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Introduction

Telmisartan, a specific, non-peptide, orally-active angio-
tensin II type-1 (AT)) receptor blocker (ARB), is the newest
available drug class for the treatment of hypertension!,
Telmisartan has a unique aromatic group that is modified so
that the drug has good liposolubility and tissue penetrativity.
Simultaneously, its AT, binding affinity is greater than other
selective AT, receptor blockers, and in functional and ligand
binding experiments, it produces a long-lasting competitive
antagonism because of its different aromatic group™?.

Angiotensin I and aldosterone produce pro-arrhythmic
effects by several mechanisms, including the modulation of
voltage-dependent potassium (K*) channels involved in hu-
man cardiac repolarization”. Drugs that inhibit the renin—
angiotensin—aldosterone system exert anti-arrhythmic ac-
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Abstract

Aim: The objectives of this study were to investigate the inhibitory action of
telmisartan, a selective angiotensin II type 1 receptor antagonist, on hKv1.5 and
human ether-a-go-go-related gene (HERG) channels expressed on Xenopus
laevis oocytes. Methods: hKv1.5 and HERG channels were expressed on Xe-
nopus laevis oocytes and studied using the 2-microelectrode voltage clamp
technique. Results: In hKv1.5 channels, telmisartan produced a voltage- and con-
centration-dependent inhibition; the efficacies of blockade were different at peak
and 1.5 s end-pulse currents, which were 7.75%=2.39% (half-maximal inhibition con-
centration [ICs,]=2.25+0.97 umol/L) and 52.64%=3.77% (1C5,=0.82+0.39 pmol/L) at
1 umol/L telmisartan, respectively. Meanwhile, telmisartan accelerated the inacti-
vation of the channels. However, telmisartan exhibited a low affinity for HERG
channels (IC5=24.35+5.06 umol/L); the blockade was voltage- and concentration-
dependent. Telmisartan preferentially blocked open-state HERG channels. The
slow time constants of deactivation were accelerated (n=6, P<0.05), which was
inconsistent with the “foot-in-the-door” effect. Conclusion: Telmisartan blocks
hKvl1.5 potassium channels involving open and inactivated states at plasma con-
centration levels of therapeutic doses; whereas the blockade of HERG channels
occurs only at supra plasma concentration levels of therapeutic doses and prefer-
entially in open and closed-state channels.

tions that are related to the blockade of the pro-arrhythmic
actions of angiotensin II and aldosterone. These anti-ar-
rhythmic actions include the inhibition of electrical and struc-
tural cardiac remodeling, inhibition of neurohumoral
activation, reduction of blood pressure, and stabilization of
electrolyte disturbances. Several voltage-dependent out-
ward K currents play a critical role in repolarization, and
thus determine the human cardiac action potential duration',
The Shaker-related hKv1.5 channel has been cloned from
human ventricles'™ and has been identified as the counter-
part of the I, described in human atrial myocytes”. The
expression of the human ether-a-go-go-related gene (HERG),
identified as the locus of congenital long QT syndrome
(LQTS, is a heart condition associated with prolongation of
repolarization following depolarization of the cardiac
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ventricles) type 2 mutations, reveals inwardly-rectifying K*
currents similar to I, suggesting that HERG underlies car-
diac I, even when functional I, channels result from the
co-assembly of HERG a-subunits and MinK-related peptide
B-subunits”’. Several angiotensin II AT, receptor antago-
nists (candesartan, E3174, eprosartan, irbesartan, and
losartan) and aldosterone receptor antagonists (canrenoic
acid and spironolactone) that directly modulate the activity
of the voltage-dependent K* channels have been reviewed.
Recently, it has been described that losartan, the prototype
of the AT, receptor antagonists, and its active metabolite,
E3174, at clinically relevant concentrations, directly modify
delayed rectifier K" currents involved in human cardiac re-
polarization™”. Losartan inhibits hKv1.5 and HERG currents,
whereas E3174 inhibits hKv1.5 and enhances HERG currents.
Moreover, these actions are correlated with modifications
on the action potential duration. These findings suggested
that the AT, receptor antagonists might exert different ef-
fects on K* currents responsible for repolarization.

However, the effects of telmisartan on cardiac K* chan-
nels have been unknown until now. Therefore, the present
study was undertaken to analyze the biophysical properties
of telmisartan on hKv1.5 and HERG cloned from a human
heart. The results indicated that telmisartan blocked hKv1.5
at plasma concentration levels of therapeutic doses, whereas
the blockade of HERG channels occurred only at supra
plasma concentration levels of therapeutic doses.

Materials and methods

Molecular biology The human Kv1.5 gene (a kind gift
from Dr Maria L GARCIA, Merck & Co, Inc, USA) was
subcloned into a pCI-neo vector. HERG was subcloned into
the pSP64 plasmid expression vector (Promega, Madison,
WI, USA), which was a kind gift from Professor Michael C
SANGUINETTI (University of Utah, Salt Lake City, Utah,
USA). Before use in experiments, each construct was con-
firmed with restriction mapping and DNA sequencing of the
PCR-amplified segment. Complementary RNA for injection
into oocytes were prepared with a T7 mMESSAGE
mMACHINE kit (Ambion, Austin, TX, USA) and SP6 Cap-
Scribe (Roche Molecular Biochemicals, Mannheim, Germany)
after linearization of the expression construct with Xhol and
EcoRlI, respectively.

Isolation and injection of oocytes The isolation and in-
jection of oocytes were described in a previous study!'!.
Xenopus frogs were anesthetized by immersion in 0.2%
tricaine for 15-30 min. Ovarian lobes were digested with
1.5 g/L type 1A collagenease (Sigma, St Louis, MO, USA)
in Ca®*-free ND96 solution for 1 h to remove follicle cells.
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Stage IV and V Xenopus laevis oocytes was injected with 46 nL.
of HERG or hKv1.5 cRNA and then cultured in ND96 solu-
tion supplemented with 100 U/L penicillin, 100 U/L
streptomycin, and 2.5 mmol/L pyruvate at 18 °C for 1-3 d
before use in the voltage clamp experiments. The ND96 so-
lution contained (in mmol/L) 96 NaCl, 2 KCl, 1.8 CaCl,, 2
MgCl,, and 5 HEPES. The pH was adjusted to 7.6 with NaOH.

Two-microelectrode voltage clamp of oocytes ATEV-
200 amplifier (Dagan, Minneapolis, Minnesota, USA) and a
standard 2-microelectrode voltage clamp technique were
used to record currents. Currents were recorded at room
temperature (22-24 °C) 2—-10 d after cRNA injection. Glass
microelectrodes were filled with 3 mol/L KCl (internal record-
ing solution), and their tips were broken to obtain resistances
of 1-3 megohms. pCLAMP software (version 9.2; Molecu-
lar Devices, Union City, CA, USA) and a 1322A interface
(Molecular Devices, Union City, CA, USA) were used to
generate voltage commands. Currents were digitally sampled
at 5 kHz and filtered at 2 kHz. Leak and capacitive currents
were not corrected. The oocyte was superfused with ND96
solution at a rate of 1 mL/min, and the membrane potential
was held at —80 mV between test pulses, which were applied
at a rate of 1-3/min. Currents were measured before and
10 min after drug application to the bath.

Drugs Telmisartan (Sigma, USA) was prepared as a 10
mmol/L stock solution. Before the experiments, the stock
solution was diluted with external solution to reach the de-
sired final concentration. Oocytes were exposed to telmisartan
solutions until steady-state effects were achieved, usually
within 15 min.

Data analyses Clampfit 9.2 software (Molecular Devices,
USA) was employed for the data collection and analyses.
Origin 6.0 software (nonlinear curve fitting; Origin Lab
Corporation, Northampton, MA, USA) was used to fit the
data, calculate time constants, and plot histograms. Frac-
tional blockade was defined as follows: f=1-I;,/I..,, Where
I, and Iy, are the current amplitudes in the absence and
the presence of telmisartan, respectively. Dose—response
curves were fit by the Hill equation as follows:

(Lo leon=B max/ (1+[IC5y/D]"), where B, is the maxi-
mum blockade of currents, ICy, is the concentration of
telmisartan for a half-maximum blockade; D is the concentra-
tion of telmisartan, and n is the Hill coefficient. The activa-
tion curve was approximated by the normalized conductance—
voltage relationship. The activation and inactivation curves
were fitted with a Boltzmann distribution:

y=AI(L+expl { ViV KD,

where A is the amplitude term, V/, is the midpoint of acti-
vation or inactivation, V,, is the test potential, and k repre-
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sents the slope factor of the curve. To describe the time
course of current activation, inactivation, and/or deactiva-
tion upon depolarization, as well as the tail currents upon
repolarization, an exponential analysis was used as an op-
erational approach, fitting the current traces to the following
equation:

y=C+Aexp (-t/5)+Aexp (/5)+. . .+A.exp (-U/1),

where 7;, 7,, and 7, are the system time constants; A, A,,
and A, are the amplitudes of each component of the exponential,
and C is the baseline value. The curve-fitting procedure used
a non-linear least squares (Gauss—Newton) algorithm. The
results were displayed in linear and semilogarithmic format,
together with the difference plot. Goodness of fit was judged
by the #* criterion and by inspection for systematic, non-
random trends in the difference plot. Data are presented as
mean+SEM. Student’s #-tests for paired and unpaired data
were used to compare control conditions with intervention
factors. P<0.05 was considered to be statistically significant.

Results

Effects of telmisartan on hKv1.5 currents

Voltage- and concentration-dependent blockade of
hKv1.5 current by telmisartan in Xenopus oocytes The
membrane potential was held at —-80 mV. Figure 1A shows
hKv1.5 superimposed current traces recorded by applying
1.5 s pulses from —60 to +60 mV in a 10 mV step, in the
absence and presence of 1 pmol/L telmisartan. Outward cur-
rents were followed by decaying tail currents upon repolar-
ization to —30 mV. Figure 1B and 1C shows the current—
voltage relationship of the peak currents and 1.5 s end-pulse
currents obtained in the absence and presence of 1 umol/L
telmisartan. Telmisartan significantly decreased the 1.5 s
end-pulse current amplitude at potentials positive to —10 mV
(n=6, P<0.05); however, it only slightly diminished the peak
current amplitude. As shown in Figure 1D, the blockade
ratios of 1.5 s end-pulse currents were 0.1 at—20 mV, 0.33 at
—10mV, 0.44 at OmV, 0.55 at +10 mV, and 0.53 at +60 mV,
respectively; however the blockade ratio of peak currents
was only 0.08 at +60 mV, which indicated the blockade was
voltage-dependent.

In Figure 1E, the concentration-dependence of
telmisartan-induced inhibition was measured on peak Kv1.5
current to +60 mV. Surprisingly, at concentrations between
0.1 and 10 pmol/L, the blockade increased progressively as
the concentration of the drug was augmented; however, at
30 and 100 umol/L, telmisartan induced a similar amount of
blockade (approximately 20%). Fitting the concentration—
response data to the Hill function, an ICy, (half-maximal inhi-
bition concentration) value of 2.25+0.97 umol/L with a B,

of 21.48%=+2.04% was obtained. Figure 1F shows the con-
centration—response curve derived from the reduction of the
1.5 s end-pulses to +60 mV. In this case, the value of ICy,and
the B,,,, averaged 0.82+0.39 umol/L and 95.74%+6.98%,
respectively. Meanwhile, the blockade at the 1.5 s end-pulse
currents was partially reversible (Figure 1G), and control
currents were elicited with the application of depolarizing
step pulses from a holding potential of =80 mV to a test
potential of +40 mV, lasting 10 min to a steady state. Telmisartan
was then applied at a concentration of 1 umol/L to the bath
for 10 min, rapidly increased blockade was shown in succes-
sive pulses. The inhibitory effect of telmisartan was slowly
and partially reversible with washout.

Effect of telmisartan on the inactivation of hKv1.5 chan-
nels in Xenopus oocytes As shown in Figure 1H, superim-
posed current traces were obtained by applying 1.5 s pulses
to +60 mV and then returned to —30 mV before and after
blockade by 1 umol/L telmisartan. In control conditions, 1
component was required to describe the time course of the
slow and partial inactivation of the channels (693.74+23.16
ms, n=5). However, in the presence of telmisartan, the cur-
rents were better fitted to a biexponential function. The time
constant of the fast falling phase was considered as the 7
(19.5620.46 ms), whereas the slow time constant reflected
the inactivation (523.85+10.28 ms, n=5, P<0.05 vs control
conditions). Telmisartan accelerated the inactivation of the
channels. These actions of telmisartan are suggestive of an
open-channel block mechanism.

Effects of telmisartan on HERG currents

Concentration- and voltage-dependent blockade of
HERG currents by telmisartan in Xenopus oocytes
Currents were elicited by 2 s depolarizing pulses to poten-
tials ranging from —60 to +60 mV. An example of HERG cur-
rents recorded before and after the addition of 50 pmol/L
telmisartan is shown (Figure 2A). The normalized I-V
(current-voltage) relationship of HERG channels for step
currents measured at the end of the 2 s pulses (Figure 2B)
and the tail currents measured on return to —40 mV (Figure
2C) were reduced in a concentration-dependent manner by
telmisartan. The value of IC, was 24.35+5.06 umol/L (n=6) at
0 mV (Figure 2D). Blockade was also voltage-dependent. At
the more negative test potential, telmisartan exerted com-
paratively little effect on Iy, and in some experiments, the
tail current magnitude was greater in the presence of the
drug than in control solution. At test potentials greater than
—40 mV, a marked inhibitory effect was observed in all cells
for step currents and peak tail currents. Furthermore, greater
blockade was apparent at more depolarized potentials (Figure
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Figure 1. Effect of telmisartan on hKv1.5 current in Xenopus oocytes. (A) current traces obtained by applying 1.5 s pulses to potentials
ranging from -60 to +60 mV followed by the tail currents obtained upon repolarization to -30 mV in the absence (left) or the presence (right)
of telmisartan. (B) current-voltage relationships of hKv1.5 channels (peak currents) in the absence and in the presence of telmisartan. (C)
current-voltage relationships of hKv1.5 channels (1.5 s isochronal) in the absence and in the presence of telmisartan (n=6, "P<0.05 vs
control). (D) Mean data of the voltage dependence of fractional block, defined as the amplitude of hKv1.5 current reduced by drug divided by
control current amplitude (1-/;,,,/1.0,), Of Iik, s peak and 1.5 s end-pulse current. (E) concentration-effect relationship for the block of hKv1.5
peak current by telmisartan at +60 mV. The IC;, value was 2.25+0.97 pumol/L, Hill coefficient was 0.65+0.13. (F) concentration-effect
relationship for the block of hKv1l.5 1.5 s end-pulse current by telmisartan at +60 mV. The IC, value was 0.82+0.39 umol/L, Hill coefficient
was 0.39+0.05. (G) partial reversible effect of hKv1.5 currents by telmisartan. Control currents were elicited with application of depolarizing
step pulses from a holding potential of -80 mV to a test potential of +40 mV and lasted 10 min to a steady-state, telmisartan was then applied
at a concentration of 1 umol/L to the bath for 10 min, rapidly increased blockade was shown in successive pulses. The inhibitory effect of
telmisartan was slowly and partially reversible with washout. (H) superimposed current traces obtained applying 1.5 s pulses to +60 mV. The
continuous lines represent the best fit to biexponential function.
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Figure 2. Effect of telmisartan on HERG current in Xenopus oocytes. (A) representative HERG currents recorded from oocytes before and
after incubation with 50 umol/L telmisartan. Currents were recorded at test potentials between -60 mV and +60 mV. Tail currents were recorded
after repolarization to -40 mV. (B) I-V relationships for HERG currents measurement at the end of the 2-s test pulse before and after
application of 1, 10 and 100 pmol/L telmisartan (n=6). Currents were normalized to the control current at 0 mV for each oocyte. (C) I-V
relationships for HERG peak tail currents before and after application of 1, 10 and 100 umol/L telmisartan (n=6). Currents were normalized
to the peak current measured in control conditions for each oocyte and fitted with Boltzmann function. (D) concentration-effect relationship
for the block of HERG current by telmisartan at 0 mV. The ICy, value was 24.35+5.06 pmol/L, Hill coefficient was 0.74+0.06. (E) Mean data
of the voltage dependence of fractional block, defined as the amplitude of HERG current reduced by drug divided by control current amplitude
(I-L4ygf 1 0n)> Of Iygrg tail (bias bars) and end-pulse current (filled bars). (F) Effects of telmisartan on the isochronal activation curves for HERG
channel. Tail current were normalized to the peak ccurrent under each condition, and the data were fit with a Boltzmann function. The V,,, and
slope factor, respectively, were the following: control, -22.91+0.71 mV and 10.28+0.61 mV, 1 pmol/L telmisartan, -25.83+0.71 mV and
9.67+0.59 mV, 10 pmol/L telmisartan, -28.2+0.91 mV and 11.17£0.73 mV, 100 umol/L telmisartan, -29.95+1.03 mV (P<0.05, n=6) and
11.85+0.79 mV.
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2B,2C). Figure 2E represents the fractional blockade of HERG
channel step currents and tail currents at different test
potentials. At voltages ranging from —40 to +40 mV, the
fractional blockade of the tail currents gradually increased
and reached a steady state at 0 mV, with values of —0.02 at
—40mV,0.15at-30mV,0.31 at—20mV,0.42at—10mV, 0.46 at
0mV, and 0.45 at +20 mV, respectively. However, the frac-
tional blockade of the 2 s end-pulse currents first increased
from —40 mV to—-10 mV following a gradual decrease from
—10mV to+40 mV, with values of 0.01 at 40mV, 0.28 at —30
mV, 0.50at—20mV, 0.62at-10mV, 0.55at0OmV, and 0.17 at
+40 mV, respectively. The difference of blockade may be
attributed to different gating mechanisms. In addition, the
peaks of the I-V relationship for HERG channels were shifted
to the left after using telmisartan, suggesting a negative shift
in the voltage dependence of activation. This was confirmed
by a tail current analysis (Figure 2F). For HERG channels,
the half-point activation value was —22.91+0.71 mV (control)
versus—25.83+0.71 mV (telmisartan) at 1 pmol/L, —28.20+0.91
mV at 10 umol/L and —29.95+1.03 mV at 100 umol/L.
Telmisartan shifted the voltage dependence of the HERG
channel activation curve by —=2.92+0.01 mV at 1 pmol/L,
—5.2940.20mV at 1 umol/L, and—7.04£0.28 mV at 100 umol/L
(P<0.05, n=6), with no significant change in the slope factors
[10.28+0.61 mV (control) vs 9.67+0.59 mV at 1 umol/L,
11.17+0.73 mV at 10 umol/L, and 11.85+0.79 mV at 100 umol/L
for telmisartan, respectively, P>0.05, n=6]. Thus the dual
effect of telmisartan on the Iy tail magnitude may be ex-
plained by both the drug inhibition on /ygrg and by produc-
ing a leftward shift in the voltage-dependent activation of

-40 mV

the currents.

Time-dependent blockade of HERG currents by
telmisartan in Xenopus oocytes The time course of the
development of HERG current blockade by telmisartan was
investigated using an “envelope of tails” protocol>'*, Mem-
brane potential was held at -80 mV and increased to +20 mV
for increasing durations between 20 and 680 ms, after which
HERG tails were evoked on repolarization to 40 mV. Origi-
nal current traces before and after the addition of 50 pmol/L
telmisartan are shown in Figure 3A and 3B. The fractional
blockade of the tail currents, defined as the amplitude of tail
currents reduced by the drug, divided by the control tail
current amplitude at each duration site, was plotted with
each time duration by a mono-exponential equation, and for
HERG channels, it yielded a 70f234.75+6.87 ms for the onset
of post-depolarization channel blockade by 10 umol/L (Figure
3C). We found that the levels of inhibition of the tail cur-
rents of HERG channels after blockade by 10 pmol/L
telmisartan were enhanced from 0.27 at 40 ms and 0.30 at 400
ms to 0.37 at 680 ms. Our results suggested that the block-
ade was enhanced by further activation of currents, which
were consistent with the open channel blockade.

Effect of telmisartan on the inactivation of HERG chan-
nels in Xenopus oocytes The effect of telmisartan on the
inactivation of HERG channels was assessed using a 3-step
protocol shown in the inset of Figure 4A. After a 2 s pulse to
+40 mV, the membrane potential was held to various test
voltages from —120 mV to +40 mV for 10 ms to allow for the
inactivation to relax to a steady state, and was then fol-
lowed by a return step to +40 mV. The peak currents elic-

C o6

0.5+

Telmisartan

0.4} " ?Hﬁ HH#'H‘} it

0.1+ f
0.0+

-0.11

Fractional block

0.2 I 1 1 I 1 I I
0 100 200 300 400 500 600 700

Time (ms)

Figure 3. Time- and state-dependence of HERG current blockade by telmisartan. A and B, representative HERG current traces evoked by an

envolope of tails prototol in the same cell under control condition (A) and in the presence of 50 umol/L telmisartan (B). Cells were held

at -80 mV and stepped to +20 mV for 20-680 ms in 20 ms interval and then tail currents were evoked on repolarization to -40 mV. Peak tail

currents at each time point were measured. (C) fractional tail-current block produced by 10 pmol/L telmisartan as a function of test pulse

duration. Continuous line represented monoexponential curve that fitted experimental data with a 7 of 234.75+6.87 ms (n=6).
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ited by the second step to +40 mV provided a relative num-
ber of open conducting channels, while the re-inactivation
of HERG was rapid at +40 mV pulse and was partially ob-
scured by the capacitive currents (Figure 4A). Therefore,
the peak outward currents during the third pulse was esti-
mated by fitting current traces beginning 3 ms after depolar-
ization with a mono-exponential equation, and extrapolating
to the beginning of the pulse. Peak current amplitudes were
then normalized to currents at —120 mV in the absence of 50
umol/L telmisartan and then plotted as a function of the volt-
age of the 10 ms test pulse (steady-state inactivation curve)
and fitted to a Boltzmann function. Peak current amplitudes
of HERG channels were prominently decreased by 50 umol/L
telmisartan (Figure 4B,4C). The V,,, (-76.63+13.56 mV vs
—75.78+5.55 mV, n=6, P>0.05) for the steady-state inactiva-
tion was not significantly altered by telmisartan, and slope
factors had a negative shift (62.34+£12.82 mV vs 27.62+4.00
mV,n=6, P<0.05).

Effect of telmisartan on HERG channel deactivation
kinetics in Xenopus oocytes Outward tail currents were
recorded during a repolarization pulse from —120 mV to +10
mV, following a depolarization step to 0 mV in the absence or
presence of 50 umol/L telmisartan, respectively (Figure 5A).
The time course of the deactivation tail currents was fitted
with a double exponential function. The slow component of
the deactivating tail currents was significantly lower in the

+40 mV +40 mV
-120 mV

10 ms

presence of 10 and 50 umol/L telmisartan in a concentration-
dependent manner (n=6, P<0.05), while the fast component
had no significant difference in the tested oocytes (n=6, P>
0.05; Figure 5B, 5C). This indicated that telmisartan blocks
the different component of HERG currents at different
concentrations. The slow component of the deactivation in
the presence of telmisartan suggested that closure of the
activation gate was accelerated when the drug bound to the
channels. This is different from the so-called “foot-in-the-
door” effect!*, which occurs in many open-state channel
blockers that block HERG channels. This gives us a better
understanding that some HERG channel blockers may block
HERG channels through a mechanism different from open-
state blockade, which is similar to close-state blocking agent
BeKm-1",

Discussion

In the present study, we analyzed the effects of
telmisartan, a specific AT, receptor antagonist, on Kv1.5 and
HERG, which is involved in human cardiac repolarization.
The maximum plasma concentrations obtained after admin-
istration of therapeutic doses of telmisartan (20-120 mg/d)
was 0.04 to 1.15 umol/L™. Thus this study demonstrated
that at plasma concentration levels of therapeutic doses,
telmisartan blocked hKv1.5 channels, whereas its effects on
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Figure 4. Effect of telmisartan on HERG channel inactivation in Xenopus oocytes. (A) representative recording of the steady-state inactiva-

tion of HERG channels. After a 2 s pulse to +40 mV, the membrane potential was held to various test voltages from —120 mV to +40 mV for

10 ms to allow inactivation to relax to a steady-state, then followed by a return step to +40 mV. (B) steady-state inactivation curves of HERG

current. Peak currents obtained from fitting the inactivating current with mono-exponential equation and then plotted as a function of the

preceding test pulse potentials. The inactivation curve was fitted with a Boltzmann function before and after perfusion of 50 pmol/L

telmisartan. Voltage-dependent steady-state inactivation curves had no significant difference: V,,, was =76.63+13.56 mV at control condition
and -75.78+5.55 mV at 50 pmol/L telmisartan (P>0.05, n=6), while the slope factor k show a negative shift with 62.34+12.82 mV and
27.62+4.00 mV at control and 50 umol/L telmisartan, respectively (P<0.05, n=6).
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HERG channels occurred only at supra plasma concentra-
tion levels of therapeutic doses. It is important to note that
the present experiments were performed in the absence of
angiotensin. Moreover, even when the concentrations tested
for each drug can be considered equipotent for AT, receptor
antagonism, the effects of telmisartan on each current differ
in potency and in voltage and time dependency, which is
not consistent with a common mechanism of action.
Effects of telmisartan on hKv1.5 channels Telmisartan
exhibited a high affinity for hKv1.5 channels. However, the
efficacy of blockade was different at peak and 1.5 s end-
pulse currents, which were 7.75%+2.39% and 52.64%=+3.77%
at 1 umol/L telmisartan, respectively. Furthermore, the con-
centration-dependent effects of telmisartan on hKv1.5 chan-
nels were biphasic, which was either the reduction in charge
of crossing the membrane at positive potentials (open-chan-
nel interaction) or the inhibition of the currents elicited after
conditioning pulses (interaction with the inactivated state).
The reasons for this behavior are unknown, and experiments
on site-directed hKv1.5 mutant channels would be needed
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Figure 5. Telmisartan alters HERG tail current deactiva-
tion kinetics in Xenopus oocytes. (A) representative cur-
rent recording during a repolarization pulse ranging from
-120 mV to +10 mV, following a depolarization step to
0 mV in the absence or presence of 50 pmol/L telmisartan.
Tail current recorded at —80 to -30 mV were fitted to a
double exponential equation. (B) the fast time constants of
deactivation tail current were plotted with the test
potential. 10 and 50 pmol/L telmisartan did not signifi-
cantly accelerate the decay of fast component of tail cur-
rent in tested potentials (n=6, ‘P>0.05 vs control). (C) the
slow time constants of deactivation tail current were plot-
ted with the test potential. 10 and 50 umol/L telmisartan
significantly accelerated the decay of slow component of
tail current in tested potentials (n=6, "P<0.05 vs control).

to elucidate this issue. However, what cannot be excluded is
that when the concentration of bulky molecules of telmisartan
near the binding site increases, the steric hindrance interac-
tions between them might decrease the efficacy of blockade.
The importance of steric hindrance interactions in determin-
ing the blockade of quinidine at Kv1.4 channels has been
demonstrated previously''®. Telmisartan induced a voltage-
dependent blockade on hKvl1.5 channels that increased at
the voltage range of channel activation. Moreover,
telmisartan-induced blockade occurred in the range of po-
tentials of channel opening. All these effects suggested an
open-channel interaction. Furthermore, the blockade was
significantly augmented with channel inactivation, suggest-
ing that telmisartan also binds to the inactivated state. Af-
finity for both the open and the inactivation state has been
previously described for irbesartan on Kv4.3 channels'"”.
Effects of telmisartan on HERG channels Telmisartan
blocked HERG channels in a concentration-dependent
manner, and the ICy, value was 24.35 pmol/L at room
temperature, which was approximately 21-fold higher than
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the free plasma concentration”. This result indicated that
telmisartan had low affinity binding to HERG channels. This
low affinity of telmisartan could be attributed to the spatial
orientation of the most hydrophobic portion of the molecule
(the spirocyclopentane ring), which was oriented perpen-
dicularly to the imidazolone ring. Therefore, the telmisartan
moiety would be rigid, preventing the proper interaction of
the drug with its receptor site.

Our experiment with HERG channels suggested that
telmisartan preferentially blocked open HERG channels, ex-
hibiting several features that were typical of other open-
channel blockers, such as dofetilide, chloroquine, and
ziprasidone!"*'*2%, First, there was no blockade of initial
step currents in response to depolarizing test pulses of
—40 mV or more negative potentials. Meanwhile, in the
different depolarization durations, the fractional blockade
of peak tail currents at 40 ms duration was significantly
lower than that at 400 and 680 ms, which indicated that
following the channel activation, fractional blockade was
enhanced by the activated channels. Second, the extent and
rate of the onset of blockade was voltage dependent, in-
creasing at more positive potentials even in the condition
of leftward shift of the activation curve. These results also
suggested that channel activation is required for telmisartan
blockade.

Our research also demonstrated that the velocity of chan-
nel deactivation was significantly accelerated by telmisartan,
which was inconsistent with the so-called “foot-in-the-door”
effect. This indicated that telmisartan blocked HERG chan-
nels through a mechanism different from open-state blockade.
This acceleration of the deactivation time course also oc-
curred in BeKm-1 scorpion toxin, a close-state blocking agent
of HERG channels. Therefore, telmisartan can also preferen-
tially block close-state HERG channels.

Clinical significance HERG encodes the pore-form-
ing subunits of channels that conduct rapid delayed recti-
fier K* current I, which is one of the most important mem-
brane currents responsible for ventricular potential
repolarization. The mutation of HERG causes long QT
syndrome, a disorder of cardiomyocyte repolarization that
predisposes affected individuals to an increased risk of
torsades de pointes and lethal ventricular fibrillation'"**"
21 Acquired long QT syndrome is far more common than
inherited long QT syndrome and is often caused by the block-
ade of HERG channels treated with anti-arrhythmic agents
and certain non-cardiac medications with diverse chemical
structures and pharmacological actions™?!, It is widely
believed that most drugs associated with torsades de pointes
in humans are also associated with HERG K* channel block-

ade at concentrations close to or superimposed upon the
free plasma concentrations found in clinical use™'. Our re-
sults demonstrate that the blockade of telmisartan on HERG
channel occurred only at supra plasma concentration levels
of therapeutic doses, which indicates that telmisartan may
induce more little side-effects than other ARB, such as
losartan, at therapeutic concentrations®. Telmisartan can
also block hKv1.5 at plasma concentration levels of thera-
peutic doses. Kv1.5 channels are highly expressed in hu-
man atria (but not ventricles) and conduct ultrarapid delayed
rectifier currents (/,,,) that contribute to action potential re-
polarization of human atrial myocytes” . Thus Kv1.5 is
an important molecular target for the treatment of atrial fibril-
lation or atrial flutter, particularly because the inhibition of
Kvl.5 should selectively prolong atrial but not ventricular
action potential duration. Due to the dual effects, telmisartan
may have good clinical security. However, as described for
other ARB, multiple outward K* currents participate in car-
diac repolarization, and different ARB induce complicated
effects simultaneously or successively. Further studies are
needed to confirm their molecule mechanism, a significant
undertaking that goes beyond the scope of the present
manuscript.
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