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  The human ether-a-go-go-related gene (hERG) channel is important for repolarization in human 
myocardium and is a common target for drugs that prolong the QT interval. We studied the effects 
of two antipsychotics, tiapride and sulpiride, on hERG channels expressed in Xenopus oocytes and 
also on delayed rectifier K＋ currents in guinea pig cardiomyocytes. Neither the amplitude of the hERG 
outward currents measured at the end of the voltage pulse, nor the amplitude of hERG tail currents, 
showed any concentration-dependent changes with either tiapride or sulpiride (3∼300 μM). However, 
our findings did show that tiapride increased the potential for half-maximal activation (V1/2) of HERG 
at 10∼300 μM, whereas sulpiride increased the maximum conductance (Gmax) at 3, 10 and 100 μM. 
In guinea pig ventricular myocytes, bath applications of 100 and 500 μM tiapride at 36oC blocked 
rapidly activating delayed rectifier K＋ current (IKr) by 40.3% and 70.0%, respectively. Also, sulpiride 
at 100 and 500 μM blocked IKr by 38.9% and 76.5%, respectively. However, neither tiapride nor sulpiride 
significantly affected the slowly activating delayed rectifier K＋ current (IKs) at the same concentrations. 
Our findings suggest that the concentrations of the antipsychotics required to evoke a 50% inhibition 
of IKr are well above the reported therapeutic plasma concentrations of free and total compound. 
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INTRODUCTION

  Antipsychotic drugs have been known to cause serious 
cardiovascular side-effects, including myocarditis, cardio-
myopathy and abnormal cardiac rhythm [1]. These drugs 
share an ability to block the rapid component of the delayed 
rectifier K＋ current (IKr), resulting in a delayed repolariza-
tion of the cardiac action potential and prolongation of the 
QT interval, possibly leading to torsades de pointes [1]. 
Several epidemiological studies and case-control reports 
have shown that the rate of sudden death is increased in 
psychiatric patients taking antipsychotic drugs [2-5]. 
  Tiapride has been classified as a selective dopamine D2- 
receptor antagonist and is used as an atypical neuroleptic 
drug for the treatment of agitation, aggressiveness, anxiety, 
and sleep disorders in elderly patients [6]. It is structurally 
related to the antipsychotic drug sulpiride, also a selective 
antagonist of dopamine D2-receptor. Sulpiride is used for 
the treatment of schizophrenic patients with negative 
symptoms and as an antiemetic and antidyspeptic [7]. 
Overdose of sulpiride can cause sinus tachycardia, hypo-
tension, arrhythmia and CNS depression [8]. Tiapride and 

sulpiride have been reported to induce cardiac ECG 
changes including prolongation of the corrected QT interval 
(QTc) and torsades de pointes at therapeutic doses [1,9-12]. 
It is known that IKr - mediated by an ion channel encoded 
by the human ether-a-go-go-related gene (hERG) - is im-
portant for the termination of the cardiac action potential 
and determines the shape of the repolarization phase [13]. 
The aim of the present study was to investigate the possible 
electrophysiological mechanisms underlying drug-induced 
QT prolongation. To determine whether hERG channels 
would be blocked by antipsychotic compounds we evaluated 
the effects of tiapiride and sulpiride on hERG channels ex-
pressed in Xenopus oocytes, as well as the rapid (IKr) and 
slow (IKs) components of native delayed rectifier K＋ cur-
rents in guinea pig ventricular myocytes. 

METHODS

Expression of hERG in oocytes

  hERG (accession no. U04270) cRNA was synthesized by 
in vitro transcription from 1 μg of linearized cDNA using 
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T7 message machine kits (Ambion, Austin, TX, USA) and 
stored in 10 mM Tris-HCl (pH 7.4) at −80oC. Stage V∼VI 
oocytes were surgically removed from female Xenopus laevis 
(Nasco, Modesto, CA, USA) anesthetized with 0.17% tricane 
methanesulphonate (Sigma, St. Louis, MO, USA). Using 
fine forceps, the theca and follicle layers were manually re-
moved from the oocytes, and then each oocyte was injected 
with 40 nl of cRNA (0.1∼0.5 μg/μl). The injected oocytes 
were maintained in a modified Barth’s Solution. The modi-
fied Barth’s Solution contained (mM): 88 NaCl, 1 KCl, 0.4 
CaCl2, 0.33 Ca(NO3)2, 1 MgSO4, 2.4 NaHCO3, 10 HEPES 
(pH 7.4), and 50 μg/ml gentamicin sulphonate. Currents 
were studied two to seven days after injection. This study 
was performed according to the Research Guidelines of 
Kangwon National University IACUC.

Solutions and voltage-clamp recordings from oocytes

  Normal Ringer’s Solution contained (mM): 96 NaCl, 2 
KCl, 1.8 CaCl2, 1 MgCl2 and 10 HEPES (pH adjusted to 
7.4 with NaOH). Solutions were applied to oocytes by con-
tinuous perfusion of the chamber while recording. Solution 
exchanges were completed within three min, and the hERG 
currents were recorded 5 min after the solution exchange. 
Currents were measured at room temperature (20∼23oC) 
with a two-microelectrode voltage clamp amplifier (Warner 
Instruments, Hamden, CT, USA). Electrodes were filled 
with 3 M KCl and had a resistance of 2∼4 MΩ for volt-
age-recording electrodes and 0.6∼1 M (for current-passing 
electrodes. Stimulation and data acquisition were con-
trolled with an AD-DA converter (Digidata 1200, Axon 
Instruments) and pCLAMP software (v 5.1, Axon Instru-
ments). The antipsychotics tiapride, and sulpiride, and oth-
er reagents were purchased from Sigma (St. Louis, MO, 
USA). Stock solutions of tiapride and sulpiride were pre-
pared in distilled water and DMSO, respectively, and added 
to the external solutions atat the desired suitable concen-
trations shortly before each experiment.

Pulse protocols and analysis

  To obtain concentration-response curves in the presence 
of tiapride or sulpiride, concentration-dependent inhibition 
was fitted with the equation:
  Itail = Itailㆍmax / [1＋(IC50/D)n],
where Itail indicates peak tail currents, Itailㆍmax is the max-
imum peak tail current, D is the concentration of the small 
molecule, n is the Hill coefficient, and IC50 is the concentration 
at which the half-maximal peak tail currents were inhibited. 

Solutions and voltage clamp recordings from guinea 
pig ventricular myocytes

  Single ventricular myocytes were isolated from guinea 
pig hearts using a standard enzymatic technique [14]. Iso-
lated cells were superfused at 36oC with normal Tyrode’s 
Solution containing (mM): 140 NaCl, 4.4 KCl, 1.8 CaCl2, 
1 MgCl2, 5 HEPES, and 10 glucose (pH 7.4 with 4 M 
NaOH). Inward-rectifier K＋ currents were inhibited by the 
addition of 5 mM CsCl. The patch pipettes (outer diameter 
1.5 mm, World Precision Instruments, USA) had re-
sistances of around 1∼2 MΩ. The pipette solution for the 
potassium current measurement contained (mM): 140 KCl, 
1 MgCl2, 5 EGTA, 5 MgATP, 2.5 diTris-phosphocreatine 

and 2.5 disodium phosphocreatine (pH 7.4 with KOH). The 
‘pipette- to-bath’ liquid junction potential was small (−3.5 
mV) and was uncorrected. Membrane capacitance (the time 
integral of the capacitive response to a 10 mV hyper-
polarizing pulse from a holding potential of 0 mV, divided 
by the voltage drop) averaged 121.5±24.5 pF (n=10). 
Measurements were taken using an Axopatch 200A ampli-
fier (Axon Instruments) and a CV-201 headstage. 
Voltage-clamp commands were generated using ‘WinWCP’ 
(John Dempster, Strathclyde University, UK) or a pClamp 
(v 5.1, Axon Instruments). The current signals were filtered 
via a 10 kHz, 8-pole Bessel-type low-pass filter and digi-
tized by an AD-DA converter (Digidata 1200, Axon 
Instruments) for subsequent analysis (pCLAMP Software 
6.0.3.). All chemicals were from Sigma, except for E-4031, 
which was kindly provided by Eisai Co. (Japan).

Statistical evaluations

  All data are expressed as mean±S.E.M. Unpaired or 
paired Student t tests, or ANOVA were used for statistical 
comparisons when appropriate, and differences were con-
sidered significant at p＜0.05.

RESULTS 

Effect of tiapride or sulpiride on hERG current in 
Xenopus oocytes 

  We examined the effect of tiapride or sulpiride on hERG 
currents (IHERG) using a Xenopus oocyte expression system. 
Throughout these experiments, the holding potential was 
maintained at −70 mV, and tail currents (Itail) were re-
corded at −60 mV after depolarizing pulses from −50 to 
＋40 mV (Fig. 1 and 2). The amplitude of the outward cur-
rents measured at the end of the pulse (IHERG) increased 
with increasing positive voltage steps, reaching a maximum 
at −10 mV. The amplitude of IHERG was normalized to the 
maximum amplitude of the IHERG obtained under the control 
conditions, and was plotted against the potential of the step 
depolarization (Relative IHERG, Fig. 1B and 2B). Depolari-
zing steps to even greater positive values caused a decrease 
in current, resulting in a negative slope of the I∼V curve. 
The amplitude of IHERG showed no concentration-dependent 
change with increasing either tiapride or sulpiride concen-
tration. After the depolarizing steps, repolarization to −60 
mV induced an outward Itail, which had an amplitude even 
greater than that of IHERG during depolarization, which is 
due to rapid recovery from inactivation and a slow deactiva-
tion mechanism [15]. The amplitude of Itail did not show 
concentration-dependent changes with increasing either 
tiapride or sulpiride concentration (Fig. 1A and 2A). The 
amplitude of Itail was normalized to the peak amplitude ob-
tained under the control conditions at the maximum depo-
larization, and was plotted against the potential of the step 
depolarization (n=3, Fig. 1C; n=4, Fig. 2C). In Fig. 1D and 
2D, we plotted the values of V1/2 and Gmax against the con-
centration of tiapride and sulpiride, respectively. Fig. 1D 
showed that tiapride increased the values of V1/2 at 10∼ 
300 μM (n=3, Fig. 1D). On the contrary, sulpiride increased 
Gmax at 3, 10, 100 μM (Fig. 2D, n=4, p＜0.05). 
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Fig. 1. The effect of tiapride on human- 
ether-a-go-go-related gene (hERG) 
currents (IHERG) elicited by depolari-
zing voltage pulses. (A) Superimposed
current traces elicited by depolari-
zing voltage pulses (4 s) in 10 mV 
steps (upper panel) from a holding 
potential of −70 mV in the absence 
of tiapride (control, center panel) and
in the presence of 300 μM tiapride 
(lower panel). (B) Plot of the nor-
malized hERG current measured at 
the end of depolarizing pulses (IHERG) 
against the pulse potential in the 
control and tiapride conditions. The 
maximal amplitude of the IHERG in the
control was given a value of 1. (C) 
Plot of the normalized tail current 
measured at its peak just after repo-
larization. The peak amplitude of the
tail current in the absence of the drug
was set as 1. Control data were fitted
to the Boltzmann Equation, y=1/{1＋exp
[(−V＋V1/2)/dx]}, with V1/2 of −20.8 
mV. (D) Plot of the values of V1/2 (open
squares) and Gmax (closed circles) 
against the concentration of tiapride. 
Symbols with error bars represent 
mean±S.E.M. (n=3). *p＜0.05.

Fig. 2. The effect of sulpiride on human-
ether-a-go-go-related gene (hERG) 
currents (IHERG) elicited by depolari-
zing voltage pulses. (A) Superimposed
current traces elicited by depolari-
zing voltage pulses (4 s) in 10 mV 
steps (upper panel) from a holding 
potential of −70 mV in the absence 
of sulpiride (control, center panel) and
in the presence of 300 μM sulpiride 
(lower panel). (B) Plot of the nor-
malized hERG current measured at 
the end of depolarizing pulses (IHERG) 
against the pulse potential in the 
control and tiapride conditions. The 
maximal amplitude of the IHERG in 
the control was given a value of 1. (C)
Plot of the normalized tail current 
measured at its peak just after repo-
larization. The peak amplitude of 
the tail current in the absence of the 
drug was set as 1. Control data were 
fitted to the Boltzmann Equation, 
y=1/{1＋exp[(−V＋V1/2)/dx]}, with V1/2
of −25.6 mV. (D) Plot of the values 
of V1/2 (open squares) and Gmax (closed
circles) against the concentration of 
sulpiride. Symbols with error bars 
represent mean±S.E.M. (n=4). *p＜0.05.

Effect of tiapride or sulpiride on the rapid and slow 
components of the delayed rectifier K＋ currents in 
guinea pig ventricular myocytes 

  In further experiments, we tested the effects of tiapride 
and sulpiride on the rapid and slow components of the de-
layed rectifiers in guinea pig ventricular myocytes at 36oC, 

using electrophysiological separation of the currents with 
a voltage clamp protocol [16] (Fig. 3A, inset; stimulation 
frequency of 0.03 Hz). Depolarization to ＋40 mV activated 
both IKr and IKs, repolarization to −10 mV revealed IKs as 
a deactivating Itail; subsequent repolarization to −50 mV 
showed a deactivation in IKr. We confirmed that E-4031 
(2 μM), a selective blocker of IKr [17], blocked the rapid 
component of the delayed rectifier K＋ current, but had no 
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Fig. 3. The effect of tiapride on both slow and rapid components of delayed rectifier K＋ currents in guinea pig ventricular myocytes. (A) 
Representative traces of the rapid component (IKr) and the slow component (IKs) of delayed rectifier K＋ channel tail currents before and 
after treatment with either 100 μM or 500 μM tiapride. (B) A summary of the effects of 100 μM and 500 μM tiapride and 2 μM E-4031 
on IKr and IKs tail currents, normalized relative to the control current (n=2∼4, *p＜0.05). The tail current amplitudes were measured 
as the difference between the peak outward current and the steady-state current at the end of the repolarizing voltage pulses.

Fig. 4. The effect of sulpiride on both slow and rapid components of delayed rectifier K＋ currents in guinea pig ventricular myocytes. 
(A) Representative traces of the rapid component (IKr) and the slow component (IKs) of delayed rectifier K＋ channel tail currents before 
and after treatment with either 100 μM or 500 μM sulpiride. (B) A summary of the effects of 100 μM and 500 μM sulpiride and 2 μM 
E-4031 on IKr and IKs tail currents, normalized relative to the control current (n=3∼4, *p＜0.05). The tail current amplitudes were measured
as the difference between the peak outward current and the steady-state current at the end of the repolarizing voltage pulses.

effect on IKs (n=4, Fig. 3B). We found that tiapride inhibited 
IKr in a concentration-dependent manner; 100 μM and 
500 μM tiapride inhibited IKr by 40.3±2.0% and 70.0±8.3%, 
respectively (n=2∼3, Fig. 3), suggesting that native IKr is 
more sensitive to the drug than the HERG channels ex-
pressed in Xenopus oocytes. Neither 100 μM nor 500μM 
tiapride had a significant effect on IKs (n=2∼3) under our 
experimental conditions. These findings indicate that tiapr-
ide preferentially blocks the rapid component of the delayed 
rectifier K＋ current but not the slow component, suggesting 
that tiapride may prolong action potential duration primarily 
by blocking IKr and not IKs.
  Next we tested the effect of sulpiride on the IKr and IKs 
components of the delayed rectifier K＋ current. As shown 

in Fig. 4, sulpiride also inhibited IKr in a concentration- de-
pendent manner, with block at 100 μM and 500 μM meas-
ured at 21.8±3.8% and 56.6±10.1%, respectively (n=3∼4, 
Fig. 4). This result suggests that the sulpiride sensitivity 
of native IKr in ventricular myocytes is greater than that 
of HERG channels in a Xenopus oocyte expression system. 
Neither 100 μM nor 500 μM sulpiride had a significant ef-
fect on IKs (n=2∼4) under our experimental conditions. 
These findings indicate that sulpiride preferentially blocks 
the rapid component of the delayed rectifier K＋ current 
rather than the slow component, and suggests that sulpir-
ide may prolong action potential duration primarily by 
blocking IKr and not IKs.
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DISCUSSION

  Tiapride and sulpiride are used as antipsychotics based 
on their ability to inhibit dopamine D2-receptors [6,7]. 
Cardiovascular disease is common in men with mental dis-
orders; therefore, it is important to examine the potential 
for medications used to treat psychotic disorder to prolong 
ventricular repolarization. It is known that drugs that pro-
duce only a slight increase in repolarization time (5∼10 
msec) increase the risk of sudden death may; however, 
changes of up to 5 msec may also occur in the QTc with 
placebo treatment alone [18,19]. In case reports examining 
the effects of therapeutic doses of tiapride and sulpiride on 
the human QT interval, the QTc increased by 160 msec af-
ter tiapride (300 mg) [10] and by 51 msec after sulpiride 
(150 mg) [20].
  The results of this study suggest that tiapride and sulpir-
ide were not potent hERG channel blockers. Both drugs 
failed to reduce hERG outward currents (measured at the 
end of the voltage pulse) and hERG tail currents expressed 
in Xenopus oocytes, although tiapride did increase the val-
ues of V1/2 indicating that it may have altered channel acti-
vation gating. 
  Tiapride and sulpiride are relatively hydrophilic benza-
mide compounds that are mainly excreted unchanged in the 
urine, with elimination half-lives usually in the range 3∼
10 h [22]. The therapeutic plasma concentrations of tiapride 
and sulpiride have been reported to be up to ∼1.9 μM (682 
ng/ml) and ∼2.8 μM (940 ng/ml), respectively [10,20]. 
When the rate of plasma protein binding is about 40% [21], 
the free plasma concentration of tiapride and sulpiride may 
be expected to be up to 1.1 μM and 1.7 μM, respectively. 
IC50 values for the block of IKr by tiapride and sulpiride 
were in the 100∼500 μM range, which is 30-fold greater 
than the highest achievable free or total plasma concent-
ration. It has been suggested that drugs with an IC50 at 
least 30 times greater than the highest achievable free plas-
ma concentration will not cause torsades de pointes, a po-
tentially fatal ventricular tachyarrhythmia [23]. In this 
context, tiapride and sulpiride were unique from other 
QTc-prolonging compounds in that they did not produce sig-
nificant hERG blockade even at 300 μM, which suggests 
that mechanisms other than hERG channel block could be 
involved in the ability of tiapride and sulpiride to increase 
QTc. Also, the difference in the degree of block of between 
hERG channel and the IKr could be attributed to properties 
specific to the Xenopus oocyte expression system. Higher 
extracellular concentrations of drugs such as dofetilide and 
BRL-32872 were required to block hERG channels ex-
pressed in ooctyes [24,25] due to the vitelline membrane 
and egg yolk [26]. Otherwise, the reconstitution of the regu-
latory β-subunit MiRP with HERG in native IKr could alter 
the drug sensitivity of hERG and native IKr channels [27]. 
  Antipsychotics are among the most frequently prescribed 
medications known to cause QT interval prolongation [28]. 
Silvestre and Prous reported that the potencies for the 
hERG channel block were different according to the chem-
ical classes of antipsychotics [29]. Butyrophenones and di-
phenylbutylpiperidines were most potent hERG channel 
blockers, all with IC50 values in the nM range. In contrast, 
substituted bezamides and dibenzoxazepines exhibited hERG- 
blocking activity with IC50 values in the μM range, while 
thioxanthenes and phenothiazines exhibited moderate to 
low potencies for blocking hERG channels. Our results have 
shown that tiapride was a more potent inhibitor of activa-

tion gating than sulpiride; on the other hand sulpiride al-
tered the Gmax of hERG current. Altogether, these findings 
suggest that different antipsychotics may inhibit hERG via 
specific mechanisms based on their chemical structure.
  Our findings are comparable to those reported by Lee et 
al. where sulpiride blocked hERG currents with an IC50 val-
ue of ∼1 mM but did not significantly affect cardiac INa, 
ICa, IKs or IK1 [30]. Also, Silverstre and Prous reported that 
sulpiride blocked hERG channels with an IC50 value of ＞
100 μM [29]. On the contrary, sulpiride at 1 and 10 μM in-
hibited L-type Ca2＋ current [31] but did not affect volt-
age-activated K＋ currents in pheochromocytoma (PC12) 
cells, a rat neuronal cell line [32]. This suggests that sulpir-
ide predominantly blocks the rapid, but not the slow, com-
ponent of the delayed rectifier K＋ current in cardiac cells. 
Indeed, the PR interval and QRS width of the surface ECG, 
as well as AH and HV intervals of His bundle electrograms, 
were unaffected by sulpiride, suggesting that sulpiride may 
not affect Na＋ or Ca2＋ channels of the heart in situ [20]. 
The results of this study, and those of others mentioned 
above, have shown that sulpiride fails to blocked hERG or 
IKr at therapeutic concentrations. However, the combina-
tion of overdose with other factors such as heart disease 
or changes in drug metabolism and protein binding may 
reduce the IC50 value for the sulpiride block of hERG or 
IKr and thereby increase the possibility of drug-induced QT 
prolongation.
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