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ABSTRACT 

Despite the well-known benefits of regular exercise, there is a growing body of evidence 

suggesting that elite athletes who engage in intense training beyond a certain threshold are more 

susceptible to harmful ventricular cardiac arrhythmias, and in some cases, even sudden cardiac 

death, although the mechanisms behind this remain unclear. To gain a better understanding of 

cardiac remodelling in response to chronic vigorous exercise, this study explores the effects of 

such exercise on cardiac structure and electrophysiology in new rabbit and dog models of the 

athlete's heart. 

In the first experiments, rabbits and dogs were divided into sedentary (SED), exercised 

(EX) subjected to 16 weeks of chronic treadmill exercise, and a testosterone-treated group in 

dogs (DOP). In the second experiments, a more intense training protocol for dogs was 

introduced, and changes between trained (TRN) dogs and their sedentary (SED) counterparts 

were studied. 

Various tests, including echocardiography and electrocardiograms, were conducted, 

along with assessing proarrhythmic sensitivity and autonomic responses in conscious dogs. In 

vitro studies, such as electrophysiological measurements, immunocytochemistry, and 

histopathological analysis, were carried out after heart removal. 

Results showed that EX animals, both rabbits and dogs, displayed left ventricular 

enlargement and bradycardia, indicating an increased vagal tone. EX and DOP dogs showed a 

lower response to the parasympatholytic agent atropine and more pronounced QTc interval 

lengthening after dofetilide challenge compared to the SED group. No significant 

morphological or functional changes were observed in dogs treated with steroids. 

In conscious trained dogs, ECG recordings indicated bradycardia, prolonged QTc 

intervals, and increased QT interval variability, reflecting elevated repolarization dispersion. At 

the cellular level, prolonged action potential duration and reduced magnitude of the transient 

outward potassium current were observed in the left ventricular myocytes of trained dogs. Left 

ventricular fibrosis and increased HCN4 protein expression were also noted.  

Our findings provide in vivo, cellular electrophysiological, and molecular biological 

evidence for the enhanced susceptibility to ventricular arrhythmias in the large animal model 

of chronic exercise. The sustained 4-month training regimen resulted in echocardiographic 

changes that are consistent with the morphology of the hearts of endurance-trained human 

athletes. These animal models hold promise for further investigations into the cardiovascular 

effects of competitive training. 
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1. INTRODUCTION 

1.1 Balancing cardiovascular benefits and risks in sport: the U-shaped relationship 

Physical activity provides substantial cardiovascular benefits, improving both quality of 

life and longevity, while physical inactivity significantly contributes to cardiovascular 

morbidity and mortality [1, 2]. Regular exercise yields a range of advantages, including 

improved cardiovascular function, enhanced mental well-being, and decreased susceptibility to 

chronic diseases, thereby promoting both physiological and psychological well-being.  

Nonetheless it is essential to acknowledge the existence of an optimal exercise intensity 

level. Exceeding this threshold can result in diminishing or adverse health outcomes. Recent 

insights, emerged from an extensive meta-analysis involving eight prospective cohort studies, 

indicate that the most significant risk reductions for premature mortality associated with 

moderate to vigorous physical activity were attained with a daily commitment of 24 minutes, 

equivalent to a total of 168 minutes per week [3]. These findings closely align with the current 

global recommendations, which advocate that adults should engage in 150 to 300 minutes of 

physical activity per week [4]. The Guidelines Development Group has recently affirmed that 

participating in 150 to 300 minutes of moderate-intensity aerobic physical activity per week 

reduces the risk of various health issues. However, the risk reduction levels off as one exceeds 

the 300-minute per week threshold [4] 

The U-shaped model that represents the relationship between exercise intensity and the 

risk of adverse cardiovascular events emphasizes that while moderate and regular exercise 

confers numerous health benefits, extreme exercise intensity and duration may lead to 

detrimental health consequences (Figure 3) [5]. In the context of competitive sports, additional 

considerations arise, especially for athletes with underlying cardiovascular conditions that 

compromise repolarization reserve. These conditions encompass hypertrophic cardiomyopathy, 

long QT syndrome, diabetes, electrolyte imbalances, doping, or seemingly innocuous presumed 

medications and often remain silent, with the first clinical sign being sudden cardiac death. 

Therefore, a nuanced approach is essential to balance the cardiovascular advantages of exercise 

with potential risks, especially for competitive athletes. 

1.2 Structural and electrical heart adaptations in elite athletes  

Elite athletes, admired for their remarkable physical abilities, undergo cardiac 

morphological and functional adaptations known as the “athlete's heart” phenomenon due to 

intense physical training [6]. These adaptations include increased left ventricular chamber size, 
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wall thickness, cardiac mass, and stroke volume, optimizing cardiac performance, especially 

during demanding activities like intense exercise.  

It is worth noting that the type and frequency of athletic activities influence these cardiac 

changes [7], categorized athletic activities into “isometric” and “isotonic” types based on the 

presumed hemodynamic stresses associated with each type of activity. In “isotonic” or “high 

dynamic exercise” activities like long-distance running, cycling, and swimming, the alterations 

in left ventricular (LV) architecture could be considered a form of eccentric remodelling, 

characterized by increases in both chamber size and LV mass. This is similar to those observed 

in chronic volume overloads [8]. D’Andrea et al. also reported significantly greater LV end-

diastolic diameter in endurance-trained athletes compared to strength-trained athletes and 

control participants [9]. 

However, recent researches [10, 11] have revealed a more complex scenario on the 

geometric patterns observed in the athlete's heart. Endurance-trained runners, traditionally 

thought to develop purely eccentric left ventricular hypertrophy, exhibited a more significant 

increase in wall thickness than expected. In contrast, strength-trained athletes, including 

weightlifters, throwers, and bodybuilders, typically associated with developing purely 

concentric left ventricular hypertrophy, exhibited augmented absolute and relative wall 

thickness alongside a significant increase in left ventricular diameter. These findings align with 

Spirito et al.'s extensive study involving 947 elite athletes across 27 sports, focusing on athlete's 

heart morphology [12]. This expanding body of research highlights the complex myocardial 

adaptations in athletes and underscores the need for further investigation to achieve a 

comprehensive understanding of cardiac morphology in various sports and its differentiation 

from pathological conditions. 

Elite athletes often exhibit distinctive cardiac electrical adaptations, characterized by a 

reduced resting heart rate and increased heart rate variability (Figure 1). These adaptations are 

primarily attributed to enhanced autonomic nervous system control over the heart and are 

considered indicators of cardiovascular fitness and training-related myocardial remodelling 

[13]. Heart rate variability (HRV) reflects the balance between sympathetic and 

parasympathetic influences on the heart. In well-trained athletes, HRV tends to be higher, 

indicating superior autonomic nervous system control over the heart [14]. This increased HRV 

enhances cardiovascular performance during both rest and exercise by promoting efficient 

energy utilization and overall cardiovascular health. Investigating HRV is an important 

indicator of workout efficiency and post-workout recovery. 
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Figure 1. A Poincaré plot, provided to facilitate a deeper understanding of the marked increase in 

RR interval variability. This dataset was collected from the same trained dog both before and after a 

16-week training regimen. 

However, a recent study by Boyett et al. suggested that training-induced bradycardia in rats 

may be due to reduced expression of the “hyperpolarization-activated cyclic nucleotide-gated 

potassium channel 4” (HCN4) gene, specifically the downregulation of channels conducting 

the cardiac pacemaker or “funny” (If) current, rather than changes in cardiac autonomic 

regulation [15]. This finding challenges the conventional understanding of bradycardia in elite 

athletes. Nevertheless, translating these findings from rats to humans requires further research 

to confirm their relevance to human athletes.  

1.3 Sudden cardiac death in athletes: a multifactorial perspective 

Sudden cardiac death (SCD) among athletes is defined as an abrupt, unexpected, non-

traumatic event occurring during or shortly after sports activities. The leading causes of SCD 

are predominantly underlying cardiac issues, such as arrhythmias or structural heart 

abnormalities [16]. 

The timeframe for classifying a death as SCD among athletes can vary, with some 

definitions focusing on events during or shortly after exertion (within an hour), while others 

encompass any SCD event involving an athlete, whether during physical activity or at rest. 

Additionally, some definitions include cases of successfully resuscitated sudden cardiac arrest 

in athletes [16]. These variations in definitions contribute to a wide range of reported incidence 

rates, ranging from 1 in 3,000 to as low as 1 in 1 million [17].  Although SCD in athletes is 

relatively rare, its incidence is two to four times higher than in their non-athletic counterparts 
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[18]. For instance, data from Italy revealed a 2.8-fold greater risk of SCD among elite athletes 

compared to age-matched non-athletes [19]. 

Research on National Collegiate Athletic Association athletes has identified specific 

risk factors for SCD, including male gender and black race. Notably, male Division 1 basketball 

players face a risk estimated at over ten times that of the overall athlete population. While 

Marfan syndrome cases leading to aortic dissection are more common in male basketball 

players, they constitute only a small portion of SCD cases in this athlete subgroup [20], and the 

underlying reasons for this heightened risk are not fully understood. SCD seems to be more 

frequent among elite football and basketball players [20, 21] suggesting that individuals 

engaged in high dynamic and low isometric intensity sports face a higher risk of SCD. 

Emerging research indicates that chronic, high-level exercise in elite athletes can trigger 

cardiac arrhythmias, including atrial fibrillation [22, 23], ventricular fibrillation (VF), or 

sustained ventricular tachycardia (VT). These arrhythmias disrupt normal cardiac electrical 

activity, with VF and VT potentially leading to an abrupt cessation of effective cardiac output 

[24, 25], consequently resulting in SCD [26]. 

Various structural, electrical, and acquired cardiovascular abnormalities, such as 

hypertrophic cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy (genetic heart 

muscle diseases), and atherosclerotic coronary artery disease (CAD), are recognized as 

contributing factors to SCD in different scenarios. For example, CAD can lead to scar formation 

in the heart muscle, creating a substrate for the initiation and propagation of malignant 

arrhythmias in athletes, particularly those over 35 years old [27, 28]. 

Previously, SCD was attributed to ventricular fibrillation of ischemic origin, even in 

younger athletes. However, this explanation is questionable because SCD often occurs during 

warm-up, cool-down, or rest periods, challenging the notion that it primarily results from 

increased myocardial oxygen demand during peak performance. Therefore, the cause and 

underlying mechanism of sports-related SCD among young athletes require further exploration. 

In an astounding 3–6 % of cases, the exact cause of SCD remains elusive [28, 29]. Equally 

noteworthy, autopsy findings yield negative results [30], suggesting uninvestigated and still 

unknown factors contributing to these tragic events.  

A complex interplay of factors, classically referred to as the "arrhythmic triangle," may 

render athletes susceptible to life-threatening arrhythmias, such as Torsades de Pointes (TdP), 

even in individuals with ostensibly healthy hearts following prolonged and intensive training 

[31, 32]. According to this classical concept, arrhythmias occur when specific combinations of 

substrates, triggers, and arrhythmia-promoting modulators are present (Figure 2). It important 
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to note that, regardless of the underlying cause of bradycardia, a reduced heart rate in itself can 

result in a prolonged action potential duration and increased dispersion of cardiac 

repolarization. This phenomenon may contribute to an elevated arrhythmic substrate. 

Additionally, bradycardia, which leads to longer diastolic intervals, may enhance the likelihood 

of spontaneous diastolic depolarization reaching the firing threshold, potentially acting as an 

arrhythmia trigger [31]. Athletes have also been reported to exhibit a prolongation of the ECG 

QTc interval, bradycardia [33], and increased spatial and temporal dispersion of repolarization. 

This is evident through the extension of the TpTe interval and the short-term variability of the 

QT interval observed on the ECG [34]. For example, early research findings indicated elevated 

repolarization parameters in elite soccer players [34]. Furthermore, an increasing number of 

histopathological studies have explored the presence of fibrosis, a known arrhythmogenic 

substrate, in the left ventricular muscle of endurance athletes [35-38]. The elevated level of 

myocardial fibrosis can serve as a potential substrate for arrhythmias by reducing impulse 

conduction and disrupting impulse propagation. Triggers may originate from the pulmonary 

veins in atrial fibrillation [39] or Purkinje fibres in ventricular fibrillation [40].  

Postulated contributory mechanisms include inherited arrhythmia disorders, such as 

long QT syndrome (LQTS) and Brugada syndrome [41, 42], electrolyte imbalances, 

autonomous nervous system (ANS) dysregulation, certain drugs prolonging the QT interval of 

the ECG [43], and performance-enhancing drugs associated with exercise.  

 

Figure 2. A. The “triangle of arrhythmogenesis”, the interaction of trigger-substrate-modulator 

leading to arrhythmias [31, 44]. B. schematic representation of re-entry in tissue, showing variations 

in early and late repolarization due to short or long action potential durations (“substrate”). A premature 

beat or extrasystole (ES) (“trigger”, marked with red arrows) can only propagate through pathways 
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where cells are not in a refractory state, and their action potentials are in their vulnerable periods (1, 3, 

4, and 6). It gets blocked in directions where cell action potentials are in the refractory period (2 and 5). 

Abnormal impulses can follow re-entry paths created by inhomogeneous repolarization (7), restarting 

this circuit. The interactions between triggers and substrates are strongly influenced by modulators. ERP, 

effective refractory period. This figure has been modified from Varró and Baczkó (2010) [31] with 

permission. 

 

These factors may collectively contribute to cardiac repolarization inhomogeneity, 

potentially leading to life-threatening arrhythmias [31, 45]. While these adaptations may appear 

insignificant individually, their cumulative effects, along with other factors, may significantly 

predispose athletes to arrhythmias. This multifactorial understanding (Figure 3) of SCD among 

elite athletes challenges the conventional perception of top athletic hearts as models of health 

and vitality, emphasizing the need for ongoing research in this field, both at the level of in vivo 

individuals and cellular electrophysiological levels. 

 

 

Figure 3. Dose–response relationship between exercise and cardiovascular morbidity. It 

emphasizes that higher levels of physical activity reduce the risk for multiple health outcomes but start 

to plateau beyond 300 minutes per week.  Vigorous exercise at a competitive level may even be harmful 

to the cardiovascular system [4, 5]. For example, inhomogeneous repolarization can lead to re-entry 

pathways, and during a vulnerable period, an extrasystole can trigger ventricular arrhythmias, such as 

ventricular fibrillation (VF), potentially resulting in sudden cardiac death. 
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1.4 Enhancing translational research: non-rodent animal models for investigating 

cardiac adaptations to high-intensity exercise 

While there are numerous screening strategies for athletes, early detection of an 

increased susceptibility to sudden cardiac events in seemingly healthy individuals remains a 

challenge. Evaluating athletes presents diagnostic complexities, particularly in distinguishing 

physiological adaptations with associated electrocardiographic and echocardiographic changes 

characteristic of the "athlete's heart" from cardiac pathologies that could lead to sudden cardiac 

death. The study of the intricate mechanisms underlying sports-related SCD in humans is a 

formidable task, often constrained or even impossible. Therefore, there is a compelling need 

for more fundamental research to assess the physiological adaptations of the cardiovascular 

system and the regulatory mechanisms exerted by the autonomic nervous system on 

cardiovascular functions in athletes. 

Recent studies have highlighted the electrophysiological remodelling effects of high-

intensity exercise in animal models, including atrial fibrillation [22, 46], sinus bradycardia [47], 

and atrioventricular node dysfunction [48]. Additionally, investigations have revealed fibrotic 

changes in the hearts of rodents following chronic, high-intensity exercise, accompanied by 

diastolic dysfunction in both left and right ventricles. These findings were associated with an 

increased vulnerability to supraventricular arrhythmias [49]. 

It is essential to note that a significant portion of animal experiments focused on chronic 

endurance training-induced atrial fibrillation have been carried out in mice or rats. However, 

these rodent models differ significantly from humans in terms of cardiac function, including 

heart rate and repolarization properties [22, 46, 47, 49]. To address these differences and 

improve the translational relevance of our research, we have carefully selected animal non-

rodent animal models that closely mimic human cardiac morphological, electrophysiological, 

and autonomic neural properties. Our rabbit and dog models offer valuable insights into the 

electrophysiological characteristics of the athlete's heart and the heightened risk of ventricular 

arrhythmias associated with strenuous exercise. To the best of our knowledge, apart from a 

recent report on atrioventricular dysfunction in racehorses [48], no experimental studies in 

larger animals with higher translational relevance have been conducted. Rabbits provide a more 

cost-effective and experimentally suitable option for investigating cardiovascular adaptations 

related to exercise, while canines, due to their stronger resemblance to human cardiac 

electrophysiology, emerge as ideal candidates for exploring the effects of endurance training at 

levels similar to those experienced by elite athletes.  
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2. AIMS OF THE STUDY 

The present study was designed to develop and characterize animal models that closely 

mimic human cardiac physiology. Its primary aim is to enhance our understanding of the 

physiological effects of chronic vigorous exercise on cardiac structure and function within the 

athlete's heart. Furthermore, special attention was given to identifying potential adverse changes 

in myocardial structure and function and increased arrhythmia sensitivity in both in vivo and ex 

vivo settings. 

The primary aims of this study are as follows: 

I. To gain a comprehensive understanding of the complex electrophysiological changes 

resulting from prolonged intense exercise, particularly in non-rodent species that closely 

resemble the human heart in terms of electrophysiological properties. 

II. To investigate potential adverse myocardial morphological and functional alterations 

induced by sustained intensive exercise training. 

III. To assess whether prolonged intense exercise leads to increased susceptibility to 

arrhythmias in both in vivo and ex vivo settings. 

IV. To evaluate the influence of chronic anabolic steroid treatment on cardiac structure and 

function in animals subjected to long-term exercise regimens.  
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3. MATERIALS AND METHODS 

3.1 General methods 

Animal maintenance and research were conducted in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. All procedures 

involving animals were 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) and conformed to the rules and principles of the 2010/63/EU Directive. The 

animals were purchased from an experimental animal breeder, Ásotthalom, Hungary (breeder’s 

authority approval number: XXXV/2018) certified by the Department of Animal Health and 

Food Control of the Ministry of Agriculture and Rural Development, Hungary. 

3.2 Experimental set-up and training protocols  

Our experiments consisted of two main sets. In the first set, for model setup, we used 

New Zealand white rabbits aged 11 months, weighing 3.5-4.0 kg, and mongrel dogs aged 12-

18 months, weighing 7.0-7.5 kg, of both sexes. The animals were randomly assigned to 

sedentary groups (SED, rabbits n = 7; dogs n = 2) and exercised (EX rabbits n = 7; dogs n = 2) 

groups. In the second set of experiments involving dogs, a doping group (DOP, dogs n = 2) was 

introduced, receiving long-acting anabolic-androgenic steroid (AAS) medication, testosterone 

undecanoate (Nebido, Bayer AG, Germany), via intramuscular injection at a dosage of 14.3 mg 

per kg of body weight at four-week intervals. See the protocol in Figure 4A and Figure 4B. 

Running sessions were conducted using a custom treadmill system for rabbits with two 

separate corridors and a specialized canine treadmill system (Dogrunner K9 Racer Treadmill, 

Dendermonde, Belgium) with adjustable gradient and speed intensity for dogs. EX and DOP 

animals underwent a 16-week training session, while the SED group did not participate in 

training. Before starting the experiments, animals were conditioned to the training protocol, 

becoming familiar with research personnel and undergoing a few minutes of continuous 

walking on the treadmill to minimize distress. 

The protocol began with a 2-week warm-up period, followed by training sessions 

conducted 5 days a week. Rabbits underwent daily 20-minute running sessions at speeds 

between 2.5 and 3 km·h−1, while dogs engaged in two 90-minute sessions per day, with speeds 

ranging from 6 to 10 km·h−1, all sustained over a 16-week period. Training intensity was 

maintained by adjusting the inclination, which ranged between 5 % and 12 %. Training sessions 
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for DOP dogs were identical to those for TRN dogs, ensuring that any observed effects of 

testosterone could not be attributed to varying training conditions. Blood samples were 

collected from dogs via the cephalic or saphenous vein and serum testosterone levels were 

measured.

 

Figure 4. Experimental protocol for both rabbits (A) and dogs (B). Continuous lines correspond to 

the groups that did not participate in training sessions (SED), while dotted lines represent groups that 

engaged in training sessions (EX and DOP). The timeline of the experiments is illustrated, including 

various procedures and challenges: ECHO, Echocardiography; ECG, Electrocardiography; BL, Blood 

collection; DOF, intravenous dofetilide challenge (0.035 mg/kg); ATR, intravenous atropine sulphate 

challenge (0.04 mg/kg); T, intramuscular testosterone-undecanoate treatment, (14.3 mg/kg).  

C. information about the second set of experiments conducted on dogs, outlining the conditioning and 

training period, as well as summarizing the in vivo and in vitro experiments performed. The symbols in 

the figure represent the in vivo studies conducted during the 16-week-long vigorous training. On the 

right side, the in vitro experiments are listed. SAN, sino-atrial node; APD90, action potential duration 

measured at 90 % repolarization. 

Following promising initial results with rabbit and canine models, we proceeded to the 

next phase of experiments using beagle dogs, who underwent a more intense treadmill exercise 

program compared to the previous canine experiments. After a three-week conditioning period, 

beagle dogs of both sexes, weighing 9–15 kg, were randomly divided into sedentary (SED, n = 

12) and trained (TRN, n = 12) groups. TRN animals underwent a 16-week training period, while 
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the SED group remained untrained. During this 16-week period, TRN animals trained for 5 

days a week. These training sessions included 2x90-minute sessions per day with speeds 

ranging from 12 to 18 km·h−1 (gradually increasing protocol) and 2×50-minute interval 

running sessions at fixed speeds of 4 and 22 km·h−1. Regular rest periods were included to 

maintain proper hydration, with daily training interruptions not exceeding 1.5 hours. Training 

intensity was controlled by adjusting the inclination between 5 % and 14 %.  Figure 4C 

summarizes the in vivo and in vitro experiments performed. 

3.3 Echocardiography measurements 

At 0 and 16 weeks of the training protocol, two-dimensional M-mode and Doppler 

echocardiographic examinations were conducted on orally acepromazine-sedated rabbits and 

dogs, following the American Society of Echocardiography criteria. An 11.5 MHz transducer 

(GE 10S-RS, GE Healthcare, Chicago, IL, USA) connected to an echocardiographic imaging 

unit (Vivid S5, GE Healthcare, Chicago, IL, USA) was used. All parameters were in a 

randomised and blinded manner, calculating mean values from three measurements for 

statistical evaluation. 

Various cardiac parameters were evaluated. Left atrial volume (LAV) was measured 

from standard apical 4-chamber views at end-systole and it was corrected for body surface area 

(LAVi, left atrial volume index). Left ventricular end-systolic and diastolic diameters (LVESD 

and LVEDD) were measured by means of M-mode echocardiographic images from long-axis 

and short-axis views between the endocardial borders. Wall thickness parameters (LVPW, 

thickness of the left ventricular posterior wall and IVS, interventricular septal thickness) were 

obtained from parasternal short-axis view and long-axis view. Left ventricular mass (LVM) was 

calculated using the following formula: LVM (g) = 0.0008 x {[1.04 x (LVEDD+LVPW+IVS) 3 

– LVEDD3] + 0.6}. Left ventricular mass index (LVMi) was then calculated by dividing the 

LVM by the body surface area (BSA). 

The IVS and LVPW parameters were normalized to body weight (BW), while LVESD, 

LVEDD parameters, end-systolic and diastolic volumes (ESV and EDV) were normalized to 

body surface area (BSA). Animal body weight was measured immediately before 

echocardiography. The BSA calculation method for dogs was based on Cornell et al. [19]. 

To determine ejection fraction (EF), the echocardiography device, which featured built-

in software, employed the Teicholz formula: End-diastolic volume (EDV) = [7 / (2.4 + 

LVEDD)] x LVEDD3; End-systolic volume (ESV) = [7 / (2.4 + LVESD)] x LVESD3; Left 

ventricular Ejection fraction (EF) = (EDV - ESV) / EDV. 
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3.4 Electrocardiography measurements 

In anaesthetized rabbits, ECG recordings were conducted using subcutaneously placed 

needle electrodes in all four limbs following the method of Farkas et al. [50]. For conscious 

dogs, precordial leads were utilized for ECG recordings at both 0 and 16 weeks, as described 

by Polyák et al. [51]. ECG data were recorded simultaneously using National Instruments data 

acquisition hardware (PC card, National Instruments, Austin, TX., U.S.A.) and SPEL Advanced 

Haemosys software (version 3.26, Experimetria Ltd. and Logirex Software Laboratory, 

Budapest, Hungary).  

Various ECG intervals were measured, including RR, PQ, QRS, QT, and Tpeak-Tend 

(TpTe) intervals by manually positioning on-screen markers on 40 consecutive sinus beats 

recorded at the 10th minute after initiation of the recording. Mean values were then calculated. 

Heart rate was derived from the RR interval. 

Since the QT interval is influenced by heart rate, baseline data for ventricular heart rates 

and QT intervals were used to establish the relationship between the RR interval and QT interval 

in sinus rhythm, following the method of Kui et al. [52]. Simple linear regression demonstrated 

a positive correlation between QT and RR intervals in rabbits (QTrabbit = 0.354·RR + 51.7) and 

dogs (QTdog = 0.04·RR + 188.5). The equations were rearranged to calculate the rate-corrected 

QT interval in rabbits at an RR interval of 295 ms (corresponding to a ventricular rate of 203 

beats·min−1) using the formula QTcx = QTx – 0.354·(RRx-1 – 295), and in dogs at an RR interval 

of 613 ms (corresponding to a ventricular rate of 98 beats·min−1) using the formula QTcx = 

QTx – 0.04·(RRx-1 – 613). These equations enable the calculation of QTc-rabbit and QTc-dog, 

effectively eliminating the influence of heart rate when plotted against the corresponding RR 

interval, resulting in a regression line with a slope of zero. 

Parameters related to beat-to-beat variability and instability of RR and QT intervals, 

such as the “root mean square of successive differences” (rmsSD-RR) and the “short-term 

variability” of the QT intervals (STV-QT), were derived from 40 consecutive sinus beats, using 

methods described earlier [51, 53]. 

Arrhythmia incidence was assessed by reviewing offline ECG recordings collected over 

three 20-minute sessions on three consecutive days during the 16th week. Definitions for 

ventricular tachyarrhythmias from Lambeth Conventions [54] were applied, along with all other 

ventricular arrhythmia definitions from Lambeth Conventions (II) [55]. The total number of 

arrhythmic beats was calculated as the sum of all ventricular arrhythmic beats in any type of 

arrhythmia. 
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3.5 Atropine and heart rate response in canines in vivo 

In conscious dogs at week 16, we evaluated the heart rate response by intravenously 

administering the parasympatholytic agent atropine sulphate (Egis Pharmaceuticals PLC, 

Budapest, Hungary). After recording resting ECGs for 20 minutes (Baseline), we administered 

0.04 mg per kg atropine, dissolved in saline. The mean values of 40 consecutive RR intervals 

were measured during the drug-free control period (T1) and at 2-minute intervals for a total 

duration of 50 minutes after atropine treatment (T2). 

3.6 Dofetilide and QT interval prolongation challenge in canines in vivo 

In heavily trained conscious dogs, dofetilide, a class III antiarrhythmic agent, was 

administered at 0 and 16 weeks to evaluate its potential to prolong the QT interval and test 

proarrhythmic sensitivity before and after a long-term training protocol. Control ECG data were 

recorded for 20 minutes, and resting ECG values were determined at the 19th minute after the 

start of recording (Baseline; 1 minute before dofetilide treatment). Then, intravenous dofetilide 

was administered as a bolus at a dosage of 0.035 mg per kg. ECG intervals were measured 15 

minutes after dofetilide administration, in the 40th experimental minute (Dof). The SED and 

TRN experimental groups were compared. Dofetilide was dissolved in dimethyl sulfoxide 

(DMSO) and obtained from Sigma-Aldrich, Inc. (Vienna, Austria). 

3.7 Open-chest arrhythmia provocation in anaesthetised canines  

Following premedication with 0.5 mcg/kg intravenous sufentanyl (Sufentanyl Torrex 5 

µg/ml; Chiesi Pharmaceuticals GmbH, Vienna, Austria) and anaesthesia induction with 150 

mg/kg intravenous pentobarbital (Release 300 mg/ml; WDT, Garbsen, Germany), left 

thoracotomy was performed on all animals (SED, n = 10; TRN, n = 10). The dogs were 

endotracheally intubated and mechanically ventilated (UGO Basile S.R.L. respirator; 

Biological Research Apparatus VA Italy). Physiological parameters (non-invasive blood 

pressure, oxygen saturation, and electrocardiography) were continuously monitored during 

surgery and experiments (InnoCare-VET Patient Care Monitor; Innomed Medical Inc., 

Budapest, Hungary). The ECG was recorded using precordial leads and digitized as described. 

Under pentobarbital anaesthesia, an epicardial pacemaker electrode (Biotronik Solia S 

60; Biotronik Hungary Ltd., Hungary) was positioned into the left ventricular apex and 

connected to a pacemaker (Effecta D; Biotronik Hungary Ltd., Hungary). Pacemakers were 

programmed in VVI (V – pacing in the ventricle; V – sensing in the ventricle; I – inhibit) mode 

using Biotronik IC: 4808A-Renamic programmer to prevent the potential bradycardic effects 

of general anaesthesia, which could lead to hemodynamic instability. In VVI pacing mode, the 
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pacemaker is designed to sense the electrical activity, and initiate pacing at a pre-programmed 

rate when no electrical impulse is detected, but pacing is inhibited if an electrical impulse is 

detected. However, the pacemakers were not activated in our experiments due to the absence of 

bradycardia. Ventricular threshold was measured before arrhythmia induction in all animals. 

Ventricular pacing was set to three times the measured threshold in unipolar electrode 

configuration. 

Ventricular arrhythmia inducibility and incidence were tested in both groups using 

consecutive ventricular burst pacing for varying durations (1, 3, 6, and 9 seconds), using Effecta 

D pacemaker in unipolar electrode configuration, with a pacing frequency of 800 beats per 

minute. Ventricular stimulation was delivered epicardially into the apex of the left ventricle with 

a three-fold threshold level. The incidence of induced arrhythmias was compared between 

control and trained animals during the experiments.  

3.8 Morphometry and histology 

At the end of the training protocol, rabbits were anticoagulated with sodium heparin and 

anesthetized with 80 mg/kg of sodium pentobarbital injected into the marginal ear vein.  Hearts 

were rapidly removed via thoracotomy. For dogs, at the end of open-chest arrhythmia 

provocation, an intravenous injection of 400 IU/kg of sodium heparin and a sedative (1 mg/kg 

of xylazine, intravenously) were administered, followed by euthanasia with 150 mg/kg of 

intravenous pentobarbital sodium. After confirming the disappearance of the corneal reflex, the 

hearts were excised. 

The atria were removed from the hearts, and ventricles were weighed separately. Left 

ventricular mass index (LVMi) was calculated by dividing the measured LVM by the BSA. 

Ventricular (LVPW) and septal (IVS) wall thicknesses were also measured using a digital 

calliper, and were normalized to body weight (BW). 

Samples were taken from the ventricular free wall for histology. Paraffin sections were 

stained with Crossman’s trichrome staining to identify collagen deposition. An independent 

pathologist performed semi-quantitative analysis, scoring the degree of interstitial fibrosis as 

follows: 0 = negative; 1 = mild; 2 = moderate. 

3.9 Conventional microelectrode techniques in canine hearts 

For the investigation of heavily trained canine hearts, action potentials were recorded in 

left ventricular papillary muscle preparations obtained from the hearts of the trained and 

sedentary dogs using the conventional microelectrode techniques previously described in detail 

[56]. Briefly, the preparations were mounted in a tissue chamber of 50 ml volume individually. 
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The experiments were performed using a modified Locke’s solution with the following 

composition (in mM): (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 95 % O2 

and 5 % CO2 at 37 °C. Each preparation was stimulated through a pair of platinum electrodes, 

maintaining a constant basic cycle length of 1000 ms. Transmembrane potentials were recorded 

after an equilibration period of 60 minutes following mounting, using conventional glass 

microelectrodes filled with 3 M KCl. Measurements were excluded from analysis if the resting 

membrane potential of the recorded action potential was more positive than -70 mV and/or if 

the action potential amplitude was less than 90 mV. 

3.10 Patch-clamp measurements in canine hearts 

Ventricular myocytes were enzymatically dissociated as previously described [57]. A 

single droplet of cell suspension was placed in a transparent recording chamber mounted on the 

stage of an inverted microscope (Olympus IX51, Olympus, Tokyo, Japan). 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 gravity. Only rod-shaped cells with clear striations 

were used. The normal superfusate was 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, 

pH 7.4). 

Micropipettes were made 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). All patch-clamp experiments were conducted at 37°C. 

3.10.1 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 micropipettes were filled with a special 

solution (composition in mM: CsCl 125, TEACl 20, MgATP 5, EGTA 10, HEPES 10, pH 

adjusted to 7.2 with CsOH). 
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3.10.2 Measurement of potassium currents 

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 

pipette solution composition (in mM) was: 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 recording IKr, selective IKs blocker HMR-1556 (0.5 µM) was used 

to inhibit IKs. For IKs measurements, IKr was blocked with 0.1 µM dofetilide, and the bath 

solution contained 0.1 µM forskolin. 

3.10.3 Measurement of late sodium current 

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

mV from holding potential of -120 mV with pulsing cycle lengths of 5 seconds. After 5–7 

minutes of drug incubation, the external solution was replaced with a solution containing 20 

µM TTX, which at this concentration completely blocked the 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 to block ICaL, IKs and IKr currents. The pipette solution composition (in 

mM) was: CsCl 125, TEACl 20, MgATP 5, EGTA 10, HEPES 10, pH was adjusted to 7.2 by 

CsOH). 

3.10.4 Measurement of NCX current 

To measure the Na+/Ca2+ exchanger current (INCX), the method of Hobai et al. [58] was 

applied. The NCX current is defined as a Ni2+-sensitive current and measured in a special K+-

free solution (composition in mM: NaCl 135, CsCl 10, CaCl2 1, MgCl2 1, BaCl2 0.2, NaH2PO4 

0.33, TEACl 10, HEPES 10, glucose 10 and ouabain 20 µM, nisoldipine 1 µM, and lidocaine 

50 µM, at pH 7.4) as described earlier in detail [57]. 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, pH was adjusted to 7.2 by CsOH. 

3.10.5 Measurements of single cell action potentials 

Measurements of single cell action potentials were conducted using the perforated 

patch-clamp technique on isolated left ventricular myocytes obtained from both trained and 

sedentary canines. The membrane potential was recorded in current clamp configuration. The 

myocytes were paced with a rapid rectangular pulse (ranging from 0 to 180 mV, 5 ms) at a 

frequency of 1 Hz to elicit the action potential. A normal Tyrode solution was used as the 

extracellular solution containing (in mM): 144 NaCl, 0.4 NaH2PO4, 4 KCl, 0.53 MgSO4, 1.8 
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CaCl2, 5.5 glucose and 5 HEPES, titrated to pH = 7.4. 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. Additionally, 50 µM β-escin was added to the pipette solution to achieve the 

membrane patch perforation. Membrane voltage recordings were obtained by using an 

Axoclamp 1-D amplifier (Molecular Devices, Sunnyvale, CA, USA) connected to a Digidata 

1440A (Molecular Devices, Sunnyvale, CA, USA) analogue-digital converter. The membrane 

voltage was recorded by Clampex 10.0 (Molecular Devices, Sunnyvale, CA, USA), with a 

minimum of 60 beats recorded for each measurement. The action potential duration was 

measured at 90 % repolarization (APD90). Short-term APD variability (STV-APD) was 

calculated based on the analysis of 30 consecutive action potentials. 

3.11 Western blot analysis of KChIP2 and Kv4.3 proteins in canine hearts 

Membrane fractions were isolated from myocardial samples of TRN (n = 12) and SED 

(n = 12) dogs, obtained from the left ventricular free wall, using a previously described method 

(Papp et al., 2007). Protein concentrations were determined using the Lowry method, and 20 

µg of each sample was separated on 8 % polyacrylamide gels and subsequently transferred to a 

polyvinylidene difluoride (PVDF) Western blotting membrane. The membrane was blocked 

with 2.5 % non-fat milk for 1 hour at room temperature and then immunolabelled overnight at 

4 °C with anti-KChIP2 (Alomone, #APC-142, RRID:AB_2756744) and anti-Kv4.3 (Alomone, 

#APC-017, RRID:AB_2040178) primary antibodies, both diluted at 1:1000. This was followed 

by incubation for 1 hour with Goat anti-Rabbit IgG-HRP (SouthernBiotech, 4030-05, 

RRID:AB_2687483) secondary antibody at a dilution of 1:8000. Band densities were detected 

with ECL Prime Western Blotting Detection Reagent (GE Healthcare) and a ChemiDoc 

Imaging System (Bio-Rad). Equal loading was confirmed by glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) labelling (Thermo Fisher, PA1-988, RRID: AB_2107310). The pixel 

intensity of each band was measured using ImageJ software. Three parallel Western blots were 

performed for statistical analysis. 

3.12 Immunocytochemistry of KChIP2, Kv4.3, and HCN1, HCN2, and HCN4 proteins 

in canine hearts 

Cardiomyocytes were isolated from left ventricular tissue of TRN (n = 6) and SED (n = 

6) dogs and then fixed on glass coverslips using acetone [59]. Prior to immunolabelling, 

samples were rehydrated with calcium-free phosphate-buffered saline (PBS) and blocked for 1 

hour with PBST (PBS with 0.01 % Tween) containing 2.5 % bovine serum albumin (BSA) at 

room temperature. Following the incubation period, cells were labelled overnight at 4 °C with 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/western-blot
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anti-KChIP2 (Alomone, #APC-142, RRID:AB_2756744), anti-Kv4.3 (Alomone, #APC-017, 

RRID:AB_2040178), anti-HCN1 (Alomone, #APC-056, RRID:AB_2039900), anti-HCN2 

(Alomone, #APC-030, RRID:AB_2313726) and anti-HCN4 (Alomone, #APC-052, 

RRID:AB_2039906) primary antibodies diluted 1:50. Subsequently, the cells were incubated 

with goat anti-rabbit IgG Alexa Fluor 488 secondary antibody (ThermoFisher, A-11034, 

RRID:AB_2576217) at a dilution of 1:500 the following day. Fluorescent images were acquired 

using an LSM 880 (Zeiss) laser scanning confocal microscope. Images were quantitatively 

analysed by the ImageJ software. Control samples were incubated only with secondary 

antibodies.  

3.13 Gene expression of fibrosis markers in rabbit hearts using real-time qRT-PCR 

Real-time quantitative polymerase chain reaction (PCR) was performed on cardiac 

samples from exercised rabbits and their sedentary controls. Ribonucleic acid (RNA) was 

isolated from left ventricular free wall samples using the Direct-zol RNA MiniPrep (Zymo 

Research, Irvine, CA, United States, Cat. No. R2051). Complementary deoxyribonucleic acid 

(cDNA) molecules were synthesized from messenger ribonucleic acid (mRNA) templates by 

reverse transcription, using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Waltham, MA, United States, Cat. No. 4368814). Real-time PCR was conducted 

with gene-specific primers and SYBR green (Thermo Fisher Scientific, Waltham, MA, United 

States, Cat. No. K0222) on the ABI PRISM R 7000 Sequence Detection System (Thermo Fisher 

Scientific, Waltham, MA, United States, Cat. No. K0222). After each run, a melting point 

analysis was performed by measuring fluorescence intensity. The expression levels of genes 

encoding fibrotic biomarkers were examined, including transforming growth factor-β1 (TGF-

β), fibronectin-1 (FN-1), pro-alpha1 chain of type I collagen (COL1A1), pro-alpha1 chain of 

type III collagen (COL3A1), matrix metalloproteinase-2 (MMP-2), and tissue inhibitor of 

metalloproteinase-1 (TIMP-1). The relative copy numbers of mRNAs were calculated by 

normalizing each cDNA to the geometric average of β-actin (ACTB), signal recognition-

particle assembly 14 (SRP14), and ribosomal protein S5 (RPS5) expression. 
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4. STATISTICS  

IBM SPSS Statistics V25, Microsoft Excel (Microsoft Office Professional Plus 2016) 

and Origin software (2021b, OriginLab) packages were used for statistical analysis. Continuous 

data were expressed as mean ± standard error of the mean (S.E.M.). Each figure indicates the 

number of observations made (’n’), representing the biological replicates of the experiment. 

The ’n’ refers to the number of animals, except for action potential, patch clamp, Western 

blotting, and immunocytochemistry measurements, where it refers to the number of 

preparations/cells, followed by the number of animals from which preparations/cells were 

obtained. 

After assessing the normality of our data using Kolmogorov-Smirnov test, paired and 

unpaired Student's t-test were applied to estimate whether there was a statistically significant 

difference between the means of the self-control or independent group arrangements, 

respectively. When data did not follow normal distribution, Mann–Whitney U test was applied 

instead of Student's t-test. When data could be described by a discrete variable, the chi-square 

(χ2) test was applied. Data were considered statistically significant when p ≤0.05. 
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5. RESULTS 

5.1 Sustained exercise-induced cardiac hypertrophy and fibrosis  

This chapter outlines the impact of 16 weeks of endurance training on various animal 

groups, including rabbits (SED and EX groups), dogs (SED, EX, and DOP groups), and dogs 

subjected to more intense endurance training (SED and TRN groups). The primary focus was 

to assess changes in their left ventricular cardiac parameters using echocardiographic 

measurements and histological findings.  The 16-week training program resulted in significant 

cardiac adaptations, with more pronounced effects seen in vigorously trained dogs. 

Specifically, the 16-week training regimen led to a significant increase in the left 

ventricular end-diastolic diameter (LVEDD) in EX rabbits, with a similar trend in EX dogs. 

Both EX rabbits and dogs showed a moderate increase in the internal end-systolic diameter of 

the left ventricle (LVESD). Notably, there were no significant differences in the thickness of 

the left ventricular posterior wall (LVPW) or the interventricular septum (IVS) between the 

groups in either the rabbit or dog models. This suggests that endurance exercise training led to 

left ventricular dilation and enlargement without a concurrent increase in ventricular wall 

thickness. Ejection fraction (EF) and fractional shortening (FS) did not differ significantly 

among the groups. The influence of steroid on cardiac morphology was not prominent. 

After 16 weeks of more vigorous endurance training, the TRN dog group showed an 

increase in left atrial volume (LAV), indicating left atrial enlargement. Trained animals also 

exhibited thickening of the interventricular septum (IVS) and left ventricular posterior walls 

(LVPW), along with greater end-diastolic diameter (LVEDD) in the left ventricle and increased 

left ventricular mass (LVM and LVMi), indicating left ventricular hypertrophy in response to 

the increased workload. Trained dogs had a greater end-diastolic left ventricular volume, 

indicating that the left ventricle was holding more blood during the filling phase. Even when 

adjusting the echocardiographic parameters for body weight (IVS/BW; LVPW/BW) or body 

surface area (LAVi; LVESD/BSA; LVEDD/BSA; EDV/BSA), the differences between the 

trained and sedentary dogs persisted. This means that the observed cardiac changes were not 

solely due to differences in body size or weight. No significant differences were observed in 

end-systolic volume (ESV), ESV adjusted for body surface area (ESV/BSA), and ejection 

fraction (EF) between the trained and sedentary groups. Detailed echocardiographic parameters 

for the initial and subsequent sets of experiments are provided in Table 1 and Table 2, 

respectively. 
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Table 1. Echocardiographic measurements in rabbits (above) and dogs (below) after 16 weeks of 

endurance exercise. Refer to the text above for the complete descriptions of the abbreviations. All 

values are presented as means ± SEM. *p<0.05. 

 

Table 2. Echocardiographic measurements and autopsy findings in heavily trained dogs before 

(at 0th week, control measurements) and after (at 16th week) endurance training. Refer to the text 

above for the complete descriptions of the abbreviations. All values are presented as means ± SEM. *p 
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< 0.05 Trained vs. Sedentary group at 16th week. #p < 0.05 Trained group at 16th week vs. Trained group 

at 0th week. 

Autopsy results confirmed cardiac hypertrophy in trained canine hearts, as indicated by 

increased left ventricular mass index (LVMi), thickening of the interventricular septum 

(IVS/BW), and left ventricular posterior wall (LVPW and LVPW/BW) compared to sedentary 

hearts (Table 2). Additionally, semiquantitative fibrosis score analysis showed higher fibrosis 

levels in the left ventricles of trained canine hearts when compared to sedentary hearts (Figure 

5). These findings also align with the relative gene expression results observed in our exercised 

rabbit hearts. 

 

 
 

 

Figure 5. Increased level of myocardial fibrosis in the canine left ventricle. A. Representative 

histological images of left ventricular free-wall connective tissue visualized by Crossman’s trichrome 

staining taken from SED dogs (fibrosis score 0 = negative outcome), and the TRN dogs (fibrosis score 

1 = mild and fibrosis score 2 = moderate level of fibrosis). Black arrows indicate the presence of fibrosis. 

B. Bar chart showing the incidence of fibrosis, expressed as the percentage of the total number of 

animals, irrespective of the degree of fibrosis. C. Bar chart estimating the amount of scarring via fibrosis 

scoring in SED and TRN dogs. The n numbers refer to the number of dogs included. Data are expressed 

as mean ± SEM.*p < 0.05 TRN vs. SED group at 16th week. 
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5.2 The effect of training on heart rate and its variability in conscious canines and 

rabbits, and on spontaneous beating rate in isolated canine right atrial tissue 

preparations 

In our initial experiments, the ECG revealed prolonged mean RR intervals in all exercise 

groups of both dogs and rabbits, indicating the presence of training-induced bradycardia.  In 

canines exposed to the less intense training regimen, the RR interval changes were more subtle, 

with a slight prolongation of the RR interval observed in the doping group, but the differences 

did not reach statistical significance (Figure 6A and Figure 6B).  

Beat-to-beat variability parameters, such as root mean square (Rabbit RMS-RR EX vs. 

SED: 335 ± 15 vs. 288 ± 19 ms; Dog RMS-RR EX vs. DOP vs. SED: 660 ±  26 vs. 736 ± 7 vs. 

611 ± 57 ms), root mean square of successive differences (Rabbit rmsSD-RR EX vs. SED: 2.1 

± 0.5 vs. 1.3 ± 0.1 ms; Dog rmsSD-RR EX vs. DOP vs. SED: 236 ±  55 vs. 184 ± 48 vs. 159 ± 

73 ms), and standard deviation of the successive differences (Rabbit sdSD-RR EX vs. SED: 2.1 

± 0.5 vs. 1.4 ± 0.1 ms; Dog sdSD-RR EX vs. DOP vs. SED: 238 ±  56 vs. 218 ± 82 vs. 161 ± 

74 ms), tend to increase in both trained models, indicating vagal enhancement. 

 

Figure 6. The mean in vivo RR intervals in rabbits (A) and dogs (B) at 16th week. Data are expressed 

as mean ± SEM. ∗ p < 0.05 vs. Sedentary. 

In the second set of dog experiments, sustained training resulted in significant 

bradycardia (Figure 7A) and an increase in numerous heart rate variability parameters (e.g., 

rmsSD-RR, root mean square of successive differences of RR interval) in the TRN dogs (Figure 

7B) compared to the sedentary controls and their baseline values at week 0. 

To investigate changes independent of the autonomic nervous system, we examined the 

intrinsic beating rate in spontaneously beating isolated right atrial tissue preparations from SED 

and TRN dogs. The spontaneous rate was significantly slower in the trained canine tissue 
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preparations than in the sedentary subjects (Figure 7C), further indicating that the observed 

bradycardia in trained dogs is not entirely due to an enhancement of vagal tone. 

 

Figure 7. A. Heart rate, B. heart rate variability values in conscious dogs from the SED group at the end 

of the training protocol (16th week; n = 12 dogs), the TRN group before chronic endurance training (0th 

week; n = 12), and the TRN group after chronic endurance training (16th week; n = 12 dogs). RmsSD-

RR represents the root mean square of successive differences of RR interval. C. Spontaneous beating 

rate in isolated right atrial tissue preparations from SED (n = 11) dogs and TRN (n = 12) dogs. The ‘n’ 

numbers indicate the number of dogs included. Data are expressed as mean ± SEM. Blue dots represent 

individual data points. *P < 0.05 TRN vs. SED group at 16th week. # P < 0.05 TRN group at 16th week 

vs. TRN group at 0th week. 

 
 

Figure 8. Mean RR intervals in dogs after parasympatholytic atropine challenge at the 16th week. 

All values are presented as means ± SEM. ∗ p < 0.05 vs. ’Sedentary’. 
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5.3 Heart rate changes in heavily trained canines under atropine challenge 

Repetitive heart rate measurements during the drug-free period (prior to atropine 

challenge) confirmed the bradycardia induced by training in TRN dogs. Then, the continuous 

infusion of atropine failed to elevate the heart rate of the TRN group to the level of the SED 

group. Instead, a moderate increase in heart rate was observed in the trained animals (Figure  8), 

consistent with the findings of spontaneous heart rate measurements (Figure 7C). This 

indicates that the observed bradycardia in trained dogs may not be solely attributed to an 

enhancement of vagal tone. 

5.4 ECG changes and increased proarrhythmic response following long-term sustained 

training 

In our initial experiments with rabbits and dogs, there were no differences in 

depolarizing PQ and QRS intervals following the completion of the training protocol (Rabbit 

mean-PQ EX vs. SED: 74.0 ± 6.5 vs. 67.9 ± 2.0 ms; Dog mean-PQ EX vs. DOP vs. SED: 90.8 

± 8.0 vs. 95.2 ± 3.2 vs. 91.2 ± 3.5 ms; Rabbit mean-QRS EX vs. SED: 49.8 ± 4.2 vs. 56.5 ± 5.2 

ms; Dog mean-QRS EX vs. DOP vs. SED: 60.3 ± 3.6 vs. 56.5 ± 0.8 vs. 50.8 ± 9.3 ms).  

Heart rate-corrected QT intervals (QTc) also did not vary between the groups after the 

long-term physical exercise (Rabbit QTc: EX vs. SED: 169 ± 7.6 vs. 178 ± 5 ms; Dog QTc EX 

vs. DOP vs. SED: 218 ± 7.4 vs. 213 ± 16 vs. 204 ± 4.3 ms).  Some beat-to-beat QT variability 

values showed minor increases in EX rabbits (e.g., short-term variability (STV): EX vs. SED: 

4.4 ± 0.4 vs. 4.0 ± 0.5 ms), while no differences were observed in dogs (STV: EX vs. DOP vs. 

SED: 3.6 ± 0.2 vs. 2.8 ± 0.4 vs. 4.5 ± 0.7 ms).  

However, in heavily trained dogs, the 16-week sustained training protocol led to 

significant prolongation of RR, PQ, QT, heart-rate corrected QT (QTc), and TpTe intervals. It 

also widened the QRS complex on the electrocardiogram (Table 3). The prolonged QT interval 

was also associated with significantly increased QT interval variability (e.g., short-term 

variability of the QT intervals; STV-QT), indicating elevated dispersion of repolarization 

compared to sedentary controls after the training protocol (Table 3). 

As some arrhythmias occurred, we conducted an arrhythmia analysis in our heavily 

trained dogs. In conscious, sedentary (SED) animals, only a few ventricular beats were observed 

during the 3 x 20-minute ECG recordings at rest. However, trained (TRN) animals exhibited a 

significantly higher incidence of ventricular beats, as illustrated in Figure 9B. The majority of 

these ventricular beats were identified as ventricular escape beats, as shown in Figure 9A and 

Figure 9C. Although the incidence of premature beats was low in both experimental groups, 
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they were more prevalent in the TRN group compared to the sedentary subjects (Figure 9C). 

More complex arrhythmias were not observed at rest in either group. 

During electrical burst stimulation in open-chest, anaesthetized dogs, ventricular 

fibrillation was induced in 6 out of 10 TRN dogs, whereas only 3 out of 10 of the sedentary 

control dogs experienced ventricular fibrillation, as indicated in Figure 9D and Figure 9E. 

 

Table 3. The effect of 16-week-long vigorous training on electrocardiographic intervals in 

conscious dogs. Electrocardiographic parameters values were measured before (at 0th week, control 

measurements) and after (at 16th week) the training protocol. QT interval variability (“short-term 

variability” of the QT intervals; STV-QT). All values are mean ± SEM. *p < 0.05 TRN vs. SED group 

at 16th week. #p < 0.05 TRN group at 16th week vs. TRN group at 0th week. 

 

Figure 9. A. representative ECG recordings of escape beats and increased R-R interval variability at 

rest in a conscious TRN dog at 16th week. B. Bar chart plotting the increased incidence of different 
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ventricular extra beats (premature and escape) at rest in the TRN group vs. SED group at 16th week. C. 

average of premature and ventricular escape beats across animals at rest in conscious SED and TRN 

dogs at 16th week. D. Representative burst pacing ECG image in anaesthetized SED and TRN dogs at 

16th week. E. Bar chart plotting the increased incidence of ventricular fibrillation (VF) in the TRN group 

vs. SED group following burst arrhythmia provocation. The ‘n’ numbers refer to the number of dogs 

included. Data are expressed as mean ± SEM. Blue dots represent individual data. *P < 0.05 ’TRN’ 

vs. ’SED’ group at 16th week. 

5.5 Repolarization sensitivity to the proarrhythmic agent dofetilide in conscious canines 

To assess the repolarization sensitivity of athletes' hearts, an IKr inhibitor, dofetilide, was 

administered to dogs from both sets of experiments, as described in the exercise training (EX, 

DOP, and SED groups) and heavily intense training (TRN and SED groups) protocols for dogs 

in the methods, following the completion of the 16-week training program. As expected, 

dofetilide markedly increased the heart rate-corrected QT interval (QTc) in each group, with 

more pronounced QTc lengthening effect observed in animals that had undergone any kind of 

training protocol (Figure 10A and Figure 10B). There were no meaningful differences in QTc 

intervals between the exercised (EX) and doping (DOP) groups (Figure 10A). Nonetheless, the 

percentage of QTc prolongation calculated from baseline and post-dofetilide values did not 

differ significantly among the groups. This may indicate that the QTc lengthening effect induced 

by training and the QTc lengthening effect induced by dofetilide were additive but not 

superadditive in this experiment (QTc lengthening in percentage: EX vs. DOP vs. SED: 15 ± 2 

vs. 17 ± 2 vs. 8 ± 3 %; TRN vs. SED: 13 ± 2 vs. 16 ± 2 %). 

Dofetilide treatment increased the beat-to-beat variability and instability parameters in 

each examined groups, without significant difference between the groups (e.g., STV-DOF EX 

vs. DOP vs. SED: 4.7 ± 0.6 vs. 4.4 ± 1.0 vs. 4.6 ± 1.0 ms; STV-DOF TRN vs. SED: 4.5 ± 1.7 

vs. 3.6 ± 0.2 ms). Notably, between the heavily trained animals and their controls, an almost 

significant difference was found, suggesting some degree of more pronounced repolarisation 

inhomogeneity in those trained hearts.  

In canines subjected to the less intensive training program, there was a modest 

occurrence of ventricular premature beats during dofetilide perfusion, but no significant 

intergroup difference was observed. Complex arrhythmias, such as Torsades de Pointes, did not 

manifest during dofetilide perfusion across all groups (data not presented). In contrast, dogs 

subjected to the heavy training protocol exhibited an elevated frequency of ventricular beats, 

accompanied by the emergence of more complex arrhythmias, thereby heightening the risk of 

life-threatening arrhythmia development (Figure 10C). 
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Figure 10. The effect of the selective IKr channel inhibitor dofetilide on QTc interval lengthening 

in exercised, doping (A) and heavily trained dogs (B) as well as in their corresponding sedentary 

controls.  C. Number of arrhythmias after dofetilide treatment in the heavily trained dog group. 

‘Baseline’ represents the measurement taken 1 minute before dofetilide treatment, while ‘Dofetilide’ 

represents the measurement taken 15 minutes after intravenous bolus dofetilide administration at a 

dosage of 0.035 mg per kg. VPB, ventricular premature beat; Salvo, a run of 2 or 3 consecutive VPBs; 

Bigeminy, the minimum sequence VPB-normal sinus beat-VPB, in which the VPBs have the same shape 

and timing; VT, ventricular tachycardia, a run of four or more consecutive VPBs. Data are expressed as 

mean ± SEM. *p < 0.05 ’Dofetilide’ vs. ’Baseline’ time points at 16th week. 

5.6 Influence of prolonged training on cardiac APD and its short-term variability in left 

ventricular preparations of heavily trained sedentary and trained canines 

Cardiac ventricular action potentials were assessed in two distinct types of preparations: 

isolated left ventricular papillary muscles (subendocardial origin) and enzymatically isolated 

left ventricular single myocytes (midmyocardial origin). Figure 11B shows that the cardiac 

action potential duration at 90 % repolarization (APD90) of left ventricular papillary muscle 

preparations did not differ significantly between the groups. However, enzymatically isolated 

left ventricular myocytes from TRN dogs showed a significant lengthening of APD90 
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(Figure  11A and Figure 11C) and an increase in STV-APD (Figure 11D and Figure 11E) 

compared to SED animals. 

 

Figure 11. Various aspects of our study on the effects of long-term sustained training on cardiac 

action potential duration in dogs. A Left panel. Representative action potential curves recorded from 

isolated left ventricular myocytes of SED and TRN dogs, showing the prolonged action potential 

duration in TRN dog. Central (SED) and right (TRN) panels, 30–30 representative action potential 

curves, highlighting increased variability in action potential duration in TRN dogs, recorded from 

ventricular myocytes, respectively. B. presents a graph that illustrates the action potential duration at 

90 % repolarization (APD90) in SED and TRN dogs, recorded from papillary muscle (multicellular tissue 

preparations; n = 48 preparations/12 dogs in SED and n = 51 preparations/12 dogs in TRN groups). C. 

Graph showing the prolonged APD90 of enzymatically isolated left ventricular single myocytes from 

TRN dogs (n = 25 cells/7 dogs in SED and n = 29 cells/5 dogs in TRN groups). D. Representative 

Poincare plot demonstrating increased APD90 variability. E. Effect of long-term sustained training on 

APD90 variability of a single left ventricular myocyte (n = 18 cells/7 dogs in SED and n = 27 cells/5 

dogs in TRN groups). The ‘n’ numbers refer to the number of preparations or cells followed by the 

number of dogs from which preparations or cells were obtained. Data are expressed as mean ± SEM, 

with blue dots representing individual data points.  *p < 0.05 TRN vs. SED group at 16th week. 

5.7 Effects of chronic sustained training on various transmembrane ionic currents in 

canine left ventricular myocytes  

As Figure 12A shows, the magnitude of the Ito current was significantly smaller in 

myocytes obtained from the trained dogs compared to the sedentary animals. However, there 
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were no significant differences in the magnitudes of the INaL (Figure 12B), INCX (Figure 12C), 

L-type ICa (Figure 12D), IK1 (Figure 12E), IKr (Figure 12F), and IKs currents (Figure 12G). 

 

Figure 12. A. Effect of sustained training on transient outward potassium current (Ito); representative 

current recordings (left) and current-voltage relationships (right) in SED and TRN subjects. B and C. 

Graphs indicating that sustained training has no effect on either the late Na+ current (INaL) or the Na+/Ca2+ 

exchange current (INCX). D–12G, current-voltage relationships of the L-type Ca2+ current (ICaL), the 

inward rectifier K+ current (IK1), the rapid (IKr) and the slow (IKs) delayed rectifier K+ currents are similar 

for SED and TRN subject. Insets show the voltage protocols. The ‘n’ numbers refer to the number of 

cells followed by the number of dogs from which cells were obtained. Data are expressed as mean ± 

SEM. Blue dots represent individual data. *p < 0.05 TRN vs. SED group at 16th week. 

5.8 The relative density of transmembrane Kv4.3 and KChiP2 proteins in trained and 

sedentary canine hearts  

Further investigations were conducted to explore the molecular basis of the Ito current 

in the TRN dog heart. Specifically, the expression levels of the Kv4.3 alpha and KChiP2 beta 

channel subunits, which are considered the primary channel proteins underlying Ito, were 

assessed through Western blotting and immunocytochemistry measurements. As indicated in 

Figure 13A-F, no significant differences in the expression of Kv4.3 and KChiP2 proteins were 

observed between the left ventricular samples of the SED and TRN dog hearts. This suggests 

that the decrease in the magnitude of Ito current may be attributed to the changes in other less 
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well-characterized accessory proteins or alternatively to post-translational changes in ion 

channel proteins. 

 

Figure 13. A and B. Relative protein expression of Kv4.3 and KChiP2 subunits determined by Western 

blotting in left ventricular samples of SED (n = 12) and TRN (n = 12) dogs, respectively. C. 

Representative image of Kv4.3 and KChIP2 bands and their corresponding loading controls (GAPDH). 

D and E. Relative densities of Kv4.3 and KChiP2 protein immunolabelling obtained from SED (n = 30 

cells/6 dogs) and TRN (n = 30 cells/6 dogs) cardiomyocytes. F. Representative immunofluorescence 

images of canine cardiomyocytes with Kv4.3 and KChiP2 immunolabelling. The ‘n’ numbers refer to 

the number of dogs (12A and 12B) or the number of cells followed by the number of dogs from which 

the cells were obtained (12D and 12E). Data are expressed as mean ± SEM. Blue dots represent 

individual data. 

5.9 HCN4 channel upregulation in left ventricles after sustained training 

Immunocytochemistry of left ventricular myocytes in TRN dog hearts revealed 

significantly enhanced HCN4 protein expression compared to SED dogs (Figure 14A). No 

differences were observed in the expression of HCN1 and HCN2 proteins between the two 

groups (Figure 14B and Figure 14C). 

5.10 Gene expression of fibrosis biomarkers in rabbit hearts after 16 weeks of training 

The relative gene expression of fibrosis-related markers in rabbit left ventricular free 

wall was assessed after 16 weeks of endurance training. In the EX group, COL3A1, MMP-2, 

and TIMP-1 expression significantly increased compared to the SED group (Figure 15). 
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COL1A1 and FN-1 expression showed a modest, nonsignificant increase in the exercise group, 

while TGF-ß expression remained similar in both groups (Figure 15). 

 

Figure 14. A. Relative density of HCN4 protein immunolabelling obtained from enzymatically isolated 

left ventricular myocytes of SED (n = 30 cells/6 dogs) and TRN (n = 30 cells/6 dogs) groups. B and C, 

No significant changes in the relative density of HCN1 and HCN2 proteins immunolabelling in left 

ventricular myocytes from SED (n = 30 cells/6 dogs) and TRN (n = 30 cells/6 dogs) groups. 

Representative original immunofluorescence images are shown on the right. The ‘n’ numbers refer to 

the number of cells followed by the number of dogs from which the cells were obtained. Data are 

expressed as mean ± SEM. Blue dots represent individual data. *p < 0.05 TRN vs. SED group at 16th 

week. 

 

Figure 15. The relative expression levels of different fibrosis synthesis and degradation biomarker 

genes determined by real-time quantitative PCR (qRT-PCR). The mRNA levels were quantified in 
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tissue samples collected from the left ventricle (LV). The data are presented as mean ± SEM. *p < 0.05 

vs. “Sedentary”. 

5.11 Testosterone levels in canines  

Testosterone levels in DOP dogs' blood samples were higher over the 16-week training 

period than in the testosterone-free dogs (DOP vs. EX vs. SED in male: 19.4 ± 3.2 vs. 10.2 ± 

1.4 vs. 11.2 ± 1.4 nmol/l, p < 0.05; in female: 18 ± 4.1 vs. < 0.43 vs. < 0.43 nmol/l, p < 0.05). 

No differences were observed between the groups in any other examined laboratory parameters, 

including electrolytes, renal, and hepatic functions (data not shown).  
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6. DISCUSSION 

In this study, long-term endurance exercise was conducted on two non-rodent species 

with cardiac morphological, electrophysiological, and autonomic neural properties similar to 

humans. These animal models provided important insights into the electrophysiological 

characteristics of the athlete's heart and its associated elevated risk of ventricular arrhythmias. 

The main findings of the study include:  

1) Successful establishment of training protocols that address both morphology and 

electrophysiology, enabling the replication of the athlete's heart phenotype in two 

distinct, human-relevant animal models. 

2) Sustained endurance training in dogs resulted in athlete's heart characteristics, including 

left ventricular hypertrophy and increased atrial and ventricular volumes, while less 

intense training protocols in rabbits and dogs did not affect ventricular wall thickness. 

This underscores the impact of training intensity on cardiac remodelling. 

3) Sustained endurance training increased heart rate variability, indicating an increased 

parasympathetic tone, and decreased resting heart rate in both whole animal and in vitro 

experiments. These outcomes propose a parasympathetic impact and other factors 

besides vagal tone contributing to training-induced bradycardia. Parasympatholytic 

agent experiments in dogs further validated this hypothesis. 

4) Sustained endurance training consistently prolonged cardiac repolarization, resulting in 

in vivo ECG QTc lengthening and APD prolongation with reduced Ito current density in 

cellular measurements. These findings were associated with increased variability of 

cardiac repolarization, indicating impaired repolarization following intensive training. 

5) No significant differences were observed in the expression of Kv4.3 alpha or KChIP2 

beta accessory channel proteins between SED and TRN dog hearts, implying that 

reduced Ito current density may be influenced by other factors. 

6) Trained dogs from both experiments exhibited higher sensitivity to the QTc prolongation 

effect of the class III antiarrhythmic agent dofetilide during an in vivo proarrhythmic 

challenge, with an increase in the number and complexity of arrhythmias. However, the 

QTc lengthening effect induced by training and dofetilide was additive rather than 

superadditive in this experiment. 

7) Sustained endurance training increased the risk of ventricular fibrillation during 

electrical stimulation, indicating higher susceptibility to arrhythmias in trained dog 

hearts. 
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8) Sustained endurance training upregulated HCN4 channels in dog ventricular 

myocardium, potentially promoting arrhythmogenesis by enhancing ectopic electrical 

activity. 

9) Sustained endurance training increased fibrosis in dog ventricular myocardium and 

elevated the expression of fibrotic genes in rabbit hearts, potentially contributing to 

arrhythmia sensitivity by creating arrhythmogenic substrates. 

10) Administration of testosterone at a specific dose, along with a standardized endurance 

exercise program, did not induce an increase in cardiac muscle mass and had no 

significant impact on other structural and in vivo repolarization parameters in dogs. 

6.1 Animal models of the athlete's heart: Insights from rabbits and canines 

This study aimed to address the issue of increased unexpected death among elite athletes 

[19], which remains poorly defined, with underlying causes that are still open to investigation 

[29]. Our working hypothesis centred on exploring whether these tragic events are linked to 

changes in ventricular repolarization and fibrosis resulting from high-intensity exercise in 

competitive athletes [36, 60]. Due to various limitations, it is challenging to unravel the relevant 

mechanisms in humans; therefore, the use of suitable animal models with human relevance is 

essential. However, the model of choice needs to be considered carefully, since it vitally affects 

experimental outcomes. Larger animals, such as rabbit and dog characterize the human heart 

more accurately than those of smaller mammals in terms of oxygen uptake kinetics, cardiac 

mechanics, repolarization, excitation-contraction coupling, collateral coronary circulation, and 

cellular-subcellular architecture. Taking into account the kinetic properties of ion channels, 

such as the IKs current, measurements obtained from dog ventricles [61] and rabbit ventricles 

[62] closely resemble those observed in human hearts. In this regard, the current study aimed 

to examine the impact of rigorous endurance exercise training on cardiac remodelling in two 

distinct animal models: rabbits and canines. We implemented our self-developed, species-

specific training protocols to ensure a targeted approach for each animal group. Based on recent 

research, the treadmill running model appears to be the preferred option for investigating the 

impact of chronic physical exercise due to its ability to provide uniform and well-controlled 

exercise workloads [63]. 

Previous research studies in this field mostly utilized small animal models, such as 

rodents, which provided valuable insights into electrophysiological remodelling, cardiac 

fibrosis, bradycardia development, and increased atrial fibrillation risk following exercise 

training [22, 46, 47, 49, 64, 65]. However, it must be emphasized that rodents have distinctly 
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different cardiac remodelling signs and ion channel expression patterns than other mammals, 

including humans. For example, rodent hearts must contract and relax more rapidly to maintain 

cardiac output at very high heart rates [66]. Furthermore, rodent action potentials have a rapid 

repolarization and lack a prominent plateau phase compared to human cardiomyocytes [67]. 

Rat and mouse myocytes also lack functional sarcolemmal IKr and IKs potassium currents [68], 

thus repolarization-related arrhythmias cannot be examined accurately in these species, and 

results cannot be directly extrapolated to humans. On the other hand, rabbits have a more 

comparable expression pattern of ion channels to human hearts, making them a suitable species 

for studying cardiovascular adaptations to exercise.  

 Rabbits offer advantages over small animal models like rodents, as they exhibit a more 

comparable expression pattern of ion channels and provide a closer resemblance to human 

cardiac electrophysiology. Additionally, rabbits are relatively cost-effective compared to larger 

animals such as canines, reducing expenses associated with the purchase, housing, and 

maintenance of animals. Their smaller size and ease of handling simplify experimental 

procedures, reducing the need for specialized facilities and equipment. Moreover, their higher 

reproduction rate enables researchers to generate larger sample sizes in a shorter time. 

While some studies have explored acute and chronic rabbit exercise models, limited 

attention has been given to investigating the cardiovascular effects of exercise, especially with 

a specific emphasis on electrophysiological parameters [69]. Previous studies demonstrated that 

rabbits respond to cardiovascular training by adjusting intensity, duration, and frequency of 

exercise [70, 71]. Gaustad et al. [72] tested a maximal oxygen uptake protocol in rabbits and 

found them to be suitable for studying responses to training and revealing novel cellular cardiac 

adaptations. Hexeberg et al. [73] observed structural myocardial remodelling and increased 

contractile reserve in rabbits after a 10-week exercise training program, supporting their 

potential as a model for studying the effects of endurance training. Carroll and Kyser [74] 

employed a rabbit model to investigate the impact of exercise training during obesity 

development. Their study demonstrated that exercise-trained rabbits, subjected to a 12-week 

treadmill protocol at a maximum speed of 18–20 meters/minute (1.2 km/h) with daily running 

sessions lasting 50–60 minutes, exhibited slower resting heart rates compared to non-exercised 

rabbits. Such et al. [75] also found lower resting heart rates and longer ventricular effective 

refractory periods in rabbits during similar workload conditions. 

In this study, we present a rabbit model that closely mimics a human athlete's heart, 

particularly at cardiac electrophysiological level. Using the New Zealand white rabbit, which 

is a relatively physically inactive species, we employed a treadmill running protocol that 
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induced physical tiredness and exhaustion, effectively simulating regular, high-intensity 

exercise training in humans. 

Although some chronic exercise models have been reported in rabbits, there remains a 

lack of extensive data on cardiac electrophysiological remodelling following sustained exercise 

in larger animals like dogs, which have high relevance to human cardiac electrophysiology. 

Canine heart rate, heart weight, excitation-contraction coupling, action potential duration, and 

expression patterns of various ion channels are more comparable to humans [76]. Moreover, 

canines can increase their heart rate by approximately 96–136 % during maximal exercise, 

which is close to the 140–170 % increase observed in humans [77-79]. Existing data in canine 

models suggest that both acute [80] and adequate levels of chronic exercise  [81, 82] can be 

beneficial in preventing acute ischaemia-induced ventricular fibrillation through delayed 

preconditioning [80] or restoration of the distorted parasympathetic–sympathetic balance 

observed after myocardial infarction [82, 83]. However, responses to training at above-optimal 

levels by elite athletes are still unclear. Additionally, limited data are available on cardiac 

electrophysiological remodelling after sustained exercise in sled dogs, with most investigations 

focused on in vivo ECG recordings. Studies documenting widened QRS complexes and 

prolonged QT intervals in these animals are scarce [84, 85], and investigations on 

arrhythmogenesis and cellular electrophysiological changes in association with these alterations 

are warranted.  

Our study fills this research gap by providing comprehensive experimental data on 

arrhythmic electrophysiological remodelling and the associated increased arrhythmic risk at 

ventricular level in animal models of sustained chronic training. To the best of our knowledge, 

this is the first study to provide comprehensive experimental data on arrhythmic 

electrophysiological remodelling and the associated increased arrhythmic risk at the ventricular 

level in a canine model of sustained chronic training. Our findings suggest a novel hypothesis 

linking sudden cardiac death with vigorous endurance exercise. According to our hypothesis, 

severe ventricular arrhythmias may be associated with changes in cardiac repolarization 

observed after endurance exercise. 

Consequently, both rabbit and canine models provide essential cardiac 

electrophysiological information on the athlete's heart. While the rabbit model offers 

advantages in terms of cost, time, and resource-effectiveness compared to larger animal models, 

the canine model represents the most human-relevant data. The selection of an animal model 

should always be guided by meticulous consideration of research questions, biological 

relevance, and overall study objectives. 



  - 39 - 
 

6.2 Cardiac morphological remodelling in response to chronic exercise 

The exercise-induced physiological cardiac response and adaptation are profoundly 

influenced by the frequency and specific nature of each sporting activity [7]. Therefore, it was 

crucial to verify the cardiac morphological changes resulting from the applied exercise modality 

in our experimental models. 

Our endurance-trained rabbits exhibited increased cardiac left ventricular end-diastolic 

diameters and relatively greater aortic root diameters compared to the control group, indicating 

the effect of cardiac volume overload. These findings are consistent with a large cohort study 

of competitive athletes, where male endurance athletes showed greater aortic and left 

ventricular cavity dimensions than sex-matched strength athletes [11]. However, there were no 

significant changes in interventricular septum or posterior wall thickness, and left ventricular 

contractile function (e.g., ejection fraction and fractional shortening) remained normal in this 

rabbit model. Similarly, Such et al. [75] did not observe differences between sedentary and 

exercised rabbit hearts in terms of hypertrophy.  

Endurance-trained athletes, including those engaged in activities like long-distance 

running or cross-country skiing, frequently demonstrate signs of cardiac enlargement, which 

may or may not be accompanied by noticeable increases in the thickness of the left ventricular 

wall [9, 86-88]. The discrepancies in echocardiography results concerning hypertrophy may 

arise from different hemodynamic and loading conditions of the heart, depending on various 

training activities [89]. Furthermore, the duration of long-term exercise can also impact the 

physiological remodelling of myocardial structure and function in athletes [90]. It is possible 

that after several months of continuous training, the morphological signs of wall thickness and 

ventricular hypertrophy may become evident in this rabbit model. 

In our canine model, the structural changes were left ventricular chamber enlargement 

with increased wall thickness occurring in the trained group, as confirmed by both 

echocardiography and autopsy measurements. However, similar to human data, the ejection 

fraction remained unchanged [87, 91]. Our structural and hemodynamic outcomes typically 

correlate with the previously described exercise-induced cardiac remodelling in elite endurance 

athletes [10, 92]. Although the limitation of the model is that it does not correlate perfectly with 

any human physical activity, the change in left ventricular architecture suggests that it is close 

to that of “isotonic exercise” activities (e.g., long-distance running, cycling, and swimming), as 

both ventricular size and left ventricular mass increased, similar to chronic volume overload 

[93]. The differences in wall thickness changes between the two models may be attributed to 

interspecies factors; however, it is more plausible that they are influenced by the nature and 
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duration of the physical activity performed by the animals. Given the anatomical features of 

dogs, they are naturally suited for sustained dynamic running over long distances, unlike 

rabbits. This inherent difference may potentially explain the observed variations in wall 

thickness changes between the two animal models. 

Our findings in the atria of trained dogs correspond to highly trained athletes, who also 

develop moderately enlarged left atrial volume and left atrial volume index, as a potential 

physiologic adaptation to exercise conditioning [9]. Although our work has focused primarily 

on changes in the left ventricle, it is important to highlight that morphological changes 

involving the atria may also be the origin of arrhythmias such as atrial fibrillation that is 

commonly observed in athletes [94]. 

6.3 The complex mechanism of bradycardia 

In the present study, prolonged PQ intervals (representing the atrioventricular 

conduction time) and significant reductions in baseline heart rate accompanied by significant 

increases in almost all examined heart rate variability parameters were found in ECG recordings 

in both rabbits and dogs after chronic exercise. Furthermore, only a moderate heart rate 

increment was found after the administration of a parasympatholytic agent, and the bradycardia 

also persisted under in vitro conditions, examined in dogs.  

Although bradycardia is a general and well established finding in elite athletes [95] and 

in animal models of endurance exercise [96, 97], its exact mechanism is still a matter of debate 

[47, 96-100]. The most common interpretation attributes bradycardia to increased vagal tone 

both in athletes [97] and in animal exercise studies [96, 100] as well. However, this theory has 

generated some disagreement [47, 101, 102], and a more satisfactory approach remains to be 

explored. A very recent publication by Mersica et al. [48] revealed that the slowing of 

atrioventricular conduction persisted after vegetative blockade in racehorses and in mice after 

swimming-induced exercise. This study further argues for the electrical remodelling of the 

sinoatrial node (SAN), more specifically the reduction in hyperpolarization-activated “funny” 

current (If) density and the remodelling of the underlying HCN4 ionic channel, as previously 

published in SAN preparations of mice [47]. 

The present data can only partially support the observations of Souza et al. [47] and 

Mersica et al. [48], as ionic mechanisms underlying SAN cell automaticity including the If and 

the SAN hyperpolarization‐activated cyclic nucleotide-gated channel (HCN) isoforms have not 

been investigated in this work. Although the data available in our study were limited, our model 

appeared to be consistent with the results of the previously mentioned studies. Specifically, it 
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demonstrated a notable level of sinus bradycardia in isolated right atrial preparations from 

trained dog hearts following the termination of the autonomic system. Moreover, the observed 

moderate heart rate increment after administering a parasympatholytic atropine infusion in the 

exercised dog group suggests that long-term endurance training may lead to intrinsic 

adaptations in the sinoatrial node in addition to the previously identified increased vagal tone. 

On the other hand, the increased beat-to-beat variability of cycle length and first-degree 

atrioventricular block argue for an important contribution of enhanced vagal tone as well, as 

these values are considered parameters of parasympathetic activity [13] and are especially 

common among athletes with high aerobic resistance. 

It should also be emphasized that the pacemaker function of the SAN is complex and 

cannot be satisfactorily explained by the If current alone. Since activation of If occurs largely at 

voltages more negative than the maximal diastolic potential of SAN cells, the special 

importance of If as the main pacemaker current of the SAN has even been questioned [103, 

104]. In addition, other mechanisms based on calcium handling [105-107] or on the contribution 

of other ion channels have been proposed [108-110] to explain the cardiac pacemaker effect of 

SAN. In summary, our present data suggest that both changes in the cardiac autonomic 

regulation and intrinsic SAN changes are parallel responses to vigorous exercise, regardless of 

the still unexplored mechanisms. 

6.4 Mechanistic basis of arrhythmias in the athlete's heart model 

Irrespective of the underlying cause of bradycardia, a reduced heart rate can result in a 

longer action potential duration and increased dispersion of cardiac repolarization. This 

phenomenon may contribute to an increase in the arrhythmic substrate factor in the classical 

concept of the “arrhythmic triangle”, which suggests that arrhythmias occur when certain 

combinations of substrates, triggers, and arrhythmia-promoting modulators are present [31, 32].  

Moreover, bradycardia resulting in longer diastolic intervals may enhance the likelihood 

of spontaneous diastolic depolarization reaching the firing threshold, thereby serving as a 

potential arrhythmia trigger [31].  

Notably, bradycardia, hypokalaemia, and female gender are well-known risk factors for 

drug-induced arrhythmias, including Torsades de Pointes [111, 112]. Specifically, bradycardia 

increases the torsadogenicity of drugs that block IKr channels, as these medications block K+ 

channels in a reverse-use-dependent manner [113, 114]. Therefore, it is crucial not to 

underestimate the substantial reduction in heart rate observed in athletes, particularly when 

hypokalaemia accompanies extensive sweating. Under such circumstances, seemingly harmless 
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drugs with minimal effects on cardiac repolarization could potentially precipitate life-

threatening arrhythmias.  

Furthermore, it is important to highlight that significant bradycardia in the present study 

was associated with an increased number of escape beats. Well-trained athletes often exhibit 

slow heart rates, occasionally experiencing sinus pauses and frequently manifesting multiple 

escape beats. Escape arrhythmia is considered a compensatory mechanism induced by increased 

vagal tone and/or disturbances in the SAN or other components of the cardiac conduction 

system. It may also be interpreted as a form of ectopic pacemaker activity unveiled when other 

pacemakers fail to stimulate the ventricles. While escape arrhythmia is generally regarded as a 

benign ECG pattern in athletes, which vanishes during exercise as vagal tone decreases, an 

earlier study demonstrated that vagally mediated heart rate reductions were necessary for the 

induction of TdP in α1-adrenoceptor-stimulated anaesthetized rabbits. In this context, vagotomy 

prevented TdP in rabbits given phenylephrine [115]. Consequently, alterations in vagal activity 

may also precipitate episodes of drug-induced TdP in human athletes, necessitating careful 

consideration when prescribing drugs in this population. 

The coexistence of the widened QRS complex, which is associated with the P wave on 

the ECG in our experiments also suggests electrical conduction abnormalities [116], further 

underscoring the significant impact of intense exercise on the cardiac conduction system, which 

is still not fully elucidated. 

Pacemaking is a fundamental physiological process, and the cellular mechanisms 

involved in this function have always attracted the keen attention of investigators. The 

hyperpolarization-activated cyclic nucleotide–gated 4 (HCN4) channel serves as the major 

constitutive subunit of f-channels in pacemaker cells of the sinoatrial node [117-119]. HCN 

channels are also found in adult atrial and ventricular cardiomyocytes, where their physiological 

roles are currently under investigation. Dysfunctional HCN channels have been implicated in 

various cardiac pathologies as direct contributors to rhythm disorders. Loss-of-function 

mutations of HCN channels are associated with sinus bradycardia, while HCN channel gain-of-

function may enhance ectopic electrical activity and promote arrhythmogenesis in conditions 

like atrial fibrillation, ventricular hypertrophy, and heart failure. Emerging evidence indicates 

high expression of HCN channels in the left ventricle of hypertrophic heart and heart failure, 

indicating their involvement in augmented arrhythmogenic activity [120, 121].   

Notably, despite the observed bradycardia in both in vivo and in vitro settings, which 

would typically indicate lower expression of HCN channels, a significant increase in HCN4 

protein expression was observed in left ventricular myocytes after chronic exercise in this 
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model. This apparent contradiction might be attributed to tissue-specific regulation of HCN4 

channels in the heart.  Furthermore, one limitation of the study is that ionic mechanisms 

underlying SAN cell automaticity, including the If current and the SAN hyperpolarization‐

activated cyclic nucleotide-gated channel isoforms, have not been investigated, as previously 

mentioned. 

In addition to the increased HCN4 expression in left ventricular myocytes and other 

potential arrhythmia-promoting factors discussed earlier, the incidence of ventricular electrical 

stimulation-induced ventricular fibrillation also increased in trained animals. This observation 

supports the hypothesis that HCN4 protein overexpression in the ventricle may facilitate 

enhanced ectopic electrical activity and promote arrhythmogenesis. Notably, to the best of our 

knowledge, this is the first time such findings have been described, not only in pathological 

processes, but also in the context of well-trained athletes with a considered healthy heart. 

Examining the myocardial extracellular matrix (ECM) is essential in elucidating the 

remodelling process within the human athlete's heart, as it constitutes a complex 

microenvironment with various matrix proteins, signalling molecules, proteases, and cells that 

play a crucial role in remodelling [122]. 

Focused on this particular aspect, a consistent histopathological finding in our study revealed a 

higher level of fibrosis in the left ventricular muscle of trained rabbits and dogs. These results 

align with previous studies on chronic endurance exercise in humans and animal experiments 

[35, 123, 124]. For example, increased fibrosis and inflammatory infiltrates have been identified 

in well-trained athletes [91], in forced swimming rats [125], and in treadmill running guinea 

pigs [124]. Studies on “marathon rats” after treadmill exercise demonstrated increased atrial 

and ventricular inflammation, fibrosis, and a higher risk of ventricular arrhythmias [49].  

In correlation with the histopathological findings, our results showed significantly increased 

gene expressions of MMP-2 and TIMP-1, pivotal regulators of cardiac ECM degradation [126], 

indicating higher fibrotic activity in exercised hearts.  Similar findings were reported in rats 

after acute exhaustive swimming [127] and explanted human hearts with heart failure due to 

various cardiomyopathies [128]. 

Furthermore, we observed a significant increase in the relative gene expression of 

collagen type III. Since collagen type III is a major component of the cardiac ECM, its 

qualitative-quantitative changes may have important implications for cardiac pathophysiology. 

The higher collagen synthesis promotes increased expression of TIMP and MMP, contributing 

to fibrosis. 
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Similar findings were reported in studies investigating cardiac remodelling in heart failure [129] 

and in spontaneous hypertensive rats, in which the ratio of collagen type I to type III was 

decreased after 10 weeks compared to normotensive control rats, while the total collagen 

concentration did not differ between the groups [130]. Additionally, increased levels of type III 

collagen have been observed in various other fibrotic conditions, such as liver and kidney 

fibrosis [131-133]. These observations further support the role of collagen type III in the fibrotic 

processes in different tissues and pathological conditions. 

Histological analysis of the rabbit and dog hearts in our study supported the presence of 

long-term exercise-induced fibrosis in the myocardium, consistent with our rabbit heart gene 

expression data. The accumulation of collagen and subsequent myocardial fibrosis may result 

from an imbalance between synthetic and degradative processes, necessitating further 

investigations in this area. Although this structural abnormality may not be evident in non-

invasive methods like electrocardiography and echocardiography, it could greatly impact the 

onset and the modulation of re-entry ventricular arrhythmias, representing a potentially 

dangerous myocardial arrhythmia substrate. 

6.5 Impacts of exercise on ventricular repolarization in the canine and the rabbit 

athlete’s heart models 

Prolongation of the ECG QTc interval, bradycardia [33], and increased spatial and 

temporal dispersion of repolarization have been reported in athletes, as evidenced by the 

prolongation of the TpTe interval and short-term variability of the QT interval observable on 

ECG [34]. For instance, early research findings indicated that repolarization parameters are 

elevated in elite soccer players [34]. However, it remains uncertain whether these observed 

changes in athletes, which are generally thought to be potentially harmful, are directly 

associated with an increased risk of mortality. Additionally, there is limited data available 

regarding cardiac repolarization in exercise-induced physiological cardiac remodelling, 

particularly in animal models, thus we conducted experiments in both dog and rabbit hearts to 

further investigate cardiac repolarization impairment. 

In our experiments, we consistently observed cardiac repolarization impairment in both 

dog and rabbit hearts. This was evident as a prolonged QTc interval in conscious dogs in vivo 

and as a prolonged action potential duration at the cellular level in isolated left ventricular 

myocytes in the trained dog hearts. These findings were associated with increased variability 

parameters, specifically the short-term variability (STV) of the QT interval on the ECG, and 

also the STV of APD in cellular canine measurements. This suggests an increased spatial and 
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temporal dispersion of repolarization in our dog model. In our rabbit study, some of the QT 

interval variability parameters also showed a tendency to increase in the exercised rabbits. It is 

worth noting that higher instability in repolarization variability parameters increases 

proarrhythmic activity, even in the presence of lengthened or shortened ADP, as reported by 

Hondeghem et al. [134]. In addition, STV QT is known as a reliable predictor of proarrhythmia 

in reduced repolarization reserve [135]; therefore, its increment may represent a greater risk for 

arrhythmia development. 

It has been previously hypothesized that endurance-trained animals may exhibit a 

certain degree of repolarization impairment, even in the absence of clinical symptoms or 

measurable QT interval prolongation during baseline assessment, and this effect might be 

unmasked through potassium channel inhibition [136, 137]. To test this hypothesis, our current 

study examined the impact of dofetilide, a selective IKr channel blocker, on QTc interval 

prolongation in exercised dogs in vivo, comparing it to the sedentary group. Dofetilide exhibited 

a propensity to equally extend QTc intervals in exercised and sedentary dogs in vivo. In another 

unpublished study conducted by our research group, however, dogs subjected to a more 

intensive training protocol and exposed to the same concentration of dofetilide exhibited greater 

QTc interval prolongation, an elevated frequency of ventricular beats, and the emergence of 

more complex arrhythmias. According to Farkas et al., the complexity of the arrhythmic beats 

is an important factor in TdP genesis [138]. These findings underscore the role of intense 

training in inducing repolarization impairment and heightening the risk of life-threatening 

arrhythmia development. 

In trained, isolated rabbit hearts exposed to the IKr blocker dofetilide, we also observed 

a nearly significant QTc prolongation. The papillary muscles from trained rabbit myocardium 

exhibited increased sensitivity to the effects of dofetilide, including APD prolongation and 

increased triangulation, particularly under low potassium concentrations. This phenomenon 

may play a role in the development of arrhythmias. It is worth noting that hypokalaemia is 

known to enhance IKs and decrease IKr current [139]. Consequently, the use of dofetilide, which 

inhibits IKr current, could have a more pronounced impact on repolarization when IKs is 

downregulated [52], and hypokalaemia cannot effectively compensate for the reduction in IKr 

density. These specific findings were not presented in this dissertation [123], but they contribute 

to a deeper understanding of repolarization impairment, a phenomenon that can be detected in 

both models following intense, chronic exercise. 

In our long term trained animal models, we investigated the possible cellular mechanism 

underlying repolarization impairment. In the canine model, we found that a reduction in the 
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magnitude of the Ito current in midmyocardial myocytes could be responsible for this effect. 

The Ito current plays a crucial role in phase 1 repolarization of the action potential in left 

ventricular midmyocardial myocytes, as established by previous research [140]. These findings 

align with consistent results published in failing canine [141] and human [142] hearts, where 

APD prolongation correlated with reduced Ito current. In alignment with the transmembrane 

current data, notable prolongation of the APD was exclusively observed in myocytes derived 

from the midmyocardial region of the left ventricle, where a robust Ito current is anticipated 

[143, 144]. Conversely, in subendocardial left ventricular papillary muscle preparations, where 

a relatively weak magnitude of Ito current has been reported [144, 145], no significant APD 

prolongation was detected. 

Interestingly, in our current experimental patch-clamp measurements, we did not 

observe significant differences in the magnitudes of various transmembrane ionic currents, 

which are crucial for the initiation and maintenance of repolarization as well as the plateau 

phase of the action potential (such as IKr, IKs, IK1, ICaL, INaL, and INCX), between the examined 

groups in native canine left ventricular myocytes. However, it is worth noting that, under 

different conditions, possible intracellular signalling pathways might influence their function. 

In our current study, the observed lower Ito current density in trained dogs did not seem 

to be the result of reduced expression of Kv4.3 alpha or KChIP2 beta accessory channel 

proteins, as neither Western blotting nor immunohistochemistry revealed any difference in 

protein expression between sedentary and trained heart. Similar findings, specifically a decrease 

in Ito current density without alterations in the expression of Kv4.2 and KChIP2 proteins, were 

previously reported in chronically exercised rats [146].  

While Kv4.3 and KChIP2 are regarded as the primary proteins determining Ito in the 

canine heart [147], it is essential to emphasize that other Ito accessory proteins, which were not 

examined in the present study, such as Kvbeta1, Kvbeta2, [148, 149], INa beta1 [150], DPP6 

[151, 152], DPP10 [153], could also influence the function of the Ito channel [148]. Additionally, 

Ito may be modulated by the activation of protein kinase A (PKA), protein kinase C (PKC), or 

both [154], and its characteristics may change following exercise. Since we did not investigate 

this aspect in the present study, the potential effects of PKA and PKC modulation cannot be 

ruled out.  

We believe that the repolarization changes induced by training are mild in both of our 

models, similar to that is observed in the human athlete's heart. Even if these effects are found 

to be minimal, they may accumulate with other potentially harmful factors (such as non-

steroidal agents, histamine H1 receptor antagonist, dietary components, doping, or mild fibrosis 
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in the ventricles after strenuous exercise), leading to a dangerous increase in repolarization 

inhomogeneity, thereby creating a significant substrate for arrhythmias in the athlete's heart. 

Moreover, the observed changes may expand the vulnerable window for extrasystoles to trigger 

ventricular arrhythmias [31]. It is worth noting that repolarization variability changes were 

detected both in vivo and in vitro, suggesting that this variability parameter may serve as a 

valuable and easily measurable biomarker, even in future human studies. It can serve as an 

indicator of repolarization abnormalities on the electrocardiogram, which may potentially exist 

at the cellular level.  

6.6 Steroid-induced cardiovascular risk among endurance athletes 

Anabolic-androgenic steroids (AAS) are synthetic compounds that mimic testosterone, 

gaining popularity in sports due to their muscle-building and performance-enhancing effects. 

While AAS are commonly associated with muscle growth and enhanced strength, there has 

been limited research on the misuse of steroids among endurance athletes, such as long-distance 

runners and cyclists, who prioritize fitness and stamina over muscle mass and explosive power.  

Nevertheless, documented cases of steroid misuse exist among endurance athletes, driven by 

various motivations, including faster recovery between training sessions or competitions, 

preservation of lean muscle mass during intense training or calorie restriction, and the 

psychological benefits that include increased confidence, focus, energy levels, and 

aggressiveness, all perceived as advantageous in competitive settings [155]. 

It is essential to recognize that steroid misuse poses significant cardiovascular risks. 

AAS can elevate blood pressure through mechanisms such as sodium retention and activation 

of the sympathetic nervous system, thereby increasing the risk of atherosclerosis. They may 

have a negative impact on lipid profiles, further contributing to the development of 

atherosclerosis and coronary artery diseases. Additionally, steroid abuse may predispose 

athletes to thrombotic events, potentially leading to stroke or myocardial infarction [156]. 

Steroids may induce cardiac hypertrophy and impair ventricular diastolic function, thereby 

increasing the risk of heart failure. This is especially concerning when combined with exercise, 

as it can shift the physiological cardiac remodelling process, including training-induced cardiac 

hypertrophy and some fibrosis - elements that, as previously discussed, might already 

predispose to arrhythmias - towards pathological hypertrophy, thus raising the risk of life-

threatening arrhythmias [157, 158]. AAS users often exhibit abnormal cardiac repolarization, 

including prolonged QTc intervals and increased QT dispersion, even at rest and after exercise, 

along with diminished heart rate recovery compared to non-AAS users. Moreover, unusual 
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findings in signal-averaging electrocardiography after extended use of AAS indicate the 

possible existence of a re-entry mechanism that contributes to arrhythmias. These 

abnormalities, combined with acute exercise-induced sympathetic activation that lowers the 

ventricular fibrillation threshold, increase the risk of tachyarrhythmias and potential sudden 

cardiac death [159-161]. While a number of studies link AAS abuse to cardiac arrhythmias and 

SCD [162], the exact connection between AAS abuse and cardiac arrhythmias and sudden 

cardiac death may be underestimated due to limited access to autopsy data and athletes' 

reluctance to report steroid use, given the potential penalties, including disqualification and 

suspension from competitions [163]. 

Our research focused on the relatively understudied area of investigating the 

cardiovascular impacts of testosterone in the context of endurance sports. Specifically, we 

examined the potential of testosterone undecanoate [164], an injectable, long-acting form of 

testosterone commonly used in hormone replacement therapy, to induce direct cardiac 

electrophysiological changes and enhance the risk of proarrhythmia in hearts adapted to 

endurance exercise. We selected testosterone undecanoate due to its legal accessibility and 

popularity among athletes, as indicated by our preliminary surveys among this population, 

making it a practical choice for experimentation. Additionally, its extended duration of action 

allowed us to administer it at a supra-therapeutic dosing frequency, thereby achieving elevated 

testosterone levels in our animal subjects while minimizing discomfort and the risk of 

infections. To simulate real-world scenarios, we combined testosterone administration with our 

standardized endurance exercise program. 

The results showed minimal changes in mood and libido, slight enhancements in body 

muscle mass, and no significant changes in cardiac muscle mass or other structural and 

repolarization parameters, with unaffected serum electrolyte and haematocrit levels, compared 

to those endurance-trained animals who did not receive any testosterone treatment.  

The relatively mild changes observed in our study could be attributed to several factors.  

Firstly, some endurance athletes and bodybuilders may use higher doses of anabolic steroids 

than those employed in this study. Determining the precise steroid dosages employed by athletes 

in real-life scenarios is challenging due to their unpredictable and fluctuating patterns of use. 

Additionally, it is well-established that AASs induce cardiac hypertrophy by directly targeting 

cardiac androgenic receptors, with the extent of these effects directly correlated with the dose, 

duration, and frequency of administration [165]. Our study primarily focused on developing a 

doping animal model with mildly and consistently elevated serum testosterone levels. It is 
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conceivable that more pronounced effects could be observed with larger doses and more 

frequent administration of testosterone.  

It is also essential to consider that AAS users frequently combine these substances with 

other drugs, such as cocaine, methamphetamine, and smart drugs. This co-administration of 

multiple substances amplifies the risk of adverse drug interactions, exacerbating potential 

adverse effects, including the heightened risk of sudden cardiac death [166]. Furthermore, it is 

plausible that the impact of steroid doping may vary across different sports disciplines.  

In summary, our research contributes to the expansion of scientific knowledge regarding 

the cardiovascular impacts of testosterone in the context of endurance sports. While we 

observed relatively minor steroid-related effects in our animals, using our specific training 

protocol, this has improved our understanding of the complex relationship between hormone 

administration and cardiovascular factors in this athletic context. Nonetheless, further research 

is essential to gain a deeper understanding of the mechanisms underlying these cardiovascular 

implications. This will empower healthcare professionals, athletes, and coaches to better 

recognize these risks and emphasize the importance of actively promoting education, 

prevention, and harm reduction strategies to mitigate the potentially life-threatening 

consequences associated with the misuse of steroids in sports. 

7. CONCLUSION 

The present study suggests that running-specific vigorous endurance training leads to 

the prolongation of cardiac repolarization and an increase in repolarization instability.  These 

changes are associated with mild ventricular fibrosis in animal models mimicking the human 

athlete's heart. While exercise-induced adaptive mechanisms in the athlete's heart are typically 

seen as distinct from pathological conditions, our findings indicate that intense exercise may 

not always be entirely beneficial for the cardiovascular system. In fact, increased arrhythmia 

susceptibility may also develop after vigorous exercise. It is important to note that this does not 

necessarily mean that exercise at a competitive level is harmful, as it tends to induce ventricular 

arrhythmias in a normal, healthy heart. However, in certain individuals or in situations where 

the repolarization reserve is impaired due to underlying conditions like hypertrophic 

cardiomyopathy, long QT syndromes, diabetes, electrolyte imbalances, or the use of doping 

substances or seemingly benign medications, endurance training could pose an additional risk 

factor that needs to be considered to prevent potential adverse events in competitive sports. 

In summary, the mechanisms contributing to arrhythmias in the athlete's heart model 

involve a complex interplay of various factors. This study provides valuable insights into 
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understanding the multifaceted nature of arrhythmogenesis in the athlete's heart model. These 

insights may have implications for ensuring the safe prescription of medications and exercise 

protocols within this specific population. 

8. LIMITATION 

Our study has some limitations. First, rabbits do not tolerate heavy exercise well, 

resulting in relatively modest exercise-induced changes. In relation to the enhanced myocardial 

fibrosis mechanism in our rabbit hearts, it is worth noting that mRNA levels not always 

correspond to protein levels, allowing for the possibility of different protein levels compared to 

mRNA levels. Taking into consideration that the maximum number of animals used in each 

training session is usually less than in rodent studies, the advantage of the rabbit and canine 

experiments itself is also their limitation. In the initial dog experiments, a low ‘n’ number was 

utilized, hindering proper group comparisons. This protocol was less rigorous than the one used 

in the second set of experiments, and these differences in training intensity are also reflected in 

our results. 

Canine experiments, while having high translational value [167], still exhibit significant 

electrophysiological differences in repolarization reserve compared to the human heart [56]. 

Additionally, QTc measurements in rabbits are somewhat uncertain due to the distinct 

frequency-dependent repolarization relationships compared to humans [168]. Rabbit 

myocardium also differs from the human heart in terms of ionic channel profiles (e.g., lower 

expression of IKs in rabbits) [169, 170]. In our experiments, we used open chest procedures and 

epicardial stimulation, rather than using a transvenous catheter approach, to induce ventricular 

arrhythmias due to experimental setup and time constraints. Furthermore, we lacked dedicated 

software for fully quantitative fibrotic area measurements, so the otherwise widely accepted 

semi-quantitative method was used. In in vitro studies, due to limitations in our research facility, 

our studies mainly focused on left ventricular transmembrane ionic currents, without delving 

into other cellular mechanisms or assessing the right ventricular myocardium. 

Elite athletes undergo several years of training to achieve peak performance, while our 

study was limited to a 4-month intense training period, making cross-species exercise duration 

translation challenging. Ventricular arrhythmias related to athlete's heart are rare, and the 

associated cardiac electrophysiological changes are relatively small. Additionally, it is essential 

to note that cardiac arrhythmias and sudden cardiac death in athletes often result from a 

combination of factors, such as hypertrophic cardiomyopathy, drug use, and hypokalaemia. 

However, these factors were not investigated in our study.
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