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Abbreviations  

5-HT, 5-hydroxytryptamine; 5-HTx, 5-hydroxytryptamine receptor x; AAP, amplitude of 

resting action potential; APD, action potential duration; APDx, action potential at x% 

repolarization; AV, atrioventricular; AUC, area under the curve; CRC, 

concentration−response curve; Cmax, maximum plasma concentration; ECG, 

electrocardiogram; ERP, effective refractory period; HEK, human embryonic kidney; hERG, 

human ether-à-go-go-related gene; IC50, in vitro concentration at 50% inhibition; i.v., 

intravenous; JT, duration of ventricular repolarization interval; JTc, corrected JT; mΩ, 

milliohms; mV, millivolts; LVdP/dtmax, maximum rate of change in isovolumic left ventricular 

pressure; LVdP/dtmin, cardiac relaxation; LVEDP, left ventricular end-diastolic pressure; pKi, 
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binding affinity ([–]log of the equilibrium constant of inhibition, Ki; PRP, platelet rich plasma; 

QTc, corrected QT interval; RMP, resting membrane potential; TRAP, thrombin receptor 

activating peptide; Vmax, maximum rate of depolarization during the upstroke 
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ABSTRACT  

Patients with chronic constipation benefit from treatment with 5-hydroxytryptamine 4 (5-HT4) 

receptor agonists. However, the first-generation 5-HT4 receptor agonists cisapride and 

tegaserod were withdrawn from the market owing to rare cardiovascular adverse events, 

which were not 5-HT4-receptor-related, but due to the lack of selectivity of these drugs. Here 

we report the nonclinical cardiovascular profile of the selective 5-HT4 receptor agonist 

prucalopride. To assess its non-5-HT4 receptor-mediated effects on cardiovascular 

electrophysiological parameters, in vitro studies were performed in human ether-à-go-go-

related gene-transfected cells, guinea pig ventricular myocytes and papillary muscle 

preparations, rabbit and dog Purkinje fibers, and the Langendorff rabbit heart. In vivo 

experiments were performed in a rabbit model for drug-induced proarrhythmogenesis, in 

anesthetized guinea pigs, and anesthetized and conscious dogs. In addition, human platelet 

aggregation and coronary artery contraction were studied to exclude interactions that have 

been suggested to mediate the cardiovascular effects of tegaserod. Effects at 5-HT4 

receptors were evaluated in piglet and human atrial myocardium, and in anesthetized pigs. 

Finally, cardiovascular endpoints were investigated in chronic, repeated dose toxicology 

studies at very high prucalopride doses in rats and dogs. No relevant effects were observed 

in any of the cardiovascular studies at concentrations at least 50 times the therapeutic 

plasma level. Only in pigs, were minor and transient increases in heart rate and blood 

pressure noted upon first exposure to prucalopride, at plasma levels at least 10-fold higher 

than human therapeutic plasma levels. Prucalopride may thus provide therapeutic benefit 

without the cardiovascular risks reported for other 5-HT4 receptor agonists. 
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Introduction 

Chronic constipation is a common and often debilitating problem that impacts on health-

related quality of life and imposes a substantial economic burden (Bosshard et al., 2004; 

Dennison et al., 2005; Wald et al., 2007). It can be particularly debilitating in elderly patients 

(Bosshard et al., 2004; Dennison et al., 2005). Prevalence estimates of constipation range 

from 12 to 19%; however, the true prevalence may be underestimated because not all 

patients seek medical advice (Higgins and Johanson, 2004). Many patients benefit from 

treatments that increase gastrointestinal motility, such as 5-hydroxytryptamine 4 (5-HT4) 

receptor agonists (Gershon and Tack, 2007). However, cardiovascular adverse events have 

led to the withdrawal of the first-generation 5-HT4 receptor agonists cisapride (Propulsid®; 

Janssen Pharmaceutica, Beerse, Belgium) and tegaserod (Zelnorm®; Novartis, East 

Hanover, NJ). Adverse cardiovascular events that were not 5-HT4 receptor-related have 

been observed with these compounds (US Food and Drug Administration, 2011). 

Cisapride has been associated with QT prolongation, torsade de pointes and other 

ventricular arrhythmias, and more rarely with sudden death, (notably in patients with 

predisposing conditions such as a history of cardiac disease, or when coadministered with 

other medications that inhibit the metabolism of cisapride) (Mohammad et al., 1997; Rampe 

et al., 1997). It has been demonstrated that cisapride has less than 10-fold selectivity for the 

5-HT4 receptor over the human ether à go go related gene (hERG) channel (De Maeyer et 

al., 2008), and that hERG inhibition occurs within the therapeutic plasma concentration 

range of cisapride (Mohammad et al., 1997; Rampe et al., 1997; Potet et al., 2001; Redfern 

et al., 2003). 

 Tegaserod may be associated with rare occurrences of serious cardiovascular 

ischemic events such as unstable angina, heart attack, or stroke (US Food and Drug 

Administration, 2007). Possible explanations for this include the effect of tegaserod on 5-HT1 

or 5-HT2 receptor activity, which may lead to coronary artery constriction or platelet 
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aggregation (De Maeyer et al., 2008). Tegaserod was withdrawn from the US market in 2007 

but was subsequently made available under a restricted use regulation. In 2008, this license 

was withdrawn, and tegaserod is currently an emergency investigational new drug only. 

However, both an observational cohort study and a matched case–control study have 

demonstrated that the incidence of cardiovascular ischemic events was similar in tegaserod 

users and controls (Anderson et al., 2009; Loughlin et al., 2010). 

 The selective 5-HT4 receptor agonists velusetrag and naronapride are in 

development for gastrointestinal indications. Although published data are limited, neither 

agent has yet demonstrated significant cardiovascular safety concerns (Smith et al., 2008; 

US Food and Drug Administration, 2011; Tack et al., 2012). 

 Prucalopride (Resolor®; Shire Pharmaceuticals, Dublin, Ireland) is approved in 

Europe, Canada, Asia, and Australia for the treatment of chronic idiopathic constipation in 

adults for whom laxatives have failed to provide adequate relief (European Medicines 

Agency, 2016). The efficacy of prucalopride in increasing the frequency of bowel movements 

and improving patient-reported symptoms and quality of life has been demonstrated in a 

series of phase 3 trials (Camilleri et al. 2008; Quigley et al., 2009; Tack et al., 2009; 

Yiannakou et al., 2015). The recommended clinical dose of prucalopride is 2 mg once daily 

in adults, which corresponds to a maximum plasma concentration (Cmax) of approximately 

7.5 ng/ml or 20 nM (Tack and Corsetti, 2012), and an area under the plasma concentration-

time curve of 109 ng/h/ml as measured at steady state in a 7-day repeated dosing study.  

Prucalopride is a highly selective 5-HT4 receptor agonist (affinity [pKi] = 8.7 nM; 

Fig. 1) (De Maeyer et al., 2008). In vitro, its affinity for the 5-HT4 receptor is at least 200-fold 

greater than its affinity for other receptors and ion channels (Briejer et al., 2001), and it 

demonstrates none of the off-target interactions of cisapride or tegaserod (De Maeyer et al., 

2008; Mendzelevski et al., 2012). As part of a safety pharmacology and toxicology program, 

an extensive set of nonclinical cardiovascular studies was undertaken with prucalopride in a 

variety of in vitro and in vivo models, at concentrations covering and exceeding therapeutic 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

7 

 

doses in man. Throughout this paper, safety margins for prucalopride are estimated based 

on comparisons of doses and plasma levels in various animal species with the therapeutic 

dose and plasma level in humans.  
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Materials and Methods 

 

Study Design 

Ethical approval for the platelet aggregation study was obtained from the Research Ethics 

Committee of St Vincent’s University Hospital, Dublin, Ireland. Written informed consent was 

obtained from all subjects prior to initiation of the study. In vivo animal studies were 

approved by the relevant authorities. Studies were conducted according to standard 

operating procedures (Janssen Research Foundation [Beerse, Belgium], Java Clinical 

Research [Dublin, Ireland], Biopta Ltd [Glasgow, UK]). The study locations are listed in 

Supplemental Information 1. 

 

Non-5-HT4 Receptor-Mediated Cardiovascular Pharmacology 

A range of in vitro and in vivo studies were conducted to evaluate the safety pharmacology 

of prucalopride. A broad set of studies was implemented to fully exclude all potential non-5-

HT4 receptor-mediated cardiovascular interactions that have been observed with cisapride 

and tegaserod. 

 

In Vitro Studies 

Electrophysiological Effects on the hERG Channel in Cultured Human Cells. 

The inhibition of the delayed rectifier potassium current by prucalopride 0.01–100 µM was 

assessed in hERG-transfected human embryonic kidney cells (HEK293; purchased from the 

University of Wisconsin, Madison, WI) using a whole cell voltage clamp technique (Zhou et 

al., 1998). As a reference, the effects of ketoconazole 0.3–30 μM, terfenadine 0.01–0.1 μM, 

and erythromycin 3–100 μM were evaluated and compared with those of prucalopride. In 

addition, to study potential drug interactions, prucalopride 0.01–30 μM was evaluated in 

combination with ketoconazole 3 μM, terfenadine 0.03 μM, or erythromycin 10 μM 
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(concentrations that resulted in 62, 60, and 9% inhibition of the hERG current, respectively). 

Changes in the hERG current were quantified as the percentage inhibition compared with 

control (0.3% dimethyl sulfoxide). Data were evaluated using a two-tailed Student t-test for 

independent samples. Methodological details are described in Supplemental Information 2. 

 Electrophysiological Effects in Guinea Pig Ventricular Myocytes. Standard patch 

clamp techniques were used to investigate the effect of prucalopride 10 nM–10 µM on the 

rapid (IKr) and slow (IKs) delayed rectifier and inward rectifier (IK1) potassium currents, the fast 

sodium current (INa) and the L-type calcium current (ICa(L)). A broad concentration range of 

prucalopride was chosen in order to cover and exceed human plasma levels. Data were 

analyzed using Student’s t-tests as appropriate. Methodological details are described in 

Supplemental Information 3.   

Electrophysiological Effects in Isolated Rabbit and Dog Purkinje Fibers. The 

effects of prucalopride up to 10 µM on the following electrophysiological parameters were 

investigated in isolated Purkinje fibres (rabbits n = 8; dogs n = 7) and compared with control 

(water): amplitude of resting action potential (AAP), action potential duration at 90% 

repolarization (APD90), effective refractory period (ERP), resting membrane potential (RMP), 

recovery time of the action potential (RT) and the maximum rate of depolarization during the 

upstroke (Vmax). Supratherapeutic concentrations of prucalopride were selected for these 

studies to enable the detection of any effects. Measurements were performed using 

microelectrode techniques similar to those previously described (Carmeliet et al., 1976; 

Carlsson et al., 1997; Adamantidis et al., 1998). Experiments were performed during normal 

rhythm (1 Hz; rabbit, dog) and during bradycardia (0.2 Hz; rabbit). All experiments were 

performed under normokalemia (KCl 4 mM). Data were analyzed using the Mann–Whitney 

U-test or Fisher’s exact test as appropriate. Methodological details are described in 

Supplemental Information 4.  

Electrophysiological Effects in Isolated Guinea Pig Papillary Muscle. 

Microelectrode techniques were used to investigate the effects of prucalopride on the 
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following electrophysiological parameters in isolated guinea pig papillary muscle (n = 7): 

action potential duration at 50% repolarization (APD50), APD90, AAP, RMP, Vmax and 

contractile force. A broad range of concentrations (0.01–10 µM) was tested to cover 

therapeutic and supratherapeutic concentrations. To compare the potential effects of 

prucalopride under different conditions, experiments were performed during normal rhythm 

(1 Hz), bradycardia (0.25 Hz), normokalemia (KCl 4 mM), and hypokalemia (KCl 2.7 mM). 

Data were analyzed using the Mann-Whitney U-test or the Student’s t-test, as appropriate. 

Methodological details are described in Supplemental Information 5. 

Electrophysiological Effects in the Isolated Langendorff Rabbit Heart 

(Hondeghem Model [Hondeghem et al., 2001]). The potential of prucalopride to exert 

proarrhythmogenic effects at concentrations up to 10 µM was investigated in hearts obtained 

from albino rabbits of either sex (n = 16; weight approximately 2.5 kg). The hearts were 

paced at different cycle lengths (250–2000 milliseconds) and the following parameters were 

assessed: coronary perfusion, APD, triangulation, instability, proarrhythmia, slowing of 

conduction, automaticity and escape cycle lengths, and threshold of stimulation current. In a 

subsequent study in female rabbits (n = 10; weight 2.5 kg), the electrophysiological effects of 

prucalopride were studied in the presence and absence of erythromycin 100 µM or 

ketoconazole 10 µM. Observed effects were compared with those of vehicle; data were 

analyzed for significance using analysis of variance and a Scheffé test for 95% confidence, 

or Friedman test followed by Wilcoxon signed rank test, as appropriate. Methodological 

details for both studies are provided in Supplemental Information 6. 

Platelet Aggregation in Human Blood Samples. The purpose of these studies was 

to investigate the effect of prucalopride 20, 60 and 200 nM (approximately 1, 3 and 10 times 

the Cmax in clinical studies, respectively) (Tack and Corsetti, 2012) on human platelet 

function. For comparison, tegaserod 100 nM and 5-HT 50 nM were also included. Blood 

samples were obtained from 20 healthy volunteers (7 men, 13 women; mean age 35 ± 12 

years) who were free from drugs likely to affect the platelet response, 5-HT levels, or 5-HT 
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receptors. Light-transmission aggregometry analysis was conducted within 3 hours of blood 

draw using a PAP-8E aggregometer (Bio/Data Corp., Horsham, PA). Effects of 5-HT4 

receptor agonists were evaluated in platelet rich plasma (PRP) samples (n = 17) that were 

challenged with one of three platelet activators: ADP 1.5 µM; thrombin receptor activating 

peptide (TRAP) 1 µM; or epinephrine 2.5 µM plus 5-HT 0.5 µM. 5-HT alone does not induce 

platelet aggregation but can enhance the response to epinephrine (Jin and Kunapuli, 1998). 

To evaluate the contribution of 5-HT4 and 5-HT2A receptors to platelet responses to 5-HT, 

PRP (n = 14) was incubated for 45 minutes with the 5-HT3/5-HT4 receptor antagonist SDZ 

205-557 400 nM, the 5-HT2A receptor antagonist ketanserin 100 nM, and two controls (water 

and 0.0002% ethanol in physiological buffer) before challenge with epinephrine plus 5-HT. 

The maximum aggregation percentage was calculated for each test condition, and data were 

analyzed using Friedman’s test and Dunn’s post-test as appropriate. Additional 

methodological details are described in Supplemental Information 7.  

Contractility Assessment in Dog, Pig, and Human Isolated Coronary Arteries. 

The effect of increasing concentrations of prucalopride on the contractility of isolated dog, 

pig and human coronary arteries was investigated and compared with that of tegaserod and 

5-HT. Dog hearts (n = 5; one male, four female; 13–29 months old; weight 9.1–13.6 kg) were 

obtained from Harlan Laboratories UK Ltd (Loughborough, UK). Pig hearts (n = 5) were 

obtained from a local (UK) abattoir; all animals were drug naïve. Healthy human hearts (free 

of stents, pacemakers, hypertension, ventricular hypertrophy, heart disease, or history of 

myocardial infarction) were obtained from five deceased donors (three men, two women; 

mean age 48 years [range 19–66 years]). Four of the five donors were free of medications 

that were likely to affect 5-HT levels or 5-HT receptors (e.g., serotonin–norepinephrine 

reuptake inhibitors, selective serotonin reuptake inhibitors, or statins). One donor had been 

taking venlafaxine (a serotonin–norepinephrine reuptake inhibitor) on a long-term basis.  

  Tissues were primed with 5-HT (3 µM) and, after a washout, cumulative 

concentration–response data were collected for each artery preparation with the following: (i) 
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prucalopride 1 nM to 10 μM, (ii) tegaserod 1 nM to 10 μM, or (iii) 5-HT 1 nM to 10 μM, and 

compared with solvent-treated tissues. Concentration–response curves (CRCs) were 

constructed as a percentage of the initial 5-HT priming response, and two-way analysis of 

variance was applied to identify statistically significant differences between treatments. 

Additional methodological details are described in Supplemental Information 8. 

  

In Vivo Studies 

Cardiovascular Parameters in Anesthetized Rabbits and Guinea Pigs. The 

potential proarrhythmogenic effects of prucalopride were investigated in a methoxamine-

infused anesthetized rabbit model sensitized to drug-induced polymorphic ventricular 

tachycardia and torsade de pointes. Prucalopride was intravenously administered to male 

New Zealand White rabbits (n = 7 per dose; weight 2.5–3.5 kg) at doses of 0.04, 0.08, 0.16 

and 0.31 mg/kg/min for 60 min (corresponding to total doses of 2.4, 4.8, 9.6 and 18.6 mg/kg, 

respectively). 

The potential cardio-hemodynamic and electrophysiological effects of prucalopride 

were assessed in two studies in anesthetized guinea pigs. In these studies, mean arterial 

blood pressure, heart rate, all time intervals of the ECG (QRS, RR, PR, QT, JT [duration of 

ventricular repolarization], QTc [corrected QT interval], JTc [corrected JT interval]), the 

amplitude of the P and R waves, the incidences of conduction disturbance, ventricular 

premature beats, polymorphic ventricular tachycardia, ventricular fibrillation, and sudden 

death were recorded. The first study was performed in male Dunkin Hartley guinea pigs 

(n = 9; weight 560–760 g). Prucalopride 1.25 mg/kg was administered intravenously over a 

period of 5 minutes; an additional comparator group (n = 9) was intravenously administered 

solvent. In the second study, male Dunkin Hartley guinea pigs (n = 13 per dose; weight 505–

760 g) were intravenously administered prucalopride at supratherapeutic concentrations of 

1.25, 2.5, 5, or 10 mg/kg over a period of 5 minutes. The effects of prucalopride were 
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compared with those of equal volumes of solvent (n = 18). Data were analyzed using the 

Mann–Whitney U-test or Fisher’s exact test, as appropriate. Additional methodological 

details are provided in Supplemental Information 9.   

 Cardiovascular Parameters in Anesthetized Dogs. Anesthetized dogs (adult male 

Beagle dogs; n = 7 per dose group; weight 10.4–16.3 kg; varying ages) were intravenously 

administered increasing doses of prucalopride 0.02, 0.04, 0.08, 0.16, 0.63, and 1.25 mg/kg 

(total cumulative dose 2.5 mg/kg) or control at 30-minute intervals. In a second study, 

anesthetized dogs (adult male Beagle dogs; n = 7 per dose group; weight 9.7–15.1 kg; less 

than 3 years old) were intravenously administered increasing high doses of prucalopride 

(0.63–5 mg/kg; total dose 9.38 mg/kg). The following parameters were measured: heart 

rate, systolic and diastolic aortic blood pressure, left ventricular end-diastolic pressure 

(LVEDP), the maximum rate of change in isovolumic left ventricular pressure (LVdP/dtmax), 

cardiac relaxation (LVdP/dtmin), the time constant of relaxation, contractility index (defined as 

the maximum first derivative divided by the actual pressure in the left ventricle), pressure rate 

product, cardiac output, stroke volume, coronary blood flow, systemic vascular resistance, 

PQ interval, QRS duration, and QT and QTc intervals. Differences between control-treated 

groups and prucalopride-treated groups of less than 10% of the median peak values were 

considered to be of no physiological relevance, even if they were statistically significant. 

Data were analyzed using the Mann–Whitney U-test. Methodological details are provided in 

Supplemental Information 12.    

 Cardiovascular and Behavioral Parameters in Conscious Adult Dogs. 

Cardiovascular and behavioral parameters in response to prucalopride were evaluated in 

three separate conscious dog studies, with different routes of administration. In the first study, 

a low, single dose of 0.31 mg/kg was administered orally to awake, chronically instrumented 

dogs (n = 7; weight 11.0–13.0 kg; varying ages). An additional group (n = 7) received 

solvent. In the second study, the effects of a single, high, oral dose of 2.5 mg/kg prucalopride 

were assessed (n = 9; weight 9–13 kg; varying ages). In the third study, dogs (n = 7; weight 
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11.0–12.0 kg; varying ages) were intravenously administered control or increasing doses of 

prucalopride: 0.02, 0.04, 0.08, 0.16 and 0.31 mg/kg. The parameters measured were the 

same as those described for anesthetized dogs. Changes in behavior were also recorded 

throughout the experiment.  Differences between control-treated groups and prucalopride-

treated groups of less than 10% of the median peak values were considered to be of no 

physiological relevance, even if they were statistically significant. Data were analyzed using 

the Mann–Whitney U-test. Methodological details are provided in Supplemental Information 

11. 

 

5-HT4 Receptor-Mediated Cardiovascular Pharmacology  

In vitro and in vivo studies were conducted to evaluate the potential of prucalopride to elicit 

adverse cardiovascular effects via interaction with cardiac 5-HT4 receptors. As only humans, 

pigs, and monkeys have functional cardiac 5-HT4 receptors under physiological conditions 

(De Maeyer et al., 2008), studies were restricted to pigs and humans. 

 

In Vitro Studies 

Chronotropic and Inotropic Effects of Prucalopride in Piglet and Human Atrial 

Myocardium. The chronotropic effects of prucalopride and cisapride 1 nM to 10 µM were 

evaluated in spontaneously beating right atria from newborn piglets (five males; 1–2 days 

old). The inotropic effects of prucalopride and cisapride were evaluated in halved left atria 

from newborn piglets and in freshly obtained right atrial samples from 13 patients undergoing 

coronary artery bypass surgery (12 men, mean age 56 ± 4 years [range 43–76 years]; one 

woman, aged 71 years). All patients were treated with β-blockers, and none of them had 

been diagnosed with heart failure. The chronotropic and inotropic potencies of prucalopride 

and cisapride were expressed as a percentage of the maximum effect induced by 5-HT 200–

600 µM or (-)-isoprenaline 200–600 µM, and CRCs were constructed. In addition, to 
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evaluate the potential of prucalopride 10 µM or cisapride 10 µM to antagonize the effects 

induced by 5-HT, a cumulative CRC for 5-HT was constructed in both the absence and 

presence of both agonists. Identical experiments were also performed in human atrial tissue 

that was pre-incubated for 90-minutes with the selective 5-HT4 receptor antagonist 

GR113808 (1 µM). Methodological details are described in Supplemental Information 8. 

 

In Vivo Studies 

Cardiovascular Parameters in Anesthetized Juvenile Pigs. Cardio-hemodynamic, 

cardio-electrophysiological, and pulmonary parameters in response to prucalopride were 

evaluated in anesthetized juvenile pigs (n = 6–10 per dose group; weight 13.2–19.0 kg). Pigs 

were intravenously administered control (water), or prucalopride at 30-minute intervals 

according to a low-dose (0.02, 0.04, 0.08, and 0.16 mg/kg; total dose 0.30 mg/kg) or high-

dose (0.16, 0.32, 0.63, and 1.25 mg/kg; total dose 2.36 mg/kg) protocol. The following 

parameters were measured: various time intervals of the ECG (PQ, QRS, QT, QTc [Bazett, 

Fredericia and Van de Water corrections]), heart rate, aortic blood pressure, pulmonary 

artery blood pressure, LVEDP, LVdP/dtmax , LVdP/dtmin, contractility index, pressure-rate 

product, cardiac output, stroke volume, the index of relaxation, and systemic and pulmonary 

vascular resistance. Differences between control-treated groups and prucalopride-treated 

groups of less than 10% of the median peak values were considered to be of no 

physiological relevance, even if they were statistically significant. Data were analyzed using 

the Mann–Whitney U-test. Methodological details are provided in Supplemental Information 

10. 

 

Chronic Toxicology Studies in Rats and Dogs 

Prucalopride is indicated for the treatment of chronic constipation; patients are 

recommended to receive a daily dose of 2 mg. The effects of repeated high doses of 
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prucalopride on the cardiovascular system were evaluated as part of a set of chronic 

toxicology studies. 

Repeated Dose Toxicity Studies in Rats and Dogs. The effect of repeated high 

doses of prucalopride on heart weight and cardiac histology were investigated in healthy 

Wistar rats (substrain Hannover; n = 200 [100 male, 100 female]; 4–5 weeks old). 

Prucalopride was administered daily by oral gavage over a 6-month period, which was 

followed by a 1-month recovery period. Doses given were 5, 20 and 80 mg/kg body 

weight/day. Additional methodological details are provided in Supplemental Information 13. 

 The effect of repeated high doses of prucalopride on the following parameters was 

also investigated in healthy Beagle dogs (n = 32 [16 male, 16 female]; 6–7 months old): 

ECG, heart rate, blood pressure, heart weight, and cardiac histology. Prucalopride was 

administered daily by oral gavage over a 12-month period. Doses given were 2.5, 10 and 

30 mg/kg bodyweight/day. Additional methodological details are provided in Supplemental 

Information 14. 
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Results 

Non-5-HT4 Receptor-Mediated Cardiovascular Pharmacology 

In Vitro Studies 

Effect of Prucalopride on Electrophysiological Parameters in Guinea Pig, Rabbit, and 

Human Cells and Tissues 

hERG-Transfected HEK293 Cells. Prucalopride at concentrations up to 1 µM 

(370 ng/ml; approximately 50 times the human therapeutic Cmax) had no effect on the hERG 

current (less than 15% inhibition). At prucalopride concentrations of 3–100 µM (exceeding 

therapeutic plasma concentrations in man), concentration-dependent inhibition of the current 

was observed (Fig. 2). The IC50 of prucalopride was 11–22 µM (550–1100 times the human 

therapeutic Cmax). This inhibition was reversible after 5 minutes in the absence of 

prucalopride. In addition, there was no evidence of Loewe additivity (Loewe, 1953) or Bliss 

independence (Bliss, 1939) following coadministration of prucalopride with ketoconazole 

(3 μM), terfenadine (0.03 µM), or erythromycin (10 μM; Fig. 2). 

Guinea Pig Ventricular Myocytes. Prucalopride did not affect the two components 

of the delayed rectifier and inward rectifier potassium currents, the fast sodium current or the 

L-type calcium current at concentrations up to 1 µM (50 times the human therapeutic Cmax; 

data not shown). At a concentration of 10 μM (500 times the human therapeutic Cmax), 

prucalopride inhibited the rapidly activating component of the delayed rectifier potassium 

current by 61%, whereas the other ion channels were not affected (data not shown). 

Isolated Rabbit and Dog Purkinje Fibers. Prucalopride 1 µM (370 ng/ml; 50 times 

the human therapeutic Cmax) had no effect on any of the electrophysiological parameters 

measured in rabbit Purkinje fibers (Supplemental Table 1) under either normal rhythm 

conditions (1 Hz) or conditions mimicking extreme bradycardia (0.2 Hz). At higher 

concentrations of 3 and 10 μM (approximately 150 and 500 times the human therapeutic 

Cmax, respectively) and under normal rhythm conditions, prucalopride induced a 
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concentration-dependent prolongation of APD90 (+22% and +48%, respectively), the ERP 

(+17% and +39%, respectively) and RT (+18% and +40%, respectively), but did not induce 

early or delayed afterdepolarizations, either at normal or at bradycardic rates of stimulation 

(data not shown).. 

In canine Purkinje fibres, under conditions of normokalemia (KCl 4 mM) and at a 

normal rate of stimulation (1 Hz), prucalopride had no effect on electrophysiological 

parameters at concentrations up to 1 μM (50 times the human therapeutic Cmax). 

Prucalopride 10 µM (500 times the human therapeutic Cmax) caused a 14%, 10% and 16% 

increase in ADP90, ERP and RT, respectively, when compared with solvent (P < 0.05); no 

other effects on electrophysiological parameters were observed (Supplemental Table 2). In 

addition, prucalopride did not induce early or delayed afterdepolarizations (Supplemental 

Table 2). 

Guinea Pig Isolated Papillary Muscle. Under normokalemic conditions (KCl 4 mM) 

and a normal rate of stimulation (1 Hz), prucalopride at concentrations of 0.1–1 µM had no 

effect on electrophysiological parameters or contractile force. The only effect observed was 

a minor prolongation (7%) of APD50 and APD90 at 1 μM (approximately 50 times the human 

therapeutic Cmax). At the highest tested concentration of 10 μM (approximately 500 times the 

human therapeutic Cmax), prucalopride slightly prolonged APD50 (+13%) and APD90 (+14%) 

compared with baseline values, but did not affect any other parameters of the action 

potential (AAP, RMP, Vmax) or contractile force (Table 1). Similar results were obtained under 

conditions of normokalemia and bradycardia, and under hypokalemia and a normal rate of 

stimulation, where prucalopride 10 µM caused increases in ADP90 of 18% and 22%, 

respectively, relative to solvent (data not shown). 

Isolated Rabbit Heart. Prucalopride had no relevant effect on coronary perfusion, 

automaticity and escape cycle lengths, excitability, or conduction at concentrations up to 

10 µM (500 times the therapeutic Cmax in man; data not shown). At concentrations above 

3 µM (at least 150 times the therapeutic Cmax in man) prucalopride prolonged the APD 
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(Supplemental Fig. 1), slowed repolarization, and induced instability and reverse-use 

dependency. At the highest concentration tested (10 µM), a slight and non-significant 

prolongation of APD90 was observed (from 314 ± 15 milliseconds with control to 

337 ± 33 milliseconds; P > 0.05). No proarrhythmic activity was induced at any dose tested 

(data not shown). In a subsequent study, prucalopride, alone or in combination with 

ketoconazole or erythromycin, had no relevant electrophysiological effects at concentrations 

up to 1 μM (50 times the human therapeutic Cmax). At concentrations of 3 μM, prucalopride 

elicited prolongation of the APD with a trend towards triangulation. However, this 

prolongation was not observed in the presence of ketoconazole or erythromycin, whereas 

some triangulation was observed in the presence of erythromycin (data not shown). 

Platelet Aggregation. Platelet aggregation responses to ADP and TRAP were 

significantly enhanced (P < 0.0001) in the presence of thrombopoietin (positive control 

[100 ng/ml; Fig. 3]). No comparable effects on platelet aggregation were observed in the 

presence of prucalopride (at 1, 3 and 10 times the human therapeutic Cmax), tegaserod, or 5-

HT, when compared with vehicle. In the antagonist studies, aggregation responses to a 

combination of epinephrine plus 5-HT were partially inhibited by the 5-HT2A receptor-specific 

antagonist ketanserin (P = 0.0023 versus control), while no inhibition was observed with the 

5-HT4 receptor antagonist SDZ 205-557 (Fig. 3). 

 Coronary Artery Contractility. In isolated canine, porcine, and human coronary 

arteries, the application of 5-HT (30 nM to 10 µM) resulted in a significant concentration-

dependent increase in contractility (P < 0.001; Fig. 4). In contrast, prucalopride 1 nM to 

10 µM (up to 500 times the human therapeutic Cmax) did not elicit any contractile responses. 

No significant contractile responses were observed following tegaserod application 

(≤ 10 µM) in porcine or human arteries; however, significant increases in contractile 

responses were observed in canine arteries at tegaserod concentrations of 3 and 10 µM 

(P < 0.001; Fig. 4). 
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In Vivo Studies 

 Cardiovascular Effects of Prucalopride in Anesthetized Rabbits and Guinea 

Pigs. In the methoxamine-challenged rabbit model, treatment with prucalopride (0.04 or 

0.08 mg/kg/minute for 60 minutes; total doses of 2.4 mg/kg and 4.8 mg/kg, respectively) had 

no significant effect on heart rate, mean arterial pressure or ECG parameters when 

compared with control (Table 3). At these doses, the mean peak plasma concentrations 

were 389 ± 56 ng/ml and 1135 ± 124 ng/ml, respectively, corresponding to 52 and 152 times 

the human therapeutic Cmax. At high doses of 9.6 and 18.6 mg/kg (corresponding mean 

plasma concentrations 2654 ± 222 and 4812 ± 485 ng/ml, respectively; 354 and 642 times 

the human therapeutic Cmax), prucalopride did not significantly affect heart rate, blood 

pressure, the amplitude of the P and R waves, or dispersion of the QT and QTc intervals, but 

significantly increased the QT, QTc, JT and JTc intervals, when compared with control (P < 

0.05; Table 3). Slight but significant increases in PR interval and QRS duration were 

observed at a prucalopride dose of 9.6 mg/kg (corresponding plasma concentration 

2654 ± 222 ng/ml; P < 0.05 versus control). QRS duration was also slightly increased at the 

highest dose of 18.6 mg/kg (P < 0.05 versus control). Prucalopride did not induce any 

cardiac arrhythmias such as cardiac conduction disturbances, atrioventricular (AV) block, 

ventricular premature beats, polymorphic ventricular tachycardia, torsade de pointes, 

ventricular fibrillation or death at doses up to 18.6 mg/kg (4812 ng/ml; 642 times the human 

therapeutic Cmax).   

In anesthetized guinea pigs, prucalopride 1.25 mg/kg (5-minute exposure) had no 

effect on heart rate, PQ or QRS duration, QT or Bazett-corrected QTc intervals, and did not 

elicit cardiac conduction disturbances or arrhythmias. A small increase in mean arterial blood 

pressure (10–11%) was noted at 5 and 20 minutes after the onset of the infusion, but not at 
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10 and 30 minutes (data not shown). The Cmax reached at 30 min was 137 ng/ml, 

corresponding to 18 times the human therapeutic Cmax.  

In a second study, limited effects on heart rate were observed at prucalopride doses 

of 5 mg/kg or higher over a period of 5 minutes. A transient and slight decrease in heart rate 

was observed 5 minutes after prucalopride infusion (–9% versus –4% with water). At a dose 

of 10 mg/kg, effects on heart rate persisted at 30 minutes after infusion (maximum effect 

seen after 5 minutes; –17% versus –4% with water) (data not shown). No effects on mean 

arterial blood pressure were observed at high doses of prucalopride (5 and 10 mg/kg), 

although slight increases (< 10%) were observed at supratherapeutic doses of 1.25 mg/kg 

(+26% versus +17% with water) and 2.5 mg/kg (+22% versus +17% with water) 5 minutes 

after infusion (data not shown). At 1.25 mg/kg (corresponding peak plasma level 332 ng/ml; 

44 times the human therapeutic Cmax), prucalopride did not significantly affect ECG intervals. 

No effect on QRS duration was observed at any dose. Doses of 2.5, 5 and 10 mg/kg slightly 

but significantly increased QTc interval (+8%, +9% and +13%, respectively versus +1% with 

water) (data not shown).  At dose levels up to 5 mg/kg, prucalopride did not cause cardiac 

rhythm disturbances such as AV blocks, ventricular premature beats, ventricular tachycardia, 

torsade de pointes or ventricular fibrillation. At 10 mg/kg, AV block was observed in one out 

of 13 animals. After 5 minutes infusion of 2.5, 5 and 10 mg/kg, peak plasma concentrations 

of 714, 1325, and 3286 ng/ml were achieved, respectively, corresponding to 95, 177, and 

438 times the human Cmax.  

 Cardiovascular Effects of Prucalopride on Anesthetized Dogs. In anesthetized 

dogs, increasing intravenous doses of prucalopride from 0.02–1.25 mg/kg (total cumulative 

dose 2.5 mg/kg; corresponding peak plasma concentration 1002 ng/ml; 134 times the 

therapeutic Cmax in man) had no significant effect on heart rate, ECG characteristics (PQ and 

QRS duration, QT and QTc intervals), blood pressures, or pulmonary functional parameters 

(dynamic lung compliance, airway resistance), relative to control (data not shown).  
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In a second study, prucalopride enhanced left ventricular contractility and relaxation 

at doses of 0.63 mg/kg or higher. The peak plasma concentration at 0.63 mg/kg was 

293 ng/ml, corresponding to 39 times the human therapeutic Cmax. Prucalopride had no 

relevant effect on blood pressure and other hemodynamic variables, cardio-

electrophysiologic parameters (PQ and QRS durations, QT and QTc intervals) or pulmonary 

parameters (oxygen saturation difference, peak inspiration pressure and flow, expiratory 

airway resistance, dynamic lung compliance, work of breathing) at doses of 0.63–5 mg/kg 

(total dose, 9.38 mg/kg; peak plasma levels of 3793 ng/ml, at least 500 times the human 

therapeutic Cmax). At 2.5 mg/kg modest increases in heart rate and cardiac output were 

observed (data not shown). At doses up to 2.5 mg/kg, the action potential duration at 70% 

repolarization (ADP70) and APD90, and APD70 and APD90 corrected for changes in heart rate, 

were not affected. At a dose of 5 mg/kg, these parameters and the QT interval were slightly 

shortened. No cardiac rhythm disturbances (such as early or delayed afterdepolarizations) 

were observed at any dose tested. 

 Cardiovascular Effects of Prucalopride in Conscious Dogs. In instrumented, 

freely moving, conscious dogs, a single, low, oral dose of 0.31 mg/kg prucalopride had no 

relevant, consistent effects on cardiovascular parameters (blood pressure, cardiac 

contractility and relaxation, cardiac output, stroke volume, total systemic resistance, 

coronary artery flow, ECG intervals, and heart rate) monitored for 240 minutes after dosing 

(data not shown). Prucalopride also had no effect on behavioral parameters. The maximum 

plasma level achieved at 60 minutes after administration was 61 ng/ml (8 times the human 

therapeutic Cmax). 

In the second study, a single, high oral dose of 2.5 mg/kg prucalopride induced an 

increase in heart rate, diastolic and systolic blood pressure, pressure rate product, 

LVdp/dtmax, LVdp/dtmin, contractility index, and cardiac output (median peak effect: +30%, 

+34%, +29%, +55%, +39%, +18%, +37%, +40% respectively), when compared to control 

(data not shown). Plasma levels measured at 30, 60 and 240 minutes after dosing were 670, 
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505 and 310 ng/ml, respectively, exceeding the human therapeutic Cmax by 89, 67 and 41 

times. Compared with control, this high dose of prucalopride had no relevant, consistent 

effects on the relaxation time constant, stroke volume, total systemic resistance or the 

duration of the QRS, QT, and QTc intervals, monitored for 240 minutes after dosing (data 

not shown). No effect of prucalopride was noted on the duration of the PQ interval with 

manual analysis of the ECG; however, a computerized analysis showed a slight trend for a 

reduction in PQ interval (~10%), secondary to the increase in heart rate observed during the 

post-dosing period. A short period of extrasystole was observed in two dogs from the control 

group; this was not observed in the prucalopride-treated group. No changes in behavior 

were noted in 8 out of 9 dogs in the control group and in 9 out of 9 dogs in the prucalopride-

treated group (data not shown). 

In comparison with control, prucalopride (0.02–0.31 mg/kg dosed intravenously; total 

dose 0.61 mg/kg) induced no biologically relevant effects on heart rate, cardiac output, 

stroke volume, coronary blood flow or ECG parameters that consistently exceeded 10% 

change versus baseline (data not shown). The plasma level 5 minutes after administration of 

0.31 mg/kg was 174 ng/ml, corresponding to 23 times the human therapeutic Cmax.   

Prucalopride induced a dose-dependent increase in systolic blood pressure, which 

reached statistical significance compared with control at a dose of 0.04 mg/kg (median peak 

values +12%, +21%, +25% and +28% from baseline after doses of 0.04, 0.08, 0.16 and 

0.31 mg/kg, respectively), and in diastolic blood pressure, which reached statistical 

significance compared with control at 0.08 mg/kg (median peak values +39%, +46% and 

+50% from baseline after doses of 0.08, 0.16 and 0.31 mg/kg, respectively). The pressure 

rate product increased significantly following a prucalopride dose of 0.08 mg/kg (median 

peak value +40% from baseline), and total systemic resistance increased significantly 

following a dose of 0.04 mg/kg (median peak value +14% from baseline; data not shown). 

Plasma levels 5 minutes after intravenous administration of prucalopride 0.04 and 
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0.08 mg/kg were 15 and 36 ng/ml, respectively, corresponding to 2–5 times the human 

therapeutic Cmax. These effects were accompanied by one episode of vomiting. 

No behavioral alterations were observed during or after treatment in the control group 

or in four of seven dogs in the prucalopride-treated group. Three dogs vomited immediately 

following administration of prucalopride 0.04 mg/kg; one of these dogs also vomited 

following administration of prucalopride 0.08 mg/kg.  

 

5-HT4 Receptor-Mediated Cardiovascular Pharmacology 

In vitro studies 

Chronotropic and Inotropic 5-HT4 Receptor-Mediated Effects of Prucalopride 

on Piglet and Human Atrial Myocardium. In the paced human right atrium (inotropic effect; 

Fig. 5C) and in the spontaneously beating porcine right atrium (chronotropic effect; Fig. 5A), 

prucalopride behaved as a partial 5-HT4 receptor agonist compared with 5-HT. A positive 

inotropic response was observed in porcine left atrium (Fig. 5B). In contrast, cisapride only 

minimally increased contractile force (Fig. 5D); however, both prucalopride and cisapride 

could antagonize the effects of 5-HT (Table 2).  

 GR113808 (a selective 5-HT4 receptor antagonist) completely antagonized the 

chronotropic and inotropic effects of prucalopride, cisapride, and 5-HT, consistent with 

mediation through 5-HT4 receptors, but not those to (–)-isoprenaline (data not shown). No 

arrhythmic contractions were observed in these models after the administration of 

prucalopride up to 10 µM (500 times the human therapeutic plasma level). 

 

In vivo studies 

Cardiovascular Effects of Prucalopride on Anesthetized Pigs. In anesthetized 

pigs that received the low-dose range, prucalopride induced slight and transient increases in 
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heart rate and systolic and diastolic blood pressure, at doses of 0.02 mg/kg (plama level 

6.7 ng/ml) or higher. 

The maximal effect on heart rate (+22% from baseline versus –8% in the solvent 

group; increase of 14 beats/min) and pressure rate product (+14% from baseline versus –

10% with solvent) was observed at 0.16 mg/kg (maximum plasma concentration 79.8 ng/ml, 

approximately 10 times the therapeutic Cmax in man) (Table 4). These responses faded over 

a 30-minute period and the subsequent administration of higher doses resulted in less 

pronounced effects.  

The high-dose range of prucalopride (0.16–1.25 mg/kg; corresponding to median 

plasma concentrations of 70–757 ng/ml, [10–100 times the therapeutic Cmax in man]), 

induced increases in heart rate (maximal effect +19% from baseline after 0.16 mg/kg versus 

–2% with solvent), diastolic aortic blood pressure (maximal effect after 0.16 mg/kg: +18% 

from baseline versus 0% with solvent), and pressure rate product (maximal effect +32% after 

0.32 mg/kg from baseline versus –2% with solvent) (Table 4). High doses of prucalopride 

had no significant effect on LVEDP, LVdP/dtmax, LVdP/dtmin, stroke volume, cardiac output, or 

systemic or pulmonary vascular resistance (P > 0.05 versus control; Table 4).  Prucalopride 

did not significantly affect the duration of the PQ interval, the QRS complex, the QT and 

corrected QT intervals relative to solvent, at a cumulative dose of 2.36 mg/kg (approximately 

100 times the therapeutic Cmax in man) (Table 4). No aberrant ECG complexes such as 

irregular RR interval, supraventricular arrhythmias and ventricular premature beats, 

ventricular tachycardia or ventricular fibrillation occurred. 

 

Repeated Dose Studies in Rats and Dogs 

After 6 months and 12 months oral administration of prucalopride in rats and dogs, the no 

observed adverse effect levels were 5 and 10 mg/kg/day, respectively (data not shown). The 
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corresponding exposure was at least 5 times higher in rats and 244 times higher in dogs, 

than that observed in humans who received a daily dose of 2 mg. 

The highest doses of prucalopride tested were 80 and 30 mg/kg/day in rats and 

dogs, respectively. In male rats, increases in heart weight (up to 11%) were observed at 

doses of 20 mg/kg/day or higher (at least 75 times the human therapeutic area under the 

curve [AUC]) (data not shown). Cardiac histology revealed an increase in focal infiltration of 

chronic inflammatory cells in the heart at a dose of 80 mg/kg/day (at least 785 times the 

human therapeutic AUC).  In dogs, no changes in heart rate, blood pressure, ECG 

parameters, heart weight or cardiac histology were observed at any dose tested (the highest 

dose of 30 mg/kg/day was 572 times the human therapeutic AUC) (data not shown). 
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Discussion 

The cardiovascular profile of the highly selective 5-HT4 receptor agonist prucalopride was 

evaluated in an extensive set of studies using a variety of in vitro and in vivo models. Since 

previously reported adverse cardiovascular events associated with 5-HT4 agonists were 

attributed to off-target pharmacology, a broad set of studies was implemented to fully 

exclude all non-5-HT4 receptor-mediated potential cardiovascular interactions. 

Cardiovascular safety pharmacology studies and toxicology studies were conducted in dogs, 

where cardiovascular effects such as QT interval prolongation have been shown to have 

good translation to clinical effects (Jonker et al., 2005). In addition, the effect of prucalopride 

was evaluated in humans and pigs, because these species bear low levels of cardiac 5-HT4 

receptors (De Maeyer et al., 2008). Finally, the effect of chronic cardiovascular exposure to 

prucalopride was evaluated as part of the toxicology program. 

The withdrawn 5-HT4 agonist cisapride was demonstrated to inhibit the hERG 

potassium channel (essential to the regulation of myocardial repolarization and cardiac 

rhythmicity) at therapeutic plasma concentrations (Sanguinetti and Tristani-Firouzi, 2006). 

In contrast, prucalopride, at concentrations comparable with and clearly exceeding those 

reached after therapeutic dosing in humans (7.5 ng/ml), had no relevant effect on 

electrophysiological parameters when studied in various in vitro and in vivo models. 

Prucalopride had no significant effects on the rapidly activating component of the delayed 

rectifier potassium current at concentrations up to 1 µM (50 times the therapeutic Cmax in 

man). This clearly dissociates prucalopride from the non-selective 5-HT4 receptor agonist 

cisapride, which has less than 1-fold selectivity for the 5-HT4 receptor over the hERG 

channel (De Maeyer et al., 2008). Prucalopride had no effects on other ion channels at 

concentrations 500 times higher than the human therapeutic Cmax.  

In a variety of proarrhythmic cardiovascular models, prucalopride did not exhibit any 

proarrhythmic tendencies. No biologically relevant effects were identified in rabbit and dog 
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Purkinje fibres, guinea pig papillary muscle and the isolated rabbit heart, at concentrations 

50–500 times the therapeutic Cmax in man. Furthermore, no electrophysiological effects of 

prucalopride were observed under conditions mimicking bradycardia or hypokalemia. In 

methoxamine-challenged rabbits, high doses of prucalopride, corresponding to plasma 

levels over 600 times the human therapeutic Cmax, did not elicit ventricular tachycardia, 

torsades de pointes or other cardiac arrhythmias.  

In the presented studies in anesthetized dogs, prucalopride plasma concentrations 

reached a median of 1002 ng/ml (134 times the therapeutic concentration in man), and no 

significant effects on cardiovascular parameters or ECG time intervals were observed. In 

anesthetized guinea pigs and rabbits, prucalopride prolonged the duration of the QTc 

interval only at very high intravenous doses (44 and 350 times the human therapeutic Cmax, 

respectively). Neither the morphology nor the homogeneity of the QT/QTc intervals was 

changed by prucalopride in rabbits. QT interval dispersion has been proposed as a marker 

of heterogenous ventricular repolarization and electrical instability in the heart (Day et al., 

1990; Carlsson et al., 1993; Lu et al., 1999). Our observation is in agreement with clinical 

research that showed no change in QT interval dispersion in healthy humans receiving 

prucalopride (Mendzelevski et al., 2012). An additional phase II trial investigating the safety 

of prucalopride in elderly patients with constipation similarly reported no differences in ECG 

or QTc interval between patients who received prucalopride and those who received 

placebo; no incidences of ventricular arrhythmia were reported after treatment with 

prucalopride (Camilleri et al., 2009). Our findings are consistent with these clinical studies 

and it is therefore unlikely that prucalopride will affect ECG parameters at therapeutic doses. 

In conscious dogs, dose-dependent increases in systolic and diastolic blood pressure 

were observed at prucalopride doses of 0.04 and 0.08 mg/kg. These doses corresponded to 

plasma levels of 2–5 times the human therapeutic plasma concentration. Since similar 

effects were absent in anesthetized dogs, and since 5-HT4 receptors are not expressed in 

canine cardiac tissue, animal restraint, together with the pronounced gastrointestinal motility 
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effect of prucalopride known to occur at these doses, may have contributed to the observed 

effects.  

Putative mechanisms involved in the cardiovascular ischemic events caused by 

tegaserod include effects on 5-HT1 or 5-HT2 receptor activity, which may lead to coronary 

artery constriction or platelet aggregation (De Maeyer et al., 2008; Serebruany et al., 2010). 

In the platelet aggregation studies presented here, neither prucalopride nor tegaserod 

caused an increase in aggregation response to a range of physiologically relevant platelet 

activators. Moreover, alteration in platelet responses to 5-HT were inhibited by a 5-HT2A-

selective antagonist, but not a 5-HT4-selective antagonist, which indicated that serotonergic 

platelet aggregation responses are mediated through 5-HT2A receptors. Tegaserod has been 

shown to be a 5-HT2 receptor antagonist (Beattie et al., 2004) whereas prucalopride has no 

affinity for these receptors (De Maeyer et al., 2008), and induced no contractile effects at 

concentrations up to 500 times higher than human therapeutic Cmax. Tegaserod induced 

contraction in canine tissue only; this may be related to its affinity for 5-HT1B receptors (De 

Maeyer et al., 2008). 

Prucalopride (1 nM to 10 µM) caused a concentration-dependent increase in 

sinoatrial beating rate in piglet atrial myocardium, and in contractile force in human right 

atria. These observations are consistent with previously described, modest effects of 

prucalopride in porcine atrial myocardium (De Maeyer et al., 2006a). The selective 5-HT4 

receptor antagonist GR113808 completely attenuated the chronotropic and inotropic effects 

of prucalopride, indicating that these effects were 5-HT4-mediated. Human and porcine 

hearts have a very low density of 5-HT4 receptors, with no receptor reserve for 5-HT in atrial 

tissue (De Maeyer et al., 2006b, 2009). Consequently, prucalopride behaved as a weak 

partial agonist compared with 5-HT (i.e. was less efficacious than 5-HT); as a result, 

prucalopride can antagonize the effects of exogenous 5-HT and may possibly provide a 

protective effect against endogenously released 5-HT. 
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In anesthetized pigs, a slight and transient increase in heart rate and systolic and 

diastolic blood pressure was noted at plasma levels at least 10 times higher than the human 

therapeutic Cmax. This transient increase in heart rate reduced gradually over a 30-minute 

period and higher doses administered subsequently did not have the same effect. These 

observations, together with the presented findings from studies in porcine and human atrial 

myocardium, may explain the transient and limited increases in heart rate (2–5 beats/min) 

observed in healthy volunteers upon first exposure to prucalopride (2 and 10 mg) 

(Mendzelevski et al., 2012). In a thorough QT study and in two phase I cardiovascular trials, 

healthy volunteers who received prucalopride at up to 10 times the therapeutic dose 

demonstrated slight and transient increases in heart rate by 5–8 beats/min. These effects 

faded after an initial peak at 3 hours after dosing (Boyce et al., 2009; Mendzelevski et al., 

2012). Furthermore, as compared with the long-lasting 5-HT4 receptor-mediated stimulatory 

effects of prucalopride observed in the stomach and colon of guinea pigs, rats, and dogs 

(Tack et al., 2012; Tack and Corsetti, 2012), the chronotropic and inotropic effects of 

prucalopride in the human and porcine heart have been shown to diminish rapidly (De 

Maeyer et al., 2009). 

 In repeated dose toxicity studies, no effects of prucalopride on ECG characteristics, 

heart rate, or blood pressure were observed in conscious dogs (up to 30 mg/kg/day for 12 

months [572 times the human therapeutic AUC]).  

In conclusion, non-5-HT4 receptor-mediated pharmacology has been implicated in 

the etiology of cardiovascular adverse events for the withdrawn first-generation 5-HT4 

receptor agonists cisapride and tegaserod. No relevant effects on cardiovascular and 

cardiac electrophysiological parameters were observed at prucalopride concentrations of at 

least 50 times the human therapeutic Cmax. Only small, transient increases in heart rate and 

blood pressure were observed in anesthetized pigs at prucalopride concentrations 10 times 

higher than the human therapeutic Cmax. Prucalopride demonstrated a wide safety margin, 

with physiologically significant effects on electrophysiological and cardiovascular parameters 
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observed only at supratherapeutic concentrations that were considered clinically irrelevant. 

Preclinical and clinical evidence together support the improved cardiovascular safety offered 

by prucalopride compared with other nonselective 5-HT4 receptor agonists in the treatment 

of patients with gastrointestinal motility disorders such as chronic idiopathic constipation. 

 

Acknowledgments 

Atrial myocardium studies were performed by Dr Alberto Kaumann, University of Cambridge, 

Cambridge, UK. We would like to thank Dr Galen Carey (Shire, Lexington, MA) for his review 

and comments. Medical writing support was provided by Laura Knapp, PhD, 

PharmaGenesis London, London, UK, with funding from Shire. 

 

Authorship contributions 

Participated in research design: De Maeyer, Schuurkes, Christie, McRedmond, Conlon and 

Wade. 

Conducted experiments: Christie, De Maeyer, McRedmond and Schuurkes. 

Performed data analysis: De Maeyer, Schuurkes, Christie, McRedmond, Derakhchan and 

Wade. 

Wrote or contributed to the writing of the manuscript: Conlon, Bruce, De Maeyer, Schuurkes, 

Christie, McRedmond, Derakhchan and Wade. 

 

Conflict of interest 

K.C., C.B., and P.R.W., are previous employees of Shire. K.D. is an employee of Shire. 

J.H.D.M. and J.A.J.S. are previous employees of Shire-Movetis. L.C. is an employee of 

Biopta Ltd and J.M. is an employee of Java Clinical Research, both of which received 

funding from Shire to conduct the presented studies. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

32 

 

References 

Adamantidis MM, Dumotier BM, Caron JF, and Bordet R (1998) Sparfloxacin but not 

levofloxacin or ofloxacin prolongs cardiac repolarization in rabbit Purkinje fibers. Fundam 

Clin Pharmacol 12: 70–76. 

Anderson JL, May HT, Bair TL, Muhlestein JB, Horne BD, and Carlquist JF (2009) Lack of 

association of tegaserod with adverse cardiovascular outcomes in a matched case-control 

study. J Cardiovasc Pharmacol Ther 14: 170–175. 

Beattie DT, Smith JAM, Marquess D, Vickery RG, Armstrong SR, Pulido-Rios T, Sandlund 

C, Richardson C, Mai N, and Humphrey PPA (2004) The 5-HT4 receptor agonist, tegaserod, 

is a potent 5-HT2B receptor antagonist in vitro and in vivo. Br J Pharmacol 143: 549–60. 

Bliss CI (1939) The toxicity of poisons applied jointly. Ann App Biol 26: 585–615. 

Bosshard W, Dreher R, Schnegg JF, and Bula CJ (2004) The treatment of chronic 

constipation in elderly people: an update. Drugs Aging 21: 911–930. 

Boyce MJ, Kerstens R, Beyens G, Ausma J, and Vandeplassche L (2009) T1265 

Cardiovascular safety of prucalopride in healthy subjects: results from two randomized, 

double-blind, placebo-controlled, cross-over trials. Gastreoenterology 136: A535 

Briejer MR, Bosmans JP, Van Daele P, Jurzak M, Heylen L, Leysen JE, Prins NH, and 

Schuurkes JA (2001) The in vitro pharmacological profile of prucalopride, a novel 

enterokinetic compound. Eur J Pharmacol 423: 71–83. 

Camilleri M, Beyens G, Kerstens R, Robinson P, and Vandeplassche L (2009) Safety 

assessment of prucalopride in elderly patients with constipation: a double-blind, placebo-

controlled study. Neurogastroenterol Motil 21: 1256–e117. 

Camilleri M, Kerstens R, Rykx A, and Vandeplassche L (2008) A placebo-controlled trial of 

prucalopride for severe chronic constipation. N Engl J Med 358: 2344–2354. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

33 

 

Carlsson L, Abrahamsson C, Andersson B, Duker G, and Schiller-Linhardt G (1993) 

Proarrhythmic effects of the class III agent almokalant: importance of infusion rate, QT 

dispersion, and early afterdepolarisations. Cardiovasc Res 27: 2186–2193. 

Carlsson L, Amos GJ, Andersson B, Drews L, Duker G, and Wadstedt G (1997) 

Electrophysiological characterization of the prokinetic agents cisapride and mosapride in 

vivo and in vitro: implications for proarrhythmic potential? J Pharmacol Exp Ther 282: 220–

227. 

Carmeliet E, Xhonneux R, Van Glabbeek A, and Reneman R (1976) Electrophysiological 

effects of droperidol in different cardiac tissues. Naunyn Schmiedebergs Arch Pharmacol 

293: 57–66. 

Day CP, McComb JM, and Campbell RW (1990) QT dispersion: an indication of arrhythmia 

risk in patients with long QT intervals. Br Heart J 63: 342–344. 

De Maeyer JH, Lefebvre RA, and Schuurkes JA (2008) 5-HT4 receptor agonists: similar but 

not the same. Neurogastroenterol Motil 20: 99–112. 

De Maeyer JH, Prins NH, Schuurkes JA, and Lefebvre RA (2006b) Differential effects of 5-

hydroxytryptamine4 receptor agonists at gastric versus cardiac receptors: an operational 

framework to explain and quantify organ-specific behavior. J Pharmacol Exp Ther 317: 955–

964. 

De Maeyer JH, Schuurkes JA, and Lefebvre RA (2009) Selective desensitization of the 5-

HT4 receptor-mediated response in pig atrium but not in stomach. Br J Pharmacol 156: 362–

376. 

De Maeyer JH, Straetemans R, Schuurkes JA, and Lefebvre RA (2006a) Porcine left atrial 

and sinoatrial 5-HT4 receptor-induced responses: fading of the response and influence of 

development. Br J Pharmacol 147: 140–157. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

34 

 

Dennison C, Prasad M, Lloyd A, Bhattacharyya SK, Dhawan R, and Coyne K (2005) The 

health-related quality of life and economic burden of constipation. Pharmacoeconomics 23: 

461–476. 

European Medicines Agency (2016). Resolor® (prucalopride). Summary of product 

characteristics. Available from: 

http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-

_Product_Information/human/001012/WC500053998.pdf (accessed 14 June 2017). 

Gershon MD and Tack J (2007) The serotonin signaling system: from basic understanding to 

drug development for functional GI disorders. Gastroenterology 132: 397–414. 

Higgins PD and Johanson JF (2004) Epidemiology of constipation in North America: a 

systematic review. Am J Gastroenterol 99: 750–759. 

Hondeghem LM, Carlsson L , and Duker G (2001) Instability and triangulation of the action 

potential predict serious proarrhythmia, but action potential duration prolongation is 

antiarrhythmic. Circulation 103: 2004–13. 

Jin J and Kunapuli SP (1998) Coactivation of two different G protein-coupled receptors is 

essential for ADP-induced platelet aggregation. Proc Natl Acad Sci USA 95: 8070–8074. 

Jonker DM, Kenna LA, Leishman D, Wallis R, Milligan PA, and Jonsson EN (2005). A 

pharmacokinetic-pharmacodynamic model for the quantitative prediction of dofetilide clinical 

QT prolongation from human ether-a-go-go-related gene current inhibition data. Clin 

Pharmacol Ther 77: 572–582. 

Kaumann AJ (2000) Report to Janssen. Cambridge, 12 June. 

Kaumann AJ, Sanders L, Brown AM, Murray KJ, and Brown MJ (1990) A 5-

hydroxytryptamine receptor in human atrium. Br J Pharmacol 100: 879–85. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/001012/WC500053998.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/001012/WC500053998.pdf
http://jpet.aspetjournals.org/


JPET 244079 

 

35 

 

Loewe S (1953) The problem of synergism and antagonism of combined drugs. 

Arzneimittelforschung 3: 285–290. 

Loughlin J, Quinn S, Rivero E, Wong J, Huang J, Kralstein J, Earnest DL, and Seeger JD 

(2010) Tegaserod and the risk of cardiovascular ischemic events: an observational cohort 

study. J Cardiovasc Pharmacol Ther 15: 151–157. 

Lu HR, Yu F, Dai DZ, Remeysen P, and De Clerck F (1999) Reduction in QT dispersion and 

ventricular arrhythmias by ischaemic preconditioning in anaesthetized, normotensive and 

spontaneously hypertensive rats. Fundam Clin Pharmacol 13: 445–454. 

Mendzelevski B, Ausma J, Chanter DO, Robinson P, Kerstens R, Vandenplassche L, and 

Camm J (2012) Assessment of the cardiac safety of prucalopride in healthy volunteers: a 

randomized, double-blind, placebo- and positive-controlled thorough QT study. Br J Clin 

Pharmacol 73: 203–209. 

Mohammad S, Zhou Z, Gong Q, and January CT (1997) Blockage of the HERG human 

cardiac K+ channel by the gastrointestinal prokinetic agent cisapride. Am J Physiol 273: 

H2534–2538. 

Pau D, Workman AJ, Kane KA, and Rankin AC (2005) Electrophysiological effects of 

prucalopride, a novel enterokinetic agent, on isolated atrial myocytes from patients treated 

with beta-adrenoceptor antagonists. J Pharmacol Exp Ther 313: 146–153. 

Potet F, Bouyssou T, Escande D, and Baro I (2001) Gastrointestinal prokinetic drugs have 

different affinity for the human cardiac human ether-a-gogo K(+) channel. J Pharmacol Exp 

Ther 299: 1007–1012. 

Quigley EM, Vandeplassche L, Kerstens R, and Ausma J (2009) Clinical trial: the efficacy, 

impact on quality of life, and safety and tolerability of prucalopride in severe chronic 

constipation − a 12-week, randomized, double-blind, placebo-controlled study. Aliment 

Pharmacol Ther 29: 315–328. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

36 

 

Rampe D, Roy ML, Dennis A, and Brown AM (1997) A mechanism for the proarrhythmic 

effects of cisapride (Propulsid): high affinity blockade of the human cardiac potassium 

channel HERG. FEBS Lett 417: 28–32. 

Redfern WS, Carlsson L, Davis AS, Lynch WG, MacKenzie I, Palethorpe S, Siegl PK, Strang 

I, Sullivan AT, Wallis R, Camm AJ, and Hammond TG (2003) Relationships between 

preclinical cardiac electrophysiology, clinical QT interval prolongation and torsade de pointes 

for a broad range of drugs: evidence for a provisional safety margin in drug development. 

Cardiovasc Res 58: 32–45. 

Sanguinetti MC and Tristani-Firouzi M (2006) hERG potassium channels and cardiac 

arrhythmia. Nature 440: 463–69. 

Serebruany VL, El Mouelhi M, Pfannkuche HJ, Rose K, Marro M, and Angiolillo DJ (2010) 

Investigations on 5-HT4 receptor expression and effects of tegaserod on human platelet 

aggregation in vitro. Am J Ther 17: 543–552. 

Smith JA, Beattie DT, Marquess D, Shaw JP, Vickery RG, and Humphrey PP (2008) The in 

vitro pharmacological profile of TD-5108, a selective 5-HT4 receptor agonist with high 

intrinsic activity. Naunyn Schmiedebergs Arch Pharmacol 378: 125–137. 

Tack J, Camilleri M, Chang L, Chey WD, Galligan JJ, Lacy BE, Műller-Lissner S, Quigley 

EM, Schuurkes J, De Maeyer JH, and Stanghellini V (2012) Systematic review: 

cardiovascular safety profile of 5-HT4 agonists developed for gastrointestinal disorders. 

Aliment Pharmacol Ther 35: 745–767. 

Tack J and Corsetti M (2012) Prucalopride: evaluation of the pharmacokinetics, 

pharmacodynamics, efficacy and safety in the treatment of chronic constipation. Expert Opin 

Drug Metab Toxicol 8: 1327–1335. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

37 

 

Tack J, van Outryve M, Beyens G, Kerstens R, and Vandeplassche L (2009) Prucalopride 

(Resolor) in the treatment of severe chronic constipation in patients dissatisfied with 

laxatives. Gut 58: 357–365. 

US Food and Drug Administration (2011) FDA Gastrointestinal Diseases Advisory 

Committee briefing document: evaluation of cardiac safety and serotonin receptor (5HT4) 

agonists. Available from: 

http://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/Gas

trointestinalDrugsAdvisoryCommittee/UCM279736.pdf (accessed 14 June 2017). 

US Food and Drug Administration (2007) Public health advisory: tegaserod maleate 

(marketed as Zelnorm). Available from: 

http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProvi

ders/ucm051284.htm (accessed 14 June 2017). 

Wald A, Scarpignato C, Kamm MA, Mueller-Lissner S, Helfrich I, Schuijt C, Bubeck J, Limoni 

C, and Petrini O (2007) The burden of constipation on quality of life: results of a multinational 

survey. Aliment Pharmacol Ther 26: 227–236. 

Yiannakou Y, Piessevaux H, Bouchoucha M, Schiefke I, Gabalec L, Dina I, Stephenson D, 

Kerstens R, Etherson K, and Levine A (2015) A randomized, double-blind, placebo-

controlled, phase 3 trial to evaluate the efficacy, safety, and tolerability of prucalopride in 

men with chronic constipation. Am J Gastroenterol 110: 741–748. 

Zhou Z, Gong Q, Ye B, Fan Z, Makielski JC, Robertson GA, and January CT (1998) 

Properties of HERG channels stably expressed in HEK 293 cells studied at physiological 

temperature. Biophys J 74: 230–241. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/GastrointestinalDrugsAdvisoryCommittee/UCM279736.pdf
http://www.fda.gov/downloads/AdvisoryCommittees/CommitteesMeetingMaterials/Drugs/GastrointestinalDrugsAdvisoryCommittee/UCM279736.pdf
http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/ucm051284.htm
http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/ucm051284.htm
http://jpet.aspetjournals.org/


JPET 244079 

 

38 

 

Footnotes 

This study was funded by Shire-Movetis NV, Turnhout, Belgium. Studies conducted at 

Biopta and Java Clinical Research were funded by Shire. Funding for medical writing 

support was provided by Shire. 

Address reprint requests to: 

Paul R. Wade, PhD, 1628 North Street, Philadelphia, PA 19130-3305, USA 

E-mail: paulrwade@comcast.net  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

39 

 

Figure legends 

Fig. 1. Binding selectivity of the 5-HT4 receptor agonists cisapride (A), tegaserod (B), and 

prucalopride (C). Plots show the results of competitive receptor–ligand binding studies using 

agonist (green or black circles) and antagonist radioligands (red or white circles). The x-axis 

shows the binding affinity (pKi) of the compound at various receptors and ion channels. 

Labels indicate the different receptors and ion channels for which the affinities of each 

compound were tested. The arrows below each graph show the difference in affinity of each 

compound for the 5-HT4 receptor compared with the 5-HT2A receptor (red ellipsis), the 5-

HT1B receptor (blue ellipsis), or the hERG-encoded potassium channel (black rectangle). 

Prefixes indicate human- (h), rat- (r), or mouse- (m) derived receptors. 5-HT, 5-

hydroxytryptamine; α1, alpha-1 adrenergic receptor; α2C, alpha-2C adrenergic receptor; D2, 

dopamine receptor 2; D2L, dopamine receptor 2L; DAT, dopamine transporter; hERG, human 

ether-à-go-go-related gene; NET, norepinephrine transporter; SERT, serotonin transporter. 

Figure adapted from De Maeyer JH et al. (2008) Neurogastroenterol Motil 20: 99–112 with 

the permission of Blackwell Publishing. 

 

Fig. 2. Effects of prucalopride (n = 8–9) alone and combined with (A) ketoconazole (n = 8), 

(B) terfenadine (n = 8), and (C) erythromycin (n = 8) on inhibition of the hERG potassium 

current (IKr) in hERG-transfected human embryonic kidney (HEK293) cells. Data are mean ± 

standard error of the mean. hERG, human ether-à-go-go-related gene. 
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Fig. 3. Effects of 5-HT, 5-HT4 receptor agonists (prucalopride, tegaserod), 5-HT4 receptor 

antagonist SDZ 205-557, 5-HT2 receptor agonist ketanserin), and vehicle on platelet 

aggregation responses. Platelet aggregation was induced by (A) ADP (1.5 µM), (B) thrombin 

receptor activating peptide (1 µM), and (C) 5-HT (0.5 µM) plus epinephrine (2.5 µM) 

following incubation with agonists (A, B) or antagonists (C). Data points are maximum 

aggregation responses, and the data are shown as mean (central horizontal line) ± standard 

deviation (bars). N = 17 for A, B, and C. *P < 0.05, **P < 0.01, ****P < 0.0001 versus vehicle 

(water). 5-HT, 5-hydroxytryptamine; TPO, thrombopoietin. 

 

Fig. 4. Effects of prucalopride, tegaserod, 5-HT, and vehicle measured in isolated left 

anterior descending coronary arteries. Contractile responses were evaluated in (A) canine 

(n = 5), (B) porcine (n = 5), and (C) human (n = 5) coronary arteries. Cumulative 

concentration–response curves were constructed for prucalopride (1 nM to 10 μM), 

tegaserod (1 nM to 10 μM), 5-HT (1 nM to 10 μM), and vehicle. Data are expressed as a 

percentage of the contraction elicited by the maximum priming dose of 5-HT (3 × 10–6 M). 

Data are mean + standard error of the mean. Each concentration was applied following the 

peak of the contraction or following an exposure of at least 5 minutes. **P < 1.05; 

***P < 0.001. 5-HT, 5-hydroxytryptamine. 

 

Fig. 5. Chronotropic (A) and inotropic effects of prucalopride B, C) and cisapride (D, E) 

measured in piglet and human atrial myocardium. Cumulative concentration–response 

curves were determined for prucalopride and cisapride (1 nM–10 µM), followed by 

administration of 5-HT (200–600 µM), and then (–)-isoprenaline (200–600 µM). Data are 

mean + standard error of the mean. 5-HT, 5-hydroxytryptamine; IBMX, 

isobutylmethylxanthine. 
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Table 1: Electrophysiological Effects of Prucalopride in Isolated Guinea Pig Papillary Muscle 

 Vehicle (n = 6) Prucalopride (µM; n = 8) 

Parameter Baseline 1st 2nd 3rd 4th Baseline 0.01 0.1 1 10 

AAP (millivolts) 127 ± 2 124 ± 3 126 ± 2 129 ± 2 131 ± 2 127 ± 2 126 ± 3 127 ± 2 128 ± 2 126 ± 3 

APD90 
(milliseconds) 176 ± 5 181 ± 5a 183 ± 6a 180 ± 6 181±6a 176 ± 6 177 ± 6 178 ± 8 188 ± 7a 201 ± 6a 

APD50 
(milliseconds) 

152 ± 5 158 ± 5a 160 ± 5a 157 ± 6 157 ± 6a 154 ± 5 154 ± 6 156 ± 7 165 ± 6a 174 ± 5a 

RMP (millivolts) 92 ± 2 89 ± 2 91 ± 1 90 ± 1 90 ± 2 90 ± 1 88 ± 2 88 ± 2 90 ± 1 88 ± 2 

Vmax (V/second) 200 ± 4 189 ± 6 206 ± 8 193 ± 9 211 ± 16 218 ± 14 216 ± 7b 218 ± 9 219 ± 11 221 ± 6 

CF (meganewtons) 1.54 ± 0.39 1.56 ± 0.40 1.52 ± 0.40 1.47 ± 0.40 1.40 ± 0.41
a 1.41 ± 0.22 1.43 ± 0.22 1.37 ± 0.26 1.46 ± 0.24 1.34 ± 0.23 

Note: Stimulations were performed under normal rhythm conditions (1 Hz) and normokalemia (KCl 4 mM). Values are mean ± standard error.  

aP ≤ 0.05 vs own baseline value 

bP ≤ 0.05 vs vehicle 

AAP, amplitude of resting action potential; APD90, action potential duration at 90% repolarization; APD50, action potential duration at 50% repolarization; CF, contractile force; 

RMP, resting membrane potential; Vmax, maximum rate of depolarization during the upstroke.  
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Table 2. Stimulant and Blocking Effects of Partial Agonists Measured in Piglet and Human 

Atrial Myocardium 

Agonist 

Piglet Human 

Right Atrium 

Chronotropic 

Left Atrium 

Inotropic 

Right Atrium 

Inotropic 

Prucalopride 

Stimulation potency  

(–log EC50, M) 

n = 5 

7.35 ± 0.25b 

n = 4 

7.17 ± 0.07b 

n = 4 

7.09 ± 0.12 

Intrinsic activitya 0.72 ± 0.11b 0.65 ± 0.05b 0.51 ± 0.09 

Blocking potency  

(–log Kp, M) 

 7.09 ± 0.21b 7.27 ± 0.33 

Cisapride n = 4 n = 4 n = 5 

Stimulation potency  

(–log EC50, M) 

6.44 ± 0.08c ND 6.44 ± 0.14 

Intrinsic activitya 0.43 ± 0.06c 0.09 ± 0.02 0.27 ± 0.07 

Blocking potency  

(–log Kp, M) 

 7.03 ± 0.22 6.15 ± 0.31 

Note: Values are mean ± standard error. 

5-HT, 5-hydroxytryptamine; EC50, half maximal effective concentration; Kp, dissociation equilibrium constant; ND, 

not determined (effects were too small). 

aIntrinsic activity measured with respect to 600 µM 5-HT. 

bData previously published (Kaumann, 2000) 

cData previously published (Kaumann, 1990). 
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Table 3. Effect of prucalopride on cardiovascular parameters in anesthetized rabbits (n = 7) during methoxamine administration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Water (ml/kg/min for 

60 minutes) 

Prucalopride (mg/kg/min for 60 minutes) 

Parameter 0.125 0.04 0.08 0.16 0.31 

HR (beats/min) 188 ± 9 215 ± 13 181 ± 8 166 ± 12 179 ± 11 

MAP (mmHg) 63 ± 8 70 ± 7 60 ± 3 49 ± 3 47 ± 5 

PR-interval (millliseconds) 90 ± 4 90 ± 3 92 ± 2 106 ± 5* 97 ± 3 

QRS duration (millliseconds) 32 ± 1 32 ± 2 36 ± 2 39 ± 2* 39 ± 2* 

Amplitude of P wave 

(millivolts) 

0.13 ± 0.01 0.13 ± 0.01 0.1 ± 0.01 0.09 ± 0.02 0.10 ± 0.01 

Amplitude of R wave 

(millivolts) 

0.62 ± 0.06 0.52 ± 0.07 0.62 ± 0.09 0.56 ± 0.05 0.61 ± 0.08 

QT-interval (millliseconds) 198 ± 10 180 ± 12 218 ± 8 294 ± 25* 291 ± 22* 

JT-interval (millliseconds) 166 ± 9 147 ± 11 181 ± 8 255 ± 24* 251 ± 21* 

QTc-interval (millliseconds) 348 ± 12 336 ± 14 377 ± 10 481 ± 26* 493 ± 23* 

JTc-interval (millliseconds) 291 ± 12 274 ± 14 313 ± 11 416 ± 26* 426 ± 23* 

QT-dispersion (millliseconds) 10 ± 4 14 ± 4 12 ± 3 11 ± 1 15 ± 2 

QTc-dispersion 

(millliseconds) 

18 ± 6 26 ± 7 20 ± 2 17 ± 2 25 ± 3 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

44 

 

Note: Values are mean ± standard error of the mean. All prucalopride concentrations tested resulted in plasma concentrations that exceeded therapeutic concentrations in 

man. 

*P < 0.05 vs solvent (water). 

HR, heart rate; MAP, mean arterial pressure  
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Table 4. Percentage changes from baseline in cardiovascular parameters 5 minutes after i.v. exposure of anesthetized pigs to prucalopride or 

solvent (water) 

   Concentration of prucalopride or solvent (mg/kg/min)   

 Low-dose rangea High-dose rangeb 

Percentage 

change in 

parameter 

0.02 0.04 0.08 0.16 0.16 0.32 0.63 1.25 

 PRU SOL PRU SOL PRU SOL PRU SOL PRU SOL PRU SOL PRU SOL PRU SOL 

HR  9 –5 3 –8 9 –4 22 –8 19 –2 14 –4 7 –3 6 –6 

AoPd  7 –1 11 5 5 5 0 2 18 0 17 –4 17 –4 11 –8 

AoPs  3 0 6 1 –3 3 –2 0 8 –1 7 –3 9 –3 3 –6 

LVEDP  –6 –3 –5 –3 –15 2 –19 5 –1 3 –15 –1 –10 –7 –6 2 

LVdp/dtmax  2 –7 –4 –19 –4 –22 –6 –32 4 –8 –5 –20 –12 –30 –22 –33 

LVdp/dtmin  6 –4 6 –7 1 –7 5 –11 9 –2 11 –3 4 –3 9 –12 

SV  –13 –5 –23 –11 –26 –16 –33 –14 –4 0 –16 –11 –15 –12 –22 –17 

CO  6 –8 –4 –17 5 –20 9 –19 12 2 –3 –19 –9 –12 –17 –17 

PRP  13 –5 4 –8 5 –1 14 –10 29 –4 32 –2 23 –1 12 –6 

Relaxation (Ʈ) –1 1 –3 11 –2 15 7 14 0 –2 3 –3 8 –6 5 –3 

SVR  3 6 13 21 4 25 –17 22 5 1 15 6 18 0 17 –1 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 27, 2017 as DOI: 10.1124/jpet.117.244079

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET 244079 

 

46 

 

PVR  –1 5 19 42 29 34 29 28 –9 0 10 12 9 24 23 23 

PQ interval  0 0 3 0 7 –1 –3 1 0 1 2 1 4 –1 5 0 

QRS duration  –1 –1 0 0 0 –2 3 –1 0 –5 –1 –1 –1 2 –1 0 

QT-interval  –6 –1 –8 –4 –10 –3 –11 –5 –3 –1 –5 –3 –5 –9 –6 –8 

QTcB interval  –1  –2 –6 –7 –3 –6 –4 –8 4 –1 0 –5 –3 –7 –4 –8 

QTcF interval  –2 –2 –7 –6 –4 –6 –6 –8 1 –1 –2 –2 –4 –5 –5 –5 

QTcV interval  –4, –1 –6 –5 –4 –5 –6 –7 –2 –1 –3 –1 –4 –5 5 –5 

Note: Data are median percentage changes from control values. Changes from baseline of <10% versus control were considered physiologically irrelevant. 

aMaximum plasma concentrations ranged from 6.7 ng/ml (0.02 mg/kg) to 79.8 ng/ml (0.16 mg/kg) 

bMaximum plasma concentrations ranged from 70 ng/ml (0.16 mg/kg) to 757 ng/ml (1.25 mg/kg) 

AoPd, diastolic aortic blood pressure; AoPs, systolic aortic blood pressure; CO, cardiac output; HR, heart rate; LVEDP, left ventricular end-diastolic pressure; LVdp/dtmax, 

maximum rate of change in isovolumic left ventricular pressure; LVdp/dtmin, cardiac relaxation; QTcB, Bazett-corrected QT interval; QTcF, Fridericia-corrected QT interval; 

QTcV, Van de Water-corrected QT interval; PRP, pressure rate product; PRU, prucalopride; PVR, pulmonary vascular resistance; SOL, solvent (control); SV, stroke volume; 

SVR, systemic vascular resistance. 
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Supplemental Information 1. Study Locations 
Ventricular myocyte, Purkinje fiber, and human ether-à-go-go-related gene (hERG)-encoded 
potassium channel studies were conducted at Janssen Pharmaceutica, Beerse, Belgium. 
Platelet aggregation studies were conducted at Java Clinical Research, Dublin, Ireland. 
Coronary artery constriction studies were conducted at Biopta Ltd, Glasgow, UK. Isolated 
atrial myocardium studies were performed by A. Kaumann, Department of Physiology, 
University of Cambridge, Cambridge, UK. Anesthetized rabbit, anesthetized pig, and 
conscious dog studies were conducted at Janssen Research Foundation, Beerse, Belgium. 
 
Supplemental Information 2. Electrophysiological Effects On The hERG Channel In 
Human Embryonic Kidney Cells 

Human Embryonic Kidney Cell Culture. Human embryonic kidney cells were 
cultured at 37ºC in a 5% CO2 atmosphere in minimum essential medium (Gibco, Carlsbad, 
CA) supplemented with L-glutamate–penicillin–streptomycin (1%) (Sigma, Deisenhofen, 
Germany), fetal bovine serum (10%) (BioWhittaker™, Lonza, Walkersville, MD), 
nonessential amino acids (1%) (Gibco), 100 mM sodium pyruvate (1%) (Gibco) and 
geneticin (400 mg/l) (Gibco). Medium was refreshed three times a week and cells were 
subcultured at confluence (approximately once a week). Cells were seeded into small poly-
L-lysine-coated Petri dishes (Sigma) 1–2 days before each experiment. 

Experimental Procedure. Assessments were performed using a single-electrode 
whole-cell voltage-clamp technique (Hamill et al., 1981). Cells were continuously perfused 
with bath solution (150 mM NaCl, 4 mM KCl, 5 mM glucose, 10 mM  HEPES, 1.8 mM CaCl2, 
1 mM MgCl2; pH 7.4 [NaOH]). Membrane currents were measured at distinct membrane 
potentials using an EPC-9 patch clamp amplifier (HEKA, Lambrecht [Pfalz], Germany) and 
patch pipettes (120 mM KCl, 5 mM EGTA, 10 mM HEPES, 4 mM MgATP, 0.5 mM CaCl2, 
2 mM MgCl2; pH 7.2). The initial resistance of the pipettes varied between 1.1 and 2.6 MΩ.  

From a holding potential of –80 mV, the hERG current (potassium-selective outward 
current) was defined as the maximal tail current at –40 mV following a 2-second 
depolarization to +60 mV (Snyders and Chaudhary, 1996; McDonald et al., 1997). Before 
each test, a 0.5-second pulse from the holding potential to –60 mV was given to determine 
the linear leak current. Cells were superfused with control or test solution using a Y-tube 
system (Murase et al., 1989), which enabled solutions in the vicinity of the cell to be changed 
in less than 0.5 seconds. Following a 5-minute equilibration period, test pulses were given 
every 15 seconds for 5 minutes to quantify the hERG current under control or test 
conditions. While the pulse protocol continued, the perfusion solution was switched to the 
test solution, and the effect of the drug was measured after 5 minutes. Data were acquired 
and analyzed using Pulse and Pulsefit (HEKA), Igor or Igor Pro (Wavemetrics, Portland, 
OR), and DataAccess (Bruxton, Seattle, WA) software. 

Supplemental Information 3. Electrophysiological Membrane Currents in Guinea Pig 
Ventricular Myocytes 

Cell Preparation. Single ventricular cells were isolated from the hearts of guinea 
pigs (350–400 g body weight) according to enzymatic dissociation methodology described 
previously (Bendukidze et al., 1985), using type 2 collagenase (20–22 mg; Worthington 
Biochemical Corporation, Lakewood, NJ) for enzymatic treatment. Isolated myocytes were 
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stored at room temperature before being transferred to a temperature-controlled 
superperfusion chamber (200 µl volume; Warner Science Products, Hofheim, Germany) 
mounted on the stage of an inverted microscope (Olympus IMT-2; Olympus, Tokyo, Japan). 
Standard patch-clamp techniques were employed to measure ion-channel activities using a 
HEKA EPC-9 amplifier (HEKA) with stimulation protocols and data acquisition performed 
using Pulse software (HEKA).  

Measurement of Delayed Rectifier and Inward Rectifier Potassium Currents. 
Guinea pig myocytes were constantly perfused with a solution consisting of 132 mM NaCl, 
1.2 mM MgCl2, 4 mM KCl, 10 mM HEPES, and 10 mM glucose; pH 7.4 (NaOH) at 36°C. 
Pipettes contained 120 mM KCl, 6 mM MgCl2, 0.154 mM CaCl2, 5 mM NA2ATP, 5 mM 
EGTA, and 10 mM HEPES; pH 7.2 (KOH). The glass microelectrodes used (n = 62) had a 
resistance range of 2.8–4.8 MΩ. The delayed rectifier potassium current (IKr) was measured 
during depolarizing test currents. Sodium channels were inactivated using a holding potential 
of –40 mV, and L-type calcium channels were blocked by adding nifedipine 1 µM to the 
superperfusion solution. Under these conditions, either the pulse protocol of the current–
voltage relation or the envelope-of-tails test (Wang et al., 1997) was performed, followed by 
a slow voltage ramp. A second set of potassium current measurements was performed 
following 5-minute incubation in vehicle (0.1% dimethylsulfoxide) or prucalopride (10, 100, 
and 300 nM; and 1, 3, and 10 μM). The current–voltage relationship was determined by the 
application of clamp pulses (–40 to +60 mV; 500 millisecond duration; 10 mV increments; 
0.1 Hz). The envelope-of-tails test was used to differentiate between the rapid and slow 
components of IKr (fixed step –40 to +40 mV; increasing duration 50–1922 milliseconds; 
1.5 mV increments). Dofetilide (30 nM) was used to block the rapid component, revealing the 
slow component. IKr was defined as the difference between the initial and final currents 
during the depolarizing voltage step to the test potential. The amplitude of the tail current 
was defined as the difference between the peak tail current and the holding current level 
after 2 seconds. To estimate the inward rectifier potassium current (IK1), slow depolarizing 
ramp pulses (32 mV/second; –110 to +50 mV) were applied to the myocytes. 

Measurement of the Fast Sodium Current. Guinea pig myocytes were 
continuously perfused with superperfusion solution (30 mM NaCl, 107 mM CsCl, 0.5 mM 
CaCl2, 2.5 mM MgCl2, 10 mM HEPES, 10 mM glucose; pH 7.4 [3:1 CsOH/NaOH] at room 
temperature). Electrophysiological recordings were taken using pipettes containing 140 mM 
CsCl, 4 mM MgCl2, 4 mM NA2ATP, 10 mM EGTA, and 10 mM HEPES; pH 7.2 (CsOH). The 
glass microelectrodes used (n = 17) had a resistance range of 1.4–2.2 MΩ. Calcium currents 
were blocked with nifedipine (1 μM). Clamp pulses were applied (–80 to +60 mV; duration 
20 milliseconds; 0.5 Hz). The fast sodium current (INa) was measured as the difference 
between the peak current and the current at the end of the clamp pulse. 

Measurement of the L-Type Calcium Current. Guinea pig myocytes were 
continuously perfused with superperfusion solution (135 mM NaCl, 3 mM CsCl, 1 mM KCl, 
1.8 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose; pH 7.4 [NaOH] at room 
temperature). Electrophysiological recordings were taken using pipettes containing 120 mM 
CsCl, 4 mM MgCl2, 4 mM NA2ATP, 10 mM EGTA, and 10 mM HEPES; pH 7.2 (CsOH). The 
glass microelectrodes used (n = 22) had a resistance range of 3.0–3.7 MΩ. A prepulse of 
100 milliseconds (–80 to –40 mV) inactivated sodium channels; clamp pulses were then 
applied (–40 to +60 mV; duration 400 milliseconds; 0.5 Hz). The L-type calcium current (ICa,L) 
was measured as the difference between the peak current and the current at the end of the 
clamp pulse. 
 
Supplemental Information 4. Electrophysiological Currents in Isolated Rabbit and Dog 
Purkinje Fibres 
In rabbits and dogs, cardiac tissue was isolated within 5 minutes of sacrifice and stored in 
aerated (95% O2, 5% CO2) Tyrode’s solution (136.9 mM NaCl, 4.7 mM KCl, 1.8 mM CaCl2, 
1.0 mM MgCl2, 11.9 mM NaHCO3, 0.40 mM NaH2PO4, 5.5 mM glucose; pH 7.4) at 35°C. 
Tissues were fixed to a 2.5 ml perfusion bath using cotton thread and were continuously 
superfused with aerated Tyrode’s solution (1.5 ml/minute). Tissues were stimulated by 
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rectangular pulses (1.0 Hz basal rate; duration 2.0 milliseconds) at 1.5 times the threshold 
intensity. Intracellular potentials were recorded using 3 M KCI-filled glass microelectrodes 
with a tip resistance range of 15–30 MΩ. Action potentials were displayed on an oscilloscope 
(LeCroy, Chestnut Ridge, NY). When measured variables reached a steady state (at 
approximately 60 minutes), baseline values were measured, and preparations in which the 
action potential duration at 90% repolarization was <190 milliseconds or >400 milliseconds 
were discarded. 

In rabbit Purkinje fibres, electrophysiological parameters were measured at 10 and 
20 minutes (1 Hz stimulation rate) following continuous infusion of test solution (control [H2O] 
or prucalopride 1 µM; 100 µl/minute) into a superfusion of Tyrode’s solution (1 ml/minute). 
After 25 minutes, the stimulation rate was reduced to 0.2 Hz for 5 minutes in order to detect 
abnormal action potentials (early/delayed afterdepolarizations or bradycardia) (Carlsson et 
al., 1997; Adamantidis et al., 1998). In dog Purkinje fibres, vehicle (0.9% saline) was infused 
in the same volume as increasing concentrations of prucalopride (0.01–10 µM) at 30 min 
intervals. 
 
Supplemental Information 5. Electrophysiological Parameters in Isolated Guinea Pig 
Papillary Muscle 
Right ventricular papillary muscles of approximately 1 mm in diameter were dissected from 
guinea pig hearts and mounted horizontally in a 2.5 ml tissue chamber. Papillary muscles 
were continuously superfused with 10 ml/min oxygenated (5% CO2, 95% O2) and modified 
Tyrode solution (124 mmol/L NaCl, 4 mmol/L KCl, 1.1 mmol/L MgCl2,1.8 mmol/L CaCl2, 
25 mmol/L NaHCO3, 0.42 mmol/L NaH2PO4, 11 mmol/L glucose) at 35ºC. The muscles were 
electrically stimulated by square wave pulses of 2 ms duration at a rate of 1 Hz or 0.25 Hz 
(simulating bradycardia) and 50% above threshold voltage. After an equilibration period of 
60 min and recording of baseline values for 30 min, prucalopride solutions prepared in 
dimethylsulfoxide were infused into the Tyrode solution at a rate of 10 µl/min. Contractile 
force was recorded isometrically by a force transducer (Gould UC 2; Gould, Oxnard, CA) 
and monitored on a pen recorder (Graphtec WR 7500; Graphtec, Hoofddorp, The 
Netherlands). Transmembrane potentials were measured using glass microelectrodes (tip 
resistance, 20–30 MΩ) filled with 3 mol/L KCl and recorded by an amplifier providing 
capacity compensation on a storage oscilloscope (Tektronix 7D20; Tektronix, Beaverton, 
OR). Action potentials and force of contraction data were collected by an A/D-converter.  

Supplemental Information 6. Electrophysiological Effects of Prucalopride in the 
Isolated Rabbit Heart 
Isolated rabbit hearts were perfused according to the Langendorff method, which has been 
described in detail previously (Hondeghem et al., 2001). Hearts were perfused with a salt 
solution (NaCl 118 mM, KCl 4 mM, NaHCO3 22 mM, MgCl2 1.1 mM, NaH2PO4 0.4 mM, 
CaCl2 1.8 mM, dextrose 5 mM, pyruvate 2 mM, creatine 0.038 mM). Under a dissecting 
microscope the atria were removed and a pair of stimulating electrodes were sutured on the 
His bundle. A recording electrode was placed in the subendocardium of the left ventricle and 
the preparation was then transferred to a SCREENIT computer system (Hondeghem 1994), 
where a potassium reference electrode and an epicardial recording electrode were 
positioned. Threshold stimulation current, automaticity and escape cycle lengths were 
determined and the preparation was accepted if these parameters were within the normal 
range. 

Experimental Protocol. Prucalopride was prepared as a 10 mM stock solution in 
dimethyl sulfoxide, which comprised less than 0.1% of the perfusate when prucalopride was 
administered at the desired concentration. The following cycles were then performed: 
MINUTE1: a 10 beat train at 1000 ms and 300 ms was executed and the activation times 
and action potential duration (APD) recorded.  MINUTE30: Automaticity and escape cycle 
lengths were determined. Following a 10 pulse train at a cycle length of 400 ms, stimulation 
was stopped for 15 seconds. The time to the first escape beat was saved as escape cycle 
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length. Conduction times and APDs for cycle lengths at 2000, 1500, 1000, 750, 500, 300 
and 250 ms were determined. 

The MINUTE1 protocol was executed 10 times followed by the MINUTE30 protocol. 
Prucalopride was then infused at each indicated concentration for 10 min; drug perfusion 
was terminated by a MINUTE30 protocol. Following the experiment, hearts were rinsed to 
remove excess drug, and frozen for chemical analysis. 

Supplemental Information 7. Platelet Aggregation Studies 
Platelet-rich plasma (PRP) was prepared by centrifugation at 2220 × g (PDQ® centrifuge; 
Bio/Data Corp.). For agonist assays, prucalopride succinate, tegaserod, and 5-HT were 
prepared in 0.002% ethanol in Hank’s balanced salt solution. Test substances were 
incubated in whole blood at room temperature for 1 hour before the preparation of PRP, with 
the exception of thrombopoietin (positive control), which was incubated in PRP 5 minutes 
before challenge.  
 
Supplemental Information 8. Coronary Artery Contractility  
Dogs were euthanized with an intravenous overdose of pentobarbitone (1 ml/kg) before 
removal of the hearts, which were transferred to ambient Krebs solution (NaCl 119.0 mM, 
KCl 4.7 mM, MgSO4 1.2 mM, NaHCO3 24.9 mM, KH2PO4 1.2 mM, CaCl2 2.5 mM, glucose 
11.1 mM) for transport on wet ice. Exsanguinated pig hearts were transferred to 
physiological salt solution (PSS; NaCl 119.0 mM, KCl 4.7 mM, MgSO4 1.2 mM, NaHCO3 
24.9 mM, KH2PO4 1.2 mM, CaCl2 2.5 mM, glucose 11.1 mM) before transport. Human hearts 
were placed in transplant solution (C12H21O12K 100 mM, KH2PO4 25 mM, MgSO4 5 mM, 
raffinose 30 mM, adenosine 5 mM, glutathione 3 mM, allopurinol 1 mM, hydroxyethyl starch 
50 mg/ml; UW®, Belzer, University of Wisconsin, Madison, WI) and transported on wet ice. 
The time in transit for human hearts (removal to experiment: approximately 21–40 hours) 
was mimicked for dog and pig hearts by overnight refrigerated storage (2–8ºC) in PSS 
before dissection and experimentation (approximately 24 hours of transit time). 

Preparation of Arteries. The left anterior descending coronary artery was dissected 
from the heart, and distal sections of the artery were cut into 2-mm segments. Arteries were 
denuded of endothelium by rubbing the intimal surface with a tapered wooden stick for a 
maximum of 30 seconds. Arteries were mounted in organ baths (37°C, pH 7.4) containing 
physiological saline solution (PSS; 119 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 24.9 mM 
NaHCO3, 1.2 mM KH2PO4, 2.5 mM CaCl2, 11.1 mM glucose) aerated with 95% O2 and 5% 
CO2. This solution was replaced every 15 minutes. 

Standardization of Response. Changes in isometric force were measured with a 
force transducer (four-channel wire multimyograph models 610M and 620M; Danish Myo 
Technology A/S, Aarhus, Denmark) and recorded with an ADInstruments Powerlab system 
(ADInstruments Pty Ltd, Bella Vista, New South Wales, Australia). Following equilibration in 
PSS (≥30 minutes), the arteries were tensioned to ~1.5 g and allowed to stabilize over 
90 minutes (washing every 15 minutes and retensioning to 1.5 g after 30 minutes if the 
tension dropped below 1 g). The arteries were then exposed to U46619 10 nM, a 
procontractile thromboxane analog. Following the plateau of the contractile response, 
endothelium-dependent relaxation was assessed by adding bradykinin 1 μM; arteries were 
rejected if a relaxation response of greater than 30% of the response to U46619 was 
observed. Arteries were then challenged at least three times with a priming dose of 5-HT 
3 µM until stable responses were observed (the final response within 10% of the previous 
response). Arteries that did not demonstrate a stable response were rejected. On completion 
of the experiment, arterial viability was confirmed by inducing a contractile response with 
potassium-containing PSS. 
 
Supplemental Information 9. Cardiovascular Parameters in Anesthetized Rabbits and 
Guinea Pigs 
Male New Zealand White rabbits were anesthetized with an intravenous dose of 
methohexital sodium 5 mg/kg and α-chloralose 90 mg/kg ( injected into a marginal ear 
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vein over 20–30 minutes). Male guinea pigs were anesthetized with sodium pentobarbital 
22 mg/kg injected intraperitoneally. Tracheotomy was performed and animals were 
ventilated with room air (rabbits: 5–6 ml/kg body weight; stroke volume of 
~22 strokes/minute; guinea pigs: stroke volume 1.1 ml/100 g; 60 strokes/min). Body 
temperature was maintained at 36–38ºC (rabbits) or at 34ºC (guinea pigs). Arterial blood 
pressure was monitored via cannulation of the right carotid artery and test solutions were 
administered via the left jugular vein. Needle electrodes were attached to the four limbs 
for the recording of surface three-lead electrocardiogram parameters. 

Experimental Protocol. Following surgery and a 15–30-minute equilibration period, 
baseline heart rate, mean arterial blood pressure, and ECG parameters were recorded. 
Thereafter, methoxamine (in 0.9% NaCl) was continuously administered intravenously to 
rabbits at a rate of 15 µg/kg/minute. After 15 minutes, rabbits were intravenously 
administered water (0.125 ml/kg/minute) or prucalopride (0.04–0.31 mg/kg/minute) for 60 
minutes. Guinea pigs were intravenously administered water or prucalopride over a period of 
5 minutes; cardiovascular parameters were measured at 5, 10, 20 and 30 minutes after 
intravenous infusion. Prucalopride plasma levels in both species were then measured in 
blood samples drawn from the cannulated carotid artery. 

QT intervals were corrected for heart-rate changes (QTc) using Bazett’s formula 
(Bazett, 1997). QT interval dispersion (QTd) has been proposed as a marker of 
heterogeneous depolarization and electrical instability in the heart (Day et al., 1990; 
Carlsson et al., 1993; Lu et al., 1999); therefore, QTd (QTmax – QTmin) and QTcd (QTcmax – 
QTcmin) intervals were calculated as the difference between the longest and shortest value 
measured in each of the three ECG leads (I, II, III). JT intervals were rate-corrected using 
the formula JT / RR½ (Berul et al., 1996; Shah et al., 1997).  
 
Supplemental Information 10. Cardiovascular Parameters in Anesthetized Juvenile 
Pigs and Adult Dogs 
Juvenile pigs and adult male beagle dogs were anesthetized with a mixture of scopolamine 
0.015 mg/kg and lofentanil 0.070 mg/kg and relaxed with an intravenous dose of 
succinylcholine 1 mg/kg. Central body temperature was monitored with a thermistor 
positioned in the pulmonary artery and maintained at 37°C. The animals were intubated with 
a cuffed endotracheal tube. Intermittent positive pressure ventilation was performed with a 
mixture of pressurized air and oxygen (70%/30%) using a volume-controlled ventilator 
(Siemens-Elema, Stockholm, Sweden), with 5% v/v CO2 at 20 breaths/minute. The CO2 
concentration in the expired air was set by adjusting the respiratory volume. Immediately 
after anesthesia a continuous intravenous infusion of etomidate 1.5 mg/kg/hour was initiated. 
Small intravenous doses of fentanyl 0.025 mg/kg were given at 60-minute intervals. If 
required, intravenous ketamine 0.5 mg/kg was infused to avert potential cardiovascular 
instability in pigs. Heparin 500 IU/kg was administered intravenously every 2 hours to 
prevent blood coagulation. Gentran 10%/glucose 5% was administered intravenously at 1.8 
ml/kg/hour (pigs) or 2.5 mg/kg/hour (dogs) to correct for fluid loss. At regular intervals, 
0.3 ml blood samples were taken from the left femoral artery to monitor blood gas and 
electrolyte values.  

The electrocardiogram (ECG) was derived from limb leads (lead II) and used for the 
computerized calculation of the PQ, QRS, QT, and QTc intervals (from onset to the end of 
the appropriate waves). Tracings of the ECG (5, 15, and 30 minutes after each dose) were 
analyzed for the presence or absence of rhythm abnormalities. The carotid artery was 
cannulated and a high-fidelity catheter-tip micromanometer (Gaeltec Ltd, Isle of Skye, UK) 
was introduced and advanced to the left ventricle, allowing the measurement of left 
ventricular pressure. A catheter was inserted in the left femoral artery to monitor aortic blood 
pressure. A Swan−Ganz balloon-guided thermistor catheter (Baxter, Deerfield, IL) was 
placed in the pulmonary artery through a femoral vein to measure pulmonary artery blood 
pressure via an external pressure transducer (Gould, Oxnard, CA) positioned at mid-chest 
level. Zero-line calibration was achieved by simultaneously recording the pressure signal 
through the lumen of the catheter with an external pressure transducer (Gould) positioned at 
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mid-chest level and equating both zero lines on the recorder. Scale calibration of the 
pressure channels was performed with a DPI 601 Digital Pressure Indicator (Druck Ltd, 
Leicester, UK). Cardiac output (including stroke volume and systemic and pulmonary 
resistance) was measured using the ECG- and respiration-triggered thermodilution 
technique (Janssen Scientific Instruments Division; Beerse, Belgium).  

Continuous registration of the analog signals was performed on a M2000-16 
thermal chart recorder (Micro Movements Ltd, Hook, UK). ECG, blood pressure, 
temperature, and flow signals were fed via transducer amplifiers into a personal computer 
and the Hem 3.3 analysis system (Notocord Systems, Croissy-sur-Seine, France). Variables 
were acquired beat-to-beat during the experiment. 

The right femoral vein was cannulated for the injection of saline (at room 
temperature) into the right atrium for thermodilution measurements, and for the injection of 
test solutions. Before and at various times after each injection of the compound, a 4-ml blood 
sample was taken from the femoral artery for determination of the plasma concentration of 
prucalopride (BioAnal Nv1-412). 

Pigs were intravenously administered 5-HT–creatinine sulfate 3, 10, and 30 µg/kg 
(effective doses in terms of the free base, 1.3, 4.3, and 13.0 µg/kg, respectively) and 
isoproterenol 0.01, 0.03, and 0.10 µg/kg at 10-minute intervals. Increasing intravenous 
doses of prucalopride were then administered. Finally, pigs were challenged with 5-HT 30 
µg/kg followed by isoproterenol 0.10 µg/kg.  
Following a 20-minute stabilization period, dogs were administered increasing doses of 
prucalopride or control in identical volumes at 30-minute intervals by an intravenous bolus 
injection lasting approximately 10 seconds. 
 
Supplemental Information 11. Cardiovascular Parameters and Behavior in Conscious 
Dogs 
Dogs were sedated with an intravenous dose of Hypnorm® 1 ml/kg (fluanisone 10 mg/ml and 
fentanyl citrate 0.315 mg/ml; Janssen Pharmaceutica, Beerse, Belgium) and anesthetized 
with an intravenous dose of sodium pentobarbital 10 mg/kg (maintained with 75% N2O/25% 
O2). A left thoracotomy was performed through the fifth interstitial space; devices were 
inserted and leads were exteriorized at the dorsal side of the neck. After the animals had 
recovered from surgery, they were trained to accept laboratory procedures before being 
enrolled in pharmacological experiments.  

Left ventricular pressure was measured using a catheter-tip micromanometer (JSI-
400, Janssen Scientific Instruments Division, Beerse, Belgium) positioned in the left ventricle 
and secured on the heart. This was then connected to a transducer amplifier (JSI-1054) and 
calibrated in situ. Cardiac output was measured using an electromagnetic flow probe (JSI-
0276, Janssen Scientific Instruments Division) mounted on the pulmonary artery and 
connected to an electromagnetic blood flow and velocity meter (MDL 1401, Skalar, Breda, 
Netherlands). An ultrasonic Doppler flow probe was placed around the left circumflex 
coronary artery and connected to a directional pulsed Doppler flow meter (545C-4, 
Bioengineering, University of Iowa, Iowa City, IA). Aortic blood pressure was recorded using 
a Tygon catheter inserted into the descending aorta and connected to a Gould P23 ID 
pressure transducer (Gould P23 ID, Oxnard, CA) calibrated with a mercury manometer. The 
ECG was derived from limb leads (lead II). After analog to digital conversion, the signals 
were fed into a digital minicomputer (PDP11/23) and the digitized signals were analyzed at 
5-minute intervals using a custom-written computer program.  

Baseline cardiovascular and behavioral values were recorded at 20 minutes in 
conscious dogs (n = 7) before intravenous administration of prucalopride dissolved in 0.9% 
NaCl (pH 5) or water (pH 6.1), or control (H2O). Prucalopride plasma levels were determined 
in four of the seven dogs by sampling arterial blood before dosing (0 minutes) and at 5 and 
30 minutes following each injection. 

Supplemental Information 12. Chronotropic and Inotropic Effects of Prucalopride in 
Piglet and Human Atrial Myocardium 
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Piglet halved left atria and human right atrial trabeculae were prepared as previously 
described (Kaumann, 1990; Kaumann et al., 1990, 1991; De Maeyer et al., 2006) and paced 
at 1 Hz at 37°C. 

Experimental Protocol. Experiments on piglet and human right atria were carried 
out in the presence of (–)-propranolol 200 nM to avoid β-adrenoreceptor-mediated effects 
(Kaumann et al., 1980). Experiments on piglet left atria were carried out in the presence of (–
)-propranolol 200 nM, cocaine 6 µM, and/or isobutylmethylxanthine (IBMX) 20 µM to avoid β-
adrenoreceptor-mediated effects, to inhibit neuronal uptake of 5-HT (Kaumann et al., 1990), 
and to inhibit phosphodiesterase enzyme activity that may affect 5-HT4 receptor-mediated 
responses (De Maeyer et al., 2006), respectively. CCRCs were plotted for prucalopride and 
cisapride 1 nM to 10 µM, followed by 5-HT 200–600 µM, and finally (–)-isoprenaline 200–
600 µM. Experiments were terminated by increasing the CaCl2 concentration from 2.25 mM 
to 6.7 mM. The chronotropic and inotropic potencies of prucalopride and cisapride were 
expressed as a percentage of the maximum 5-HT- or (–)-isoprenaline-induced effect, as 
described previously (Kaumann, 1990). To measure intrinsic activity, 5-HT 200–600 µM was 
administered in the presence of 10 µM partial agonist, and the experiment was terminated 
with (–)-isoprenaline 200–600 µM. To assess the 5-HT4 receptor nature of the agonist 
effects, experiments with identical protocols were carried out on separate right atria (piglet 
and human) preincubated for 90 minutes with the selective 5-HT4 receptor antagonist 
GR113808 1 µM (Kaumann, 1993; Medhurst and Kaumann, 1993). The positive 
chronotropic and inotropic effects of prucalopride and cisapride were analyzed as described 
previously (Kaumann, 1990; Kaumann et al., 1991). The antagonism of the positive inotropic 
effects of 5-HT by prucalopride 10 µM was analyzed using the method of Marano and 
Kaumann (1976), and dissociation equilibrium constants for prucalopride were calculated. 
 
Supplemental Information 13. Repeated Dose Studies in Rats 
Rats were supplied by Biological Research Laboratories (Füllinsdorf, Basel, Switzerland) 
and were placed in quarantine for an acclimatisation period of approximately one week.  
Rats were housed individually in numbered wire mesh cages in an air conditioned room 
(temperature, 20–23°C; relative humidity, 40–70%; ventilation, 20–30 air replacements/hour; 
and illumination, 12 hours light to 12 hours dark), and were provided with water and food ad 
libitum. Rats were divided into low (5 mg/kg/day), medium (20 mg/kg/day) and high 
(80 mg/kg/day) prucalopride dosage groups based upon their sex and initial body weight. 
Each group consisted of 20 males and 20 females; an additional 10 males and 10 females 
were included as a control group that received demineralized water. 
 After a 1-month recovery period, a full necropsy was performed on all animals and all 
macroscopic changes were recorded. After removing adherent adipose tissue, all the organs 
including the heart were weighed. Heart samples from all rats were preserved in 10% 
buffered formalin and heart tissues were histologically examined. 
 
Supplemental Information 14. Repeated Dose Studies in Dogs 
Dogs were supplied by Janssen permanent outbred laboratory colony (Beerse, Belgium). 
Male and female dogs were housed in individual pens under routine test conditions 
(temperature, 20–23°C; relative humidity, 40–70%; ventilation, 20–30 air replacements/hour; 
and illumination, 12 hours light to 12 hours dark), and were provided with water ad libitum. 
The diet consisted of extruded dog feed, administered in self-raising hoppers and was fed 
according to the individual metabolic weight of the dogs throughout the study. 

During an acclimatisation period of approximately 1 month, each dog was given a 
complete physical examination (including an ophthalmological examination), and baseline 
values for ECG, heart rate, blood pressure, hematology, serum analysis and urinalysis were 
determined. Dogs were divided into low (2.5 mg/kg/day), medium (10 mg/kg/day) and high 
(30 mg/kg/day) prucalopride dosage groups based upon their sex, initial body weight and 
health parameters obtained during the acclimatization period. Each group consisted of 4 

males and 4 females; an additional 4 males and 4 females were included as a control group 
that received demineralized water.  
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ECG and heart rate measurements were made using Lead II of the Einthoven 
standard lead system, prior to the administration of the first dose and after 4, 12, 24, 40 and 
52 weeks of dosing. The values of 3 channels were recorded by a standard ECG apparatus 
and were then assimilated with a planimeter (online records). Non-invasive, tail cuff blood 
pressure measurements (oscillometric principle) were carried out in parallel with ECG 
measurements. The cuff was wrapped around the base of the tail. For systolic and diastolic 
pressures, a median of three similar consecutive readings was taken to avoid false values. 
A full necropsy was performed on all animals and all macroscopic changes were recorded. 
After removing adherent adipose tissue, all the organs including the heart were weighed. 
Heart samples from all dogs were preserved in 10% buffered formalin. Organ and tissue 
samples were obtained using standardized methods, and were stained with haematoxylin-
eosin and histologically examined using light microscopy.  
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Supplemental Table 1. Electrophysiological Effects of Prucalopride Measured in Isolated Rabbit Purkinje Fibers 

 Vehicle (n = 10) Prucalopride (1 µM; n = 8) 

Parameter 

Baseline 20 Minutes 25 Minutes Baseline 20 Minutes 25 Minutes 

1 Hz 1 Hz 0.2 Hz 1 Hz 1 Hz 0.2 Hz 

AAP (millivolts) 123 ± 2 125 ± 2 122 ± 1 126 ± 2 122 ± 4 119 ± 3 

ADP90 (milliseconds) 275 ± 18 280 ± 18 447 ± 58 308 ± 18 326 ± 20 507 ± 42 

RMP (millivolts) 85 ± 1 85 ± 2 82 ± 1 86 ± 2 86 ± 2 81 ± 1 

ERP (milliseconds) 276 ± 20 279 ± 20 449 ± 59 314 ± 19 322 ± 24 522 ± 47 

RT (milliseconds) 307 ± 19 309 ± 17 463 ± 58 329 ± 20 336 ± 25 526 ± 45 

Vmax (V/second) 393 ± 44 438 ± 55 446 ± 57 387 ± 35 365 ± 49 364 ± 48 

Incidence of EADs (n) - 0 0 - 0 0 

Incidence of DADs (n) - 0 0 - 0 0 

Stimulations were performed under normal rhythm conditions (1 Hz) or conditions mimicking extreme bradycardia (0.2 Hz [12 pulses/minute]). Values are mean ± standard 
error. There were no significant differences between vehicle and prucalopride (P > 0.05 versus vehicle). 

AAP, amplitude of resting action potential; APD90, action potential duration at 90% repolarization; DAD, delayed afterdepolarization; EAD, early afterdepolarization;  ERP, 
effective refractory period; RMP, resting membrane potential; RT, recovery time of the action potential; Vmax, maximum rate of depolarization during the upstroke.  
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Supplemental Table 2. Electrophysiological Effects of Prucalopride Measured in Isolated Dog Purkinje Fibers 

 

Note: stimulations were performed under normal rhythm conditions (1 Hz) and normokalemia (KCl 4 mM). Values are mean ± standard error.  
a
P <0.05 vs prucalopride baseline value 

b
P <0.05 vs vehicle 

AAP, amplitude of resting action potential; APD90, action potential duration at 90% repolarization; DAD, delayed afterdepolarization; EAD, early afterdepolarization;  ERP, 
effective refractory period; RMP, resting membrane potential; RT, recovery time of the action potential; Vmax, maximum rate of depolarization during the upstroke.  

 

 

 Vehicle (n = 7) Prucalopride (µM; n = 7) 

Parameter Baseline 1
st
 2

nd
 3

rd
 4

th
 Baseline 0.01 0.1 1 10 

AAP (millivolts) 117 ± 3 119 ± 2 119 ± 2 120 ± 1 119 ± 2 115 ± 1 115 ± 1 118 ± 2 114 ± 4 116 ± 2 

APD90 (milliseconds) 382 ± 23 397 ± 26 398 ± 24 402 ± 24 404 ± 26 378 ± 24 378 ± 21 380 ± 21 392 ± 23 429 ± 27
b 

RMP (millivolts) 86 ± 1 88 ± 1 87 ± 2 88 ± 1 87 ± 1 87 ± 1 85 ± 1
a
 84 ± 1

b 86 ± 1 87 ± 1 

ERP (milliseconds) 377 ± 23 386 ± 27 396 ± 24 402 ± 22 404 ± 26 385 ±31 380 ± 25 381 ± 24 394 ± 28 416 ± 25 

RT (milliseconds) 381 ± 25 384 ± 29 399 ± 25 408 ± 24 406 ± 27 391 ± 31 389 ± 25 386 ± 23 402 ± 28 444 ± 24 

Vmax (V/second) 560 ± 37 564 ± 26 568 ± 25 583 ± 26 629 ± 44 523 ± 40 499 ± 55 551± 52 516 ± 47 515 ± 49 

Incidence of EADs (n) - - - - - - 0 0 0 0 

Incidence of DADs (n) - - - - - - 0 0 0 0 
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Supplemental Fig. 1 The effect of prucalopride 0.1, 0.3, 1, 3 and 10 µM on APD30, APD60 and APD90 at a cycle length of 750 milliseconds 
APD, action potential duration 
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