) represent impaired re-
polarization and higher repolarization instability (Thomsen
et al. 2004; Lengyel et al. 2007) in conscious exercised ani-
mals; however, there were no signs of these changes in ex
vivo Langendorff experiments. Moreover, in the case of in
vitro cellular electrophysiological experiments, neither the
measured transmembrane ionic currents nor the isolated cel-
lular action potential durations and the variability of cellular
action potential durations showed significant differences be-
tween the groups.

These in vivo and in vitro electrophysiological findings
suggest that the observed changes may relate to the en-
hanced parasympathetic tone following the currently used
endurance-training protocol.

Animal models of the human heart
To our knowledge, this is the first study on exercised

guinea pigs that evaluates detailed structural and func-
tional cardiac alterations following long-term endurance
training.

Rodents are widely used laboratory animals because of
their several advantages, including low maintenance cost,
easy housing, and handling (Milani-Nejad and Janssen 2014).
There are a variety of mouse and rat athlete’s heart models
in the literature (Chu et al. 2000; Benito et al. 2011; Radovits
et al. 2013), but their translational values to humans must
be interpreted with caution. The heart rate of small rodents
is much higher than those in larger animals and humans;
thus both the systolic and diastolic phases of the myocardium
are faster to maintain cardiac output (Janssen and Periasamy

2007). As a consequence, there are marked electrophysiolog-
ical differences at the cellular level, e.g., shorter action po-
tential duration, a rapid repolarization time, and the lack of
plateau phase (Farraj et al. 2011).

Guinea pigs are widely used small animals in the field of
cardiovascular research that shares the same logistical and
financial benefits as rats and mice, however, with additional
advantages. This has its origin in the average conscious rest-
ing heart rate is lower in guinea pigs, and ventricular action
potentials exhibit a distinct plateau phase unlike in smaller
rodents (Farraj et al. 2011). Also, ionic currents and QT inter-
val characteristics are similar to those of larger non-rodent
laboratory animals (e.g., rabbit, dog) with a significant trans-
lational value to the human heart (Jost et al. 2013; Baczko
et al. 2016; Nanasi et al. 2021). In addition, the primary re-
polarizing ionic currents in guinea pig hearts are IKs and IKr

(Farraj et al. 2011; OʼHara and Rudy 2012) and which have an
uncertain role in rats or mice; however, the main repolarizing
transmembrane ionic currents in the human myocardium
that are thought to be damaged because of heavy long-term
exercise. These similarities of the guinea pig to the human
myocardium make the model a closer representation of the
human heart.

Structural cardiac changes after long-term
heavy endurance training

The frequency of training and the specific nature of each
sporting activity have a great impact on the physiological car-
diac response and adaptation (Morganroth et al. 1975). The
regular isotonic exercises associated with endurance sports
(e.g., long-distance running, swimming, road cycling) usu-
ally result in cardiac enlargement (increased left ventricu-
lar cavity dimension); however, obvious cardiac hypertrophy
(increase in left ventricular wall thickness) is not present in
every case (D’Andrea et al., 2010; Morganroth et al. 1975;
Mitchell et al. 2005, 2010). Our structural and hemodynamic
echocardiographic results correspond to previously observed
long-term high dynamic demand training-induced cardiac
adaptation in human athlete’s heart. This study found that
the left ventricular muscle began to dilate and enlarge after
long-term endurance training, similar to the result of Polyak
et al. (2018). With respect to cardiac function, the EF and FS
remained unchanged in our exercised guinea pigs compared
to sedentary animals, similar to findings in studies among
elite athletes (Pluim et al. 2000).

The effect of long-term intensive endurance exercise on the
development of myocardial fibrosis, as a potentially danger-
ous myocardial arrhythmia substrate, has been previously in-
vestigated in several human studies and exercise-trained an-
imal models. La Gerche et al. (2012) showed that cardiac sep-
tal fibrosis was found in endurance athletes. Wilson et al.
(2011) reported that significant myocardial fibrosis was asso-
ciated with the increased number of years of endurance train-
ing and the number of completed endurance races. Thirdly,
Crescenzi et al. (2021) investigated the presence of myocar-
dial fibrosis and scars via high sensitivity cardiac magnetic
resonance imaging among 251 competitive athletes. Finally,
Benito et al. (2011) clearly detected the presence of fibrosis
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after several weeks of endurance training in rats, which
seemed to be right chamber-specific. Our histopathological
findings are in agreement with these studies that myocardial
fibrosis occurs due to long-term intense endurance training.
A significantly higher level of fibrosis was documented both
in the left and right atrial, septal, and right ventricular re-
gions of the heart, and a near significant similar trend was
observed in the left ventricle. Although this structural abnor-
mality is electrocardiographically and echocardiographically
silent in most cases, myocardial fibrosis has a great impact be-
cause it may modulate the onset and maintenance of re-entry
ventricular arrhythmias which can lead to SCD (Balaban et al.
2018; Schelbert 2019).

There may be an association between the structural
changes of exercised hearts and significantly prolonged QRS
durations in the present study that may create a potential risk
for the development of arrhythmias (arrhythmia substrate).
However, this hypothesis needs further investigation.

Long-term endurance training-induced vagal
tone enhancement

Resting bradycardia due to regular high-intensity exercise
is a frequent finding among elite athletes and is consid-
ered well-proven in many studies. As highlighted previously,
endurance training leads to a lower heart rate at rest due
to enhanced vagal activity (Macor et al. 1996; Jensen-Urstad
et al. 1997). On the other hand, recently published studies
questioned the exclusive role of enhanced vagal activity on
exercise-induced resting bradycardia. Accordingly, it was sug-
gested that morphological and electrical remodeling of the
sinus node had as a great impact on the resting bradycardia
as the changes in vagal tone (Katona et al. 1982; Boyett et al.
2013).

Our findings suggested that this type of training protocol at
the applied frequency and intensity did not induce intrinsic
remodeling of the sinus node. However, it cannot be ruled
out that after more intense and longer endurance training,
accompanied by more pronounced bradycardia, the intrinsic
remodeling would also have a role. Heart rate variability pa-
rameters are widely used as non-invasive markers that mimic
the function and responsiveness of the heart and are consid-
ered markers of parasympathetic tone (Thomas et al. 2019).
Furthermore, these parameters correlate well with physical
fitness levels in elite athletes (Buchheit 2014). In the present
study, significantly increased in vivo heart rate variability pa-
rameters were observed suggesting the effectiveness of the
applied training protocol. In addition, overall, these find-
ing supports the idea that the resting bradycardia, accom-
panied by the increased heart rate variability parameters,
was related to the higher parasympathetic activity due to en-
durance training.

The effect of long-term endurance training on
cardiac repolarization

A number of studies suggested a possible link between
disease-induced cardiac remodeling (e.g., hypertrophic car-
diomyopathy or heart failure) and increased electrical in-
homogeneity. For example, similar to the athlete’s heart,

the failing heart exhibits marked hypertrophy accompa-
nied by prolongation and inhomogeneity of repolarization
and impairment of repolarization reserve, and therefore,
increased arrhythmia susceptibility (Wang and Hill 2010;
Husti et al. 2021). The possible electrophysiological similar-
ities between the abovementioned pathophysiological con-
ditions and the athlete’s heart, which is considered as a re-
sult of normal physiological adaptation in general, are still
unclear.

In our study, the short-term beat-to-beat variability of the
QT intervals (STV-QT) was elevated in the conscious exercised
animals compared to the sedentary group. As highlighted
previously, the STV-QT was significantly increased in elite soc-
cer players (Lengyel et al. 2011). The STV-QT characterizes the
instability of cardiac ventricular repolarization and has been
shown to predict severe ventricular arrhythmias both in an-
imal experimental (Thomsen et al. 2004; Lengyel et al. 2007)
and clinical (Hinterseer et al. 2009, 2010; Varkevisser et al.
2012) settings.

In our present study, increased duration and inhomogene-
ity of cardiac repolarization were observed in exercised ani-
mals at the end of the training program. The observed pro-
longation in QT intervals can be attributed to increased va-
gal tone. In guinea pig left ventricular myocytes, the major
rate-dependent current is the IKs, which plays a key role in
repolarization (O’Hara and Rudy 2012). Our results suggested
an association between the significant resting bradycardia
and prolonged QT intervals with the enhanced vagal tone
that can influence IKs. It is well-established that IKs strongly
depends on the intracellular cAMP level and phosphoryla-
tion of ionic channels (Gallacher et al. 2007; Thompson et al.
2017). Therefore, an increased parasympathetic tone would
decrease intracellular cAMP via Gi-protein and phosphoryla-
tion of IKs channels, resulting in smaller IKs magnitude and
consequent with repolarization prolongation in conscious ex-
ercised animals. Moreover, this mechanism does not play a
role in Langendorff experiments or in isolated single cells.
This can serve as an explanation for the lack of effect on QT
interval in ex vivo and on APD90 and IKs magnitude in in vitro
settings in the present study.

Limitations
As mild repolarization changes are seen in top athletes

and the incidence of malignant arrhythmias is rare, it makes
it almost impossible to model it properly in animal ex-
periments. However, this guinea pig model is economical
and allows a relatively large sample size. Although there
is no native transient outward potassium current (Ito) in
the guinea pig heart, it has several additional electrophys-
iological benefits that make this model useful for further
investigations of long-term endurance training-induced car-
diac remodeling. In our study, mild structural and func-
tional cardiac remodeling occurred following the applied
training program. The application of a longer and greater in-
tensity training protocol is warranted in further studies to
thoroughly examine the effect of long-term high-intensity
endurance training, especially at cellular and molecular
levels.
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Conclusion
In the present study, a novel guinea pig exercise-induced

athlete’s heart model was introduced. In our model, simi-
lar to the endurance-trained human athlete’s heart, a long-
term endurance training led to increased left ventricular end-
diastolic diameter and moderate enlargement of cardiac mus-
cle due to increased volume load. In addition, mild fibrosis
was also present that may also occur in human athlete’s heart
according to recently published studies. The widened QRS in
conscious exercised animals may be associated with struc-
tural and functional cardiac remodeling. The in vivo rest-
ing bradycardia and increased heart rate variability param-
eters together with unchanged ex vivo results indicated a
higher resting vagal tone in exercised animals. The increased
parasympathetic activity led to prolonged QT interval. The
increased in vivo QT variability parameters may indicate im-
paired repolarization and higher repolarization instability in
exercised guinea pigs. These findings, after further investiga-
tions, may explain the higher risk of developing arrhythmias
in human athletes.
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Abstract
Cannabis use is associated with known cardiovascular side effects such as cardiac arrhythmias or even sudden cardiac death. 
The mechanisms behind these adverse effects are unknown. The aim of the present work was to study the cellular cardiac 
electrophysiological effects of cannabidiol (CBD) on action potentials and several transmembrane potassium currents, such 
as the rapid (IKr) and slow (IKs) delayed rectifier, the transient outward (Ito) and inward rectifier (IK1) potassium currents 
in rabbit and dog cardiac preparations. CBD increased action potential duration (APD) significantly in both rabbit (from 
211.7 ± 11.2. to 224.6 ± 11.4 ms, n = 8) and dog (from 215.2 ± 9.0 to 231.7 ± 4.7 ms, n = 6) ventricular papillary muscle at 
5 µM concentration. CBD decreased IKr, IKs and Ito (only in dog) significantly with corresponding estimated EC50 values of 
4.9, 3.1 and 5 µM, respectively, without changing IK1. Although the EC50 value of CBD was found to be higher than liter-
ary Cmax values after CBD smoking and oral intake, our results raise the possibility that potassium channel inhibition by 
lengthening cardiac repolarization might have a role in the possible proarrhythmic side effects of cannabinoids in situations 
where CBD metabolism and/or the repolarization reserve is impaired.

Keywords  Cannabidiol · Electrophysiology · Action potential · Potassium currents · Rabbit · Dog

Introduction

Cannabis has been one of the most abused hallucinogenic 
drugs since ancient times with an estimated 150 million 
consumers worldwide (Kalla et al. 2018). Moreover, the 
increasingly widespread use of e-cigarettes, the number of 
people inhaling cannabinoids might even be higher. In addi-
tion, the use of cannabis products for medicinal purposes is 
increasing globally. The enhanced general interest for the 
use of cannabis and cannabis-derived products was facili-
tated following the discovery of the cannabinoid system in 
humans (Sierra et al. 2018). The subsequent new findings 
on biological actions of cannabinoids on the central nervous 
system and immune functions attracted further attention. At 
present, there are cannabis-based drugs on the market with 
well-defined indications, including treatment of nausea and 
vomiting following chemotherapy, anorexia, pain related to 
cancer, spasticity and pain associated with multiple sclero-
sis, and Dravet and Lennox-Gastaut syndromes (Fraguas-
Sánchez and Torres-Suárez 2018). These drugs contain 
known amounts of CBD and/or THC in pure form or as 
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herbal extract (Fraguas-Sánchez and Torres-Suárez 2018). 
In addition to the use of CBD-containing products, CBD oil 
is very common with several, clinically unsupported indica-
tions. The consumption of cannabinoids, particularly CBD, 
which is enriched in numerous products, can be higher in 
case of the intake of CBD oils than in case of smoking can-
nabis. The consumption of cannabinoids, particularly CBD, 
which is enriched in numerous products, can be higher in 
case of the intake of CBD oils than in case of smoking can-
nabis. At high temperature, the majority of CBD is broken 
down (Czégény et al. 2021), whilst from CBD oils (in fact 
CBD dissolved in vegetable oils) containing up to 20% CBD, 
a significant amount of CBD is absorbed.

The possible cardiovascular side effects of cannabinoid 
use have been indicated in several reports, ranging from 
arrhythmias to myocardial infarction and even sudden car-
diac death (Pacher et al. 2018). According to a cohort study, 
marijuana smokers can have a 4.8-fold increase of risk devel-
oping acute myocardial infarction following the first hour 
of cannabinoid exposure (Mittleman et al. 2001). On the 
other hand, other reports do not support the link between 
cannabis use and cardiovascular events (Singh et al. 2019). 
Accordingly, an important comprehensive study assessed 
data for 316,397 cannabis users and 20,499,215 non-users 
found that cannabis use was an independent predictor of 
heart failure (Kalla et al. 2018). Although the mechanisms 
explaining these observations are poorly understood, the 
effects of cannabinoids exerted via the G protein-coupled 
cannabinoid receptors are suspected to play key roles. In 
addition, numerous studies reported proarrhythmic proper-
ties of cannabinoids including ventricular arrhythmias and 
even sudden cardiac death (Courts et al. 2016; Ozturk et al. 
2019; Manolis et al. 2019). However, the mechanism of 
these arrhythmias remains unclear (Ozturk et al. 2019). It 
was reported earlier and also recently that certain voltage-
gated ion channels like cardiac sodium, calcium (Al Kury 
et al. 2014), hERG and Kv4.3 channels (Amoros et al. 2010) 
might be also related to the reported cardiac effects of can-
nabinoids, but the possible effects of CBD on various car-
diac potassium currents which play a crucial role in car-
diac repolarization have not been studied yet in detail. Such 
transmembrane ion currents in cardiac ventricular muscle 
are the rapid (IKr) and slow (IKs) delayed rectifier potassium 
currents, the transient outward (Ito) and inward rectifier (IK1) 
potassium currents, all important for cardiac repolarization. 
Several cardiac and non-cardiac drugs are known to inhibit 
IKr (also called hERG ion channel) and consequently they 
prolong cardiac QT interval and enhance dispersion of repo-
larization. The latter has been associated with the develop-
ment of life-threatening arrhythmias. Therefore, the official 
drug development procedure requires an early screening of 
whether a potential drug candidate has any activities on the 
hERG channels (Sanguinetti and Tristani-Firouzi 2006). 

However, drug effects on cardiac repolarization cannot be 
accurately estimated by measuring hERG channel and cur-
rents (Orvos et al. 2019), since drugs can also affect cardiac 
repolarization and action potential by acting on different cur-
rents other than hERG or IKr.

Therefore, in the present study the aim was to investigate 
the effect of CBD, a major cannabinoid, on cardiac ventricu-
lar action potential and on several cardiac transmembrane 
currents to provide further experimental data for the elu-
cidation of the possible mechanisms of its adverse cardiac 
electrophysiological effects.

Methods

Animals and materials

All experiments 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 have been approved by the Ethical Committee for 
the Protection of Animals in Research of the University of 
Szeged, Szeged, Hungary (approval numbers: I-74-15-2017 
and I-74-24-2017) and by the Department of Animal Health 
and Food Control of the Ministry of Agriculture and Rural 
Development (authority approval numbers XIII/3330/2017 
and XIII/3331/2017).

Conventional microelectrode technique

Action potentials were recorded in right ventricular trabecu-
lar or papillary muscle preparations obtained from dog or 
rabbit hearts using conventional microelectrode techniques 
as described earlier in detail (Jost et al. 2013; Orvos et al. 
2019).

Preparations were individually mounted in a tissue cham-
ber with a volume of 50 ml. During experiments modified 
Locke’s solution was used, containing (in mM): NaCl 128.3, 
KCl 4, CaCl2 1.8, MgCl2 0.42, NaHCO3 21.4 and glucose 
10. The pH of this solution was set between 7.35 and 7.4 
when gassed with the mixture of 95% O2 and 5% CO2 at 
37 °C. Each preparation was stimulated through a pair of 
platinum electrodes in contact with the preparation using 
rectangular current pulses of 1–3 ms duration at twice of 
the threshold strength at a constant basic cycle length of 
1000 ms for ventricular preparations. These stimuli were 
delivered for at least 60 min allowing the preparation to 
equilibrate before the measurements were initiated. Trans-
membrane potentials were recorded using conventional 
glass microelectrodes, filled with 3 M KCl and having tip 
resistances of 5–20 MΩ, connected to the input of a high 
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impedance electrometer (Experimetria, type 309, Budapest, 
Hungary) which was coupled to a dual beam oscilloscope.

The resting potential (RP), action potential amplitude 
(APA), maximum upstroke velocity (Vmax) and APD meas-
ured at 50% and 90% of repolarization (APD50 and APD90, 
respectively) were determined off-line using an in-house 
developed software (APES) running on a computer equipped 
with an ADA 3300 analogue-to-digital data acquisition 
board (Real Time Devices, Inc., State College, Pennsylva-
nia) having a maximum sampling frequency of 40 kHz.

Attempts were made to maintain the same impalement 
throughout each experiment. In case an impalement became 
dislodged, adjustment was attempted, and if the action 
potential characteristics of the re-established impalement 
deviated by less than 5% from the previous measurement, 
the experiment continued.

Voltage‑clamp measurements

Ventricular myocytes were enzymatically dissociated from 
canine or rabbit hearts as described earlier in detail (Jost 
et al. 2013; Orvos et al. 2019). One drop of cell suspension 
was placed in a transparent recording chamber mounted on 
the stage of an inverted microscope (Olympus IX51, Olym-
pus, Tokyo, Japan), and individual myocytes were allowed to 
settle and adhere to the chamber bottom for at least 5–10 min 
before superfusion was initiated and maintained by grav-
ity. Only rod-shaped cells with clear striations were used. 
HEPES-buffered Tyrode’s solution (composition in mM: 
NaCl 144, NaH2PO4 0.4, KCl 4.0, CaCl2 1.8, MgSO4 0.53, 
glucose 5.5 and HEPES 5.0, at pH of 7.4) served as the 
normal superfusate.

Micropipettes were fabricated from borosilicate glass 
capillaries (Science Products GmbH, Hofheim, Germany), 
using a P-97 Flaming/Brown micropipette puller (Sutter Co, 
Novato, CA, USA), and had a resistance of 1.5–2.5 MOhm 
when filled with pipette solution. The membrane currents 
were recorded with Axopatch-200B amplifiers (Molecular 
Devices, Sunnyvale, CA, USA) by means of the whole-cell 
configuration of the patch-clamp technique. The membrane 
currents were digitized with 250 kHz analogue-to-digital 
converters (Digidata 1440A, Molecular Devices, Sunnyvale, 
CA, USA) under software control (pClamp 10, Molecular 
Devices, Sunnyvale, CA, USA). Experiments were carried 
out at 37 °C.

Measurement of potassium currents

The inward rectifier (IK1), transient outward (Ito), rapid (IKr) 
and slow (IKs) delayed rectifier potassium currents were 
recorded in HEPES-buffered Tyrode’s solution. The com-
position of the pipette solution (in mM) was the follow-
ing: KOH 110, KCl 40, K2ATP 5, MgCl2 5, EGTA 5 and 

HEPES 10 (pH was adjusted to 7.2 by aspartic acid). 1 µM 
nisoldipine was added to the bath solution to block ICaL. 
When IKr was recorded IKs was inhibited using the selective 
IKs blocker HMR 1556 (0.5 µM). During IKs measurements 
(a transmembrane current strongly depending from cAMP 
and protein kinase A, PKA; Christian et al. 2011), IKr was 
blocked by 0.5 µM dofetilide and the bath solution contained 
0.1 µM forskolin.

Data analysis

All data are expressed as means ± SEM. The “n” number 
refers to the number of experiments (i.e. the number of cells 
in case of patch-clamp and the number of ventricular mus-
cle preparations—papillary or trabecular muscle—in case 
of action potential measurements). Statistical analysis was 
performed with Student’s t test for paired data. The results 
were considered statistically significant when P was < 0.05.

Results

The cardiac cellular electrophysiological effect of CBD 
was studied on various transmembrane ionic currents by 
the whole-cell configuration of the patch-clamp technique 
in native rabbit and dog ventricular myocytes and on action 
potentials in rabbit and dog ventricular papillary muscles 
by the conventional microelectrode technique. Figure 1 and 
Table 1 show that CBD lengthens action potential duration 
(APD90) significantly at the concentration of 5 µM without 
changing other action potential parameters significantly.

Whole-cell patch-clamp experiments in rabbit cardiac 
ventricular myocytes revealed significant inhibition of the 
rapid delayed rectifier potassium current (IKr) (Figs. 2A and 
3) with an estimated EC50 value of 4.9 µM. IKr was activated 
by 1000 ms long depolarizing voltage pulses with pulse fre-
quency of 0.05 Hz to the potentials ranging from − 30 mV 
to 50 mV and then the cell was repolarized to − 40 mV. The 
deactivating tail current at − 40 mV after the test pulse was 
assessed as IKr. The holding potential was − 80 mV.

In similar experiments in rabbit myocytes CBD depressed 
the slow delayed rectifier potassium current (IKs, Fig. 2B) 
with an estimated EC50 value of 3.1 µM (Fig. 4), after 20 mV 
5 s long test pulse measured at − 40 mV. IKs was recorded 
similarly to IKr. After 5 s long depolarizing voltage pulses 
to various test potentials with pulse frequency of 0.1 Hz the 
cell was repolarized to − 40 mV and the tail current ampli-
tude was measured.

CBD even in the high concentration of 10 µM concentra-
tion did not influence the transient outward potassium current 
(Ito) in rabbit (Fig. 5A) but decreased it significantly in dog 
(Fig. 5B) ventricular myocytes with an estimated EC50 value 
of 5 µM (Fig. 6). Ito was activated by 300 ms long depolarizing 
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voltage pulses arising from the holding potential of − 90 mV 
to test potentials gradually increasing up to 50 mV. The pulse 
frequency was 0.33 Hz.

As Fig. 7 indicates, CBD did not significantly change the 
inward rectifier potassium current (IK1) even at the high, 10 µM 
concentration. IK1 current was measured as the steady-state 
current level at the end of the 300 ms long voltage pulse in 
the voltage range of − 100 to 0 mV with a pulse frequency of 
0.33 Hz. The holding potential was − 90 mV.

Discussion

The main result of this study is that 5 µM CBD prolongs 
repolarization. This effect on repolarization in rabbit and 
dog papillary muscle can be best explained by the mul-
tiple effects CBD exerts on various potassium channels. 
Accordingly, as our previous results (Orvos et al. 2020) 
indicated, CBD administration at lower concentrations 
(1, 2.5 and 5 µM) resulted in hERG/IKr depression and 
a consequent lengthening of APD90, but this effect was 
counterbalanced by the inhibition of inward Ca2+ and Na+ 
currents following CBD application at the high concentra-
tion of 10 µM. Similar effects were reported earlier with 
quinidine, an antiarrhythmic drug, with established proar-
rhythmic properties (Roden and Hoffman 1985; Varro 
et al. 1985).

A few previous studies with cannabinoids showed 
effects on various transmembrane ion channels such as 
inward sodium, (Al Kury et al. 2014; Ghovanloo et al. 
2018; Orvos et al. 2020) inward calcium (Al Kury et al. 
2014; Orvos et al. 2020), outward transient current (Li 
et al. 2012) and human Kv1.5 and Kv4.3 channels (Barana 
et al. 2010). In addition, in previous studies (Orvos et al. 
2020) hERG/IKr channel inhibition and QT prolongation 
were also reported in anaesthetized rats (Yun et al. 2016) 
and guinea pig (Orvos et al. 2020) by a synthetic can-
nabinoid compound (JWH-030) and CBD. This synthetic 
cannabinoid compound structurally differs from CBDs 
and inhibited hERG channels with a relatively high EC50 

Fig. 1   Effect of CBD on the action potentials recorded from rabbit (panel A) and dog (panel B) papillary muscles. Dashed lines indicate zero 
mV levels

Table 1   Effect of acute exposure to CBD on the action potential 
parameters in rabbit and dog right ventricular papillary muscle prepa-
rations

Bold values are considered to be statistically significant (P < 0.05 
versus control)
P < 0.05 versus control
RP resting membrane potential, APA action potential amplitude, Vmax 
maximum upstroke velocity
APD50 and APD90 action potential duration measured at 50 and 90% 
of repolarization

Parameters Rabbit ventricular muscle
(n = 8)

Dog ventricular muscle
(n = 6)

Control CBD 5 µM Control CBD 5 µM

RP (mV) − 84.1 ± 2.2 − 82.7 ± 1.7 − 84.7 ± 1.7 − 84.7 ± 2.3
APA (mV) 105.2 ± 3.0 106.4 ± 3.0 118.4 ± 3.3 120.4 ± 2.2
Vmax (V/s) 120.3 ± 20.6 113.0 ± 17.1 186.4 ± 21.7 201.0 ± 25.2
APD50 (ms) 171.8 ± 13.6 183.0 ± 12.8 178.3 ± 8.2 193.1 ± 4.5
APD90 (ms) 211.7 ± 11.2 224.6 ± 11.4 215.2 ± 9.0 231.7 ± 4.7
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(88.36 µM). Also, in rat ventricle hERG/IKr seems not 
as important for controlling repolarization as Kv4.2 and 
Kv1.5 channels. Therefore, the cannabinoid-evoked QT 
changes in rat most likely can be attributed to Kv1.5 and 
Kv4.2 rather than hERG channel inhibition. The finding 
of the present study that CBD inhibits Ito in dog but not 
in rabbit ventricular myocytes are in good agreement with 
the previously mentioned rat study, since in dog Ito is 
conducted Kv 4.3 (Han et al. 2002) but in rabbit by Kv 
1.4 channels (Wang et al. 1999). Since the APD measure-
ments in the present study were taken in subendocardial 
preparations, the latter effect on Ito may result in more 
pronounced repolarization dispersion in dog and human 
ventricle where in midmyocardial cells Ito is greater than 
in the subendocardium (Zicha et al. 2004).

According to human pharmacokinetic data, the Cmax 
values for CBD can reach 0.35 µM and 0.58 µM during 
CBD smoking (19.2 mg) or following oral administration 
(400 mg), respectively (Millar et al. 2018). In the present 
experiments, CBD had inhibitory potency on both the 
hERG channel and IKr activity, with an EC50 value higher 
than literary Cmax values in patients. This suggests small or 
negligible proarrhythmic risk in physiological conditions 
in healthy individuals. This is indeed in good agreement 

Fig. 2   Effect of CBD on the rapid (IKr) and slow (IKs) delayed rec-
tifier potassium currents. Panels show current–voltage curves for IKr 
(panel A) and for IKs (panel B) in control conditions and after appli-

cation of 5 µM CBD. Insets indicate the voltage protocols and origi-
nal IKr and IKS current records in control and in the presence of CBD. 
Data are expressed as means ± SEM

Fig. 3   Effect of CBD on the rapid (IKr) delayed rectifier potassium 
currents. The panel displays CBD concentration–response curve indi-
cating an estimated EC50 value of 4.9 µM for IKr blockade. The insets 
show the tail current section of original IKr current traces in control 
conditions and in the presence of 1  µM, 2.5  µM, 5  µM and 10  µM 
CBD recorded from rabbit left ventricular myocytes after a 1 s long 
pulse to 20 mV test potential with pulsing cycle length of 20  s. IKr 
deactivating tail current was measured at -40 mV. The dashed lines 
refer to the baseline for IKr tail current level after the test pulse at 
− 40 mV. Data are expressed as means ± SEM
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with clinical reports showing no significant QTc prolon-
gation in patients after CBD administration (Sellers et al. 
2013). Also, in another clinical study, it was found that 
long term Sativex (THC + CBD) treatment evoked T wave 
changes in only 1 out of 146 patients (Serpell et al. 2013). 
Therefore, it is likely that in case of inhalation or oral use 
of cannabis-derived products, CBD itself may not represent 
a significant proarrhythmic risk. Based on the compari-
son of hERG or IKr activity, cardiac action potential dura-
tion, and QT prolongation against QT effects and reports 
of arrhythmogenic (torsade de pointes) potential of 100 
drugs, a margin of 30-fold between hERG EC50 and Cmax 
was proposed to be an acceptable degree of safety regard-
ing arrhythmogenesis (Redfern et al. 2003). Taking into 
account the EC50 values for IKr, IKs and Ito inhibition in our 
experiments (4.9, 3.1 and 5 µM, respectively), the ratios of 
EC50 and Cmax values are in the range of about 8–9, which 
refers to moderately increased risk of arrhythmia. However, 
in patients who have considerably slower drug elimination 
due to certain concomitant diseases or in case of concur-
rent use of other drugs that inhibit the metabolism of CBD, 
higher Cmax values can develop (Iffland and Grotenhermen 

Fig. 4   Effect of CBD on the slow (IKs) delayed rectifier potassium 
currents. The panel displays CBD concentration–response curve indi-
cating an estimated EC50 value of 3.1 µM for IKs blockade. The insets 
show the tail current section of original IKs current traces in control 
conditions and in the presence of 1  µM, 2.5  µM, 5  µM and 10  µM 
CBD recorded from rabbit left ventricular myocytes after a 5 s long 
pulse to 50 mV test potential with pulsing cycle length of 10  s. IKs 
deactivating tail current was measured at -40 mV. The dashed lines 
refer to the baseline for IKs tail current level after the test pulse at 
− 40 mV. Data are expressed as means ± SEM

Fig. 5   Effect of CBD on the transient outward potassium current (Ito) 
in rabbit and dog ventricular myocytes. Panels show current–voltage 
curves for Ito in control conditions and after application of CBD in 
rabbit (panel A) and in dog (panel B) ventricular myocytes. Insets 

indicate the voltage protocols and original Ito current records in con-
trol and in the presence of CBD. Dashed lines indicate zero current 
levels. Data are expressed as means ± SEM
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2017), and this may further increase the risk for arrhythmia 
development.

Moreover, when CBD intake is combined with phar-
macological agents affecting cardiac repolarization, as 
well as in certain pathophysiological situations such as 
hypokalemia, or diseases like LQT syndrome, diabetes 
mellitus, HCM or heart failure where cardiac repolariza-
tion reserve (Varró and Baczkó 2011) or drug metabo-
lism is impaired, CBD can have an additive effect, fur-
ther increasing the proarrhythmic risk and the possible 
incidence of sudden cardiac death. Such additive interac-
tions were reported both in animal experimental (Lengyel 
et al. 2007) and clinical settings (Wisniowska et al. 2016). 
The cardiovascular effects of CBD may only partly be 
attributed to its effects on transmembrane ion channels, 
the cardiovascular safety of this compound may be influ-
enced by its activities on other targets, and by the pres-
ence of myocardial ischemia (Ferdinandy et al. 2019) as 
well. Therefore, further studies are needed to assess the 
unwanted cardiovascular effects of CBD and other can-
nabinoids both in vivo and in vitro studies, with special 
focus on the benefit-risk assessment of products with dif-
ferent cannabinoid content.

Fig. 6   Effect of CBD on the transient outward potassium current (Ito) 
in dog ventricular myocytes. The panel displays CBD concentra-
tion–response curve indicating an estimated EC50 value of 5 µM for 
Ito blockade. Insets show original Ito current traces in control condi-
tions and in the presence of 1 µM, 2.5 µM, 5 µM and 10 µM CBD 
recorded from dog left ventricular myocytes after a 300 ms long pulse 
to 50 mV test potential with pulsing cycle length of 3 s. The inset on 
right-bottom displays original Ito current traces in control conditions 
and in the presence of the solvent (0.1% DMSO). Dashed lines indi-
cate zero current levels. Data are expressed as means ± SEM

Fig. 7   Lack of effect of CBD on 
the inward rectifier potassium 
current in rabbit left ventricular 
myocytes. The panel shows 
steady-state current–volt-
age curves for IK1 in control 
conditions and after application 
of 10 µM CBD in rabbit left 
ventricular myocytes. Inset indi-
cates the voltage protocol. Data 
are expressed as means ± SEM
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The electrophysiological effect 
of cannabidiol on hERG current 
and in guinea‑pig and rabbit 
cardiac preparations
Péter Orvos1,7, Bence Pászti2,7, Leila Topal2, Péter Gazdag2, János Prorok3, 
Alexandra Polyák2,3, Tivadar Kiss4, Edit Tóth‑Molnár1, Boglárka Csupor‑Löffler5, Ákos Bajtel4, 
András Varró2,3,6, Judit Hohmann4, László Virág2,6,8 & Dezső Csupor4,8*

Cannabis use is associated with cardiovascular adverse effects ranging from arrhythmias to sudden 
cardiac death. The exact mechanism of action behind these activities is unknown. The aim of our 
work was to study the effect of cannabidiol (CBD), tetrahydrocannabinol and 11-nor-9-carboxy-
tetrahydrocannabinol on cellular cardiac electrophysiological properties including ECG parameters, 
action potentials, hERG and IKr ion channels in HEK cell line and in rabbit and guinea pig cardiac 
preparations. CBD increased action potential duration in rabbit and guinea pig right ventricular 
papillary muscle at lower concentrations (1 µM, 2.5 µM and 5 µM) but did not significantly change it at 
10 µM. CBD at high concentration (10 µM) decreased inward late sodium and L-type calcium currents 
as well. CBD inhibited hERG potassium channels with an IC50 value of 2.07 µM at room temperature 
and delayed rectifier potassium current with 6.5 µM at 37 °C, respectively. The frequency corrected QT 
interval (QTc) was significantly lengthened in anaesthetized guinea pig without significantly changing 
other ECG parameters. Although the IC50 value of CBD was higher than literary Cmax values after CBD 
smoking and oral intake, our results raise the possibility that hERG and potassium channel inhibition 
might have a role in the possible proarrhythmic adverse effects of cannabinoids in situations where 
metabolism of CBD impaired and/or the repolarization reserve is weakened.

Cannabis is the most abused hallucinogenic drug, with an estimated of 150 million consumers worldwide1. 
With the increasingly widespread use of e-cigarettes, the number of people inhaling cannabinoids might even 
be higher. Moreover, the use of cannabis products for medicinal purposes is increasing globally. The interest for 
the use of cannabis and cannabis-derived products started following the discovery of the cannabinoid system in 
the human brain and body and the subsequent reports on new findings on biological activities of cannabinoids 
on central nervous system and immune functioning. Currently, there are cannabis-based medicines on the 
market with well-defined medicinal indications, including treatment of nausea and vomiting associated with 
chemotherapy, anorexia, pain related to cancer, spasticity and pain associated with multiple sclerosis, Dravet 
and Lennox-Gastaut syndromes. These medicines contain known amounts of CBD and/or THC in pure form 
or as standardized herbal extract2. Besides, the use of CBD-containing products (CBD oil) is very widespread 
with several, clinically unsupported indications. The intake of cannabinoids, especially CBD, which is enriched 
in several products, may be higher in case of the consumption of CBD oils than in case of smoking cannabis.
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The cardiovascular adverse effects of cannabinoid use have been reported in several case reports, and range 
from arrhythmias to myocardial infarction and sudden death3. According to the results of a cohort study, mari-
juana smokers have a 4.8-fold increased risk of developing acute myocardial infarction during the first hour of 
exposure4. However, other data do not support the association between cannabis use and cardiovascular events5. 
The most comprehensive study assessed data for 316,397 cannabis users and 20,499,215 non-users, and found 
that cannabis use is an independent predictor of heart failure1. Although the exact mechanisms explaining these 
observations are unknown, the activities of cannabinoids exerted via the G protein-coupled cannabinoid recep-
tors are supposed to be of key importance. In addition, several studies described the proarrhythmic potency 
of cannabinoids ranging from ventricular arrhythmias to sudden cardiac death6–8. However, the exact associa-
tion and mechanism of these arrhythmias remain unknown7. Besides, certain voltage-gated ion channels like 
cardiac sodium, calcium9 and Kv4.3 channels10 might also be related to the reported cardiovascular effects of 
cannabinoids, but the exact role of these channels has not been studied yet in detail. One of the most important 
ion channels in cardiac repolarization is the rapid delayed rectifier potassium channel (IKr), which plays a critical 
role in cardiac repolarization, having a pore-forming subunit encoded by the hERG (the human Ether-à-go-
go-Related Gene) gene. Inhibitors of IKr (also called hERG ion channel) are known to lengthen the QT interval, 
and hence might induce life-threatening arrhythmias. Therefore, formal drug development requires an early 
screening of whether the potential drug candidates bear any activities on the hERG channels11. However, drug 
effects on cardiac repolarization cannot be accurately estimated by measuring hERG channel currents alone12, 
since drug responses on native IKr channel and action potential can be different from those measured in hERG.

In the present study cannabidiol (CBD), tetrahydrocannabinol (THC) and 11-nor-9-carboxy-tetrahydro-
cannabinol (11-nor-9-carboxy-THC), the main metabolite of THC was assessed for their effects on the hERG 
channels in an in vitro assay. CBD and THC are the major components of cannabis products for medicinal and 
recreational use, respectively, and since the latter is quickly metabolized to 11-nor-9-carboxy-THC, these three 
compounds were chosen to be tested in vitro.

Therefore, the aim of our work was to study the in vitro and in vivo effects of CBD a major cannabinoid on 
cardiac ventricular action potential, on ECG parameters, on the hERG and on other native cardiac transmem-
brane channels to provide experimental data for the elucidation of their possible adverse cardiac electrophysi-
ological effects.

Results
As our first test shown in Fig. 1, CBD was found to be an inhibitor of the hERG potassium channel with inter-
mediate potency represented by IC50 values of 2.07 ± 0.12 µM (n = 6) at room temperature. The IC50 values for the 
inhibition elicited by THC were higher (10.30 ± 0.55 µM, n = 6 at room temperature). 11-Nor-9-carboxy-THC 
exhibited only a marginal effect (IC50 = 65.40 ± 3.82 µM, n = 4 at room temperature).

The cardiac cellular electrophysiological effect of the most potent cannabis compound CBD was further 
studied on various transmembrane ionic currents by the whole-cell configuration of the patch clamp technique 
in native rabbit ventricular myocytes and on action potentials in rabbit and guinea pig right ventricular papil-
lary muscle by the conventional microelectrode technique and on in vivo ECG studies in anaesthetized guinea 
pigs. Figure 2 shows that CBD lengthens action potential duration (APD90) slightly but significantly at 1 µM and 
at 2.5 µM. This latter effect depended on the stimulation frequency and vanished at slow pacing rate. At high 
10 µM concentration CBD exerted variable effect on repolarization including minimal or no change, shorten-
ing and lengthening of APD90 resulting statistically not significant alteration of APD. At 1 and 2.5 µM CBD 
caused triangulation in some experiments but not in others reflected as not significant change in APD90–APD25. 
Similar results were obtained in guinea pig papillary muscles where 2.5 and 5 µM CBD increased APD90 from 
186.2 ± 6.1 ms and 179.9 ± 6.0 ms to 192.2 ± 6.8 and to 191.5 ± 8.9 ms, respectively (p < 0.05, n = 5).

In anaesthetized in vivo guinea-pig experiments intravenous administration of 0.3 mg/kg and 1 mg/kg CBD 
lengthened QTc and QRS intervals in a statistically significant manner without significantly changing other 
ECG parameter (Fig. 3).

Whole-cell patch clamp experiments on rabbit native cardiac ventricular myocytes revealed significant and 
voltage-dependent inhibition of the rapid delayed rectifier potassium current (IKr) (Figs. 4a,c) with an estimated 
IC50 value of 6.5 µM after a 20 mV 1 s long test pulse and measured at −40 mV as deactivating tail current 
(Fig. 4b).

The observation that high (10 µM) concentration of CBD did not further lengthened APD prompted us to 
study the possible effect of CBD on inward L-type Ca2+ (ICaL) and late inward Na+ (INaL) currents. As Fig. 5a,b 
show, 10 µM CBD decreased ICaL significantly and in a frequency-dependent manner. In addition, 10 µM CBD 
also significantly inhibited INaL by 41.5% at −20 mV (Fig. 5c,d).

Discussion
The main result of our study is that CBD lengthens repolarization at low and does not change it statistically 
significant manner at higher concentrations. This effect on repolarization in rabbit papillary muscle can be best 
explained by the multiple ion channel effects of CBD. Accordingly, at lower concentrations (1, 2.5 and 5 µM) IKr 
depression results in lengthening of APD90, which is counterbalanced by inward Ca2+ and Na+ currents inhibition 
at 10 µM. Similar effect was earlier described by quinidine, an antiarrhythmic drug, with reported proarrhythmic 
property13,14. The IKr inhibition by CBD, which is consistent with the hERG blockade, is most probably a direct 
effect on the channel but the effect of CBD on INaL and on ICaL can be either direct or receptor mediated, as well. 
It needs more research to be established.

The higher IC50 values of THC and 11-nor-9-carboxy-THC than that of CBD in hERG current measurement 
in our study does not necessarily mean that CBD is more potent in other type of experiments since potency can 
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Figure 1.   Effect of CBD on hERG current at room temperature. (a) Representative current curves obtained 
from HEK-hERG cells treated with 0.3, 1, 3, and 10 µM CBD. The currents were recorded using the voltage 
protocol shown at the top of the panel after 3–5 min acute superfusion of the drugs without washout. (b) Time-
course of the hERG peak tail current amplitude upon the application of different concentrations of CBD. (c) 
Dose–response curves of CBD’s inhibitory activity on the hERG channel.
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differ from a target to another12. However, in our study due to technical limitations we focused our investigations 
to examine the effects of CBD in more depth.

Some previous study with cannabinoids showed effects on various transmembrane ion channels such as 
inward sodium9,15, inward calcium9, outward transient current16 and human Kv1.5 and Kv4.3 channels10,17. Our 
results in rabbit ventricular myocytes are in good agreement with those reported by Al Kury et al. on inward 
calcium and sodium currents in rat ventricular myocytes9. In a previous study hERG channel inhibition and 
QT lengthening were also reported in anaesthetized rats18 by a synthetic cannabinoid compound (JWH-030). 
This synthetic cannabinoid compound differs from those investigated by us and inhibited hERG channel with a 
relatively high IC50 (88.36 µM). In addition, in rat ventricle hERG/IKr seems not so important to control repolari-
zation than Kv4.2 and Kv1.5 channels. Therefore, the cannabinoid-evoked QT changes in rat most likely can be 
attributed to Kv1.5 and Kv4.2 rather than hERG channel inhibition. It is worth to note that in the same study18 
a cannabinoid derivate JWH-030 did not change APD in low but shortened it at high (30 µM) concentration. 
Therefore, the results of our study is in partial agreement with these earlier reports and the differences are best 
explained by different preparations, chemical differences of the studied compounds and experimental conditions.

The IC50 values reported here together with the Cmax values of CBD allow the assessment of cardiovascular 
risks of this compound. Based on the comparison of hERG or IKr activity, cardiac action potential duration, and 
QT prolongation against QT effects and reports of arrhythmogenic (torsade de pointes) potential of 100 drugs, 
a margin of at least 30-fold between hERG IC50 and Cmax was proposed to an acceptable degree of safety from 
arrhythmogenesis19. According to human pharmacokinetic data, the Cmax values for CBD might reach 0.35 µM 
and 0.58 µM after CBD smoking (19.2 mg) and oral intake (400 mg), respectively20. In our experiments CBD 
had an inhibitory effect on both the hERG channel and IKr activity, with an IC50 value higher than literary Cmax 
values in patients. Considering the IC50 values for Ikr and hERG channel inhibition in our experiments (6.5 and 
2.07 µM, respectively), the ratios of IC50 and Cmax values are in the range of 3.57–18.57. This safety margin (below 
30) suggests a potential proarrhythmic risk in human setting. However, previous clinical reports documented no 
significant QT and QTc prolongation in patients after CBD administration21. Also, in another study it was found 
that long term Sativex (CBD + THC) treatment evoked T wave changes only 1 out of 146 patients22. This might be 
explained by the effects of CBD on other ion channels than hERG and IKr.(eg. ICaL and INaL). However, in patients 
who have slower drug elimination due to certain diseases or in case of concurrent use of medicines inhibiting the 
metabolism of CBD, higher Cmax values may develop and the risk of arrhythmia might be increased23. Moreo-
ver, when co-administered with pharmacological agents affecting cardiac repolarization, as well as in certain 

Figure 2.   Effect of CBD after 30–50 min acute superfusion of the drug without washout on action potentials 
recorded from rabbit right ventricular papillary muscle at 37 °C. (a) The cycle length-dependent effect of 2.5 µM 
CBD on the duration of action potentials (APD90). Bar diagrams (b) indicates the effects of 1 µM, 2.5 µM 
and 10 µM CBD on the action potential duration during steady-state at 1000 ms cycle length. Original action 
potential traces are shown on (c) recorded at 1000 ms cycle length in control conditions and in the presence of 
1 µM, 2.5 µM and 10 µM CBD.
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pathophysiological conditions such as hypokalaemia, or diseases like LQT syndrome, HCM, diabetes mellitus 
or heart failure where cardiac repolarization reserve or drug metabolism is impaired, CBD may have an addi-
tive effect, further increasing the proarrhythmic risk and the possibility of sudden cardiac death. Such additive 

Figure 3.   The volume conducted electrocardiogram (ECG lead II) signals in regular sinus rhythm in 
a pentobarbital anaesthetized (30 mg/kg i.p. bolus injection) guinea pig at three different time points 
indicated with dashed arrows: 1. drug-free baseline, value determined from 40 consecutive beats before drug 
administration; 2. value determined from 40 consecutive beats 15 min after the 0.3 mg/kg intravenously (iv) 
administered cannabidiol (CBD) by 2 min bolus; 3. value determined from 40 consecutive beats 15 min after 
the 1 mg/kg iv administered CBD by 2 min bolus. RR interval: the time elapsed between two successive R-waves 
of the QRS signal on the ECG. HR heart rate, QT interval the time from the start of the Q wave to the end 
of the T wave, QTc interval heart rate corrected QT interval, calculated with a correction method described 
earlier27,28, QRS interval the time from the onset to the end of the QRS complex. Table shows the mean ± SE 
values of the ECG intervals at three different time points. Changes in mean scores over three time points were 
compared using the repeated measures ANOVA with Bonferroni correction. *p < 0.05 was taken as indicative of 
a statistically significant difference between values.
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effect was reported in both in experiments24 and in patients25. The cardiovascular effects of CBD may only partly 
be interpreted on its effects on hERG and IKr ion channels, the cardiovascular safety of this compound may be 
influenced by its activities on other ion channels. Further studies are needed to assess the effects of other can-
nabinoids as well, and the in vivo relevance of these results, with special focus on the benefit-risk assessment of 
products with different cannabinoid content.

Methods
The hERG channel current was measured by planar technology in HEK 293 cell line by the whole-cell configura-
tion using an automated patch clamp system (Patchliner, Nanion Technologies GmbH., Munich, Germany) at 
room temperature as described previously12. The following solutions were used during automated patch-clamp 
recording (compositions in mM): internal solution: KCl 50, NaCl 10, KF 60, EGTA 20, HEPES 10, pH 7.2 (KOH); 
external solution: NaCl 140, KCl 4, glucose-monohydrate 5, MgCl2 1, CaCl2 3, HEPES 10, pH 7.4 (NaOH). 
The voltage protocol for hERG ion channel started with a short (100 ms) −40 mV step to establish the baseline 
region. A depolarizing step was applied to the test potential of 20 mV for 3 s, and then the cell was repolarized 
to −40 mV (1 s) to evoke outward tail current. The peak tail current was corrected the leak current defined dur-
ing the first period to −40 mV. Holding potential was −80 mV. The pulse frequency was approximately 0.1 Hz. 
Recording started in external solution. After this control period, increasing concentrations of the test compound 
were applied, in order to record a complete concentration–response curve.

The action potential measurements were carried out in rabbit and guinea pig right ventricular papillary 
muscles by the conventional microelectrode techniques at 37 °C as described in detail earlier12,26. Isolated muscle 
preparations obtained from the right ventricle were individually mounted in a tissue chamber while superfused 
with oxygenated modified Locke’s solution containing (in mM): NaCl 128.3, KCl 4, CaCl2 1.8, MgCl2 0.42, 

Figure 4.   Effect of CBD after 3–5 min acute superfusion of the drug without washout on the rapid delayed 
rectifier potassium current (IKr) in rabbit left ventricular myocytes at 37 °C. Current–voltage curves show the 
inhibition of IKr by 2.5 µM CBD (a). (b) Displays CBD concentration–response curve indicating an estimated 
IC50 value of 6.5 µM for IKr blockade. Original IKr current traces are shown on (c) in control conditions and in 
the presence of 2.5 µM, 5 µM and 10 µM CBD recorded from rabbit left ventricular myocytes after a 1 s long 
pulse to 20 mV test potential with pulsing cycle length of 20 s. IKr deactivating tail current was measured at 
−40 mV. The vertical axis on the left side of the panels shows the absolute current level. The dashed lines refer to 
the baseline for IKr tail current level after the test pulse at −40 mV. The arrows indicate the amplitudes of the IKr 
tail currents.
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NaHCO3 21.4 and glucose 10 (pH 7.35–7.4) and stimulated through a pair of platinum electrodes with constant 
cycle length of 1000 ms. In case of cycle length-dependent measurements stimulation with different constant 
cycle lengths ranging from 300 to 5000 ms were also applied. Transmembrane potentials were recorded using 
conventional glass microelectrodes, filled with 3 M KCl and having tip resistances of 5–20 MΩ, connected to 
the input of a high impedance electrometer (Experimetria, type 309, Budapest, Hungary). The analog action 
potential signals were digitized with analogue-to-digital converters (ADA 3300, Real Time Devices Inc., State 
College, PA, USA) under software control (APES home-made software).

Transmembrane ion currents in native rabbit ventricular myocytes were measured by the whole-cell con-
figuration of the patch clamp technique at 37 °C (Axopatch 200B, Molecular Devices Inc., Sunnyvale, CA, USA) 
as described in detail earlier12. Rapid delayed rectifier potassium current (IKr), was recorded in HEPES-buffered 
Tyrode’s solution containing (in mM) NaCl 144, NaH2PO4 0.33, KCl 4.0, CaCl2 1.8, MgCl2 0.53, glucose 5.5 and 
HEPES 5.0, at pH of 7.4. The composition of the pipette solution (in mM) was the following: KOH 110, KCl 
40, K2ATP 5, MgCl2 5, EGTA 5, and HEPES 10 (pH was adjusted to 7.2 by aspartic acid). 1 µM nisoldipine and 
0.5 µM HMR-1556 (the selective blocker of the slow delayed rectifier K+ current—IKs) were added to the exter-
nal solution to eliminate ICaL and IKs, respectively. IKr was determined as tail current at −40 mV after the end of 
1 s long depolarizing pulses ranging from −30 to +50 mV with pulsing cycle length of 20 s. The L-type calcium 
current (ICaL) was recorded in HEPES-buffered Tyrode’s solution supplemented with 3 mM 4-aminopyridine. A 
special solution was used to fill the micropipettes (composition in mM: CsCl 125, TEACl 20, MgATP 5, EGTA 10, 
HEPES 10, pH was adjusted to 7.2 by CsOH). ICaL current was evoked by 400 ms long depolarizing voltage pulses 
to various test potentials ranging from −35 to +55 mV with pulsing cycle length of 5 s. The holding potential was 
−80 mV. A short prepulse to −40 mV served to inactivate Na+ current. The sodium current was activated by 2 s 
long depolarizing voltage pulses to −20 mV from the holding potential of −120 mV with pulsing cycle length of 
5 s. After 5–7 min incubation with CBD the external solution was replaced by that containing 20 µM TTX. TTX 
at this concentration completely blocks the late sodium current (INaL). The external solution was HEPES-buffered 
Tyrode’s solution supplemented with 1 µM nisoldipine, 0.5 µM HMR-1556 and 0.1 µM dofetilide in order to 
block ICaL, IKs and IKr currents. The composition of the pipette solution (in mM) was: KOH 110, KCl 40, K2ATP 
5, MgCl2 5, EGTA 5, HEPES 10 (pH was adjusted to 7.2 by aspartic acid).

Figure 5.   Effect of CBD after 3–5 min acute superfusion of the drug without washout on L-type calcium (ICaL) 
and on the late sodium (INaL) currents in rabbit left ventricular myocytes at 37 °C. On (a) current–voltage 
curves show the inhibition of ICaL by 10 µM CBD at 5000 ms (left) and at 500 ms (right) cycle lengths. Original 
ICaL current traces are shown on (b) in control conditions and in the presence of 10 µM CBD recorded from 
rabbit left ventricular myocytes at 5000 ms (left) and at 500 ms (right) cycle lengths at 0 mV test potential. TTX 
sensitive current (INaL) traces (c) and a bar diagram (d) show the inhibition of INaL by 10 µM CBD measured at 
−20 mV in rabbit left ventricular myocytes.
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ECG recordings were taken from adult guinea-pigs of both sexes (600–800 g) anaesthetized by intraperitoneal 
30 mg/kg pentobarbital and I–III leads were recorded after 15 min of cumulative intravenous administration of 
CBD into the jugular vein27.

Statistics.  All data are expressed as means ± SEM. Statistical analysis was performed with Student’s t test for 
paired data. The results were considered statistically significant when p was < 0.05.

Animal ethics statement.  All experiments performed in rabbit and guinea pig ventricular preparations 
were carried out in compliance with the Guide for the Care and Use of Laboratory Animals (USA NIH pub-
lication NO 85-23, revised 1996) and conformed to the Directive 2010/63/EU of the European Parliament. 
The protocols have been approved by the Ethical Committee for the Protection of Animals in Research of the 
University of Szeged, Szeged, Hungary (approval number: I-74-24-2017) and by the Department of Animal 
Health and Food Control of the Ministry of Agriculture and Rural Development (authority approval number 
XIII/3331/2017).
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Abstract

Ibuprofen is a widely used non-steroidal anti-inflammatory drug, which has recently been 

associated with increased cardiovascular risk, but its electrophysiological effects have not yet 

been properly studied in isolated cardiac preparations. We studied the effects of ibuprofen on 

action potential characteristics and several transmembrane ionic currents using the 

conventional microelectrode technique and the whole-cell configuration of the patch-clamp 

technique on cardiac preparations and enzymatically isolated ventricular myocytes. In dog 

(200 µM; n=6) and rabbit (100 µM; n=7) papillary muscles, ibuprofen moderately but 

significantly prolonged repolarization at 1 Hz stimulation frequency. In dog Purkinje fibers, 

repolarization was abbreviated, and maximal rate of depolarization was depressed in a 

frequency-dependent manner. Levofloxacin (40 µM) alone did not alter repolarization, but 

augmented the ibuprofen-evoked repolarization lengthening in rabbit preparations (n=7). In 

dog myocytes, ibuprofen (250 µM) did not significantly influence IK1, but decreased the 

amplitude of Ito and IKr potassium currents by 28.2% (60 mV) and 15.2% (20 mV) 

respectively. Ibuprofen also depressed INaL and ICa currents by 19.9% and 16.4%. We 

conclude that ibuprofen seems to be free from effects on AP parameters at lower 

concentrations. However, at higher concentrations it may alter repolarization reserve, 

contributing to the observed proarrhythmic risk in patients.

Keyword: ibuprofen  , levofloxacin  , repolarization reserve

Page 2 of 22
C

an
. J

. P
hy

si
ol

. P
ha

rm
ac

ol
. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

M
E

L
B

O
U

R
N

E
 o

n 
09

/2
1/

20
. F

or
 p

er
so

na
l u

se
 o

nl
y.



3

List of abbreviations

APA: Action potential amplitude

APD50: Action potential duration at 50% of repolarization

APD90: Action potential duration at 90% of repolarization

ICa: Voltage-dependent calcium current

IK1: Inward rectifier potassium current

IKr: Rapidly activating delayed rectifier potassium current

IKs: Slowly activating delayed rectifier potassium current

INaL: Late sodium current

Ito: Transient outward potassium current

RMP: Resting membrane potential

TdP: Torsades de pointes ventricular tachycardia

SEM: Standard error of the mean

Vmax: Maximal rate of the action potential upstroke
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Introduction

Ibuprofen is one of the most widely used non-steroidal anti-inflammatory drugs (NSAIDs) 

(Rainsford et al., 2009). However, a recent Danish, nationwide case–time–control study 

(Sondergaard et al., 2017) found that short term therapy with ibuprofen was associated with 

an increased risk of cardiac arrest. It is important to mention that this study also concluded 

that there was an increased risk of out-of-hospital cardiac arrest in diclofenac users. In an 

observational, historical cohort evaluation (Pratt et al., 1994) it was found that the 

ibuprofen cohort had a significantly higher arrhythmic event rate. A case report outlined a 

probable relationship between standard ibuprofen dosing and palpitations (Douglas, 2010). 

Surprisingly, very little is known about the cardiac electrophysiological effect of ibuprofen, 

and the cellular cardiac electrophysiological effects of ibuprofen have been investigated only 

in one study on guinea pig papillary muscle and sinoatrial node (Yang et al., 2008). In these 

preparations ibuprofen dose-dependently shortened action potential duration and decreased 

the maximal rate of depolarization (Vmax) at therapeutically relevant and at high 

concentrations. The effects of ibuprofen on the action potential parameters and the underlying 

transmembrane currents have not yet been reported in other cardiac preparations, including 

those obtained from larger animals (e.g. rabbit or dog), closer to human in heart size, in 

spontaneous frequency, and in basic electrophysiological properties. Repolarization 

prolonging properties have also been reported among fluoroquinolone antibiotic agents 

(Chiba et al., 2000; Garnett & Johannesen, 2016; Komatsu et al., 2019), and combination of 

such antibiotics and NSAIDs is a common practice in the treatment of infections. Therefore, 

the purpose of our work was to further characterize the cellular electrophysiological effects of 

ibuprofen and levofloxacin using preparations obtained from the hearts of large animals, 

namely dogs and rabbits. We found that 50 µM ibuprofen did not influence the action 

potential parameters including action potential duration (APD) in dog and rabbit ventricular 

muscle preparations but at higher concentrations (100-200 µM), especially when 

repolarization reserve (Varró et al., 2000; Roden, 2006; Varró & Baczkó, 2011) had been 

previously attenuated, some repolarization lengthening occurred. Therefore, although at low 

therapeutic concentrations the drug could be considered safe regarding its cardiac 

electrophysiological effects, it is important to further improve our understanding concerning 

the possible unfavorable association between ibuprofen and increased cardiovascular risk 

reported in clinical studies.
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Methods

Conventional microelectrode technique

All experiments were conducted in compliance with the Guide for the Care and Use of 

Laboratory Animals (USA NIH publication No 85-23, revised 1996) and conformed to 

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, Hungary (XIII./1211/2012). Ventricular (papillary) 

muscles were obtained from the right ventricle of rabbits and dogs. Free-running (false 

tendons of) Purkinje fibers were isolated from both ventricles of dog hearts removed through 

a right lateral thoracotomy. Male New Zealand rabbits (2–3 kg) were terminated by rapid 

cervical dislocation, and Beagle dogs (10–15 kg) of both sexes were anesthetized and 

sacrificed using high dose sodium pentobarbital (60 mg/kg iv). The preparations were placed 

in a tissue bath and allowed to equilibrate for at least 2 hours while superfused (flow rate 4-5 

ml/min) with Locke’s solution containing (in mM): NaCl 120, KCl 4, CaCl2 1.8, MgCl2 1, 

NaHCO3 22, and glucose 11. The pH of this solution was 7.35 to 7.40 when gassed with 95% 

O2 and 5% CO2 at 37 °C. During the equilibration period, the ventricular muscle tissues were 

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

length of 500 ms. Electrical pulses of 0.5–2 ms in duration and twice diastolic threshold in 

intensity (S1) were delivered to the preparations through bipolar platinum electrodes. 

Transmembrane potentials were recorded with the use of glass capillary microelectrodes filled 

with 3 M KCl (tip resistance: 5 to 15 MΩ). The microelectrodes were coupled through an Ag-

AgCl junction to the input of a high-impedance, capacitance-neutralizing amplifier 

(Experimetria 2011). Intracellular recordings were displayed on a storage oscilloscope 

(Hitachi V-555) and led to a computer system (APES) designed for on-line determination of 

the following parameters: resting membrane potential (RMP), action potential amplitude 

(APA), action potential duration at 50% (APD50) and 90% (APD90) repolarization and the 

maximum rate of rise of the action potential upstroke (Vmax). The following types of 

stimulation were applied in the course of the experiments: stimulation with a constant cycle 

length of 1000 ms (ventricular muscles); stimulation with a constant cycle length of 500 ms 

(Purkinje fibers). In case of Purkinje fibers, stimulation with different constant cycle lengths 

ranging from 300 to 1000 ms were also applied. Control recordings were obtained after 

equilibration period. The effects of ibuprofen and DMSO not exceeding 18.8% were 

determined at the given concentrations, after the addition of each compound until 30 minutes 
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6

elapsed, in a cumulative manner. Compounds were purchased from Sigma/Merck for all 

experiments.

Whole cell configuration of the patch clamp technique

Untreated adult beagle dogs of either sex (body weights 8-15 kg) were used for the study. All 

experiments were conducted in compliance with the Guide for the Care and Use of 

Laboratory Animals (USA NIH publication No 85-23, revised 1985). The protocols were 

approved by the review board of Committee on Animal Research (CAR) of the Albert Szent-

Györgyi Medical University (54/1999 OEj).

The isolation and preparation of dog ventricular myocytes were described earlier in detail 

(Varró et al, 2000). One drop of cell suspension was placed in a transparent recording 

chamber mounted on the stage of an inverted microscope. The myocytes were allowed to 

settle and adhere to the bottom for at least 5-10 minutes before superfusion was initiated with 

Tyrode solution containing (in mM): NaCl 144, NaH2PO4 0.4, KCl 4.0, CaCl2 1.8, MgSO4 

0.53, glucose 5.5 and HEPES 5.0 (pH 7.4, NaOH). Temperature was set to 37°C. Only rod 

shaped cells with clear cross-striations were used. Patch-clamp micropipettes were fabricated 

from borosilicate glass capillaries using a micropipette puller (Flaming/Brown, type P-97, 

Sutter Co., Novato, CA, USA). These electrodes had resistances between 1.5 and 2.5 MΩ. 

Membrane currents were recorded with Axopatch 200B patch-clamp amplifiers (Molecular 

Devices Inc., Sunnyvale, CA, USA) using the whole-cell configuration of the patch-clamp 

technique. After establishing a high resistance (1-10 GΩ) seal by gentle suction, the cell 

membrane beneath the tip of the electrode was disrupted by suction or application of short 

electrical pulses. Membrane currents were digitized after low-pass filtering at 1 kHz using 

analog-to-digital converters (Digidata 1440A, Molecular Devices Inc., Sunnyvale, CA, USA) 

under software control (pClamp 10, Molecular Devices Inc., Sunnyvale, CA, USA). The 

various ion currents were measured as described earlier in detail (Kohajda et al., 2016). The 

same software was used for off-line analysis.
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7

Statistical analysis

Results are expressed as 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 Tables 1, 2A, 

and 2B. Variance analysis (ANOVA) for repeated measurements was performed, followed by 

Bonferroni’s post-hoc test for Table 2C. Differences were considered significant when 

p < 0.05.

3. Results

Effects of ibuprofen on transmembrane action potentials

We have investigated the effects of ibuprofen on cardiac action potentials in the concentration 

range of 50–200 µM (10.3–41.2 µg/ml) in rabbit and dog right ventricular papillary muscle 

using the conventional microelectrode technique. As Table 1B and 1C, and Figures 1A and 

2C show, ibuprofen in dog right ventricular papillary muscle at 50 and 200 µM and at 1 Hz 

stimulation frequency did not change the resting membrane potential (RMP), the action 

potential amplitude (APA), or the maximal rate of depolarization (Vmax), but at 200 µM it 

moderately lengthened the action potential duration measured at 50 and 90% levels (APD50 

and APD90). The solvent DMSO at the applied concentration did not affect any of the 

measured action potential parameters (Table 1A and Figures 1E).

In dog Purkinje fibers, action potentials were studied at a 500 ms constant cycle length 

(Table 1D), and also at various stimulation cycle lengths, ranging from 300–1000 ms 

(Figure 2A). At constant cycle length stimulation, ibuprofen at 200 µM concentration elicited 

significant abbreviation of the action potential duration (APD90), while all other 

characteristics, including the RP, APA and Vmax, remained unchanged. As Figure 2B 

indicates, in Purkinje fibers Vmax was decreased and APD was shortened in a frequency 

dependent manner. The decrease in APD90 was more pronounced at slower cycle lengths, 

being significant from 500 ms to 1000 ms. Vmax depression was observed only at high 

stimulation rate corresponding to 300 ms cycle length. DMSO elicited no changes in the 

action potential characteristics of the Purkinje fibers at any cycle length (Table 1A, Figures 

1E, 2C and 2D).

The widely known antibiotic, levofloxacin at 40 µM did not change action potential 

parameters, including APD90 in rabbit papillary muscles at 1 Hz stimulation rate (Table 2B 
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8

and Figure 3A). However, when levofloxacin was applied in combination with 100 µM 

ibuprofen, the extent of APD lengthening evoked by levofloxacin was greater than that 

observed without the application of ibuprofen (Table 2C and Figure 3B).

In order to elucidate the mechanism of the changes induced by ibuprofen in the action 

potential, the effects of ibuprofen on the transmembrane ionic currents were investigated by 

the whole cell configuration of the patch clamp technique in dog ventricular myocytes at 

250 µM (51.5 µg/ml). The solvent DMSO at the applied concentration did not influence the 

amplitude or kinetics of the measured transmembrane ionic currents (Figures 4–5). In dog 

ventricular myocytes, 250 µM ibuprofen did not significantly alter the inward rectifier (IK1) 

potassium (Figure 4A) and moderately but significantly decreased the transient outward (Ito, 

Figure 4B and 4D) and rapid delayed rectifier (IKr, Figure 4C and 4E) potassium currents.

Since cardiac repolarization is determined not only by outward potassium currents but also by 

late inward sodium (INaL) and L-type inward calcium (ICa) currents, the effect of ibuprofen 

was also studied on INaL and ICa in dog ventricular myocytes. As Figure 5 indicates, 250 µM 

ibuprofen moderately, but in a statistically significant manner decreased the amplitude of both 

INaL and ICa.

4. Discussion

The most important message of the present study is to show that ibuprofen in normal 

situations and therapeutically relevant concentrations exerts none or only moderate 

repolarization lengthening in ventricular muscle preparations, but in a situation where 

repolarization reserve has been attenuated, the degree of repolarization lengthening was 

further increased. This raises the possibility that under such conditions it may enhance 

proarrhythmic risk and consequent sudden cardiac death.

The paucity of reports regarding the cardiac electrophysiological effects of ibuprofen is 

surprising in spite of its worldwide use and the two decades of concerns regarding increased 

risk associated with NSAID drugs in general (Bombardier et al., 2000; Huang, Hsiao, Tsai, et 

al., 2006; Huang, Hsiao, Wen, et al., 2006). In addition, in a recent meta-analysis it has been 

reported that two NSAID drugs, diclofenac and ibuprofen, increase out-of-hospital cardiac 

arrest and consequent sudden deaths (Sondergaard et al., 2017). Although the mechanism of 

these observations is not clear and can be linked to causes other than direct ion channel 
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modulation, the possibility of direct effect of ibuprofen on transmembrane ion channels 

should be also considered. This argument is further strengthened by the previous experimental 

study (Kristóf et al., 2012), which indicated that diclofenac decreased repolarisation reserve 

by inhibiting IKs and IKr in dog heart. In this paper it has also been shown that diclofenac also 

facilitated TdP-like arrhythmia in in vivo rabbit experiments (Kristóf et al., 2012).

The applied concentrations in the present study were similar to those of the work of Yang et 

al. (Yang et al., 2008), and fall into the range of low and high therapeutic plasma levels (10–

50 µg/ml) observed in patients (Holubek et al., 2007). It is also worth mentioning that in 

certain situations, including high age, altered metabolism caused by disease or drug 

interactions, plasma levels may rise beyond normal. In addition, much higher (260 and 

352 µg/ml) plasma levels have also been reported after drug intoxication (Holubek et al., 

2007).

In guinea pig ventricle it has been previously shown (Yang et al., 2008) that ibuprofen in the 

concentration range of 10–80 µg/ml shortened APD and depressed Vmax in a frequency 

dependent manner. In addition, ibuprofen also depressed slow response action potentials and 

sinus nodal frequency both indicative of ICa inhibition (Yang et al., 2008) with concomitant 

increase of PP and QRS intervals in the ECG, but with a shorter QTc (Yang et al., 2008). Our 

present results are in partial agreement with the ones reported by Yang et al. (Yang et al., 

2008). In the present study, we could confirm the frequency-dependent Vmax and ICa inhibition 

reported by Yang et al. (2008), and we also found inhibition of INaL. All these effects would 

lead to shortening in repolarization. However, contrary to the findings reported by Yang et al. 

(2008), in our experiments moderate but statistically significant repolarization lengthening 

was observed in ventricular muscle, but not in Purkinje fibers.  Also, Yarishkin et al. (2009) 

reported that diclofenac but not ibuprofen decreased INaL and ICa in rat ventricular myocytes. 

These dissimilarities are most likely due to the difference in the species (neonatal 

rat vs rabbit), in the experimental conditions (room temperature vs. 37 °C), and in the 

preparations (1 day cultured trabecules vs isolated papillary muscles) used. Unlike rabbit and 

dog, guinea pig ventricle lacks Ito (Zicha et al., 2003), and expresses very strong IKs (Bartos et 

al., 2015). Consequently, in guinea pig ventricle Ito and IKr inhibition have less impact on 

repolarization when compared to that in rabbit or dog. Therefore, in guinea pig ventricle the 

ibuprofen-evoked ICa and INaL inhibition would change the balance of inward and outward 

currents, favoring relative augmentation of outward currents, with an overall result of 
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shortened repolarization. Similar effect should be expected in dog Purkinje fibers, in which 

relatively strong INaL exists. The opposite effect is expected in rabbit and dog ventricle, where 

the density of IKs is weaker than in the guinea pig, therefore IKr should have a stronger 

contribution to repolarization (Jost et al., 2013). In addition, ibuprofen inhibits Ito, which also 

plays an important role in the repolarization reserve (Virág et al., 2011). It should be 

mentioned that NSAIDs, including ibuprofen, are often used in patients with fever. Therefore, 

it would be worthwhile to study the effect of ibuprofen and other NSAIDs under hyperthermic 

conditions as well.

It is well known that fluoroquinolone antibiotics have some repolarization prolonging and 

proarrhythmic potency (Chiba et al., 2000; Garnett & Johannesen, 2016; Komatsu et al., 

2019). To test potential interaction between ibuprofen and these antibiotics, we chose to study 

levofloxacin, which has been reported to possess relatively low proarrhythmic risk (Chiba et 

al., 2000; Milberg et al., 2007), due to its unpronounced repolarization lengthening (Hagiwara 

et al., 2001) and hERG channel inhibiting (Kang et al., 2001) properties compared to others, 

especially sparfloxacin (Chiba et al., 2000; Hagiwara et al., 2001). In our experiments, in 

good agreement with the results of Hagiwara et al., levofloxacin did not evoke significant 

changes when applied alone. However, when levofloxacin was applied in combination with 

ibuprofen, noteworthy APD prolongation was observed. Ibuprofen alone elicited a moderate 

prolongation of APD, and this was increased even further by levofloxacin. It should be 

emphasized that the observed APD prolongation by ibuprofen, with or without levofloxacin, 

is not marked, and it is far from being excessive. Nevertheless, this effect should draw 

attention to the possibility that the combined effect of two drugs with low or even minimal 

effect on repolarization, and seemingly marginal potassium channel blocking properties may 

still be additive by collectively decreasing the repolarization reserve. Therefore, in certain 

situations where repolarization reserve is already attenuated (Varró & Baczkó, 2011), e.g., in 

specific genetic disorders, heart failure, hypertophic cardiomyopathy, low serum potassium 

concentrations or ischemic heart disease, this may lead to marked repolarization defects. This 

may ultimately contribute to enhanced proarrhythmic risk and consequent sudden cardiac 

death.

In conclusion, it seems that ibuprofen in normal situations, at least regarding its cardiac 

electrophysiological properties, is a relatively safe drug. However, in certain conditions 

characterized by attenuated repolarization reserve, ibuprofen may enhance proarrhythmic risk, 
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11

and may even contribute to the incidence of sudden cardiac death observed in clinical studies. 

This possibility should be considered and taken into account in clinical practice, since 

ibuprofen is a very commonly used over-the-counter drug, taken every day by several million 

people without medical control.
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Figure 1. The effects of ibuprofen and DMSO on action potentials recorded from different 
cardiac preparations. Original action potential records show that ibuprofen (at 100 µM) 
slightly but significantly lengthened the action potential duration in rabbit ventricular muscle 
(panel A) and in dog ventricular muscle (at 200 µM, panel B) at a basic cycle length of 
1000 ms. However, in dog Purkinje fiber (panel C) the drug significantly shortened the action 
potential repolarization at a basic cycle length of 500 ms. DMSO at 2.2‰ did not alter action 
potential duration in any of the preparations at the same cycle lengths (panels D–F).

Figure 2. Cycle length dependent changes in action potential duration (APD90, panels A and 
C) and in maximal rate of depolarization (Vmax, panels B and D) measured under control 
conditions and in the presence of 200 µM ibuprofen and DMSO at 2.2‰ in dog Purkinje fiber 
preparations. Values are means ± SEM, asterisks indicate significant changes.

Figure 3. The effects of levofloxacin alone (panel A) and in combination with 100 µM 
ibuprofen (panel B) on action potentials recorded from rabbit ventricular muscle preparation. 
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).

Figure 4. Panels A–C show the effects of the solvent DMSO at 1‰ and ibuprofen at 250 µM 
on the potassium currents IK1, Ito, and IKr respectively in ventricular myocytes; the insets show 
the applied voltage protocols. Legend: control, black lines and empty boxes; DMSO, green 
lines and green boxes; ibuprofen; red lines and circles. Values are means ± SEM, asterisks 
indicate p<0.05, ANOVA for repeated measurements followed by Bonferroni’s post-hoc test. 
Panels D and E show original current traces of the Ito and IKr currents respectively, recorded in 
control conditions and in the presence of DMSO and after the application of 250 µM 
ibuprofen. In panel E, the dotted arrows indicate the amplitude of IKr tail currents at -40 mV.

Figure 5. Panels A and B show the effects of the solvent DMSO at 1‰ and ibuprofen at 
250 µM on the L-type calcium current (ICa) and the late sodium current (INaL) respectively in 
ventricular myocytes; the insets show the applied voltage protocols. Values are means ± SEM, 
asterisks indicate p<0.05, ANOVA for repeated measurements followed by Bonferroni’s post-
hoc test (A), Student’s t-test (B). Upper panels show original current traces of the INaL and ICa 
currents respectively, recorded in control conditions and in the presence of DMSO and after 
the application of 250 µM ibuprofen. INaL was defined as TTX sensitive current by subtracting 
current traces recorded in the presence of 20 µM TTX from traces of control, DMSO and 
ibuprofen recordings.
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Table 1. The electrophysiological effects of DMSO (2.2‰) and ibuprofen  (50 µM and 200 µM) in canine right ventricular 

papillary muscle preparations (VM; A, B and C), at basic cycle length of 1000 ms; and ibuprofen (200 µM) in canine 

Purkinje fibers (PF; D) at basic cycle length of 500 ms; RP, resting potential; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD50 and APD90, action potential durations at 50% and 90% of repolarization. Results 

are expressed as means ± SEM; *p<0.05, Student’s t-test for paired data.

Sample RP APA Vmax APD50 APD90 APD90
A

(mV) (mV) (V/s) (ms) (ms) (%)

Control Canine VM -83.3 106.7 136.7 157.8 203.6

(6) ± 2.3 ± 1.5 ± 14.2 ± 11.6 ± 7.6

DMSO Canine VM -85.8 105.3 123.3 153.8 201.6 -1.0

(2.2‰) (6) ± 1.7 ± 1.4 ± 17.0 ± 11.5 ± 8.0 ± 1.2

Sample RP APA Vmax APD50 APD90 APD90
B

(mV) (mV) (V/s) (ms) (ms) (%)

Control Canine VM -83.2 108.1 175.2 187.0 227.5

(8) ± 1.6 ± 1.0 ± 22.3 ± 9.3 ± 9.7

Ibuprofen Canine VM -85.3 106.7 172.4 187.7 225.9 -0.6

 (50 µM) (8) ± 2.1 ± 1.9 ± 29.9 ± 9.7 ± 8.9 ± 1.0

Sample RP APA Vmax APD50 APD90 APD90
C

(mV) (mV) (V/s) (ms) (ms) (%)

Control Canine VM -89.0 110.6 174.6 173.8 214.1

(6) ± 1.8 ± 2.4 ± 20.3 ± 8 ± 5.9

Ibuprofen Canine VM -89.1 113.4 192.9 181.6 223.0 4.3

 (200 µM) (6) ± 3.2 ± 3.0 ± 27.1 ± 6.3 ± 4.9* ± 1.0

Sample RP APA Vmax APD50 APD90 APD90
D

(mV) (mV) (V/s) (ms) (ms) (%)

Control Canine PF -89.7 133.5 580.7 163.9 253.4
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(7) ± 0.7 ± 3.3 ± 36.0 ± 10.9 ± 14.2

Ibuprofen Canine PF -87.3 135.9 621.5 163.7 242.0 -4.5

 (200 µM) (7) ± 1.0 ± 3.4 ± 93.5 ± 11.2 ± 13.7* ± 0.7
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Table 2. The electrophysiological effects of DMSO (2.2‰), levofloxacin (40 µM) and ibuprofen (100 µM) in rabbit right 

ventricular papillary muscle preparations at a basic cycle length of 1000 ms; APA, action potential amplitude; Vmax, 

maximum rate of depolarization; APD50 and APD90, action potential durations at 50% and 90% of repolarization. Results 

are expressed as means ± SEM; *p<0.05, Student’s t-test for paired data (Tables 2A and 2B), ANOVA for repeated 

measurements followed by Bonferroni’s post-hoc test (Table 2C).

Sample RP APA Vmax APD50 APD90 APD90
A

(mV) (mV) (V/s) (ms) (ms) (%)

Control Rabbit VM -81.7 119.1 222.0 123.8 158.7

(6) ± 1.9 ± 2.3 ± 21.9 ± 7.9 ± 7.7

DMSO Rabbit VM -81.6 115.8 181.9 123.0 159.3 0.7

(2.2‰) (6) ± 2.6 ± 4.7 ± 20.5 ± 7.2 ± 7.1 ± 1.9

Sample RP APA Vmax APD50 APD90 APD90
B

(mV) (mV) (V/s) (ms) (ms) (%)

Control Rabbit VM -86.9 109.0 127.6 149.6 163.8

(7) ± 1.3 ± 2.6 ± 7.5 ± 9.6 ± 6.6

Levofloxacin Rabbit VM -85.8 111.3 128.0 156.9 164.1 0.1

 (40 µM) (7) ± 2.0 ± 4.0 ± 8.0 ± 26.0 ± 7.0 ± 0.8

Sample RP APA Vmax APD50 APD90 APD90
C

(mV) (mV) (V/s) (ms) (ms) (%)

Control Rabbit VM -86.5 108.0 147.7 121.8 164.7

(9) ± 1.6 ± 3.7 ± 21.2 ± 7.1 ± 8.7

Ibuprofen Rabbit VM -85.6 107.3 145.2 123.3 169.3 2.9

(100 µM) (9) ± 2.7 ± 2.3 ± 19.3 ± 7.5 ± 8.7* ± 0.9

Levofloxacin Rabbit VM 87.4 111.0 148.5 138.2 183.2 7.6

(40 µM) (9) ± 2.2 ± 3.7 ± 19.4 ± 13.1 ± 12.5* ± 1.9
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Figure 1. The effects of ibuprofen and DMSO on action potentials recorded from different cardiac 
preparations. Original action potential records show that ibuprofen (at 100 µM) slightly but significantly 

lengthened the action potential duration in rabbit ventricular muscle (panel A) and in dog ventricular muscle 
(at 200 µM, panel C) at a basic cycle length of 1000 ms. However, in dog Purkinje fiber (panel B) the drug 
significantly shortened the action potential repolarization at a basic cycle length of 500 ms. DMSO at 2.2‰ 

did not alter action potential duration in any of the preparations at the same cycle lengths (panels D–F). 

181x155mm (300 x 300 DPI) 
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Figure 2. Cycle length dependent changes in action potential duration (APD90, panels A and C) and in 
maximal rate of depolarization (Vmax, panels B and D) measured under control conditions and in the 

presence of 200 µM ibuprofen and DMSO at 2.2‰ in dog Purkinje fiber preparations. Values are means ± 
SEM, asterisks indicate significant changes. 

135x155mm (300 x 300 DPI) 
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Figure 3. The effects of levofloxacin alone (panel A) and in combination with 100 µM ibuprofen (panel B) on 
action potentials recorded from rabbit ventricular muscle preparation. 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). 
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Figure 4. Panels A–C show the effects of the solvent DMSO at 1‰ and ibuprofen at 250 µM on the 
potassium currents IK1, Ito, and IKr respectively in ventricular myocytes; the insets show the applied 
voltage protocols. Legend: control, black lines and empty boxes; DMSO, green lines and green boxes; 

ibuprofen; red lines and circles. Values are means ± SEM, asterisks indicate p<0.05, ANOVA for repeated 
measurements followed by Bonferroni’s post-hoc test. Panels D and E show original current traces of the Ito 

and IKr currents respectively, recorded in control conditions and in the presence of DMSO and after the 
application of 250 µM ibuprofen. In panel E, the dotted arrows indicate the amplitude of IKr tail currents at -

40 mV. 
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Figure 5. Panels A and B show the effects of the solvent DMSO at 1‰ and ibuprofen at 250 µM on the L-
type calcium current (ICa) and the late sodium current (INaL) respectively in ventricular myocytes; the 

insets show the applied voltage protocols. Values are means ± SEM, asterisks indicate p<0.05, ANOVA for 
repeated measurements followed by Bonferroni’s post-hoc test (A), Student’s t-test (B). Upper panels show 
original current traces of the INaL and ICa currents respectively, recorded in control conditions and in the 

presence of DMSO and after the application of 250 µM ibuprofen. INaL was defined as TTX sensitive current 
by subtracting current traces recorded in the presence of 20 µM TTX from traces of control, DMSO and 

ibuprofen recordings. 
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