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The 5-HT2 antagonist ketanserin is an open channel
blocker of human cardiac ether-à-go-go-related gene
(hERG) potassium channels
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Background and purpose: Ketanserin, a selective 5-HT receptor antagonist, prolongs the QT interval of ECG in patients. The
purpose of the present study was to determine whether ketanserin would block human cardiac ether-à-go-go-related gene
(hERG) potassium channels.
Experimental approach: Whole-cell patch voltage-clamp technique was used to record membrane currents in HEK 293 cells
expressing wild type or mutant hERG channel genes.
Key results: Ketanserin blocked hERG current (IhERG) in a concentration-dependent manner (IC50¼ 0.11 mM). The drug showed
an open channel blocking property, the block increasing significantly at depolarizing voltages between þ10 to þ60 mV.
Voltage-dependence for inactivation of hERG channels was negatively shifted by 0.3 mM ketanserin. A 2.8 fold attenuation of
inhibition by elevation of external Kþ concentration (from 5.0 to 20 mM) was observed, whereas the inactivation-deficient
mutants S620T and S631A had the IC50s of 0.84±0.2 and 1.7±0.4 mM (7.6 and 15.4 fold attenuation of block). In addition,
the hERG mutants in pore helix and S6 also significantly reduced the channel block (2–59 fold) by ketanserin.
Conclusions and implications: These results suggest that ketanserin binds to and blocks the open hERG channels in the pore
helix and the S6 domain; channel inactivation is also involved in the blockade of hERG channels. Blockade of hERG channels
most likely contributes to the prolongation of QT intervals in ECG observed clinically at therapeutic concentrations of
ketanserin.
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Keywords: ketanserin; human ether-à-go-go-related gene (hERG) potassium channels; open channel block; long QTs

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; HERG, ether-à-go-go-related gene; IC50, the concentration for a
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Introduction

Ketanserin is an antihypertensive drug used in the manage-

ment of pre-eclampsia (Bolte et al., 2001; Banga et al., 2004;

Duley et al., 2006) and in the treatment of chronic ulcers in

leprosy patients (Salazar et al., 2001) and diabetic patients

(Martinez-de Jesus et al., 1997; Quatresooz et al., 2006).

Ketanserin acts pharmacologically as an antagonist of the

5-HT2 receptor in blood vessels to counteract the vaso-

constrictive response to 5-HT (Bolte et al., 2001; Banga et al.,

2004; Duley et al., 2006). However, ketanserin was found to

have a potentially adverse effect of prolonging the cardiac

QT interval of the ECG (Aldariz et al., 1986; Zehender et al.,

1989; Frishman and Grewall, 2000). Experimental studies

demonstrated that ketanserin prolonged cardiac action

potential duration (Zaza et al., 1989; Le Grand et al., 1995a)

by inhibiting the rapidly delayed rectifier potassium current

IKr in guinea pig ventricular myocytes (Le Grand et al.,

1995a).

Human ether-à-go-go-related gene (hERG or Kv11.1)

encodes the a-subunit of cardiac IKr channels (Sanguinetti

et al., 1995; Trudeau et al., 1995). It is well known that

suppression of hERG function, either because of genetic defects

or drug side effects, can lead to long-QT syndrome. Therefore,

hERG channels have been widely used to examine the

pro-arrhythmic potential of potential therapeutic agents
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during drug development. The present study was designed to

determine in detail the electrophysiological properties of

hERG channel blockade by ketanserin and to investigate the

molecular determinants of hERG channel block. In addition,

the effect of ketanserin on human cardiac slowly delayed

rectifier potassium current (IKs) was determined in HEK 293

cells stably expressing hKCNQ1/hKCNE1 genes. Our results

indicate that ketanserin is an open channel blocker of hERG

Kþ channels and does not block human cardiac IKs.

Materials and methods

HEK 293 cells expressing hERG channels or hKCNQ1/hKCNE1

genes

The established HEK 293 cell line stably expressing hERG

channels (Tang et al., 2007) was cultured in Dulbecco’s

modified Eagle’s medium (DMEM, Invitrogen, Hong Kong)

supplemented with 10% foetal bovine serum, 400 mg mL�1

G418 (Invitrogen). The HEK 293 cell line (Dong et al., 2006)

stably expressing recombinant human cardiac KCNQ1/

KCNE1 channel current (IKs) was maintained in DMEM

containing 10% foetal bovine serum and 100 mg mL�1

hygromycin (Invitrogen). Cells used for electrophysiology

were seeded on a glass coverslip.

The mutant hERG channels were constructed as described

previously (Gang and Zhang, 2006; Guo et al., 2006), and

were transiently expressed in HEK 293 cells using 10 mL of

Lipofectamine 2000 with 4 mg of hERG mutant cDNA in

pCDNA3 vector (Tang et al., 2007).

Solutions

Tyrode solution contained (in mM): NaCl 140, KCl 5.0,

MgCl2 1.0, CaCl2 1.8, NaH2PO4 0.33, HEPES 10.0, glucose 10

and pH adjusted to 7.3 with NaOH. When external Kþ

concentration ([Kþ ]o) was increased, equimolar external

Naþ was reduced to maintain osmolality. The pipette

solution contained (in mM): KCl 130, MgCl2 1.0, HEPES 10,

EGTA 5.0 and GTP 0.1, Na2-phosphocreatine 5.0, Mg2-ATP

5.0, with pH adjusted to 7.2 with KOH.

Electrophysiological recordings

Cells on a coverslip were transferred to an open cell chamber

(0.5 mL) mounted on the stage of an inverted microscope,

and superfused at 2–3 mL min�1 with Tyrode solution. The

whole cell patch-clamp technique was used as previously

described (Tian et al., 2006) with an EPC-10 amplifier and

Pulse software (HEKA, Lambrecht, Germany). A 3 M KCl-agar

bridge was used as the reference electrode. The tip potential

was zeroed before the patch pipette touched the cell. After

the gigaohm seal was obtained, the cell membrane was

ruptured by applying gentle negative pressure to establish

the whole cell configuration. Series resistance was 3–5 MO,

and compensated by 50–70% to minimize voltage errors. The

liquid junction potential (9–12 mV) was not corrected in the

experiment. Leakage subtraction was automatically made

with Pulse software. Data with a large leakage current

(4500 pA) were not included for data analysis. The current

signal was low-pass filtered at 5 kHz and stored in the hard

disk of an IBM compatible computer. All experiments were

conducted at room temperature (22–23 1C).

Data analysis

Nonlinear curve fitting was performed using Pulsefit (HEKA)

and/or Sigmaplot (SPSS Science, Chicago, IL, USA). Paired

and/or unpaired Student’s t-tests were used to evaluate the

statistical significance of differences between two group

means. Data were presented as mean±s.e.mean. ANOVA was

used for statistical significance among multiple groups.

Values of Po0.05 were considered to be statistically

significant.

Drugs

Ketanserin (Sigma-Aldrich, St Louis, MO, USA) was dissolved

in DMSO to produce a stock solution of 100 mM. Ketanserin

stock was diluted in experimental solutions to achieve the

final concentrations. Receptor and ion channel nomen-

clature follow that recommended by Alexander et al (2008).

Results

Time-dependent effects of ketanserin on IKs and IhERG

The effect of ketanserin on human cardiac IKs channels was

studied in HEK 293 cells stably expressing hKCNQ1/hKCNE1

genes (Dong et al., 2006). Figure 1a illustrates the time course

of IKs step current recorded in a representative cell. IKs was

determined using a 3-s voltage step to þ40 mV from

�80 mV, then back to �40 mV (inset). Ketanserin at 0.3 mM

had no effect on IKs step or tail current as the original current

traces are shown on the right of the panel. Figure 1b shows

voltage-dependent IKs, which is not affected by 0.3 mM

ketanserin. IKs step current was 487±50 pA for control and

468±47 pA for ketanserin (n¼6, P¼NS). Figure 1c displays

the time course of hERG tail current recorded in a

representative cell with the voltage protocol shown in the

inset. The current was rapidly inhibited by application of

0.3 mM ketanserin in bath solution, the effect significantly

recovered on washout. Original current traces at correspond-

ing time points are shown on the right side of the panel.

Voltage-dependent effects of ketanserin on hERG channels

Voltage-dependent effects of ketanserin on hERG channels

were determined with a voltage protocol as shown in the

inset of Figure 2a. Ketanserin at 0.3 mM inhibited the voltage-

dependent step current (IhERG.step) and tail current (IhERG.tail)

of hERG channels with a 5-min exposure (Figure 2a).

Figure 2b illustrates current-voltage (I-V) relationships of

IhERG.step and IhERG.tail during control and after application of

0.3 mM ketanserin. Both IhERG.step and IhERG.tail were remark-

ably suppressed by 0.3mM ketanserin, and the effect was

largely reversible on washout. The fractions of ketanserin-

induced hERG tail current inhibition at each depolarizing

voltage were shown in Figure 2c, which indicates a voltage-

dependent inhibition of hERG channels by ketanserin. The
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inhibition was stronger at positive potentials between þ 10

and þ60 mV than at potentials between �20 to 0 mV

(Figure 2c, n¼6, Po0.01 or Po0.05).

Concentration-dependent inhibition of hERG channels by

ketanserin

Figure 3 illustrates the concentration-dependent suppression

of hERG channels by ketanserin at normal [Kþ ]o (5 mM) and

high [Kþ ]o (20 mM). IhERG was elicited with the protocol

shown on the top of the panel a. Ketanserin at 0.03, 0.1, 0.3

and 1mM inhibited hERG channel current at 5 mM [Kþ ]o in a

concentration-dependent manner. Ketanserin also blocked

hERG channel current in a concentration-dependent

manner at 20 mM [Kþ ]o (lower panel of Figure 3a); however,

the effect was slightly weaker than that at 5 mM [Kþ ]o.

Concentration-dependent relationships for IhERG.tail inhibi-

tion are summarized in Figure 3b. As increasing [Kþ ]o is

known to decrease hERG inactivation, it suggests that hERG

inactivation plays a role in the binding of ketanserin to

hERG channels.

Ketanserin effects on kinetics of deactivation, inactivation and

reactivation of hERG currents

The effect of ketanserin on deactivation kinetics of hERG

channels was determined by fitting the time course of the

deactivating tail currents with a bi-exponential function

during repolarization to between �60 and �20 mV after

depolarization to þ60 mV from a holding potential of

�80 mV (Figure 4a). Both the rapid and slow components

of the deactivating tail currents at �60 to �40 mV were

quicker in the presence of 0.1 mM ketanserin (Figure 4b),

suggesting a re-block of the channels in response to

repolarization to �60 to �40 mV (Sanchez-Chapula et al.,

2002).

Figure 2 Voltage-dependence of hERG channel block. (a) Voltage-
dependent hERG channel current was recorded in a typical
experiment with 1 s voltage steps to between �60 and þ60 mV
from a holding potential of �80 mV, then back to �50 mV (inset,
20 s interval) in the absence and presence of ketanserin. Ketanserin
at 0.3mM inhibited the step current (IhERG.step) and tail current
(IhERG.tail). (b) Current-voltage (I-V) relationships of IhERG.step (left)
and IhERG.tail (right) before and after application of 0.3 mM ketanserin
and washout. IhERG was reversibly suppressed by ketanserin at
�20 mV to þ60 mV for IhERG.step and for IhERG.tail (n¼7, Po0.05 or
Po0.01 vs control). IhERG.step was measured at the end of step from
the zero current, and IhERG.tail was measured at the peak of the tail
current. (c) Voltage-dependent block of hERG channel current by
ketanserin. The inhibition of IhERG.tail by ketanserin was stronger at
positive potentials between þ10 and þ60 mV than that
at potentials between �20 and 0 mV (n¼6, Po0.01 or Po0.05).

Figure 1 Effects of ketanserin on IKs and IhERG. (a) Time course of IKs

step current recorded in a HEK 293 cell stably expressing hKCNQ1/
hKCNE1 genes in the absence and presence of 0.3 mM ketanserin.
Membrane current was elicited by a 3 s voltage step to þ40 mV
from a holding potential of �80 mV, then back to �40 mV (left inset)
every 20 s. Ketanserin had no effect on IKs. Original current traces at
corresponding time points are shown in the right of the panel. (b)
Voltage-dependent IKs was recorded in another cell using the
protocol shown in the inset. No effect of ketanserin on voltage-
dependent IKs was observed in this and five other cells. (c) Time
course of hERG tail current recorded in a HEK 293 cell stably
expressing hERG channels. Membrane current was elicited by a 1 s
voltage step to þ30 mV from a holding potential of �80 mV, then
back to �50 mV (left inset) every 20 s. Ketanserin at 0.3 mM reversibly
suppressed hERG channel current.
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The inactivation of hERG channels is believed to play an

important role in high-affinity drug binding to hERG

channels (Zhang et al., 1999). To examine whether ketanserin

would affect inactivation time course of hERG channels,

hERG current was fully activated and inactivated by a

depolarizing step to þ60 mV for 500 ms. The cell was then

repolarized to �100 mV for 10 ms to allow channel recovery

from inactivation to open state but not enough for channel

deactivation (Smith et al., 1996; Spector et al., 1996; Guo

et al., 2006). A test step was then applied to different voltages

to observe inactivation time courses (Figure 4c). The

inactivation time constant was obtained by fitting the

current decay to a single exponential function. Figure 4d

shows the mean values of voltage dependence of inactiva-

tion time constant (t inact., n¼7) before and after applica-

tion of ketanserin. Ketanserin at 0.3 mM significantly reduced

inactivation time constant at all voltages (Po0.01 vs

control), that is, the inactivation of hERG channels was

accelerated by ketanserin, suggesting that block of hERG

channel is most likely dependent on channel inactivation.

Figure 3 Concentration-dependent inhibition of hERG channel
current. (a) Ketanserin blocked hERG channel current in a
concentration-dependent manner in 5 mM Kþ

o and 20 mM Kþ
o .

Membrane current was recorded by 1 s voltage step to þ30 mV
from �80 mV, then back to �50 mV (upper of the panel, pulse
interval: 20 s). The blocking effect of hERG channel current was
weaker at 20 mM Kþ

o than that at 5 mM Kþ
o . (b) Concentration

response relationship of ketanserin for inhibiting IhERG.tail in 5 and
20 mM Kþ

o . The data from six cells were fitted to the Hill equation:
E¼ Emax/[1þ (IC50/C)b], where E is the percentage inhibition of
current at concentration C, Emax is the maximum inhibition, IC50 is
the concentration for a half-maximum inhibitory effect, and b is the
Hill coefficient. The IC50 of ketanserin for inhibiting IhERG.tail in 5 mM

Kþ
o was 0.11±0.02 mM (n¼6) and the Hill coefficient was

1.07±0.03. The IC50 for inhibiting IhERG.step in 20 mM Kþ
o was

0.31±0.08mM (n¼6, Po0.05 vs 5 mM Kþ
o ) and the Hill coefficient

was 0.96±0.05 (P¼NS).

Figure 4 Effects of ketanserin on hERG channel kinetics. (a) Current
traces recorded by the voltage protocol were used to evaluate
deactivation time constant of hERG channel. (b) The mean values of
fast and slow deactivation time constants (tfast and tslow) before and
after application of 0.1 mM ketanserin (n¼6, *Po0.05, **Po0.01 vs
control). (c) Currents recorded by the protocol were used to evaluate
inactivation time constant of hERG channel. (d) Mean values of
voltage-dependent inactivation time constants (t inact.) in control
and after application of 0.3 mM ketanserin (n¼7, *Po0.05,
**Po0.01 vs control). (e) Current traces obtained with the protocol
were used to assess steady-state inactivation. After a 1 s inactivation
step to þ40 mV, the rapid inactivation of hERG channels was
relieved by application of 20 ms test pulses to potentials ranging
from �140 to þ30 mV. (f) Steady-state inactivation curves were
fitted to a Boltzmann distribution. The V0.5 of hERG channel
inactivation was negatively shifted by 15.3 mV with 0.3 mM ketanser-
in (from �38.4±2.98 mV of control to �53.7±3.6 mV, n¼7,
Po0.01). The slope factor was �21.1±2.1 mV for control and
�28.6±1.7 mV for ketanserin (Po0.05). (g) Currents recorded with
the protocol were used to evaluate recovery time constant of hERG
channel. The recovery phase of the current was fitted to a mono-
exponential function. (h) Time constant of recovery from inactiva-
tion (t react.) was slightly reduced by 0.3 mM ketanserin at voltages
between �60 and �20 mV compared with that of control at the
same voltage range (n¼7, *Po0.05 vs control).
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The voltage protocol and recorded currents in Figure 4e

were used to determine steady-state inactivation (availabi-

lity) of hERG channels as previously described (Smith et al.,

1996; Tang et al., 2007). Figure 4f shows the corrected current

curves in the absence (control) and presence of 0.3 mM

ketanserin by extrapolating the exponential decay phase

back to the start of the negative voltage step and applying

the same relative correction to the initial outward tail

current as described previously (Smith et al., 1996). The

curves were fitted to a Boltzmann distribution. The half

potential (V0.5) of hERG channel inactivation was negatively

shifted (from �38.4±3.0 mV of control to �53.7±3.6 mV,

n¼7, Po0.01).

The recovery time from inactivation of hERG channels was

examined using the standard dual-pulse protocol (Figure 4g)

as previously described (Spector et al., 1996). The rising phase

of the current was fitted to a mono-exponential function,

and the recovery time constant (t react.) was plotted against

the repolarization potentials (Figure 4h). The recovery time

constant was slightly affected by 0.3 mM ketanserin.

Time-dependent block of hERG channels by ketanserin

The time-dependent block of hERG channel by ketanserin

was evaluated by holding the potential at �80 mV to ensure

that all hERG channels were in a closed state, followed by a

long duration (10 s) voltage step to �10 mV (Tang et al.,

2007). Ketanserin (0.3 mM) suppressed IhERG less at the

beginning of the current activation than at the end of the

depolarization step, consistent with an open channel

blocking effect (Figure 5a). The onset of open channel block

was analysed using the drug-sensitive current (Gao et al.,

2004) formula: ((IC�IB)/IC), where IC and IB are the currents

in the absence and presence of ketanserin. The drug-induced

block was plotted as a function of time of the pulse. The

block developed in a time-dependent manner, with an

exponential time constant of 843±93 ms (n¼7) with

0.3 mM ketanserin by the curve-fit shown in Figure 5b,

consistent with ketanserin being an open channel blocker.

The time course for the development of ketanserin block

of hERG channels was also assessed using an envelope of tail

test (Kamiya et al., 2001). Envelope tail protocol and

representative hERG current before and after application of

0.3 mM ketanserin (Figure 5c) were used for analysing the

onset of hERG channel block. The amplitude of envelope tail

current with 0.3 mM ketanserin was normalized relative to

control (Figure 5d), and the relative tail current decayed in a

pulse duration-dependent manner. The time course of this

decay was fitted to a single exponential function with a time

constant of 456±77 ms (n¼ 5).

Tonic block of hERG channel current by ketanserin was

estimated by the initial value of the relative tail current

activated by the envelope protocol. The initial relative tail

current (at 50 ms) with 0.3mM ketanserin was 87±5%;

therefore actual tonic block of hERG channels by 0.3 mM

ketanserin was about 13%. This suggests that there was only

limited ketanserin binding to hERG channels in the resting

state and that activation was required for ketanserin to block

hERG channels.

Use-dependent effect of ketanserin on hERG channels

The use-dependent block of hERG channel by ketanserin was

determined using a train of 20-episodes of short voltage steps

as shown in the inset of Figure 6a. IhERG.tail amplitudes upon

repolarization to �50 mV were measured at each pulse in

the absence and presence of 0.3 mM ketanserin (Figure 6a).

Consistent with the previous observation (Caballero et al.,

2003), a slight increase of steady-state IhERG.tail was observed

at 1 and 2 Hz, compared with that of the first episode.

Ketanserin exposure (5 min) induced a substantial reduction

Figure 5 Development of hERG channel current block by ketanserin
using a long step pulse protocol and an envelope of tails protocol.
(a) Voltage-clamp pulse protocol and representative recordings of
hERG current before and after exposure of the cell to 0.3 mM

ketanserin. The current was substantially inhibited by 0.3 mM

ketanserin, and similar results were obtained in a total of seven
cells. (b) Drug-sensitive current expressed as a proportion of the
current in the absence and presence of 0.3mM ketanserin. Raw data
(points) were fitted to a single exponential function with a time
constant of 852 ms. (c) Cells were held at a holding potential of
�80 mV and pulsed to depolarizing voltage (þ30 mV) for variable
durations from 50 to 4950 ms in 250 ms increments. IhERG.tail was
recorded upon repolarization to �50 mV in the absence (control)
and presence of 0.3 mM ketanserin. (d) A plot of relative tail current
with 0.3mM ketanserin vs the depolarizing duration. The time-
dependent decay in relative tail current was fitted to a single
exponential function.
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of IhERG.tail at each frequency, and use-dependent block was

observed at 1 and 2 Hz (Figure 6a). Relative IhERG.tail showed

that the block of IhERG.tail (1 and 2 Hz) by ketanserin was

slightly stronger at the 20th episode (61±7 and 53±6%)

than the block at the first episode (77±6 and 78±6%, n¼11,

Po0.01). These results suggest that ketanserin has a use-

dependent block of hERG channels.

Molecular determinants of hERG channel block by ketanserin

The molecular determinants of ketanserin block of hERG

channels were investigated using the following mutants:

S620T, T623A, S624T, V625F, S631A Y652A, F656T, F656V

and F656W. S620, T623, S624 and V625 are located on the

pore helix, and G648, Y652 and F656 are located on the S6

transmembrane domain. It has been shown that the binding

site for MK-499, a methanesulphonanilide antiarrhythmic

drug, to block hERG channel consists of amino acids located

on the S6 domain (G648, Y652 and F656) and pore helix

(T623 and V625) of the HERG channel subunit that face the

cavity of the channel (Mitcheson et al., 2000). We used

various mutants at F656 to evaluate the physicochemical

feature of the amino acid side chain for ketanserin binding to

hERG channels. S620T and S631A are well-documented

inactivation-deficient mutants of hERG channel that have

been used for investigating the role of inactivation in hERG

block (Zhang et al., 1999). In addition to affecting inactiva-

tion, S620T has been suggested to be directly involved in

cocaine binding to hERG channels (Guo et al., 2006).

These mutants attenuated IhERG block by ketanserin

(Figure 7), which is similar to the previous observations with

other hERG channel blockers (Suessbrich et al., 1997; Wang

et al., 1997; Zhang et al., 1999; Mitcheson et al., 2000). The

inactivation-deficient mutants S620T and S631A attenuated

the channel block of ketanserin (7.6- and 15.5-fold,

IC50s¼0.84 and 1.7mM) (Figure 7c). It is noted that although

most mutant hERG currents were recorded in 5 mM [Kþ ]o,

the currents for T623A, V625F and G648A were recorded

using a high [Kþ ]o (20 mM) external solution because of their

extremely fast inactivation gating kinetics. Their effects on

ketanserin-induced block were compared with WT hERG

channels under identical conditions (Figures 7b and d).

These mutants markedly attenuated the hERG channel-

blocking efficacy of ketanserin (1 mM). The IC50s of these

mutants by ketanserin were higher than that of WT (Figures

7c and d).

The hydrophobicity of the side chain at position 656 has

been shown to dictate the potency for block of hERG

channels by several hERG channel blockers (for example,

MK-499, cisapride and terfenadine) (Fernandez et al., 2004).

Interestingly, F656T and F656V, but not F656W, attenuated

the hERG channel block by ketanserin. The IC50s of F656T,

F656V and F656W by ketanserin were 6.0, 1.5 and 0.2 mM,

respectively.

Discussion

The present study demonstrates for the first time that the

5-HT2 receptor antagonist ketanserin directly blocks hERG

channels stably expressed in HEK 293 cells in a concentra-

tion-dependent manner. The drug shows an open channel

blocking property, enhances the inactivation degree of the

channel, and negatively shifts the voltage dependence of

inactivation of hERG channels. Elevation of [Kþ ]o attenuates

the binding affinity of ketanserin to hERG channels.

However, ketanserin has no effect on human cardiac IKs

channels.

Ketanserin is believed to be a useful medicine in the

treatment of severe hypertension in pregnancy (van Schie

et al., 2002) owing to its beneficial effects on platelet

aggregation and thrombus formation in patients with the

haemolysis, elevated liver enzymes, low-platelet syndrome

(Steyn and Odendaal, 2000; Glennon et al., 2002; Hanff et al.,

2005). Ketanserin acts pharmacologically as an antagonist of

the 5-HT2 receptors in blood vessels to counteract the

vasoconstrictive response to 5-HT (Steyn and Odendaal,

2000; Bolte et al., 2001). In addition, ketanserin showed a

Figure 6 Frequency-dependence of hERG channel block by
ketanserin. (a) A train of 200-ms voltage pulses from �80 to
þ60 mV, then to �50 mV (inset) were applied in control and in the
presence of 0.3 mM ketanserin at 0.2, 1.0 and 2.0 Hz to record
IhERG.tail. The hERG channel block by ketanserin appeared to be use-
dependent at 1 and 2 Hz relative to control. (b) Ratio of IhERG.tail in
the presence of 0.3 mM ketanserin relative to the control values at
each pulse were plotted against pulse number. hERG Inhibition by
ketanserin is use-dependent (n¼6, Po0.01, vs first pulse) and
frequency-dependent at 1 or 2 Hz, but not at 0.2 Hz (Po0.01 vs
0.2 Hz).
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significant healing of local ulcers when it was topically

used in diabetic patients (Martinez-de Jesus et al., 1997;

Quatresooz et al., 2006) and leprosy patients (Salazar et al.,

2001). Moreover, ketanserin was also applied for

pharmacological management of complex regional pain

syndrome (Luca-Vinhas et al., 2006; Rowbotham, 2006).

However, ketanserin was found to have the cardiac

toxicity that prolongs cardiac QTc interval in the ECG

(Aldariz et al., 1986; Zehender et al., 1989; Frishman and

Grewall, 2000).

Earlier experimental studies demonstrated that ketanserin

prolonged cardiac action potential duration (Saman et al.,

1985; Zaza et al., 1989), and a later study in guinea pig

ventricular myocytes showed that these effects were related

to the direct inhibition of the rapid delayed rectifier

potassium channel current IKr (Le Grand et al., 1995b).

Moreover, ketanserin decreased transient outward Kþ cur-

rent in rabbit (Le Grand et al., 1995a) and rat (Zhang et al.,

1994) ventricular myocytes as well as ATP-sensitive Kþ

channels in mouse ventricular myocytes (Ju et al., 2006), but

had no effect on cardiac inward rectifier Kþ current (that is

IK1) (Le Grand et al., 1995b) and Ca2þ current (Ouadid et al.,

1992). Our present study demonstrated the additional novel

information that ketanserin showed a potent and rapid block

of hERG channels expressed in HEK 293 cells.

The maximum therapeutic blood plasma concentration

when used in early pregnancy can reach 899 ng mL�1. The

calculated free blood concentration of ketanserin is about

0.102 mM based on 94% protein-binding of the drug

(Reimann et al., 1983). This concentration is close to the

IC50 (0.11 mM) of ketanserin for inhibiting hERG channels

expressed in HEK 293 cells (Figure 3), which indicates that

therapeutic blood concentration of ketanserin could delay

cardiac repolarization via inhibition of the rapid delayed

rectifier Kþ current IKr. Our previous study demonstrated the

existence of both IKr and IKs in human ventricular myocytes

(Li et al., 1996). The prolonged QTc interval of the ECG

observed in clinical patients (Aldariz et al., 1986; Zehender

et al., 1989; Frishman and Grewall, 2000) is likely to be

related to the block of cardiac IKr and/or IKs. We found,

however, that ketanserin blocked hERG channels, but not IKs

channels. The blocking effect was significantly recovered on

Figure 7 Effects of hERG channel mutations on ketanserin-induced block. (a) Current traces recorded under conditions of 5 mM Kþ
o in HEK

293 cells expressing wild-type (WT), or mutant hERG channels: S620T, S624T, S631A Y652A, F656T, F656V and F656W, respectively, in the
absence (control) and presence of 1 mM ketanserin (KT). The current was elicited with the protocol shown in the inset of the left panel.
(b) Representative current traces recorded under conditions of 20 mM Kþ

o in HEK 293 cells expressing wild-type hERG channel or hERG mutants
T623A, V625F and G648A, respectively, before (control) and after 1 mM ketanserin (KT). The current was elicited with the protocol shown in the
inset of the left panel. (c) Concentration-dependent effects of ketanserin on IhERG.tail of WT and various hERG mutants determined using 5 mM

Kþ
o (each data point represents 4–10 experiments). The IC50s of hERG mutants by ketanserin were increased by 2- to 58-fold, relative to that of

WT hERG channel. (d) Concentration-dependent effects of ketanserin on IhERG.tail of WT and hERG mutants in 20 mM Kþ
o . Each data point

represents 4–9 experiments. The IC50s of hERG mutants by ketanserin were increased by 4.5- to 58-fold, relative to that of WT hERG channel.
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washout (Figure 1). Therefore, the cardiac toxicity can be

reversed by withdrawing the drug.

Ketanserin blocked open hERG channels with features

similar to those of other open-channel blockers, including

dofetilide, vesnarinone, ambasilide, chloroquine and meso-

ridazine (Walker et al., 2000; Kamiya et al., 2001; Weerapura

et al., 2002; Su et al., 2004). The blocking effect increased

significantly at voltages positive to þ10 mV at which hERG

channel activation is maximal and/or complete (Figure 2c),

and the block developed in response to a longer voltage

pulse and/or envelope voltage protocol (Figure 5). This

indicates that channel opening is required for the block of

hERG channels by ketanserin. Tonic block of IhERG by

ketanserin (0.3 mM) was only 13% (Figure 5d), which suggests

that ketanserin has a small affinity with hERG channels in

the closed or resting states.

The voltage dependence is essentially caused by the

binding feature of ketanserin. This can be viewed as the

voltage dependence is most prominent in voltages between

�20 and þ20 mV (Figure 2c). Between þ10 and þ60 mV,

the voltage dependence is less prominent and the mechanism

may come from the fact that the inactivation is voltage-

dependent and inactivation gating facilitates ketanserin

block.

The V0.5 of steady-state inactivation was negatively shifted

by ketanserin (Figure 4f), suggesting that the inactivation

gating of hERG channels is also likely to be affected by

ketanserin. These properties are similar to those of azimilide

(Walker et al., 2000). However, significant use- and fre-

quency-block of hERG channels by ketanserin (Figure 6)

differed from the hERG channel blocker azimilide (Jiang

et al., 1999), but this effect is consistent with that of

amiodarone (Kiehn et al., 1999).

The reduced blocking effect in the inactivation-deficient

mutants S620T and S631A of hERG channels (Figure 7)

suggests that the channel inactivation is required for

ketanserin block of the channels, as observed in several

studies using cardiac or non-cardiac agents (Su et al., 2004;

Yang et al., 2004). The reduction of inactivation by elevating

[Kþ ]o, induced a decreased inhibition of IhERG.tail by

ketanserin (Figure 3), though the degree of diminished block

was not as strong as those observed in several cardiac active

agents (Yang et al., 2004). Previous studies demonstrated that

mutations interfering with hERG C-type inactivation sig-

nificantly reduce blocking potency of various drugs (Zhang

et al., 1999; Ficker et al., 2001).

The channel inhibition by ketanserin was significantly

attenuated in the mutants T623A, S624T, V625F, G648A,

Y652A and F656T (Figure 7), indicating that the pore helix

and the S6 transmembrane domain contribute to the drug

binding, as observed for several other drugs such as MK499,

cisapride, terfenadine and cocaine (Mitcheson et al., 2000;

Fernandez et al., 2004; Guo et al., 2006). F656T and F656V

significantly decreased ketanserin sensitivity of the channel,

suggesting that the binding of ketanserin is involved in Phe-

656. However, F656W only showed a very slight decrease of

sensitivity to ketanserin (Figure 7). This phenomenon is

similar to that observed in cocaine (Guo et al., 2006). The

possible explanation is that the magnitude of two-dimen-

sional van der Waals hydrophobic surface area of these

mutant side chains follows the order of FEW4V and T as

described previously (Fernandez et al., 2004; Guo et al.,

2006). Our results suggest that the hydrophobicity of the

side chain of residue 656 is also related to the channel

sensitivity to ketanserin and therefore Phe656 is likely to be a

site for ketanserin binding to hERG channels.

To conclude, ketanserin preferentially binds to and blocks

activated hERG channels. Blockade of hERG channels is

most likely to contribute to the prolongation of QT intervals

of ECG observed in clinical patients using ketanserin at

therapeutic doses.
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