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Abstract Escitalopram, a selective serotonin reuptake inhibi-
tor, is the pharmacologically active S-enantiomer of the race-
mic mixture of RS-citalopram and is widely used in the treat-
ment of depression. The effects of escitalopram and citalopram
on the human ether-a-go-go-related gene (hERG) channels
expressed in human embryonic kidney cells were investigated
using voltage-clamp and Western blot analyses. Both drugs
blocked hERG currents in a concentration-dependent manner
with an ICso value of 2.6 uM for escitalopram and an ICs,
value of 3.2 uM for citalopram. The blocking of hERG by
escitalopram was voltage-dependent, with a steep increase
across the voltage range of channel activation. However, volt-
age independence was observed over the full range of activa-
tion. The blocking by escitalopram was frequency dependent.
A rapid application of escitalopram induced a rapid and revers-
ible blocking of the tail current of hERG. The extent of the
blocking by escitalopram during the depolarizing pulse was
less than that during the repolarizing pulse, suggesting that
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escitalopram has a high affinity for the open state of the hERG
channel, with a relatively lower affinity for the inactivated state.
Both escitalopram and citalopram produced a reduction of
hERG channel protein trafficking to the plasma membrane but
did not affect the short-term internalization of the hERG chan-
nel. These results suggest that escitalopram blocked hERG
currents at a supratherapeutic concentration and that it did so
by preferentially binding to both the open and the inactivated
states of the channels and by inhibiting the trafficking of hERG
channel protein to the plasma membrane.
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trafficking

Introduction

Citalopram is a highly selective serotonin reuptake inhibitor
(SSRI) that is widely used in the treatment of major depressive
disorders (Hyttel 1982). The clinically used citalopram is a
racemic mixture of the R and S-enantiomers (Sanchez 2006).
Escitalopram, which also is an SSRI, is the pharmacologically
active S-enantiomer of the racemic mixture of RS-citalopram
(Garnock-Jones and McCormack 2010). Because the SSRI
activity is more potent for escitalopram than that of the R-
enantiomer, which is practically devoid of SSRI potency
(Hyttel 1982), by comparison with citalopram, escitalopram
has demonstrated better efficacy in the treatment of severe
depression (Waugh and Goa 2003). Although SSRIs are gen-
erally reported to have a favorable cardiac safety profile,
numerous studies have demonstrated that several SSRIs have
been associated with cardiovascular side effects, such as ar-
rhythmias, prolonged QT interval, and Torsade de Pointes
(TdPs) arrhythmias (Pacher and Kecskemeti 2004). In support
of this line of reasoning, electrophysiological studies have
shown that SSRIs inhibit several cardiac voltage-gated K"
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(Kv) channels in different tissues. For example, citalopram
and fluoxetine have produced a significant block of cloned
Kvl1.5 in stable cell lines (Perchenet et al. 2001; Lee et al.
2010). These drugs also have blocked the human ether-a-go-
go-related gene (hERG) potassium channels that underlie
the rapidly activating delayed rectifier Kv currents in cardio-
myocytes (Thomas et al. 2002; Witchel et al. 2002). The
blockade of hERG currents typically causes a prolongation
of the action potential duration on the electrophysiology and
the QT interval on the ECG, which can lead to TdPs and to
sudden cardiac death (Vandenberg et al. 2001). An increasing
number of case reports show a dose-dependent prolongation
of the QT interval in patients receiving escitalopram and
citalopram overdoses (Catalano et al. 2001; Engebretsen
et al. 2003; Baranchuk et al. 2008; Fayssoil et al. 2011).
Escitalopram has been reported to prolong the corrected QT
interval even in a low dose (Tseng et al. 2012). These results
suggest that the blockade of hERG by these drugs could play
an important role in the prolonged QT interval. To the best of
our knowledge, however, there is no report regarding the
effect of escitalopram on cardiac ion channels, in particular
on hERG channels. Since escitalopram is structurally similar
to citalopram, the present study further elucidates the effects
of both enantiomers (escitalopram and citalopram) on hERG
channels and compares their potencies.

Materials and methods
Cell cultures

The hERG-HEK293 recombinant cell line (CYL3039,
Millipore, Billerica, MA, USA) was used for electrophysio-
logical measurements. Cells were maintained in an environ-
ment that consisted of 95 % humidified air and 5 % CO, at
37°C in D-MEM/F-12 (Invitrogen, Grand Island, NY, USA)
and were supplemented with 10 % fetal bovine serum, 1 %
nonessential AA, and 400 pg/ml geneticin, according to the
manufacturer’s instructions. The cells used for electrophys-
iological recordings were seeded on glass coverslips (12 mm
in diameter; Fisher Scientific, Pittsburgh, PA, USA) 24 h
before use.

Electrophysiology

hERG currents were recorded using the whole-cell patch-clamp
technique with an Axopatch 700B amplifier (Molecular
Devices, Sunnyvale, CA, USA). All experiments were carried
out at room temperature (22—24°C). No leak subtraction was
done during experiments. The recording chamber (RC-13;
Warner Instruments, Hamden, CT, USA) was continually
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perfused with an extracellular bath solution. Patch pipettes
(PG10165-4, World Precision Instruments, Sarasota, FL,
USA) had a resistance of 2 to 4 M) when filled with an internal
pipette solution. The effective series resistances were usually
compensated by 80 % when the current exceeded 1 nA. For
rapid drug application, escitalopram was applied with a
superfusion system using a piezoelectric-driven micromanipu-
lator (P-287.70, Physik Instrumente, Waldbronn, Germany) as
described previously (Choi et al. 2003). The internal pipette
solution contained (in mM) 140 KCI, 1 CaCl,, 1 MgCl,, 10
HEPES, and 10 EGTA and was adjusted to pH 7.3 using KOH.
The external bath solution contained (in mM) 140 NacCl, 5 KCl,
1.3 CaCl,, 1 MgCl,, 20 HEPES, and 10 glucose and was
adjusted to pH 7.3 using NaOH. Escitalopram and citalopram
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) were
dissolved in dimethyl sulfoxide (DMSO, Sigma, St. Louis,
MO, USA). The concentration of DMSO in the final dilution
was less than 0.1 %. The tail currents of hERG were not
significantly changed after 5 min of 0.1 % DMSO application
(94.6 £ 0.9 % of the control, n=9).

Western blotting

Western immunoblot analyses were performed as described
previously (Yang et al. 2013). hERG-HEK293 cells were
incubated for 24 h with escitalopram and citalopram and with
fluoxetine as a positive control. The cells were homogenized
in ice-cold RIPA buffer (50 mM Tris buffer, pH 8.0; 150 mM
NaCl; 1 % NP-40; 0.5 % deoxycholate; and 0.1 % SDS).
Samples from each cell corresponding to 20 pg of total protein
were separated by SDS-PAGE, and the proteins were blotted
on a nitrocellulose membrane and probed with the anti-hERG
antibody (dilution, 1:500; Alomone labs, Jerusalem, Israel).
The membrane was rinsed three times and incubated for 2 h at
room temperature in a 1:1,000 dilution of the appropriate
biotin-conjugated IgG antibody (Vector Laboratories,
Burlingame, CA, USA). Afterwards, the membrane was
rinsed three times and incubated for 1 h at room temperature
in ABC solution (Vector Laboratories). The blot was washed
three times and the immunoreactive bands were detected
using an Enhanced Chemiluminescence Detection Kit
(Amersham, Arlington Heights, IL, USA).

Immunohistochemistry

The cells were grown for 4 h on poly-lysine-coated glass
coverslips under control conditions or in the presence of 1,
3, 10, and 30 uM escitalopram or citalopram. After incuba-
tion, cells were washed with PBS and fixed in ice-cold 4 %
formaldehyde and PBS for 30 min. After fixation, cells were
incubated in 10 % normal donkey serum and incubated with
the anti-hERG antibody (dilution, 1:200; Alomone labs) for



Naunyn-Schmiedeberg's Arch Pharmacol (2014) 387:23-32

25

1 day at 4 °C. The cells were washed and incubated in the
presence of secondary antibody conjugated with Cy3 (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) for
2 h. The fluorescent specimens were mounted using Vec-
tashield mounting medium (Vector Laboratories). Digital im-
ages (1,024 x 1,024 pixels) were acquired using a Zeiss LSM
510 Meta confocal microscope (Carl Zeiss Co. Ltd., Germany)
and were imported into Photoshop (Adobe Systems, San Jose,
CA, USA). The brightness and contrast of the final images were
adjusted.

Data analysis and statistics

Analysis of the data was performed using pClamp 10.0 soft-
ware (Molecular Devices) and Origin 8.0 software (Microcal
Software, Inc., Northampton, MA, USA). The results are
expressed as means = S.E. A paired Student’s 7-test for com-
parison between two groups and an analysis of variance for
comparisons of multiple groups followed by Bonferroni test
were used for the statistical analyses. A value of P <0.05 was
considered as statistically significant.

Results

Escitalopram and citalopram block hERG
in a concentration-dependent manner

Figure 1 shows whole-cell recordings of hERG currents elic-
ited by 2-s depolarizing pulses to +20 mV from a holding
potential of =80 mV every 15 s in the absence and presence of
escitalopram and citalopram. The concentration—response re-
lationships were measured from the peak tail currents
of hERG that were elicited by 4-s repolarizing pulses
to —40 mV after each voltage step. After obtaining the control
measurement, the concentration-response relationships for
the block of hERG currents by escitalopram and citalopram
were determined once the block reached a steady state, usually
after 1 min of perfusion with the drug. Both escitalopram and
citalopram inhibited the tail current of hERG at —40 mV in a
concentration-dependent manner, i.e., escitalopram at concen-
trations of 1, 3, 10, and 30 uM reduced the tail current by 24.9
+2.1,514+30,784 £+ 13, and 90.9 + 1.5 % (n=7) and
citalopram at concentrations of 1, 3, 10, and 30 uM reduced
the tail current by 17.1£2.5,47.2+£1.5,72.8+2.3,and 88.3 +
0.8 % (n=17), respectively. Analysis of the data using the Hill
equation gave an ICso value of 2.6 £ 0.2 uM and a Hill
coefficient of 1.1 + 0.1 for escitalopram (n=7) (Fig. 1a) and
an ICsq value of 3.2 + 0.3 uM and a Hill coefficient of 1.2 £+
0.1 for citalopram (n=7) (Fig. 1b). The potencies of

escitalopram and citalopram in blocking hERG were very
similar, indicating the lack of a stereoselective block.

Time course for the onset of a block of hRERG by escitalopram

To evaluate the time course of escitalopram effects on hERG
currents, the depolarizing pulse was repeated with the appli-
cation of escitalopram. Figure 2 shows the time course of a
block of the tail current of hRERG recorded before, during, and
after the application of escitalopram. When switched to a
drug-containing solution after recording control currents, the
block reached a steady state within 1 min. Upon washout, the
hERG currents were restored to 81.5 = 2.9 % (n=9) of the
control value, suggesting that the effects of escitalopram were
largely reversible.

The block of hERG by escitalopram is voltage dependent

Figure 3a shows the representative hERG currents elicited
after applying 2-s depolarizing pulses from a holding potential
of =80 to +50 mV in 10-mV steps every 15 s in the absence
and presence of escitalopram. The tail currents of hERG were
recorded at —40 mV for 4 s. Current—voltage relationships
were obtained by plotting the amplitudes of the hERG current
at the end of 2-s depolarizing pulses against membrane po-
tential in the absence and presence of escitalopram (Fig. 3b).
Escitalopram reduced the amplitudes of the hERG current at
all membrane potentials tested. To investigate the effects of
escitalopram on the voltage dependency of activation curves,
the peak tail currents of hERG were normalized and plotted
against membrane potential before and after the application of
escitalopram (Fig. 3c). The plots of normalized tail currents
were fit to a Boltzmann function. Escitalopram shifted the
half-activation point (V;,,) of the activation curves to the
hyperpolarizing direction but did not alter the slope factor
(k) (control: V,=-20.8 £ 1.4 mV, k=72 + 0.3 mV,
escitalopram: V'1,=-27.1 £ 1.0 mV, k=7.1 £ 0.3 mV, n=6,
P < 0.05). Figure 4a shows representative hERG currents
under control conditions and in the presence of escitalopram
at three different potentials. To evaluate the voltage depen-
dency of the blocking by escitalopram, the fractional blocking
({Bscitalopram/ Control) Was plotted against the membrane poten-
tial with the normal activation curve (Fig. 4b). The blocking
by escitalopram increased from —26.3 = 3.6 % at —30 mV
to —54.5 £ 2.4 % at 0 mV (n=6). Thus, the blocking was
steeply increased in the voltage range, coinciding with the
activation of hERG currents (£, 5=8.58, P <0.05), which
suggested an interaction with the channel in the open state
(Paul et al. 2002). At more depolarized potentials where the
channels were fully activated (between 0 and +50 mV), the
escitalopram blocking was constant, indicating that the bind-
ing of the drug was voltage independent.
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Fig. 1 Concentration—response
relationships for the block of
hERG by escitalopram (a) and
citalopram (b). Whole-cell LERG
currents were elicited by a 2-s
depolarizing pulse to +20 mV
from a holding potential of

—80 mV and repolarization to
—40 mV for 4 s to generate the tail
currents every 15 s. The effects of
1,3, 10, and 30 uM of
escitalopram and citalopram are
shown. The dotted line marks
zero current. Normalized blocks
of the tail current of hERG are
plotted as a function of
escitalopram and citalopram
concentrations. Data were fitted
with the Hill equation, yielding an
ICsq value 0of 2.6 £0.2 uM and a
Hill coefficient of 1.1 £0.1 (n=7)
for escitalopram and an ICs
value of 3.2 + 0.3 uM and a Hill
coefficient of 1.2 £ 0.1 (n=7) for
citalopram. Data are expressed as
means + S.E

The blocking of hERG by escitalopram is frequency

dependent

To evaluate the frequency dependence of an escitalopram
blocking of hERG, cells were depolarized from a holding
potential of —80 to +80 mV for 100 ms, followed by a
repolarizing pulse to +20 mV for 400 ms to record tail currents
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of hERG was not changed at 0.2 Hz. The tail current progres-

sively decreased to a steady level at 1 Hz (17.0 2.1 %, n =6,
P <0.05) at the end of 30 depolarizing pulses. The time course

(Kikuchi et al. 2005). Trains of pulses at frequencies of 0.2

and 1 Hz were applied (Fig. 5a). The tail currents of hERG
during the step pulse to +20 mV were measured and were

normalized to the control current measured prior to drug

application. Under control conditions, the tail current of
hERG was not changed during the 30 depolarizing pulses at
0.2 Hz (Fig. 5b). The tail current progressively decreased to a
steady level at 1 Hz and was reduced by 9.7 +2.3 % (n=6) at
the end of 30 depolarizing pulses. The time course of blocking
was best fit to a double exponential function with a fast time
constant 0f 0.23 £0.01 ms and a slow time constant of 10.04 +
1.96 ms (n =6). In the presence of escitalopram, the tail current
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was also best fit to a double exponential function with a fast
time constant of 0.71 + 0.18 ms (=6, P<0.05) and a slow
time constant of 13.08 £ 1.66 ms (n =6). These results suggest
that the time course of the blocking was frequency dependent.

Escitalopram blocks hERG both in the open state
and in the inactivated state

Figure 6 shows the results of the rapid drug application system
that was used to study whether escitalopram would interact
with the open or inactivated state of hERG channels
(Ganapathi et al. 2009). The hERG currents were elicited by
a 1-s depolarizing prepulse to +60 mV that fully activated the
hERG channels followed by 10 s of repolarization to —40 mV,
which induced a recovery from inactivation and opened the
channels (Fig. 6a). Escitalopram was rapidly applied and
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Fig. 2 Time course for the onset of the block of hERG by escitalopram.
The peak tail currents of hERG in the presence of escitalopram were
normalized to the first current amplitude, and the normalized data were
plotted as a function of time. The insets in the graph show superimposed
hERG tail currents recorded before, during, and after application of
escitalopram. The dotted line marks zero current

Fig. 3 Effect of escitalopram on a
current—voltage relationships. a
Whole-cell hRERG currents were
evoked by depolarizing pulses
from —50 to +50 mV for 2 s in
steps of 10 mV every 15 s from a
holding potential of =80 mV and
repolarization to —40 mV for 4 s
in the absence and presence of
escitalopram. The dotted line
marks zero current. Current—
voltage relationships of the
steady-state (b) and peak tail (¢)

+50 mV

Somv |
-80 mv

Control

removed during the tail currents of hERG and decreased the
currents by 42.9 £ 5.2 % (n=6), which indicated that the
drug binds to the open state of the channels. The second
protocol consisted of a 5-s depolarizing pulse to +60 mV to
inactivate the hERG currents followed by 5 s of repolarization
to —40 mV. Escitalopram was applied during the depolarizing
pulse and continued during the tail currents (Fig. 6b).
Escitalopram blocked the hERG currents by 34.7 + 1.7 % at
the end of the depolarizing pulse to +60 mV, which increased
to 51.9 + 2.3 % (n=6, P<0.05) after repolarization to
—40 mV. Thus, the extent of the blocking by escitalopram
during the depolarizing pulse (most channels are in an
inactivated state) was less than that during the repolarizing
pulse (most channels are in an open state). These results
suggest that escitalopram has a high affinity for the open state
of the channel, with a relatively lower affinity for the
inactivated state of hERG channels.

Effects of escitalopram and citalopram on HERG channel
protein trafficking

Another mechanism for drug-induced QT interval prolonga-
tion is the disruption of the normal trafficking of the hERG
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Fig. 4 Voltage-dependent block a
of hERG by escitalopram. a
Representative hERG currents
under control conditions and in
the presence of escitalopram at
three different potentials. The
dotted line marks zero current. b
Voltage-dependent block of
hERG currents by escitalopram
was expressed as a relative
current (] escitalopram/ 1 comrol) .
Asterisk significant difference
from data obtained at —30 mV
(P<0.05). The dotted line .
represents the activation curve of
hERG currents under control
conditions. Data are expressed as )
means = S.E 1s

30 mv

© Control

0.5 nA
,_

Escilalopram'l I Control

channel to the surface membrane (Rajamani et al. 2006).
Using Western blot and electrophysiology, we studied wheth-
er escitalopram and citalopram, for the sake of comparison,
affected hERG channel trafficking (Fig. 7a). hERG-HEK293
cells were incubated for 24 h with escitalopram and
citalopram (1, 3, 10, and 30 uM) and with fluoxetine (30
uM) as a positive control. Fluoxetine resulted in a significant
reduction of a protein band at 155 kDa (the fully glycosylated
form of the hERG channel protein) without the effects on
135 kDa (the core glycosylated form) as previously described
(Rajamani et al. 2006). The intensity of the 155-kDa
protein band decreased with increasing concentrations of
escitalopram and citalopram. However, there was no signifi-
cant difference between the 135-kDa forms of the hERG
channel protein. To confirm that incubation with escitalopram
resulted in a reduction of hERG channel surface expres-
sion, current density was measured electrophysiologically.
Representative hERG current traces are shown in Fig. 7b for
control conditions: the peak tail current of hERG was 108.4 +
6.2 pA/pF for a voltage step to +50 mV (n=7). After 24 h of
incubation with 30 uM escitalopram, the peak tail current of
hERG was decreased to 46.8 = 10.1 pA/pF (n=7, P<0.05)
for a voltage step to +50 mV. Escitalopram was removed from
the cell medium prior to electrophysiological recording
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(following 24 h of incubation) to avoid any bias caused by
acute inhibition by the drug. These results confirmed the im-
munological findings.

Effects of escitalopram and citalopram on the short-term
internalization of the cell surface hERG channels

Few drugs, such as desipramine, have been reported to cause
short-term reduction of hERG activity by increasing the inter-
nalization of cell surface hERG channels (Dennis et al. 2011).
To study escitalopram and citalopram (30 pM) effects on
hERG internalization, cells were incubated for 4 h under
control conditions and in the presence of both drugs to allow
for hERG internalization (Fig. 8). Immunocytochemical anal-
ysis showed no difference in cell surface staining, neither
under control conditions nor after 4 h of incubation with
escitalopram or citalopram.

Discussion
In the present study, the effects of escitalopram and citalopram

on hERG channels were examined. The main results are as
follows: (1) both escitalopram and citalopram produced a
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Fig. 5 Frequency-dependent block of hERG by escitalopram. a hERG
currents obtained from depolarizing pulses from a holding potential of —80
to +80 mV for 100 ms, followed by a repolarizing pulse to +20 mV for
400 ms to record the tail current at 0.2 and 1 Hz in the absence and presence
of escitalopram. b The tail currents during the step pulse to +20 mV were
measured and normalized to the control current measured prior to drug
application. The time course of block was best fit to a double exponential
function with a fast and slow time constant. Data are expressed as means +
S.E

reversible concentration-dependent block of hERG with ICs,
values of 2.6 and 3.2 uM, respectively, (2) the block by
escitalopram was voltage and frequency dependent, (3)
escitalopram blocked hERG by interacting with the channels
in both the open and inactivated states, and (4) both drugs
inhibited hERG channel protein trafficking to the plasma
membrane.

Citalopram is a racemic mixture of the R(—)-enantiomer
(R-citalopram) and the S(+)-enantiomer (escitalopram)
(Sanchez 2006). The potencies of escitalopram and citalopram
in blocking hERG were very similar, indicating that the
channel block by these enantiomers did not display stereo-
selectivity. Because citalopram is a 1:1 mixture of the R- and
S-enantiomers, escitalopram was equipotent to citalopram
with regard to its block of hERG. The block of hERG by

-40 mV
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3 uM Escitalopram

Control

® 3 uM Escitalopram

M
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b 5s
+60 mV
5s
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80 mv -80 mv
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- I

.23 1M Esclidiopram
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2s

Fig. 6 Effects of the rapid application of escitalopram on hERG currents.
a The cells were depolarized from a holding potential of =80 to +60 mV
for 1 s, followed by a repolarizing pulse to —40 mV for 10 s to record tail
currents. After a delay of 1 s, escitalopram was rapidly applied and
removed during the repolarizing pulse. The bar indicates the time of
application of escitalopram. The complete recovery of the currents after
washout was observed during the depolarizing pulse. b The cells were
depolarized from a holding potential of —80 to +60 mV for 5 s, followed
by a repolarizing pulse to —40 mV for 5 s to record tail currents.
Escitalopram was rapidly applied during the depolarizing pulse and
continued into the repolarizing pulse as indicated by the bar. The dotted
line marks zero current

escitalopram was increased at a more depolarized membrane
potential where most channels are in an activated state. This
voltage dependence of the escitalopram block suggests that
the drug preferentially binds to the open or inactivated state of
hERG channels (Paul et al. 2002). Between 0 and +50 mV
where the channels were fully open, however, the block was
uniform. Because escitalopram is a strong base with a pK ,=9.78
(http://www.drugbank.ca/drugs/DB01175), this drug exists
predominantly as a cation at an intracellular pH of 7.3, which
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suggests either that the drug binding with hERG channels
occurred outside the electrical field or that the uncharged drug
was responsible for the block. Our rapid perfusion system
provided direct evidence for an activated (open and
inactivated) state block: escitalopram blocked hERG currents
both during depolarization, at which most channels are in
inactivated state, and during repolarization, at which most
channels are in open state (Ganapathi et al. 2009). The drug
binding site in the intracellular pore has been well described in
the hERG channel, and the aromatic pore residues (Y652 and
F656) in the hERG protein have been identified as key deter-
minants of drug binding (Mitcheson et al. 2000). Thus, further
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studies are required to investigate the significance of these
amino acids for escitalopram binding to hERG channel protein
with mutants.

Numerous studies have demonstrated the effects of SSRIs
on hERG channels. For example, fluoxetine and fluvoxamine
blocked hERG currents expressed in Xenopus oocytes and
mammalian cells with ICs, values of 0.7-3.8 uM (Thomas
et al. 2002; Witchel et al. 2002; Milnes et al. 2003; Rajamani
et al. 2006). Citalopram also blocked hERG currents
expressed in CHO cells with an ICsy value of 3.9 uM
(Witchel et al. 2002), which is a value that approximates the
ICso value we report here for hERG currents expressed in

4 hr

Control Control

Fig. 8 Effects of escitalopram and citalopram on the short-term internal-
ization of the cell surface hERG channels. Cells were incubated for 4 h
under control conditions and in the presence of escitalopram and
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citalopram (30 uM) to allow for hERG internalization. Confocal fluores-
cence images showed no difference in cell surface staining, neither under
control conditions nor in the presence of either escitalopram or citalopram
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HEK cells. The hERG channels encode the rapidly activating
delayed rectifier Kv currents that are responsible for the ven-
tricular repolarization of action potentials in cardiomyocytes,
and the blockade of hERG channels may well account for the
prolongation of action potential duration and the QT interval
following administration of the drugs (Vandenberg et al.
2012). The prolongation of the QT interval observed during
escitalopram administration suggests that the block of hERG
may be responsible for the arrhythmogenic potential of this
drug. QT interval prolongation was reported after an overdose
of escitalopram, but no ventricular arrhythmias or TdPs were
detected (Baranchuk et al. 2008). Drugs that block hERG
channels produced a prolongation of action potential duration
and a lengthening of the QT interval and have proarrhythmic
potential (Kass and Cabo 2000). However, citalopram blocked
cardiac L-type calcium channel currents, which mediate the
plateau phase of action potential in isolated rat and guinea pig
ventricular cardiomyocytes (Witchel et al. 2002; Zahradnik
et al. 2008). These results imply that excessive QT interval
prolongation during citalopram administration may not occur
and that the inhibitory effects of citalopram on an L-type
calcium channel current might compensate for the
proarrhythmic effects associated with hERG blockade (Bril
et al. 1996). In fact, citalopram produced a concentration-
dependent shortening of the action potential duration and a
depression of the plateau and overshoot potential in guinea pig
papillary muscle (Pacher et al. 2000). Thus, citalopram is
considered to have a good safety profile regarding
cardiotoxicity within the clinical range (Keller 2000; Parker
and Brown 2000). Furthermore, our previous study has dem-
onstrated that citalopram reduced cloned Kv1.5 currents as an
open channel blocker in a reversible concentration-dependent
manner within the therapeutic plasma concentrations (Lee
etal. 2010). Kv1.5 is more abundantly expressed in atrial than
in ventricular myocytes and is regarded as a therapeutic target
for arrhythmia (Brendel and Peukert 2003). Although our
study is the first report regarding the effects of escitalopram
on hERG channels and provides new information about the
potential cardiotoxicity of this drug, we did not evaluate the
effects of escitalopram on other cardiac ion channels, which
include L-type calcium channels and Kv1.5 channels. Thus,
further studies are required to investigate the overall effects of
escitalopram on these channels and cardiac action potentials.
Several drugs have been known to inhibit hERG indirectly
by disruption of hERG channel protein trafficking to the
plasma membrane, thereby reducing the cell surface hERG
channel density (Rajamani et al. 2006), and by an increase in
internalization of the cell surface channels (Dennis et al.
2011). In the present study, both escitalopram and citalopram
resulted in a significant reduction in the trafficking of hERG
channel protein to the plasma membrane. However, neither
drug affected the internalization of the cell surface hERG
channels. These results indicate that both drugs decreased

hERG currents by inhibiting hERG channel protein trafficking
to the plasma membrane.

After receiving a dosage of 30 mg/day, the maximum plas-
ma concentration of escitalopram averages about 64.4 ng/ml
(0.15 uM) (Waugh and Goa 2003). When the human plasma
protein binding of escitalopram is in the range of 56 %, the
effective free therapeutic plasma concentration might be ap-
proximately 66 nM (Waugh and Goa 2003). In the present
study, escitalopram blocked hERG currents with an ICs, value
of 2.6 uM, which was well above the maximum plasma
concentration. Although we do not know the concentration of
escitalopram in the heart tissue, citalopram is highly lipophilic
and is likely to achieve higher total concentrations in the heart
and brain than in the blood serum (Melzacka et al. 1984; Pacher
et al. 2000). Thus, caution is warranted during chronic admin-
istration in patients with a higher torsadogenic risk.

In summary, escitalopram and citalopram produced a
concentration-dependent block of hERG currents. Similar po-
tencies of a hERG current block were observed for
escitalopram and citalopram, indicating that the channel block
by these enantiomers did not display stereoselectivity.
Escitalopram blocked hERG currents by preferentially binding
to their open and inactivated states as well as by inhibiting the
trafficking of hERG channel protein to the plasma membrane.
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