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Inhibition of the rapid component of the delayed
rectifier potassium current in ventricular myocytes
by angiotensin II via the AT1 receptor

YH Wang, CX Shi, F Dong, JW Sheng and YF Xu

Department of Pharmacology, Hebei Medical University, Shijiazhuang, China

Background and purpose: There is increasing evidence that angiotensin II (Ang II) is associated with the occurrence of
ventricular arrhythmias. However, little is known about the electrophysiological effects of Ang II on ventricular repolarization.
The rapid component of the delayed rectifier Kþ current (IKr) plays a critical role in cardiac repolarization. Hence, the aim of
this study was to assess the effect of Ang II on IKr in guinea-pig ventricular myocytes.
Experimental approach: The whole-cell patch-clamp technique was used to record IKr in native cardiocytes and in human
embryonic kidney (HEK) 293 cells, co-transfected with human ether-a-go-go-related gene (hERG) encoding the a-subunit of IKr

and the human Ang II type 1 (AT1) receptor gene.
Key results: Ang II decreased the amplitude of IKr in a concentration-dependent manner with an IC50 of 8.9 nM. Action
potential durations at 50% (APD50) and 90% (APD90) repolarization were prolonged 20% and 16%, respectively by Ang II
(100 nM). Ang II-induced inhibition of the IKr was abolished by the AT1 receptor blocker, losartan (1 mM). Ang II decreased hERG
current in HEK293 cells and significantly delayed channel activation, deactivation and recovery from inactivation. Moreover,
PKC inhibitors, stausporine and Bis-1, significantly attenuated Ang II-induced inhibition of IKr.
Conclusions and implications: Ang II produces an inhibitory effect on IKr/hERG currents via AT1 receptors linked to the PKC
pathway in ventricular myocytes. This is a potential mechanism by which elevated levels of Ang II are involved in the
occurrence of arrhythmias in cardiac hypertrophy and failure.
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Introduction

Electrophysiological remodelling in cardiac hypertrophy and

failure predisposes the heart to lethal arrhythmias, which

account for half of the deaths of patients with heart failure

(Tomaselli and Marban, 1999). The renin–angiotensin system

(RAS) plays a pivotal role in maintaining cardiovascular

homeostasis but may contribute to cardiac arrhythmias in

various cardiovascular diseases, including cardiac hyper-

trophy and heart failure (Griendling et al., 1996; Delpon

et al., 2005). Large-scale clinical trials have provided

evidence that inhibition of angiotensin II (Ang II) synthesis

by angiotensin-converting enzyme inhibitors or direct

blockade of angiotensin receptor type 1 (AT1) with the

antagonist losartan results in a significant decrease in sudden

cardiac death in patients with heart failure, which may be

linked to fewer episodes of complex arrhythmias (Brooksby

et al., 1999; Lindholm et al., 2003). In addition, experimental

studies have demonstrated the efficacy of RAS inhibitors in

the treatment of reperfusion-induced arrhythmias (Harada

et al., 1998; Yahiro et al., 2003). Different mechanisms,

including the attenuation of electrophysiological remodelling

caused by Ang II, have been postulated to explain the

beneficial influence of RAS inhibition (Alberte and Zipes,

2003; Rubart and Zipes, 2005).

The delayed rectifier Kþ currents (IK) are the major

repolarizing outward currents of ventricular action poten-

tials in mammalian species, including humans, and consist

of rapidly and slowly activating components (IKr and IKs,
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respectively). Human ether-a-go-go-related gene (hERG or

KCNH2) (Warmke and Ganetzky, 1994) encodes the pore-

forming subunit of the channel underlying IKr (Sanguinetti

et al., 1995), which is crucial for the repolarization of cardiac

action potentials. A reduction in hERG currents due to either

genetic defects, or adverse drug effects can lead to hereditary

or acquired long QT syndrome in humans characterized by

action potential prolongation, lengthening of the QT

interval on the surface ECG, and an increased risk for

‘torsade de pointes’ ventricular arrhythmias and sudden

cardiac death (Marban, 2002). IKr also represents a target for

modulation by autonomic neurotransmitters and hormones.

Recent studies have revealed that hERG channels are

modulated by G protein-coupled receptors including a- and

b-adrenoceptors through the intracellular second messen-

gers, such as cAMP, protein kinase A (PKA; Cui et al., 2000)

and protein kinase C (PKC; Thomas et al., 2003; Cockerill

et al., 2007). However, the information available is limited

regarding the effect of Ang II on repolarizing Kþ currents

and resultant changes in action potential duration (APD) in

cardiac ventricular myocytes. The present study was

designed to examine the possible regulation of IKr/hERG

currents by Ang II in guinea-pig isolated ventricular

myocytes and heterologous expression system using the

whole-cell patch-clamp technique. Our results provide direct

evidence that Ang II produces an acute inhibitory effect on

IKr/hERG currents via the AT1 receptor linked to the PKC

pathway in ventricular myocytes.

Methods

Isolation of single ventricular myocytes

All experimental procedures were carried out in accordance

with protocols approved by the Hebei Medical University

Institutional Animal Care and Use committee. Single

ventricular myocytes were enzymatically dissociated from

the heart of adult guinea-pigs as described previously

(Ahmmed et al., 2000) with slight modification. In brief,

hearts were retrogradely perfused with Ca2þ -free modified

Tyrode solution composed of (in mM) NaCl, 140; KCl, 5.4;

MgCl2, 1; HEPES, 10 and glucose, 10 (pH 7.4 with NaOH).

After 5 min of perfusion, the solution was switched to one

containing Type II collagenase (0.4 mg mL�1) and hearts

were removed after 10–15 min of perfusion from the

perfusion apparatus. Left ventricular free wall was cut into

small pieces in high Kþ solution, which contained (in mM)

KOH, 80; KCl, 40; KH2PO4, 25; MgSO4, 3; glutamic acid, 50;

taurine, 20; EGTA, 0.5; HEPES, 10 and glucose, 10 (pH 7.3

with KOH). Cells were then harvested and were used for

electrophysiological recording within 6–8 h after isolation.

Transient transfection of hERG and AT1 receptor

Human embryonic kidney (HEK) 293 cells were maintained

in Dulbecco’s modified Eagles medium supplemented with

10% fetal bovine serum, 1 mM L-glutamine and 1% penicillin–

streptomycin solution. Cell cultures were kept at 37 1C in a

5% CO2 incubator. Cells were transiently transfected with

plasmids containing hERG and green fluorescent protein

(GFP) and AT1 receptor cDNA using Lipofectamine 2000.

GFP-positive cells were identified using the epifluorescence

system and studied within 24–48 h of transfection.

Electrophysiological recordings

The rapid component of IK (IKr)/hERG currents were recorded

using the conventional whole-cell patch-clamp technique

(Hamill et al., 1981). Borosilicate glass electrodes had tip

resistances of 1–3 MO when filled with the pipette solution.

Uncompensated capacitance currents in response to small

hyperpolarizing voltage steps were recorded for offline

integration, as a means of measuring cell capacitance. Action

potentials were recorded in ventricular myocytes using the

perforated patch technique (Korn et al., 1991). Action

potentials were evoked at a rate of 1 Hz with suprathreshold

current pulse of 4�6 ms duration applied via patch electro-

des in the current-clamp mode. The APD was measured at

50 and 90% repolarization (APD50 and APD90). All experi-

ments were performed at room temperature (22–23 1C) using

an Axopatch 200B amplifier (Axon Instrument, Foster City,

CA, USA). The electrical signals were sampled at 2.5–10 kHz

and filtered at 1 kHz using a low-pass filter, and digitized

with an A/D converter (Digidata 1322; Axon Instruments).

A pClamp software (Version 8.1; Axon Instrument) was used

to generate voltage-pulse protocols, acquire and analyse data.

Solutions and chemicals

For IKr recordings in ventricular myocytes, the external

solution contained (in mM) NaCl, 132; KCl, 4; CaCl2, 1.8;

MgCl2, 1.2; glucose, 5 and HEPES, 10 (pH 7.4 with NaOH).

The pipette solution contained (in mM) KCl, 140; Mg-ATP, 4;

MgCl2, 1; EGTA, 5 and HEPES 10 (pH 7.2 with KOH).

Nimodipine (Nim, 1mM) was added to the external solution

to block the L-type Ca2þ current. Naþ and T-type Ca2þ

currents were inactivated by holding potential of �40 mV. IKs

was blocked by the addition of 20 mM chromanol 293B. For

action potential recordings, the patch pipettes were back-

filled with amphotericin (600 mg). Pipette solution contained

(in mM) potassium glutamate, 120; KCl, 25; MgCl2, 1; CaCl2,

1 and HEPES 10 (pH 7.4 with KOH). The external solution

contained (in mM) NaCl, 138; KCl, 4; MgCl2, 1; CaCl2, 2;

NaH2PO4, 0.33; glucose, 10 and HEPES, 10 (pH 7.4 with

NaOH).

For hERG recording in HEK cells, the external solution

contained (in mM) NaCl, 140; KCl, 5.4; MgCl2, 1; CaCl2,

2; glucose, 10 and HEPES, 10 (pH 7.4 with NaOH). The

pipette solution contained (in mM) KCl, 140; Mg-ATP, 4;

MgCl2, 1; EGTA, 5; and HEPES 10 (pH 7.2 with KOH).

Angiotensin II (Sigma, St Louis, MO, USA) was prepared as

a 1-mM stock solution in water and stored at �20 1C.

Chromanol 293B (Sigma) was prepared as a 10-mM stock

solution in DMSO and stored at �20 1C. E-4031 (Sigma) was

prepared as a 1-mM stock in water and stored at �20 1C. Nim

(Sigma) was prepared as a 100-mM stock solution in DMSO

and stored in the dark. The highest final concentration of

DMSO in external solution was p0.1%, a concentration that

had no effect on IKr.
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Type II collagenase was obtained from Worthington

Biochemical Corporation (Lakewood, NJ, USA). hERG cDNA

was kindly provided by Dr Chiamvimonvat (University of

California, Davis, CA, USA). The AT1 receptor cDNA was

kindly provided by Dr Vauquelin (Vrije Universiteit Brussel,

Brussel, Belgium) and Lipofectamine 2000 was from Invitrogen

(Grand Island, NY, USA).

Statistical analysis

All averaged values presented are means±s.e.mean.

Statistical comparisons were made using Student’s unpaired

or paired t-tests. A value of Po0.05 was considered

statistically significant.

Results

Effects on IKr in guinea-pig ventricular myocytes

Ventricular myocytes were depolarized from a holding

potential of �40 mV to various prepulse potentials of �30

to 60 mV for 2 s and repolarized to �40 mV to evoke outward

tail currents in the presence of IKs blocker, chromanol 293B

(20 mM). The tail currents were abolished by a specific IKr

blocker, E-4031 (2 mM) (Figure 1a). IKr was recorded in the

control conditions and after application of Ang II in

the bath. The results showed that Ang II markedly reduced

the tail currents during repolarizations (Figure 1a). The time

course of the inhibitory action of Ang II on IKr was

determined by measuring the amplitude of tail currents

elicited on repolarization to a test potential of �40 mV after a

2-s prepulse potential of 40 mV every minute (Figure 1b). The

reduction of IKr tail current occurred within 2–3 min and

reached saturation about 10 min after addition of Ang II

(100 nM) into the bath. The inhibition of IKr by Ang II was

not reversible. The voltage dependence of the activation

was calculated from tail current density (Figure 1c). Ang II

was significantly more potent at inhibiting the tail current at

more positive potentials. The tail current density of IKr was

decreased from 0.54±0.04 to 0.39±0.05 pA pF�1 at a

prepulse potential of 40 mV (n¼6, Po0.01). The percentage

of inhibition of the amplitude of IKr tail current was

calculated and plotted against concentrations of Ang II

(Figure 1d). The mean data are well described by a Hill

equation with an IC50 value of 8.9 nM.

Effects on action potentials

We next investigated the effects of Ang II on action

potentials in guinea-pig ventricular myocytes. The

Figure 1 Effects of angiotensin II (Ang II) on the rapid component of IK (IKr) in guinea-pig isolated ventricular cardiomyocytes.
(a) Representative tail traces of IKr before (left), and after application of 2 mM E-4031 in one myocyte and 100 nM Ang II (right) to another
myocyte. The ventricular myocyte was pulsed as shown. (b) The time course of the IKr current reduction by Ang II (100 nM). The effect of Ang II
on IKr was quantitatively evaluated by measuring the amplitude of tail currents elicited on return to the potential of �40 mV after 2 s
depolarizing pulse to 40 mV every minute. The percentage of decrease in the tail current was calculated in six cells. (c) Voltage-dependent
activation of IKr was calculated from IKr tail current density before and 10 min after an application of 100 nM Ang II (n¼6, *Po0.05, **Po0.01,
versus before Ang II). (d) The concentration–response curve for the effect of Ang II on the IKr, IC50¼8.9 nM (n¼4–6 cells at each
concentration). IK, the delayed rectifier Kþ currents.
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perforated patch technique in current-clamp mode was used

to avoid dialysis of the intracellular milieu. Figure 2a

represents superimposed traces of action potentials recorded

before and during exposure to Ang II (100 nM). Ang II

markedly prolonged APD, but did not influence the

amplitude of the action potential and the resting potentials.

In 10 myocytes, APD50 and APD90 were increased from the

control values of 149.7±10.4 and 184.2±15.3 ms to

180.3±12.3 (Po0.01) and 210.8±17.2 ms (Po0.01), respec-

tively (Figure 2b).

Action potential duration is dependent on the balance

between depolarizing inward and repolarizing outward

currents. Some evidence has been presented showing that

Ang II increases the L-type Ca2þ current in ventricular

myocytes (Aiello and Cingolani, 2001; De Mello and

Monterrubio, 2004). This effect of Ang II may result from

its potentiation of the inward Ca2þ current or inhibition of

the IKr. If the prolongation of APD is predominantly due to

the former, we would expect an L-type Ca2þ channel

antagonist to counteract the prolongation of APD by

Ang II. Hence, we determined the effect of Ang II on APD

in the presence of an L-type Ca2þ channel blocker, Nim

(1 mM). Figure 2c shows the superimposed traces of action

potentials recorded first in the control conditions, then,

during exposure to Nim and, lastly, in the presence of Nim

plus Ang II. Application of Nim caused a significant short-

ening of APD, and after that Ang II produced a marked

prolongation of APD in the presence of Nim (Figure 2c). A

summary of corresponding data is shown in Figure 2d. In

seven myocytes, APD50 and APD90 were shortened by Nim

from the control values of 158.6±12.6 and 192.4±14.1 ms

to 104.0±3.7 (Po0.01) and 130.6±8.6 ms (Po0.01), respec-

tively. After that, Ang II prolonged APD50 and APD90 to

176.5±10.9 and 205.6±15.5 ms, respectively (Figure 2d).

This result indicates that Nim does not antagonize the

prolongation of AP by Ang II and suggests that this L-type

Ca2þ currents are not involved in this effect of Ang II.

Effects on hERG channels

We investigated the effects of Ang II on hERG channels in

human embryonic kidney 293 (HEK293) cells transiently

co-expressed with hERG and the human AT1 receptor cDNA.

The hERG current was elicited from a holding potential of

�80 mV to prepulses from �60 to 50 mV for a 4-s duration

and was followed by a test pulse to �60 mV to evoke large,

slowly decaying outward tail currents. Figure 3a shows an

example of a voltage-clamp recording from an HEK293 cell,

with representative current traces obtained under control

conditions and after exposure to Ang II (100 nM). Ang II

reduced both the hERG current during the prepulse

potentials and the tail current. Tail current amplitude,

normalized to the maximum tail current amplitude, was

used to construct the activation curve shown in Figure 3b.

The activation curve showed that Ang II reduced the tail

current by 50.0±1.1% at prepulse of 0 mV (Figure 3b).

When fitted to a Boltzmann function, the half-maximum

activation voltage (V1/2) and slope factor under control

conditions were �15.5±3.8 mV and 8.5±1.3, respectively,

values which are not significantly different from those in the

presence of Ang II (V1/2: –17.5±3.3 mV; slope factor:

7.8±1.8) (n¼5, P40.05).

Figure 2 Effects of angiotensin II (Ang II) on action potentials. (a) Superimposed action potentials recorded before and 10 min after exposure
to 100 nM Ang II. (b) A summary of the data for changes in APD at 50% of repolarization (APD50) and APD at 90% of repolarization (APD90;
n¼6, **Po0.01, Ang II versus control). (c) Superimposed action potentials recorded during exposure to Ang II (100 nM) in the presence of
nimodipine (Nim, 1 mM). (d) A summary of the data for changes in APD50 and APD90 during exposure to Ang II in the presence of Nim (n¼6,
**Po0.01, Nim versus control, ##Po0.01, Nim plus Ang II versus Nim).
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We further determined the effects of Ang II on hERG

channel kinetics including activation, deactivation,

inactivation and recovery from inactivation. The activation

time course was estimated using tail current measurements.

From the holding potential of �80 mV, cells were clamped to

0, 20, 40 and 60 mV for varying durations before it was

repolarized to �120 mV (Figure 4a). The time constant

obtained by fitting a single exponential function to the

envelope of tail currents was used for evaluation of the hERG

current activation. Time constants were significantly slowed

at different voltages in the presence of Ang II (n¼5,

Figure 4a). Deactivation tail current was elicited by 10 mV

step pulses from �140 to 40 mV after a prepulse to �80 mV

from a holding potential of 20 mV for 0.03 s (Figure 4b).

The deactivation time constants were obtained by fitting the

decay phase of the tail current with double exponential

functions. Both the fast and slow components of the

deactivation were significantly inhibited by Ang II

(Figure 4b). Recovery from inactivation and steady-state

inactivation were measured using a two-pulse protocol

(Sharma et al., 2004). Cells were first stepped between

�140 and 50 mV in 10-mV increments for 30 ms from the

holding potential of 20 mV to elicit tail currents. Then, a test

pulse of 20 mV was applied for 0.17 s. The rising phase ‘hook’

of the tail current represents the rapid recovery of hERG from

inactivated to open states (Figure 4d, inset). The time

constants of recovery from inactivation were determined as

a monoexponential fit to the rising phase of the tail current.

Ang II markedly increased the time constant of recovery

from inactivation at all potentials (Figure 4c). The steady-

state inactivation curve is shown in Figure 4d. When fit as a

Boltzmann function, the V1/2 (�37.3±0.4 mV) and slope

factor (21.9±0.4) under control conditions were not

significantly different from those in the presence of Ang II

(V1/2: �41.6±0.3 mV; slope factor: 19.7±0.2).

Modulation of IKr/hERG currents via AT1 receptor

It is known that most of the cardiovascular effects of Ang II

are through the AT1 receptor. To investigate whether the IKr

response to Ang II is mediated through the AT1 receptor, we

determined the effect of Ang II on the amplitude of the IKr

tail current in the presence of the selective AT1 receptor

antagonist losartan. As illustrated in Figure 5a, losartan

(1mM) alone decreased the amplitude of the IKr tail current,

and this effect was completely reversed after washing. This

result is identical to that obtained previously where losartan

was shown to have a direct inhibitory action on the hERG

channel (Caballero et al., 2000). However, pretreatment of

ventricular myocytes with losartan almost totally prevented

the inhibitory effect of Ang II (100 nM) on IKr (Figure 5b). A

summary of the percentage of decrease in the amplitude of

the IKr tail current under various conditions is shown in

Figure 5c. Similar results were obtained in HEK293 cells (data

not shown). These results support the view that losartan

prevents the inhibitory action of Ang II by blocking the

binding of Ang II to the AT1 receptor. We further compared

the effects of Ang II on hERG current in HEK293 cells

expressing hERG channel in the absence and presence of the

AT1 receptor. As shown in Figure 5d, the hERG tail current

was decreased by Ang II (100 nM) in HEK293 cells

co-expressing the AT1 receptor with the hERG channel.

Figure 3 Effects of angiotensin II (Ang II) on ether-a-go-go-related gene (hERG) current. (a) Representative traces of hERG current recorded,
using the pulse protocol shown, before (left) and after application of 100 nM Ang II (right) in a human embryonic kidney 293 (HEK293) cell.
(b) Normalized I–V relationships for tail currents in control conditions and in the presence of 100 nM Ang II (n¼5, *Po0.05, **Po0.01, Ang II
versus control). The solid lines represent fits to a Boltzmann function.
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However, in HEK293 cells expressing the hERG channel

without the AT1 receptor this current was not altered by Ang

II (Figure 5e). A summary of these data is shown in Figure 5f.

These results further confirm that the inhibitory action of

Ang II on hERG is mediated by AT1 receptors.

Intracellular signal pathways involved in AT1 receptor-mediated

inhibition of IKr/hERG

It is known that the AT1 receptor is coupled to G proteins

and activation of the AT1 receptor stimulates phospholipase

C, resulting in the hydrolysis of phosphatidylinositol 4,5-

bisphosphate into IP3 (inositol 1,4,5-trisphosphate) and DAG

(1,2-diacylglycerol). IP3 elicits Ca2þ release from the endo-

plasmic reticulum and elevates the concentration of

intracellular free Ca2þ , whereas DAG activates conventional

and novel isotypes of PKC. To investigate whether the

actions of Ang II are due to an increase of intracellular free

Ca2þ , ventricular myocytes were dialysed via the patch

pipette with an intracellular solution containing 20 mM

BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N0,N0-tetraace-

tic acid) for 10 min after the whole-cell configuration had

been achieved. BAPTA is a faster and more efficient Ca2þ

chelator than EGTA. Nevertheless, Ang II still decreased the

amplitude of IKr even in the myocyte dialysed with BAPTA

(Figure 6a). A summary of the data showed that the extent

of the inhibition of the IKr when the pipette solution

containing 20 mM BAPTA was similar to that with the

control solution containing 5 mM EGTA (Figure 6b), indi-

cating that the release of intracellular Ca2þ was not required

for the inhibitory effect of Ang II on IKr.

To assess whether PKC mediates the inhibition of AT1

receptor stimulation, we investigated the effects of PKC

inhibitors and activators on the inhibitory action of Ang II.

The nonspecific PKC inhibitor stausporine (Stau) (100 nM) or

the specific PKC inhibitor Bis-1 (300 nM) was applied in the

bath for 10 min and then co-applied with Ang II (100 nM). As

illustrated in Figures 7a and b, the inhibitory effects of Ang II

on IKr were substantially attenuated by the pretreatment of

ventricular myocytes with Stau or Bis-1. In the presence

of Stau or Bis-1, the percentage of decrease in the amplitude

of the IKr tail current was reduced from the control level of

58.0 to 24.8 or 14.8%, respectively (Figure 7c). The results

suggest a role for PKC in IKr modulation by Ang II. In

addition, we investigated whether Ang II could further

decrease IKr after attenuation by PKC activation. The

nonspecific PKC activators phorbol-12-myristate-13-acetate

(PMA) (100 nM) or phorbol-12,13-dibutyrate (PdBu) (100 nM)

were applied in the bath for 10 min and then co-applied

with Ang II (100 nM). As illustrated in Figures 7d and e, the

PKC activators decreased the amplitude of IKr. Additional

application of Ang II produced a much smaller decrease in

IKr. Indeed, the percentage of decrease in the amplitude of IKr

tail current was reduced from the control level of 58.0 to 12.1

Figure 4 Effects of angiotensin II (Ang II; 100 nM) on ether-a-go-go-related gene (hERG) channel kinetics. (a) Activation time constants at test
potential of 0, 20, 40 and 60 mV (n¼5, *Po0.05, control versus Ang II). Inset: representative tracings for hERG current activation and pulse
protocol. Activation time constants were obtained by fit with a single exponential function. (b) Time constants for fast and slow deactivation
were plotted against the membrane potentials (n¼6, *Po0.05, Ang II versus control). Inset: representative traces for hERG current
deactivation and pulse protocol. Deactivation time constants were obtained by fit with double exponential function to the decay phase of the
tail current. (c) The recovery time constants were plotted against the membrane potentials (n¼5, *Po0.05, **Po0.01, control versus Ang II).
Recovery from inactivation was determined by fitting a single exponential function to the initial ‘hook’ preceding slower deactivation of tail
currents shown in the inset of (d). (d) Normalized steady-state inactivation curves for control and after application of Ang II (n¼5). Solid lines
represent fits with Boltzmann function. Inset: representative current traces for steady-state inactivation and pulse protocol.
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Figure 5 The angiotensin II (Ang II) type 1 (AT1) receptor mediates the inhibition of the rapid component of IK (IKr)/ether-a-go-go-related gene
(hERG) current by Ang II. For the measurement of the amplitude of IKr tail currents, myocytes were stepped to 0 mV for 2 s from a holding
potential of �40 mV and then repolarized to a test potential of �40 mV. In human embryonic kidney 293 (HEK293) cells, hERG tail currents
were elicited on repolarization to a test potential of �60 mV after a 0-mV, 4-s long step from the holding potential of �80 mV. (a) The effect of
losartan (1 mM) on IKr. (b) The effect of Ang II (100 nM) on IKr in the presence of losartan. (c) A summary of the percentage of decrease in the
amplitude of IKr tail current (n¼5). (d) Effect of Ang II (100 nM) on the hERG current recorded from HEK293 cells co-expressing hERG and AT1

receptors. (e) Effect of Ang II (100 nM) on the hERG current recorded from cells expressing the hERG channel without the AT1 receptor. (f) A
summary of the results obtained from (e) (n¼5, **Po0.01, hERG versus hERG plus AT1 receptor). IK, the delayed rectifier Kþ currents.

Figure 6 Effects of buffering intracellular Ca2þ on the action of angiotensin II (Ang II; 100 nM). (a) The effects of an internal application of
20 mM BAPTA on the response of the rapid component of IK (IKr) to Ang II. (b) A summary of the data for the normalized IKr tail current in the
presence of Ang II in myocytes dialysed with control pipette solution containing 5 mM EGTA and pipette solution containing 20 mM BAPTA
(n¼6). The amplitude of the IKr tail currents was measured using the same pulse protocol as that described in Figure 5. IK, the delayed rectifier
Kþ currents.
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or 16.0% in the presence of PMA or PdBu, respectively

(Figure 7f).

To rule out the possible involvement of PKA in the AT1-

evoked attenuation of IKr, the effect of Ang II was examined

in the presence of the specific PKA inhibitor H-89 (10 mM).

As demonstrated in Figures 8a and b, there were no

significant differences in the degree of IKr attenuation by

Ang II in the absence and presence of H-89, supporting the

notion that PKA activation is not involved in the

AT1-mediated attenuation of IKr. Taken together, our results

suggest that the attenuation of IKr induced by stimulation

of the AT1 receptor is mediated primarily through the

activation of PKC.

Discussion and conclusion

Inhibitory action of Ang II on IKr/hERG current

Previous evidence has suggested that Ang II can modulate

cardiac ionic channels. Experiments with isolated

Figure 7 Effects of protein kinase C (PKC) inhibitors and activators on the response of the rapid component of IK (IKr) to angiotensin II (Ang II;
100 nM). (a and b) Effects of (a) the nonspecific PKC inhibitor, staurosporin (Stau; 100 nM) and (b) the specific PKC inhibitor, Bis-1 (300 nM), on
the inhibition of IKr tail current by Ang II. (c) A summary of the data expressed as a percentage of decrease of IKr tail current by Ang II in the
presence of Stau or Bis-1. (d and e) Effects of the PKC activators (d) PMA (100 nM) and (e) PdBu (100 nM), on the inhibition of IKr tail current by
Ang II. (f) A summary of the data expressed as a percentage of decrease of IKr tail current by Ang II in the presence of PMA or PdBu. The
amplitude of the IKr tail currents was measured using the same pulse protocol described in Figure 5. IK, the delayed rectifier Kþ currents.

Figure 8 The effect of the protein kinase A (PKA) inhibitor, H-89, on the response of the rapid component of IK (IKr) to angiotensin II (Ang II).
(a) Effects of H-89 (10 mM) on the inhibition of IKr by Ang II. (b) A summary of the data expressed as a percentage of decrease of IKr tail current
by Ang II in the presence of H-89. The amplitude of the IKr tail currents was measured using the same pulse protocol described in Figure 5. IK,
the delayed rectifier Kþ currents.
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cardiomyocytes have shown that stimulation of the AT1

receptor results in the inhibition of the transient outward

potassium channel, KV4.3, in myocytes from rat or canine

ventricles (Yu et al., 2000; Shimoni and Liu, 2003). Ang II

increases cardiac L-type Ca2þ current by intracellular Ca2þ -

and PKC-dependent mechanisms in cat isolated myocytes

(Aiello and Cingolani, 2001). Recently, it has been demon-

strated that Ang II potentiates IKs via the AT1 receptor in

guinea-pig atrial myocytes (Zankov et al., 2006). Our results

demonstrate, for the first time, that Ang II inhibits IKr

channel in guinea-pig ventricular myocytes. This inhibitory

effect occurs within several minutes and is concentration

dependent, suggesting an acute effect of Ang II on the

channels. A more detailed analysis of the effects was

performed on the hERG channel, which was co-expressed

with human AT1 receptor cDNA in HEK293 cells. A similar

reduction of the hERG current to that obtained with the

cardiomyocytes was observed after exposure to Ang II. The

inhibitory effect on the current was associated with sig-

nificant changes in channel kinetics, that is, a significant

delay in the activation, deactivation and recovery from

inactivation. The specific AT1 receptor blocker, losartan,

antagonized the inhibitory action of Ang II on the IKr/hERG

current. The inhibitory effect of Ang II on the hERG current

in HEK293 cells was dependent on the co-expression of AT1

receptors. Taken together, our results suggest that the

inhibitory action of Ang II on the IKr/hERG current is

mediated via the AT1 receptor.

It has been demonstrated previously (Daleau and Turgeon,

1994) that Ang II decreases IKs but increases IKr in guinea-pig

ventricular myocytes, which is in contrast to our

present findings. One possible explanation for this discre-

pancy could be related to the different techniques utilized

to dissect the two components of IK into IKs and IKr. In

the previous study, IKs and IKr were differentiated on the

basis of their characteristic channel kinetics. We isolated

IKr by using a specific IKs inhibitor in the native cardio-

myocytes. Moreover, to confirm the observed inhibitory

effect of Ang II on IKr, we used a heterologous expression

system and obtained similar attenuation of the current by

Ang II.

Our results showed that Ang II effectively inhibited IKr at a

concentration of 1 nM and an IC50 value of 8.9 nM

(Figure 1d), which appears to be much higher than the

plasma level of Ang II in humans at baseline conditions

(approximately 5 pM) (Bragat et al., 1997) and in patients

with essential hypertension (about 70 pM) (Jalil et al., 2003).

However, it is known that Ang II formation in the heart is

also mediated by a local RAS, in addition to the circulating

RAS. By using a microdialysis technique, it has been found

that the baseline concentration of Ang II in the interstitial

fluid of canine heart is about 6 nM, which is 100-fold higher

than the plasma level (Dell’Italia et al., 1997). Increased gene

transcript levels of the components of the RAS have been

identified in animal models of cardiac hypertrophy and

heart failure (De Mello and Danser, 2000). Thus, it is likely

that the concentration of Ang II in the interstitial fluid of the

heart is much higher than 6 nM in pathophysiological

conditions and could be comparable to the concentration

we used to inhibit IKr.

PKC involvement in the inhibitory effect of Ang II on IKr

It has been documented that the hERG Kþ channel can be

directly modulated by cAMP, PKA (Cui et al., 2000) and PKC

(Thomas et al., 2003; Cockerill et al., 2007). Stimulation of

different G protein-coupled receptors, including a1A- and

b-adrenoceptors, regulates IKr through intracellular messen-

gers and provides a link between autonomic stimulation and

cardiac repolarization (Thomas et al., 2006). AT1 receptors

belong to the G protein-coupled receptor family and are

mainly coupled to heterotrimeric G protein aq. Stimulation

of AT1 receptors results in the activation of PKC and an

increase in intracellular Ca2þ (Touyz and Schiffrin, 2000).

Strong intracellular Ca2þ buffering (20 mM BAPTA) did not

affect the inhibitory action of Ang II on IKr. In contrast, a

nonspecific PKC inhibitor, Stau and a specific PKC inhibitor,

Bis-1, significantly attenuated the Ang II-induced decrease in

the amplitude of IKr. In the presence of the nonspecific PKC

activators, PMA and PdBu, Ang II produced little further

effect on IKr. The specific PKA inhibitor, H-89, had no effect

on the action of Ang II. Therefore, the results from the

present study support the view that the inhibitory action of

Ang II on IKr is, predominantly, mediated by a PKC-

dependent pathway, induced by activation of AT1 receptors.

Moreover, our study has demonstrated that PKC inhibitors

decrease, whereas PKC activators increase IKr in guinea-pig

ventricular myocytes, suggesting a tonic inhibitory regula-

tion of PKC on IKr channel in the cardiomyocytes. This result

is consistent with previous observations that PKC activation

leads to an inhibitory effect on hERG current either through

direct PKC-dependent phosphorylation of the channel or an

indirect mechanism (Thomas et al., 2003; Cockerill et al.,

2007). Indeed, the precise mechanism by which PKC

regulates IKr in native cardiomyocytes remains to be

elucidated. For example, which isoform of PKC mediates

the attenuation of IKr via AT1 receptors in ventricular

myocytes is not known. Buffering of the intracellular Ca2þ

with BAPTA did not attenuate the response of IKr current to

Ang II stimulation, suggesting that the Ca2þ -independent

novel isoform, rather than Ca2þ -dependent conventional

PKC isoforms, is preferentially involved in the IKr response

under the present experimental conditions.

APD prolongation by Ang II

One of the most characteristic electrophysiological remodel-

ling in hypertrophied or failing heart is APD prolongation,

which is believed to mainly result from the downregulation

of repolarizing outward potassium currents, including Ito
(transient outward Kþ current ), IKs and IKr in heart failure

(Tomaselli and Marban, 1999; Tsuji et al., 2000). The

mechanism underlying ionic channel remodelling in heart

failure is not fully understood. The RAS has been well studied

in the heart (Lindpaintner et al., 1990). In experimental

animal models and in the clinical setting, cardiac hyper-

trophy and heart failure are associated with an increase in

the stimulation of cardiac angiotensinogen as well as an

increased local level of Ang II (De Mello and Danser, 2000). It

has been shown that local application of Ang II to the

ventricular wall of cardiomyopathic hamsters results in an

increase in APD, an effect blocked by losartan (De Mello,
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2001). Transgenic animal models with high Ang II levels in

the heart show a prolongation of the cardiac repolarization

and sudden arrhythmic death (Domenighetti et al., 2007;

Fischer et al., 2007). The present study provides evidence that

Ang II-mediated inhibition of IKr may result in the delay in

cardiac repolarization via stimulation of AT1 receptors in

ventricular cardiomyocytes. Indeed, one of the pro-arrhyth-

mic actions of Ang II may be related to the delay in

ventricular repolarization. Furthermore, our finding that an

AT1 receptor antagonist can abolish the Ang II-mediated

inhibitory action on IKr provides a potential mechanism for

some of the clinical benefits of angiotensin-converting

enzyme inhibitors and AT1 blockers on cardiac arrhythmias

associated with heart failure. One limitation of the present

study is that all the experiments were performed at room

temperature. Although we would not expect to obtain

qualitatively different results at various temperatures, they

could be somewhat different in quantitative terms. There-

fore, the effect of Ang II on IKr and the cardiac repolarization

should be studied at body temperature in the future.

In summary, the present study demonstrated that Ang II

produces an inhibitory effect on IKr/hERG currents via

stimulation of AT1 receptors, and this effect is induced by

activation of the PKC pathway in ventricular myocytes.

These results suggest a potential mechanism by which

elevated levels of Ang II may be involved in the occurrence

of arrhythmias in cardiac pathophysiology. They also

provide a possible explanation for some of the clinical

benefits of angiotensin-converting enzyme inhibitors and

AT1 blockers on cardiac arrhythmias associated with heart

failure.
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