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Abstract: Aripiprazole is an atypical antipsychotic drug, which is prescribed for many psychiatric
diseases such as schizophrenia and mania in bipolar disorder. It primarily acts as an agonist of
dopaminergic and other G-protein coupled receptors. So far, an interaction with ligand- or voltage-
gated ion channels has been classified as weak. Meanwhile, we identified aripiprazole in a preliminary
test as a potent blocker of voltage-gated sodium channels. Here, we present a detailed analysis about
the interaction of aripiprazole with the dominant voltage-gated sodium channel of heart muscle
(hNav1.5). Electrophysiological experiments were performed by means of the patch clamp technique
at human heart muscle sodium channels (hNav1.5), heterologously expressed in human TsA cells.
Aripiprazole inhibits the hNav1.5 channel in a state- but not use-dependent manner. The affinity for
the resting state is weak with an extrapolated Kr of about 55 µM. By contrast, the interaction with
the inactivated state is strong. The affinities for the fast and slow inactivated state are in the low
micromolar range (0.5–1 µM). Kinetic studies indicate that block development for the inactivated state
must be described with a fast (ms) and a slow (s) time constant. Even though the time constants differ
by a factor of about 50, the resulting affinity constants were nearly identical (in the range of 0.5 µM).
Besides this, aripirazole also interacts with the open state of the channel. Using an inactivation deficit
mutant, an affinity of about 1 µM was estimated. In summary, aripiprazole inhibits voltage-gated
sodium channels at low micromolar concentrations. This property might add to its possible anticancer
and neuroprotective properties.

Keywords: aripiprazole; sodium channel; cardiotoxicity; electrophysiology; patch clamp

1. Introduction

Voltage-gated sodium channels (VGSCs) are composed from one out of nine different
pore forming α-subunits which are associated with no, one or two out of four auxiliary
ß-subunits [1,2]. The α-subunits are designated as Nav1.1 to Nav1.9 according to their
phylogeny. Other diversity arises from alternative splicing of mRNA and post-translational
modifications. The distribution of the different subunits is tissue-specific. Nav1.4 and
Nav1.5 are predominantly found in skeletal and heart muscle cells, whereas Nav1.1 to
Nav1.3 or Nav1.8 occur in neurons. According to pharmacological parameters the individ-
ual channels are classified as TTX-sensitive or TTX-resistant, depending on the concentra-
tion of tetrodotoxin (TTX), which is required for their blockage. Further classifications are
based on different subunit specific electrophysiological properties [3].

Aripiprazole is an atypical antipsychotic drug, which has initially been approved for
the treatment of schizophrenia and severe manic episodes in bipolar disorder [4]. Mean-
while, the list includes further indications. Studies show its efficacy to treat tic disorders,
post-traumatic stress disorder, autism, and depression [5–8]. Aripiprazole belongs to
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the second generation of antipsychotics with a unique pharmacological profile, termed
polypharmacology, indicating that aripiprazole might interact in different ways with vari-
ous receptors. Most prominent here is its interaction with dopamine D2 receptors. These
receptors play a crucial role for antipsychotics. Thus far, all existent antipsychotics have
produced extrapyramidal side effects as they were dopamine D2 antagonists. Conse-
quently, aripiprazole has been designed as the first antipsychotic drug with a D2 agonistic
property [9]. To this end, aripiprazole was engineered from quinolinone, a known ago-
nist of D2-receptors (previously termed dopamine autoreceptors), which served as a lead
compound [4,10,11]. Other receptors that are affected by aripiprazole are dopamine D3
and serotonin 5-HT1A receptors, which are activated, while 5-HT2A receptors are antag-
onized [12,13]. Taken together, all these properties also extended the application area of
aripiprazole. In this way, aripiprazole was suggested to reduce antipsychotic-induced
hyperprolactinemia [14,15]. Furthermore, great importance is attached to its possible an-
ticancer and neuroprotective properties [16–19]. Regarding side effects, aripiprazole is
rated to produce less kinetic disorders compared to other antipsychotics [9]. In therapeutic
concentrations, it also seems to cause less cardiovascular adverse reactions than other
antipsychotics [20–22]. Concerning sedative or weight-gaining effects, controversial results
have been reported [5,23].

The main targets for aripiprazole are G-protein coupled receptors, while its effects
on ligand-gated ion channels appear to be weak [13]. Interactions with voltage-gated
channels have, to the best of our knowledge, not been studied with the exception of a
voltage-gated potassium channel [24]. Chemically related drugs such as nefazodone [25]
and trazodone [26] as well as structurally similar atypical anti-psychotics such as risperi-
done [27] and iloperidone [28] display well-documented effects on various voltage-gated
channels. In the present work, we tested the hypothesis that aripiprazole might functionally
interact with hNav1.5, which is of special interest given recent reports of cardiotoxicity
upon aripiprazole overdose [21,29] and the involvement of hNav1.5 in the malignancy of
distinct cancers [19,30,31].

2. Results

VGSCs may exist in different states (resting, open, inactivated), which are achieved
by conformational changes [1]. Under physiological conditions, none of the different
states exists exclusively. Moreover, the relative proportion of the different states varies
in a voltage- and time-dependent manner. The patch clamp technique is a widely used
electrophysiological method, which allows to a great extent to force the channels into the
individual states, whereby the interaction of the drug with each state and the impact on the
corresponding transitions can be analyzed in detail [1,32,33].

2.1. Aripiprazole Blocks hNav1.5 Channels

The fundamental capability of aripiprazole to block VGSCs was shown as the outcome
of a preliminary experiment (Figure 1). Starting from a physiological holding potential of
−85 mV, hNav1.5 transfected TsA201 cells were depolarized to −20 mV for 5 ms. In the
absence of aripiprazole, a typical fast inactivating inward current was observed, which
was reduced to about half of its size in the presence of 3 µM aripiprazole (Figure 1). This
figure is an illustration to visualize the effect of aripiprazole at an about half-maximal
inactivation. An accumulation of fast inactivation is excluded as all experiments were
started with repeated activations in the absence of the drug where no decline in current
amplitude was observed.
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Figure 1. Inhibition of hNav1.5 channels by aripiprazole: Representative current traces obtained for
control (Co) and in the presence of 3 µM aripiprazole (ari: 3). Channel activations were carried out by
short depolarizations to −20 mV for 5 ms from a holding potential of −85 mV.

2.2. Interaction with the Resting State

In view of a possible state-dependent interaction, different parameters were analyzed
in more detail, starting with the interaction with the resting state. To this end, a double
pulse protocol, as illustrated by the insert of Figure 2, was carried out in the absence
and presence of different concentrations (1–10 µM) of aripiprazole. Accordingly, channel
activations were carried out by brief (5 ms) depolarizations to −20 mV outgoing from
the holding potential of –140 mV. For evaluation, current amplitudes in the presence of
aripiprazole were related to their respective controls and plotted against the concentration
of aripiprazole (Figure 2). As it is evident, the inhibitory effect of aripiprazole was small,
even at the highest concentration tested (10 µM). Therefore, the calculated affinity for the
resting state (Kr) can only be considered as a rough estimation. Using Equation (1), half-
maximal inhibition is calculated to occur at 54.7 ± 13.0 µM aripiprazole. As the inhibitory
potency of aripiprazole was strongly diminished when the channels were activated from a
very negative holding potential (−140 mV), it is obvious that aripiprazole interacts with
the hNav1.5 channel in a strong voltage-dependent manner.
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Figure 2. Interaction with the resting state. Relative current amplitudes versus the concentration of
aripiprazole are illustrated. Channel activations in the absence (control) and presence of different
concentrations of aripiprazole (test) were carried out from a holding potential of −140 mV (insert).
Current amplitudes obtained for the test pulses were related to their controls and plotted against
the concentration of aripiprazole. Data points were fit to Equation (1). Note, even at the highest
concentration of aripiprazole (10 µM), the inhibitory effect small. Thus, the calculated affinity (Kr:
54.7 ± 13.0 µM) has to be considered as an approximate estimation.
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2.3. Voltage Dependence of Activation

If the efficacy of a drug interaction happens in a voltage-dependent manner, this may
affect all processes/transitions, which reveal a potential dependency, most prominently
channel activation and inactivation. In a first set of experiments, voltage-dependency of
channel activation was analyzed. To this end, brief depolarizations from a holding potential
of −140 mV to different test pulse potentials (range: −90 to +20 mV in steps of 5 mV)
were carried out. Plotting the resulting current amplitudes versus the test pulse potential
resulted in a biphasic curve with a maximum value due to the overlap of two contrary
processes. In the first part, current amplitudes increased after having reached a threshold
value with more positive test potentials as more channels become activated. In the second
part, the current amplitudes declined as the test pulse potentials approached more and
more the equilibrium potential for sodium ions (Figure 3B,C). For ease of evaluation, the
changes in driving force were considered according to Equation (2) whereby the potential
dependent behavior can be described with a single Boltzmann function (Figure 3A). From
the fit of data via Equation (3), the potential of half-maximal activation (activation midpoint)
and the corresponding slope resulted. If the inhibitory effect of aripiprazole was based
on an interaction with the process of channel activation, a shift of the activation curve to
more positive potentials would be expected, indicating that in the presence of aripiprazole
stronger depolarizations would be required compared to control. However, this does not
apply here. In order to consider the well-known drug independent shift, initially two
activation curves were registered in the absence of drug (control 1, control 2). From the
potential difference of their activation midpoints, the drug-independent shift was calculated
for each cell and subtracted from the shift obtained between control 2 and aripiprazole. All
consecutive activation curves (between controls or between control and drug) were carried
out in identical time intervals. Overall, the midpoints of the activation curves averaged for
the first and second control at −43.6 ± 3.0 mV and −45.2 ± 3.4 with a slope of 6.5 ± 0.8 mV.
The corresponding values in the presence of aripiprazole (1 µM) were −46.5 ± 4.1 mV
with a slope of 6.7 ± 0.6 mV. The linear drift of V50 from the first over the second control
to aripiprazole averaged to −1.40 ± 0.54 mV (p = 0.01), while 1 µM aripiprazole had no
significant independent additional effect (0.03 ± 0.94 mV, p = 0.97). Thus, the inhibitory
impact of aripiprazole on the hNav1.5 does not seem to arise from an interaction with the
process of channel activation.
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Figure 3. (A) Voltage dependence of activation. The graph illustrates representative data obtained
from one typical cell. Normalized peak conductances in the absence (control 1 and 2; open circles
and triangles) and presence of 1 µM aripiprazole (filled circles) versus test pulse potential are shown.
The potential difference in activation midpoints between control 1 and 2 was taken into account as
the drug-independent shift. Altogether, mean half-maximal activation for control 1 and 2 occurred at
–43.6 ± 3.0 mV and −45.2 ± 3.4 mV with a mean slope of 6.5 mV. The corresponding values in the
presence of 1 µM aripiprazole were−46.5± 4.2 mV, slope 6.7 mV. Insert: Experimental scheme. Starting
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from a holding potential of −140 mV, test pulses for 5 ms to potentials ranging from −90 to +20 mV
(increment 5 mV) were carried out. Interpulse interval was 5 s. (B) Overlay of original current
traces (control 1) obtained for the data shown in (C) Peak current amplitudes at different test pulse
potentials from the traces shown in (B). All data are from the same cell.

2.4. Voltage Dependence of Fast Inactivation

In order to analyze potential dependency of fast inactivation, the following experimen-
tal scheme was used. Starting from a holding potential of −140 mV, prepulses for 500 ms
to different potentials (range −140 to −50 mV; increment 5 mV) were applied immediately
before the test pulse to −20 mV was carried out (insert Figure 4A). In this way, the amount
of inactivated channels increased with more positive prepulse potentials. For evaluation,
all current amplitudes were normalized to the largest current amplitude (obtained from the
most negative prepulse potentials) and plotted versus the prepulse potential. Data were
fitted according to Equation (4) in order to generate inactivation curves. The most important
parameters here were the potential at which half of the channels were inactivated, and the
slope of the curve. If aripiprazole interacts with the process of fast inactivation, a shift of
the inactivation curve to more negative potentials is expected. As illustrated by Figure 4A,
aripiprazole leads to a prominent shift of the inactivation curve to more negative potentials.
In particular, mid-points of the inactivation curves were shifted from −85.2 ± 2.4 mV for
control to −90.1 ± 2.1 mV in the presence of 1 µM aripiprazole. With higher concentrations
of aripiprazole, the shift became even stronger. In particular, for 3 and 10 µM aripiprazole,
a shift of −9.1 ± 0.5 and −17.8 ± 1.4 mV was estimated, respectively. The slopes for
control and in the presence of increasing concentrations of aripiprazole were 4.6 ± 0.6,
4.6 ± 0.7, 5.1 ± 1.2 and 5.0 ± 0.5 mV, respectively. All data were corrected for the common,
drug-independent left shift (mean: −1.01 ± 0.07 mV per measuring cycle, not shown) and
plotted versus the concentration of aripiprazole (Figure 4C). From the fit of data according
to Equation (6) using the mean slope obtained in the presence of aripiprazole, the affinity
for the fast-inactivated state Ki was calculated to be 0.50 ± 0.14 µM.

2.5. Interaction with the Slow Inactivated State

The protocol for analyzing the interaction with the slow inactivated state differs in
two points from that of fast-inactivation. First, the duration of the prepulse was prolonged
to 10 s. Second, immediately before the test pulse a short recovery period (20 ms, −140 mV)
was inserted to eliminate or minimize the contribution from fast-inactivation (see insert
to Figure 5B). For evaluation, all current amplitudes were normalized with respect to the
largest amplitude and plotted versus the prepulse potential (Figure 5A). Data were fitted
with Equation (5), respecting an incomplete inactivation. Under control, half-maximal inac-
tivation occurred at −47.0 ± 8.7 mV with a slope of 19.5 ± 3.9 mV. At a prepulse potential
of 0 mV, the remaining current amplitude amounted to 55.6 ± 11%. In order to respect the
current decline under control in the potential dependent behavior of aripiprazole, data were
normalized with respect to control by dividing the values obtained in the presence of arip-
iprazole by those obtained for control (Figure 5B). Normalized data for 1 µM aripiprazole
are shown. It is evident that current amplitudes continuously decreased with an increase
in prepulse potential. In the presence of aripiprazole, the inactivation curve shifted to more
negative values and the remaining current at 0 mV decreased (Figure 5A). For 0.3, 1, and
3 µM aripiprazole half-maximal inactivation occurred at −56.7 ± 6.5 mV, −72.4 ± 6.3 mV
and −98.2 ± 3.8 mV, respectively. Corresponding slopes were 17.0 ± 3.0 mV, 15.3 ± 2.5 mV,
and 12.8 ± 0.8 mV. For estimating an affinity for the slow inactivated state, normalized
current amplitudes obtained at a prepulse potential of 0 mV were used (Figure 5C). Using
Equation (1), an affinity of 0.39 ± 0.07 µM was calculated.
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Figure 4. Voltage dependence of fast inactivation. (A) Data of normalized peak currents are plotted
against the prepulse potential. Solid lines represent fits according to Equation (4). Insert: Experimental
scheme. Voltage dependence of fast-inactivation was determined by measuring sodium currents
elicited by 5 ms depolarizations to −20 mV after conditioning prepulses for 500 ms to different
potentials (range −140 to −50 mV) in the absence (open circles) and presence (filled circles) of
1 µM aripiprazole. Holding potential was −140 mV. (B) Overlay of original current traces obtained
for control. (C) Relative shift of inactivation midpoints in relation to the applied concentration of
aripiprazole. Data are corrected for the drug-independent shift (1.0 mV/measuring cycle) and fitted
according to Equation (6) using the mean slope obtained in the presence of aripiprazole. The fit gives
an affinity of 0.5 ± 0.14 µM for the fast-inactivated state.
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Figure 5. Voltage dependence of slow inactivation. (A) Data of normalized peak currents from
a representative cell are plotted versus the prepulse potential. Solid lines are fits according to
Equation (5) for control (open circles) and different concentrations of aripiprazole (filled symbols).
The experimental scheme as illustrated by the insert of B consisted of channel activations to −20 mV
after long-lasting (10 s) conditioning prepulses to different potentials and a short (20 ms) recovery
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period at −140 mV immediately before the test pulse. (B) Normalized data for 1 µM aripiprazole
were obtained by dividing the values obtained in the presence of 1 µM aripiprazole by those obtained
for control. It is evident that current amplitudes continuously decreased with an increase in prepulse
potential. (C) Concentration response curve taken from normalized current amplitudes obtained
at the prepulse potential of 0 mV. The affinity to the slow inactivated state (Ki) obtained from this
experiment is given in the insert and was obtained from a fitting of data according to Equation (1).
Altogether, an affinity for the slow inactivated state of 0.39 ± 0.07 µM resulted.

2.6. Block Development: Kinetic Parameters

Due to the prominent interaction of aripiprazole with the inactivated state, further
experiments were conducted in this area, first considering kinetic parameters. The most
important variable in this kind of experiments is the duration the channels spent in the
inactivated state. For experimentation, we used a protocol as outlined by Figure 6B. After
an inactivating pulse of variable time (2 ms to 30 s), the test pulse was applied after a
short recovery at −140 mV for 20 ms. For evaluation, current amplitudes of the test pulses
were related to the size of the inactivating currents and plotted versus the inactivation
time. Under control conditions, the current amplitude dropped at inactivation times longer
than 100 ms. Here, one exponential function was sufficient to describe the time course. In
the presence of aripiprazole, an additional exponential function was required to describe
the time course whereby two time constants resulted. With increasing concentrations of
aripiprazole, both time constants became faster and the fast time constant gained weight.
In case of 1 µM aripiprazole, the fast and slow time constants were 42.0 ± 10.0 ms and
1.95 ± 0.12 s, with the fast component contributing to 33.6 ± 5.5%. To estimate affinity
constants from drug-induced changes in kinetic parameters, standard equations have
been developed; however, as mentioned in the discussion, these might only provide
an approximation with certain limitations. Anyhow, the inverse of the fast and slow
time constants were separately plotted versus the concentration of aripiprazole. The on-
rates (kon) were directly taken from the slope of the linear regression and the off-rates
(koff) were given by the y-intercepts (Equations (9) and (10)). For the fast time constants,
kon and koff amounted to 14.6 µM−1s−1 and 8.1 s−1. The corresponding values for the
slow time constants were 0.1µM−1s−1 and 0.29 s−1. From these data, Ki values were
calculated according to the relation Ki = koff/kon. Even though the fast and slow time
constants differed by a factor of about 50, the affinity constants were rather similar, being
Ki_fast = 0.55 µM and Ki_slow = 0.38 µM.

2.7. Estimation of Apparent Affinities: Steady-State Parameters

In order to reproduce a more physiological situation, we tested concentration relation-
ships using a holding potential close to half-maximal inactivation. Channel activations
were carried out after a preincubation (10 s) with control solution or aripiprazole in different
concentrations. From the concentration relationship, half-maximal effective concentrations
were calculated using Equation (1) (Figure 7). The resulting affinity constant is termed
“apparent affinity” (Kapp), as it relates to the affinity to the different states. Considering
that aripiprazole does not interact with the open state (at least with wildtype channels, see
below) the inhibition is attributed to an interaction with the resting and the inactivated state.
With the knowledge of the affinity for the resting state (Kr) and the number (h) of available
channels (individually estimated for each cell from a preceding inactivation curve), the
affinity for the inactivated state was calculated according to Equation (7). Analyzing five
cells in this way resulted in a mean Ki of 2.14 ± 1.16 µM.



Int. J. Mol. Sci. 2022, 23, 12890 9 of 22

1 
 

 

Figure 6. Time course of block development. (A) The graph illustrates relative current amplitudes in
dependence on the duration of the inactivating prepulse for control (open circles) and in the presence
of different concentrations of aripiprazole (filled symbols). Solid lines represent fits of single (control)
or double exponential functions (in the presence of aripiprazole). (B) Experimental scheme for an
individual sweep. Channels were inactivated at −20 mV for a variable duration. Immediately before
the test pulse a short recovery period was inserted. The amplitude of the inactivating current was
used as control. Interval between individual sweeps was 5 s. (C,D). The inverse of the time constants
of the data shown in A were plotted versus the concentration of aripiprazole. Association (kon)
and dissociation rate constants (koff) were estimated from the slope and y-intercept of the linear
fit. Inserts give fit data for this particular experiment. Altogether affinity constants for the fast and
slow time constants were 0.55 µM and 0.38 µM, respectively. This evaluation was performed under
the reservation that the data from the individual terms were allowed to be handled separately, as
mentioned in the discussion.
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Figure 7. Apparent affinity. (A) The graph illustrates relative current amplitudes in the presence
of different concentrations of aripiprazole (black circles represent measured normalized current
amplitudes, solid line is the result of the fit to Equation (1)). (B) Original current traces obtained from
channel activations carried out according to the protocol illustrated in Figure 1. The holding potential
was set close to half-maximal inactivation (here: −90 mV). Aripiprazole was preincubated for 10 s
before the test pulse was given. Interval between individual sweeps was 10 s. The apparent affinity
(Kapp) was obtained from a fit of data according to Equation (1). For calculating the affinity to the
inactivated state (Ki), Equation (7) was employed, which respects the affinity to the resting state (Kr)
and the amount (h) of currently available (not-inactivated) channels. Fit parameters for this cell are
shown as insert. Altogether, a Ki of 2.14 ± 1.16 µM was estimated.

2.8. Recovery from Inactivation

If a drug interacts with the inactivated state of an ion channel, the relative number of
channels staying in the inactivated state will be increased. Thus, a new equilibrium between
the different states will arise which might include a facilitated transition of channels into
the inactivated state. Consequently, the transition out of the inactivated state (recovery)
will be retarded in the presence of the drug. The latter process can be investigated by
estimating time constants for recovery from inactivation. To this end, a double pulse
protocol using two different durations for the inactivating pulse (500 ms and 5 s) was
employed. The protocol consisted of an initial inactivating pulse, which also served
as control. Thereafter the membrane was held for a variable time at resting potential
(−140 mV) before the test pulse was applied (Figure 8). The amplitudes of the test pulses
were related to the corresponding control (here: size of the inactivating pulse) and plotted
versus the recovery time. Data fitting was performed using two exponential functions
(Equation (11)). After an inactivation lasting for 500 ms, most channels (95.2 ± 3.8%)
recovered under control with a time constant τ1 = 1.6 ± 0.5 ms; the remainder with
τ2 = 29.6 ± 10.9 ms. In the presence of 1 µM aripiprazole, the fast and slow time constants
increased to 2.9 ± 0.8 ms and 35.4 ± 4.5 ms, respectively. More prominently, the fraction
of fast recovering channels decreased to 55.0 ± 22.7% while that of slower recovering
channels increased inversely (Figure 8). Using an inactivation time of 5 s, the fast time
constant increased from 2.5 ± 1.2 ms for control to 47.9 ± 45.3 ms in the presence of 1 µM
aripiprazole. The corresponding values for the slow time constant were 92.0 ± 50.4 ms and
431.3 ± 372.2 ms. Here, the relative proportions for the fast and slow component did not
change as much as observed before for the short inactivation time. In particular, the relative
amount of fast time constant decreased from 73.1 ± 12.3% under control to 64.6 ± 22.5% in
the presence of 1 µM aripiprazole.
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state  is seldom observed upon a single activation. Therefore, repeated activations were 

Figure 8. Recovery from inactivation. (A) Overlay of 19 original current traces obtained for control
from the initial part of the conditioning inactivation pulses (inact.), which served as control and their
corresponding test pulses (test). The variable recovery time is not illustrated. (B) Recovery from fast
inactivation was performed using an inactivation time of 500 ms. The relative amount of available
channels expressed as relative current amplitude (test/inact.) versus the recovery time at −140 mV is
illustrated. The pulse protocol is illustrated by the inset. Interval between individual sweeps was
10 s and aripiprazole was applied at 1 µM. Solid lines represent fits with two exponential functions
according to Equation (11). (C) Otherwise identical protocol as in (B), but with the inactivation time
set to 5 s.
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2.9. Interaction with the Open State

Due to the very short open time of VGSCs (about 1 ms), a drug interaction with this
state is seldom observed upon a single activation. Therefore, repeated activations were
carried out at increased frequency to increase the overall open time. In order to minimize
channel inactivation time during each activation cycle, the activation time was kept short.
For these experiments, the activation time was set to 1 ms. All experiments were started
with a repeated low-frequency stimulation (0.2 Hz) until a stable current amplitude was
achieved. Control or drug solution in different concentrations was applied for 20 s before
the high-frequency stimulation (10 Hz) was executed. For evaluation, all current amplitudes
were related to the amplitude of the first response of the high-frequency stimulation train.
For control, a minimal decline (1.8 ± 1.1%) in the current amplitude from the first to the
last (50th) activation was observed. As there was also virtually no use-dependency in the
presence of 1 µM aripiprazole, we increased its concentration to 10 µM (Figure 9). Even
with this high concentration, there was only a small current reduction of 8.2 ± 2.1%. From
this minimal current reduction, it is concluded that aripiprazole does not operate in a
relevant use-dependent manner.
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Figure 9. Analysis for use-dependence. Short activations (1 ms) were carried out at a frequency of
10 Hz in the absence and presence of 10 µM aripiprazole. Current amplitudes declined under control
from the first to the last activation (50th pulse) by 1.8 ± 1.1%. In the presence of aripiprazole (10 µM),
current reduction amounted to 8.2 ± 2.1%. Aripiprazole was preincubated for 20 s.

In a next set of experiments, we tested a channel mutant with reduced capability to
inactivate (hNav1.5_L409C_A410W; CW mutant [34]). With this mutant, the channels stay
open to a large extent even after a prolonged activation (50 ms). If a drug interacts with
the open state of a channel, a concentration-dependent reduction of the non-inactivating
plateau current is expected. Original traces from these experiments are illustrated by
Figure 10A. It is evident that the plateau current, measured at the end of the 50 ms lasting
depolarization, was diminished in a concentration-dependent manner with a half-maximal
inhibition occurring at 0.94 ± 0.25 µM aripiprazole. Thus, aripiprazole also operates as an
open channel blocker.

2.10. Binding Site

In order to obtain a hint at which site aripiprazole interacts with the hNav1.5, we
made use of an additional mutant (F1760K). The amino acid at this position plays an
important role for the interaction with local anesthetics [35]. If a drug interacts at the
position 1760, a strongly reduced affinity for the F1760K mutant is expected. In order to
compare the effects obtained from the F1760K mutant with data from wildtype, we reused
the kinetic protocol (Figure 11). The affinity estimated for the F1760K mutant gave a Ki of
2.39 ± 0.28 µM, which turned out to be significantly different compared to that of wildtype
channels (p < 0.001). From another mutation at this site, it is reported that the affinity
decreased 8 to 24-fold for drugs which preferentially interact with the inactivated state
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(phenytoin, lidocaine) whereas the affinity for the open channel blocker flecainide was
weakened only 2–3-fold [36]. Thus, the about 5-fold reduced affinity for aripiprazole at
the F1760K mutant ranges at the lower end of this scale. Nevertheless, there is substantial
interaction with this site as block development for the wildtype channel required two time
constants, while for that of the mutant receptor one time constant was sufficient. Altogether,
it remains open which role the local anesthetic binding site plays for the interaction of
aripiprazole with the hNav1.5 channel.
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Figure 10. Interaction with the open state. (A) Original current traces obtained from the inactivation
deficient mutant Nav1.5_CW in the absence and presence of different concentrations of aripiprazole.
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Data fitting according to Equation (1) revealed fit parameters of this experiment as illustrated. Ko

indicates the affinity for the open state. Altogether, an affinity for the open state of 0.94 ± 0.25 µM
was estimated.
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Figure 11. Time course of block development at the F1760K mutant. (A) Identical experiments as
shown by Figure 6 were carried out with the F1760K mutant. Note: differently to the wildtype, time
course of block development for the mutant can be described with one single exponential function.
(B) Inverse of the time constants versus the concentration of aripiprazole. Listed fit parameters refer
to this particular experiment. Altogether, a Ki of 2.39 ± 0.28 was estimated.
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3. Discussion

Aripiprazole is an atypical antipsychotic drug, which may be used in the treatment
of schizophrenia or severe manic episodes in bipolar disorder [4]. Dopaminergic and
serotonergic receptors were initially regarded as the primary targets [37]. Later on, it has
become evident that aripiprazole interacts to a minor extent with many other metabotropic
receptors [13]. Here, we report that aripiprazole is also a potent blocker of VGSCs of the
heart muscle type (hNav1.5). The interaction happens in a state-dependent manner, being
strongest with the inactivated and open state, with affinities in the sub- to low micromolar
concentration range. Aripiprazole reveals no sign of use-dependency and only interacts
weakly with the well-known binding site for local anesthetics.

So far, with the exception of one report about potassium channels, no electrophysio-
logical investigations about a possible impact of aripiprazole on voltage-gated ion channels
have been conducted [24]. This contrasts with many other antipsychotic agents, which
attract attention to these kinds of receptors/channels by entailing cardiotoxic side ef-
fects [38–40]. For a long time, an interaction of aripiprazole with relevant ion channels of
the heart has been disregarded as it has been rated safest among atypical antipsychotic
agents with respect to a possible QT prolongation [41]. A similar outcome has been re-
ported from another epidemiological study in which aripiprazole has been classified as a
low-risk antipsychotic, at least in healthy patients. The same study even further suggests
that aripiprazole might possess only a low affinity for fast VGSCs [20]. This strikingly
contrasts to earlier observations in which aripiprazole was investigated for possible neu-
roprotective properties (see next chapter and [42]). Meanwhile, evidence is provided for
the potential of cardiac rhythm disturbances during aripiprazole therapy and in case of
overdose [21,29]. Thus, the base for a profound investigation for a possible interaction of
aripiprazole with relevant ion channels of the heart muscle was provided. We committed
once more on VGSCs, as we recently identified atomoxetine, another antipsychotic drug,
as a potent blocker of this channel type [32]. Our data clearly indicate that the affinity of
aripiprazole toward the hNav1.5 channel is strong enough to effectively interact with this
channel at concentrations occurring in plasma of treated patients [43]. Hence, the question
arises which parameters of a drug-channel interaction are relevant to generate adverse
side effects?

Another general matter of discussion is the calculation of kinetic parameters. In
order to estimate affinity constants from drug-induced changes in kinetic parameters,
mathematical procedures have been developed as outlined by Equations (8)–(10). However,
this routine has so far only been applied when the time course of block development has
been described with a single exponential function. Nevertheless, our data clearly indicate
that two time constants are required for a proper description of the drug-induced time
courses, at least when higher concentrations of aripiprazole are applied. Therefore, we
had the choice either to restrict the evaluation to a mere qualitative description of this
behavior or to provide a first, approximate quantitative estimation under the assumption
that the data of the two terms might be handled separately as conducted in the present
paper. Future studies should develop and evaluate a new model, which will describe the
data in scenarios like the one here more precisely by considering the observed changes as
a whole.

3.1. Side Effects—Pharmacological Safety

So far, several criteria are discussed possibly contributing to a favorable side effect
profile of a drug when interacting with a VGSC. First, the interaction should happen in a
state-dependent manner with a strong discrimination between the resting and inactivated
or open state [44]. This clearly applies to aripiprazole. There is only a low affinity for
the resting state, whereas the affinity for the inactivated state is in the submicromolar
range, whereby a discrimination factor of about 100 results. Thus, aripiprazole fulfills one
favorable criterion concerning the “safety margin” of a VGSC blocker [44]. For a critical
comment on the term “resting state”, see our previous manuscript [45]. Overall, our data
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confirm an otherwise expected outcome from its chemical properties. In this way it is stated
that drugs with a high logP value (octanol:water distribution coefficient) and a low pKa
value such as riluzole or ritanserin reveal a highly state-dependent behavior [46].

Next, kinetic parameters, especially dissociation/recovery times, seem to be of im-
portance with fast time constants being beneficial. In the pharmacology of the heart,
antiarrhythmic drugs of class I (sodium channel blocker) are subdivided according to
their dissociation kinetics [47]. Drugs of the subclass Ic are characterized by a rather slow
dissociation time (>10 s). A well-known representative thereof is flecainide, revealing a
restricted range of applications [48]. Similarly, two local anesthetics (bupivacaine, lidocaine)
were graded as either cardiotoxic or cardioprotective due to their slow and fast recovery
time constants, respectively. In that report, cardiotoxicity of bupivacaine was ascribed to
the slow recovery leading to arrhythmia due to an accumulation of channel block upon
repeated activations [49]. Even though a slow recovery of VGSCs from a drug interaction
is appraised as unfavorable, inversely a fast recovery is not sufficient to be rated as fa-
vorable. In case of antiemetics, both, the fast and slowly recovering metoclopramide and
domperidone reveal cardiotoxic effects. Here, VGSCs seem to be of minor importance as
cardiotoxicity was explained by the interaction with other ion channels such as hERG [50].
Thus, even though cardiotoxicity can often be linked to an interaction with VGSCs, other
targets have also to be considered. Altogether, hNav1.5 channels recover fast from the
treatment with aripiprazole whereby no adverse side effects might be expected from this
interaction. Whether the newly described side effects upon the application of aripiprazole
are due to its interaction with VGSCs or via other targets remains unanswered.

Neuropsychiatric drugs that inhibit VGSCs do this generally in a state-dependent
manner though to a different degree. This contrasts to the occurrence and the extent
of a use-dependent behavior, which is more variable [27]. Aripiprazole belongs to the
rare group that does not operate in a use-dependent manner. Thus, the question arises,
what is the impact of use-dependency on cardiac safety? At first glance, an existing
use-dependency seems to be favorable as high-frequency events resulting from excessive
excitation would be affected to a higher degree than regular activity [51]. However, such a
general statement may apply more to neuronal targets. Considering cardiac activity, the
blockade of the hNav1.5 channel bears a risk for arrhythmia. The reason for this resides
mainly in the propagation velocity of the excitation within the heart. An important aspect
here is the rise time of the heart muscle action potential, which on its part correlates with the
magnitude of current flow through hNav1.5 channels. Thus, inhibition of this channel can
lead to a conduction delay, resulting in a widening of the QRS complex with corresponding
consequences [52]. A prolongation of the QRS complex can be observed starting from
current reductions by 10% [53]. Such a situation can be fulfilled even at free plasma levels
which are 15-fold below the estimated IC50 of expressed sodium channels [54]. However,
it has also to be considered that use-dependent block can be less in sodium channels
of cardiomyocytes compared to heterologously expressed channels [50]. Nevertheless,
cardiotoxic adverse effects of flecainide and ranolazine are attributed among other things
to their use-dependent inhibition of peak sodium currents [55].

3.2. Other Clinical Implications

The inhibition of VGSCs by aripiprazole may also be of importance in other fields,
such as neuroprotection or tumor therapy. In this context, aripiprazole is reported to
protect cortical neurons from glutamate toxicity [56]. However, the neuroprotective effects
of aripiprazole could not be ascribed to its interaction with dopamine D2-receptors. A
similar outcome was reported from another study [16]. The mode of interaction remained
speculative in both cases. In an earlier report, aripiprazole-mediated neuroprotection was
indirectly linked to an interaction with VGSCs [42]. Accordingly, aripiprazole suppressed
4-aminopyridine-evoked glutamate release from nerve terminals, which was associated
with a diminished influx of sodium ions. Glutamate release was affected only if it was
based on neuronal activity, whereas basal, unstimulated release was unaffected. The link to
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the interaction via sodium channels was finally confirmed as the action of veratridine, an
opener of VGSCs was also suppressed by aripiprazole [42]. A more recent overview about
neuroprotective effects of second-generation antipsychotics is provided elsewhere [18].

Finally, anticancer activity of aripiprazole with a possible involvement of sodium
channels will be considered. Epidemiological studies show that the incidence of cancer
is lower in patients suffering from schizophrenia than in healthy ones [19]. Based on this
observation, a variety of psychiatric drugs including aripiprazole have been identified to
exert anticancer activity on brain tumors. Thus far, many different mechanisms have been
proposed to be responsible for this property. The list includes among others an impact
on cell proliferation, migration, invasion, or differentiation [19]. In another report, the
anticancer property of aripiprazole was explained by its ability to resensitize drug-resistant
cancer cells [57]. Conspicuously, all these drugs have in common that they operate as
blockers for VGSCs as well. Meanwhile, anticancer properties of sodium channel blockers
are well established [30,31]. Thus, the ability of aripiprazole to be beneficial in cancer
therapy might also be based on its sodium channel blocking activity.

4. Methods
4.1. Cell Culture

The TsA201 cell line is a derivative of the human embryonic kidney cell line HEK-293
(ATCC#CRL1537) that expresses a T-antigen against the simian virus 40 (SV40). TsA201
cells were cultured at 37 ◦C in a humidified atmosphere at 95% air and 5% CO2 in DMEM
(Dulbeco’s Modified Eagle Medium with 4.5 g/L D-glucose and 2 mM L-glutamine) sup-
plemented with 50 U/mL penicillin, 50 µg/mL streptomycin, and 10% fetal calf serum
(Gibco, Eggenstein, Germany). Cells were grown on polyornithine-coated culture dishes
to 80% confluence and transfected using the jetPEI DNA transfection reagent (Polyplus,
Illkirch, France). The construction of the plasmid pTSV40G-hNav1.5 encoding wild-type
hNav1.5 was described previously [58]. This plasmid allows for the simultaneous produc-
tion of EGFP from a separate expression cassette, and thus for the selection of transfected
cells. Mutant channels (hNav1.5_CW and hNav1.5_F1760K) were obtained by respectively
modified oligonucleotides and overlapping PCR using a thermostable DNA polymerase
with proofreading activity (Pfu DNA Polymerase, Promega GmbH, Germany). The PCR
fragments were inserted into the pTSV40G-hNav1.5 background using the restriction sites
Age/BsaBI (for CW) and BstEII/SpeI (for F1760K), resulting in pTSV40G-hNav1.5_CW
and pTSV40G-hNav1.5_F1760K. Cloning was carried out in the E. coli SURE strain (Agilent
Technologies, Santa Clara, CA, USA). The correctness of all constructs was confirmed by
restriction analysis and, in the case of PCR-derived sequences, by DNA sequencing (Seqlab
Microsynth, Göttingen, Germany).

4.2. Electrophysiology

Electrophysiological experiments were performed as previously described [32,33,59].
Briefly, TsA201 cells were used for experiments 24 h after transfection. In order to obtain
single cells, transfected cells were treated for 1–2 min with TrypLE. Membrane currents
were recorded in the whole-cell recording mode using an EPC-9 amplifier and Patchmaster
software (v2 × 73; HEKA, Lambrecht, Germany; [60]). Before recording, cells were rinsed
twice with an extracellular standard solution containing (in mM): 140 NaCl, 5 KCl, 1.5 CaCl2,
1 MgCl2, 10 glucose and 12 HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid,
N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid); pH 7.3). Patch pipettes were
drawn from borosilicate glass with tip resistances of about 1.5–2 MΩ, resulting in a typical
series resistance <5 MOhm when filled with (in mM): 125 CsF, 10 NaCl, 10 EGTA (ethylene
glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid), 10 HEPES; pH 7.2. To improve
sealing, tips were briefly dipped into 2% dimethylsilane dissolved in dichloromethane.

After establishing the whole-cell configuration, the cells were kept for 5 min at the
holding potential of−140 mV before data acquisition was initiated. All experiments started
with the establishment of a fast inactivation curve (inactivation time 500 ms). Cells with
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a midpoint of the inactivation curve positive to −80 mV were discarded as these cells
might behave differently in pharmacological investigations [61]. Data were filtered by two
built-in Bessel filters of the recording system (30 kHz, 6-pole; 10 kHz 4-pole) and sampled
at 20–50 kHz. All experiments were conducted at room temperature (22–25 ◦C).

In order to minimize voltage errors, the series resistance was compensated up to 80%,
resulting in voltage errors <6 mV. Leakage currents were subtracted by the P/4 method. No
correction for liquid junction potentials was performed. Specific protocols are illustrated in
figure legends where appropriate.

4.3. Drug Application

The medium in the dish (1.5 mL) was continuously exchanged at a rate of 4.5 mL/min.
Reagents were applied locally to the cells by the L/M-SPS-8 superfusion system (List,
Darmstadt, Germany). Switching between the eight channels of the superfusion system
was controlled by magnetic valves. The local inlet (tip of an eight-barreled pipette) was
positioned at a distance of 50–100 µm upstream and the local outlet at about 300 µm down-
stream of the patch pipette. A constant flow rate of control and test solutions (1 mL/min)
was achieved by means of a pressure control system (MPCU-3, Lorenz, Göttingen, Ger-
many). The time of solution exchange was estimated from the changes in the liquid junction
potential to be about 1 ms. If not otherwise stated, drugs were applied for at least 10 s
before starting the experiments.

4.4. Chemicals

Dulbecco’s Modified Eagle Medium, penicillin/streptomycin, and TrypLE Express and
fetal calf serum were purchased from Gibco BRL, Eggenstein, Germany. Poly-L-ornithine
was purchased from Sigma-Aldrich, Schnelldorf, Germany. Aripiprazole was obtained
from Research Chemicals (Toronto, ON, Canada). All other chemicals were obtained from
Sigma-Aldrich Chemie GmbH, Steinheim, Germany.

4.5. Data Analysis and Statistics

(A) Concentration-inhibition curves for the estimation of half-maximal effective concen-
trations (IC50) were fit to the Hill equation:

IA

IC
=

1

1 +
(

[A]
IC50

)n (1)

IA and IC are the current amplitudes in the presence and absence of aripiprazole (A)
with [A] representing the concentration of aripiprazole. IC50 represents the concentration
of aripiprazole that causes 50% inhibition and n is the Hill coefficient.

(B) Voltage dependence of activation

Voltage dependence of activation was calculated in two steps: first, changes in driving
force owing to the different test potentials were considered by calculating the conductance
g according to:

g =
I

V− ENa
(2)

Thereafter, normalized data were fitted with a Boltzmann equation of the form:

g
gmax

=
1

1 + e(
V50− V

k )
(3)

(C) Voltage dependence of inactivation

Inactivation is classified as fast or slow, depending on the duration the channels
spent in the inactivated state. Voltage dependence of fast inactivation was fitted using a
Boltzmann equation of the form:



Int. J. Mol. Sci. 2022, 23, 12890 18 of 22

I
Imax

=
1

1 + e(
V − V50

k )
(4)

In case of slow inactivation, Equation (4) was extended by the additional parameter,
(S) which considers the steady-state level of incomplete inactivation.

I
Imax

= (1− S)

(
1

1 + e(
V−V50

k )

)
+ S (5)

V and V50i are actual membrane potentials and the potentials at half-maximal con-
ductance or inactivation, respectively. ENa indicates the reversal potential for sodium ions,
which was individually determined for each cell. The slope factor is given by k.

(D) Interaction with the inactivated state

As the inactivated state is non-conducting, the affinity toward this state cannot be
measured directly. Therefore, a variety of indirect approaches has been developed as
a surrogate.

(1) Shift of inactivation curves/midpoints

From data fitting with Equations (4) and (5), so-called inactivation curves result. The
most important parameter here is the potential at which half of the channels are in the
inactivated state (V50), also called inactivation midpoint. If a drug exerts an inhibitory
interaction via an interaction with the inactivated state, inactivation midpoints will be
shifted in a concentration-dependent manner to more negative potentials. Thus, from the
amount of the shift, the affinity to the inactivated state can be calculated via Equation (6).

∆V50 = k∗ ln

1 + [A]
Kr

1 + [A]
Ki

 (6)

Kr and Ki are the affinities for the resting and inactivated state, respectively. Other
abbreviations have the same meaning as before.

(2) Estimation of apparent binding constants

The affinity to the inactivated state (Ki) can also be calculated from the investigation
of partially inactivated channels according to [62], as:

1
Kapp

=
h
Kr

+
(1− h)

Ki
(7)

Kapp is the apparent affinity estimated at a selected membrane potential at which
the amount of non-inactivated channels is given by h (estimated from the corresponding
inactivation curve). For Kr, the experimentally estimated value of 54 µM was used.

(3) Time- and concentration-dependent development of block

The time constant (τ) of block development for the different concentrations of arip-
iprazole was estimated by double exponential fits of the form:

I
Imax

= S + a1∗e
( −t
τ1

)
+ a2∗e

( −t
τ2

) (8)

The time constants are given by τi and the time of inactivation by t.
Association and dissociation rates:
From the time constants of block development, association and dissociation rates

can be estimated. To this end, the inverse of the time constants is plotted versus the
concentration of aripiprazole. Data were fitted with a linear function:
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1
τ

= koff + kon ∗ [A] (9)

Estimates for slope and y-intercept give association (kon in µM−1s−1) and dissociation
rate constants (koff in s−1) according to [63].

From the rate constants for association and dissociation, the affinity to the inactivated
state was calculated as follows:

Ki =
koff
kon

(10)

(E) Recovery from inactivation

Recovery time constants were estimated from normalized data with double or triple
exponential functions according to:

I
Imax

= 1− a1∗e
( −t
τ1

) − a2∗e
( −t
τ2

) − a3∗e
( −t
τ3

) (11)

Variable identifiers have the same meaning as before.
All curve-fitting procedures were performed using SigmaPlot 13.0 (Sysstat, San Jose,

CA, USA). If not directly stated by the presence of error bars, graphs show representative
data from single cells. Average values from N = 5 cells are given as mean ± SD in the
results section and in figure legends:

4.6. Statistics

The effect of aripiprazole on the voltage dependence of activation was tested for statis-
tical significance at a drug concentration of 1 µM by extending Equation (3). The voltage of
half-maximal activation V50 was modeled to depend linearly on sweep number (to control
for linear drifts) and drug exposure. Effects were considered statistically significant if the
hypothesis of corresponding parameter values being equal to zero had to be rejected at a
significance level of 0.05.

Differences in dissociation constants between WT and F1760K mutant channels were
tested for statistical significance by applying Welch’s two sample t-test. Results were
considered statistically significant for p-values below 0.05.

5. Conclusions

Aripiprazole is a potent blocker of the VGSC hNav1.5. Due to the profound analysis of
the interaction mechanism, no properties were found which can be made responsible for
cardiotoxic side effects. Moreover, the sodium channel-blocking property of aripiprazole
might contribute to and also partly explain its neuroprotective and anticancer activity profile.

Author Contributions: Conceptualization: K.J.F. and D.A.C.M.; data curation: K.J.F. and M.R.; formal
analysis: K.J.F. and M.R.; investigation: K.J.F., M.R. and D.A.C.M.; methodology: K.J.F., M.F. and T.Z.;
resources: K.J.F. and B.J.; validation: K.J.F. and D.A.C.M.; visualization: K.J.F.; writing—original draft:
K.J.F. and D.A.C.M.; writing—reviewing and editing: all authors. All authors have read and agreed
to the published version of the manuscript.

Funding: The work was supported by the Department of Anesthesiology and Intensive Care
Medicine, University Hospital Ulm, Germany.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon reasonable request.

Acknowledgments: We thank Margot Autenrieth-Kronenthaler and Karin Schoknecht for excellent
technical assistance.



Int. J. Mol. Sci. 2022, 23, 12890 20 of 22

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Catterall, W.A.; Goldin, A.L.; Waxman, S.G. International Union of Pharmacology. XLVII. Nomenclature and structure-function

relationships of voltage-gated sodium channels. Pharmacol. Rev. 2005, 57, 397–409. [CrossRef] [PubMed]
2. Patino, G.A.; Isom, L.L. Electrophysiology and beyond: Multiple roles of Na+ channel β subunits in development and disease.

Neurosci. Lett. 2010, 486, 53–59. [CrossRef] [PubMed]
3. Theile, J.W.; Cummins, T.R. Recent Developments Regarding Voltage-Gated Sodium Channel Blockers for the Treatment of

Inherited and Acquired Neuropathic Pain Syndromes. Front. Pharmacol. 2011, 2, 54. [CrossRef] [PubMed]
4. Kumar, A.; Singh, H.; Mishra, A.; Mishra, A.K. Aripiprazole: An FDA Approved Bioactive Compound to Treat Schizophrenia- A

Mini Review. Curr. Drug Discov. Technol. 2020, 17, 23–29. [CrossRef] [PubMed]
5. Deb, S.; Farmah, B.K.; Arshad, E.; Deb, T.; Roy, M.; Unwin, G.L. The effectiveness of aripiprazole in the management of problem

behaviour in people with intellectual disabilities, developmental disabilities and/or autistic spectrum disorder—A systematic
review. Res. Dev. Disabil. 2014, 35, 711–725. [CrossRef]

6. Kaneriya, S.H.; Robbins-Welty, G.A.; Smagula, S.F.; Karp, J.F.; Butters, M.A.; Lenze, E.J.; Mulsant, B.H.; Blumberger, D.; Anderson,
S.J.; Dew, M.A.; et al. Predictors and Moderators of Remission With Aripiprazole Augmentation in Treatment-Resistant Late-Life
Depression: An Analysis of the IRL-GRey Randomized Clinical Trial. JAMA Psychiatry 2016, 73, 329–336. [CrossRef]

7. Britnell, S.R.; Jackson, A.D.; Brown, J.N.; Capehart, B.P. Aripiprazole for Post-traumatic Stress Disorder: A Systematic Review.
Clin. Neuropharmacol. 2017, 40, 273–278. [CrossRef]

8. Wang, S.; Wei, Y.-Z.; Yang, J.-H.; Zhou, Y.-M.; Cheng, Y.-H.; Yang, C.; Zheng, Y. The efficacy and safety of aripiprazole for tic
disorders in children and adolescents: A systematic review and meta-analysis. Psychiatry Res. 2017, 254, 24–32. [CrossRef]

9. Casey, A.B.; Canal, C.E. Classics in Chemical Neuroscience: Aripiprazole. ACS Chem. Neurosci. 2017, 8, 1135–1146. [CrossRef]
10. Ford, C.P. The role of D2-autoreceptors in regulating dopamine neuron activity and transmission. Neuroscience 2014, 282, 13–22.

[CrossRef]
11. Tuplin, E.W.; Holahan, M.R. Aripiprazole, A Drug that Displays Partial Agonism and Functional Selectivity. Curr. Neuropharmacol.

2017, 15, 1192–1207. [CrossRef]
12. Keck, P.E.; McElroy, S.L. Aripiprazole: A partial dopamine D2 receptor agonist antipsychotic. Expert Opin. Investig. Drugs 2003,

12, 655–662. [CrossRef]
13. Shapiro, D.A.; Renock, S.; Arrington, E.; Chiodo, L.A.; Liu, L.-X.; Sibley, D.R.; Roth, B.L.; Mailman, R. Aripiprazole, a novel

atypical antipsychotic drug with a unique and robust pharmacology. Neuropsychopharmacology 2003, 28, 1400–1411. [CrossRef]
14. Meng, M.; Li, W.; Zhang, S.; Wang, H.; Sheng, J.; Wang, J.; Li, C. Using aripiprazole to reduce antipsychotic-induced hyper-

prolactinemia: Meta-analysis of currently available randomized controlled trials. Shanghai Arch. Psychiatry 2015, 27, 4–17.
[CrossRef]

15. Jen, Y.-W.; Hwang, T.-J.; Chan, H.-Y.; Hsieh, M.H.; Liu, C.-C.; Liu, C.-M.; Hwu, H.-G.; Kuo, C.-H.; Lin, Y.-T.; Chien, Y.-L.; et al.
Abnormally low prolactin levels in schizophrenia patients after switching to aripiprazole in a randomized trial: A biomarker for
rebound in psychotic symptoms? BMC Psychiatry 2020, 20, 552. [CrossRef]

16. Koprivica, V.; Regardie, K.; Wolff, C.; Fernalld, R.; Murphy, J.J.; Kambayashi, J.; Kikuchi, T.; Jordan, S. Aripiprazole protects
cortical neurons from glutamate toxicity. Eur. J. Pharmacol. 2011, 651, 73–76. [CrossRef]

17. Gil, C.H.; Kim, Y.R.; Lee, H.J.; Jung, D.H.; Shin, H.K.; Choi, B.T. Aripiprazole exerts a neuroprotective effect in mouse focal
cerebral ischemia. Exp. Ther. Med. 2018, 15, 745–750. [CrossRef]

18. Chen, A.T.; Nasrallah, H.A. Neuroprotective effects of the second generation antipsychotics. Schizophr. Res. 2019, 208, 1–7.
[CrossRef]

19. Zhuo, C.; Xun, Z.; Hou, W.; Ji, F.; Lin, X.; Tian, H.; Zheng, W.; Chen, M.; Liu, C.; Wang, W.; et al. Surprising Anticancer Activities of
Psychiatric Medications: Old Drugs Offer New Hope for Patients With Brain Cancer. Front. Pharmacol. 2019, 10, 1262. [CrossRef]

20. Polcwiartek, C.; Sneider, B.; Graff, C.; Taylor, D.; Meyer, J.; Kanters, J.K.; Nielsen, J. The cardiac safety of aripiprazole treatment in
patients at high risk for torsade: A systematic review with a meta-analytic approach. Psychopharmacology 2015, 232, 3297–3308.
[CrossRef]

21. Russo, L.; Di Vincenzo, A.; Rizzo, A.; Rossato, M.; Vettor, R. Aripiprazole Overdose and Transient 2:1 Second Degree Atrioventric-
ular Block: Only A Coincidence? CDS 2019, 14, 155–157. [CrossRef] [PubMed]

22. Friedrich, M.-E.; Winkler, D.; Konstantinidis, A.; Huf, W.; Engel, R.; Toto, S.; Grohmann, R.; Kasper, S. Cardiovascular Adverse
Reactions During Antipsychotic Treatment: Results of AMSP, A Drug Surveillance Program Between 1993 and 2013. Int. J.
Neuropsychopharmacol. 2020, 23, 67–75. [CrossRef]

23. Cavanna, A.; Seri, S.; Cox, J. Safety and efficacy of aripiprazole for the treatment of pediatric Tourette syndrome and other chronic
tic disorders. PHMT 2016, 7, 57–64. [CrossRef] [PubMed]

24. Park, J.; Cho, K.-H.; Lee, H.J.; Choi, J.-S.; Rhie, D.-J. Open channel block of Kv1.4 potassium channels by aripiprazole. Korean J.
Physiol. Pharmacol. 2020, 24, 545–553. [CrossRef] [PubMed]

25. Lee, S.; Lee, H.-A.; Choi, S.W.; Kim, S.J.; Kim, K.-S. Evaluation of nefazodone-induced cardiotoxicity in human induced pluripotent
stem cell-derived cardiomyocytes. Toxicol. Appl. Pharmacol. 2016, 296, 42–53. [CrossRef]

http://doi.org/10.1124/pr.57.4.4
http://www.ncbi.nlm.nih.gov/pubmed/16382098
http://doi.org/10.1016/j.neulet.2010.06.050
http://www.ncbi.nlm.nih.gov/pubmed/20600605
http://doi.org/10.3389/fphar.2011.00054
http://www.ncbi.nlm.nih.gov/pubmed/22007172
http://doi.org/10.2174/1570163815666181008151718
http://www.ncbi.nlm.nih.gov/pubmed/30306873
http://doi.org/10.1016/j.ridd.2013.12.004
http://doi.org/10.1001/jamapsychiatry.2015.3447
http://doi.org/10.1097/WNF.0000000000000251
http://doi.org/10.1016/j.psychres.2017.04.013
http://doi.org/10.1021/acschemneuro.7b00087
http://doi.org/10.1016/j.neuroscience.2014.01.025
http://doi.org/10.2174/1570159X15666170413115754
http://doi.org/10.1517/eoid.12.4.655.23750
http://doi.org/10.1038/sj.npp.1300203
http://doi.org/10.11919/j.issn.1002-0829.215014
http://doi.org/10.1186/s12888-020-02957-7
http://doi.org/10.1016/j.ejphar.2010.10.064
http://doi.org/10.3892/etm.2017.5443
http://doi.org/10.1016/j.schres.2019.04.009
http://doi.org/10.3389/fphar.2019.01262
http://doi.org/10.1007/s00213-015-4024-9
http://doi.org/10.2174/1574886314666190119120657
http://www.ncbi.nlm.nih.gov/pubmed/30659549
http://doi.org/10.1093/ijnp/pyz046
http://doi.org/10.2147/PHMT.S87121
http://www.ncbi.nlm.nih.gov/pubmed/29388585
http://doi.org/10.4196/kjpp.2020.24.6.545
http://www.ncbi.nlm.nih.gov/pubmed/33093275
http://doi.org/10.1016/j.taap.2016.01.015


Int. J. Mol. Sci. 2022, 23, 12890 21 of 22

26. Lee, S.; Lee, H.-A.; Kim, S.; Kim, K.-S. Cellular mechanisms for trazodone-induced cardiotoxicity. Hum. Exp. Toxicol. 2016, 35,
501–510. [CrossRef]

27. Brauner, J.M.; Hessler, S.; Groemer, T.W.; Alzheimer, C.; Huth, T. Risperidone inhibits voltage-gated sodium channels. Eur. J.
Pharmacol. 2014, 728, 100–106. [CrossRef]

28. An, J.R.; Seo, M.S.; Jung, H.S.; Kang, M.; Heo, R.; Bae, Y.M.; Han, E.; Yang, S.; Park, W.S. Inhibition of voltage-dependent K+

channels by iloperidone in coronary arterial smooth muscle cells. J. Appl. Toxicol. 2020, 40, 1297–1305. [CrossRef]
29. Mazer-Amirshahi, M.; Porter, R.; Dewey, K. Prolonged QRS Widening After Aripiprazole Overdose. Pediatr. Emerg. Care 2018.

Publish Ahead of Print. [CrossRef]
30. Djamgoz, M.B.A.; Fraser, S.P.; Brackenbury, W.J. In Vivo Evidence for Voltage-Gated Sodium Channel Expression in Carcinomas

and Potentiation of Metastasis. Cancers 2019, 11, 1675. [CrossRef]
31. Dutta, S.; Lopez Charcas, O.; Tanner, S.; Gradek, F.; Driffort, V.; Roger, S.; Selander, K.; Velu, S.E.; Brouillette, W. Discovery and

evaluation of nNav1.5 sodium channel blockers with potent cell invasion inhibitory activity in breast cancer cells. Bioorganic Med.
Chem. 2018, 26, 2428–2436. [CrossRef]

32. Föhr, K.J.; Nastos, A.; Fauler, M.; Zimmer, T.; Jungwirth, B.; Messerer, D.A.C. Block of Voltage-Gated Sodium Channels by
Atomoxetine in a State- and Use-dependent Manner. Front. Pharmacol. 2021, 12, 622489. [CrossRef]

33. Fuchs, E.; Messerer, D.A.C.; Karpel-Massler, G.; Fauler, M.; Zimmer, T.; Jungwirth, B.; Föhr, K.J. Block of Voltage-Gated Sodium
Channels as a Potential Novel Anti-cancer Mechanism of TIC10. Front. Pharmacol. 2021, 12, 737637. [CrossRef]

34. Wang, G.K.; Wang, S.-Y. Block of Human Cardiac Sodium Channels by Lacosamide: Evidence for Slow Drug Binding along the
Activation Pathway. Mol. Pharmacol. 2014, 85, 692–702. [CrossRef]

35. Ragsdale, D.S.; McPhee, J.C.; Scheuer, T.; Catterall, W.A. Molecular determinants of state-dependent block of Na+ channels by
local anesthetics. Science 1994, 265, 1724–1728. [CrossRef]

36. Ragsdale, D.S.; McPhee, J.C.; Scheuer, T.; Catterall, W.A. Common molecular determinants of local anesthetic, antiarrhythmic,
and anticonvulsant block of voltage-gated Na+ channels. Proc. Natl. Acad. Sci. USA 1996, 93, 9270–9275. [CrossRef]

37. Lawler, C.P.; Prioleau, C.; Lewis, M.M.; Mak, C.; Jiang, D.; Schetz, J.A.; Gonzalez, A.M.; Sibley, D.R.; Mailman, R.B. Interactions of
the novel antipsychotic aripiprazole (OPC-14597) with dopamine and serotonin receptor subtypes. Neuropsychopharmacology 1999,
20, 612–627. [CrossRef]

38. Pacher, P.; Kecskemeti, V. Cardiovascular Side Effects of New Antidepressants and Antipsychotics: New Drugs, old Concerns?
CPD 2004, 10, 2463–2475. [CrossRef]

39. Li, K.J.; Greenstein, A.P.; Delisi, L.E. Sudden death in schizophrenia. Curr. Opin. Psychiatry 2018, 31, 169–175. [CrossRef]
40. Ruiz Diaz, J.C.; Frenkel, D.; Aronow, W.S. The relationship between atypical antipsychotics drugs, QT interval prolongation, and

torsades de pointes: Implications for clinical use. Expert Opin. Drug Saf. 2020, 19, 559–564. [CrossRef]
41. Beach, S.R.; Celano, C.M.; Sugrue, A.M.; Adams, C.; Ackerman, M.J.; Noseworthy, P.A.; Huffman, J.C. QT Prolongation, Torsades

de Pointes, and Psychotropic Medications: A 5-Year Update. Psychosomatics 2018, 59, 105–122. [CrossRef] [PubMed]
42. Yang, T.-T.; Wang, S.-J. Aripiprazole and its human metabolite OPC14857 reduce, through a presynaptic mechanism, glutamate

release in rat prefrontal cortex: Possible relevance to neuroprotective interventions in schizophrenia. Synapse 2008, 62, 804–818.
[CrossRef]

43. Sparshatt, A.; Taylor, D.; Patel, M.X.; Kapur, S. A systematic review of aripiprazole–dose, plasma concentration, receptor
occupancy, and response: Implications for therapeutic drug monitoring. J. Clin. Psychiatry 2010, 71, 1447–1456. [CrossRef]
[PubMed]

44. Ilyin, V.I.; Hodges, D.D.; Whittemore, E.R.; Carter, R.B.; Cai, S.X.; Woodward, R.M. V102862 (Co 102862): A potent, broad-
spectrum state-dependent blocker of mammalian voltage-gated sodium channels. Br. J. Pharmacol. 2005, 144, 801–812. [CrossRef]
[PubMed]

45. Föhr, K.J.; Knippschild, U.; Herkommer, A.; Fauler, M.; Peifer, C.; Georgieff, M.; Adolph, O. State-dependent block of voltage-gated
sodium channels by the casein-kinase 1 inhibitor IC261. Investig. New Drugs 2017, 35, 277–289. [CrossRef]

46. Lenkey, N.; Karoly, R.; Lukacs, P.; Vizi, E.S.; Sunesen, M.; Fodor, L.; Mike, A. Classification of drugs based on properties of sodium
channel inhibition: A comparative automated patch-clamp study. PLoS ONE 2010, 5, e15568. [CrossRef]

47. Lei, M.; Wu, L.; Terrar, D.A.; Huang, C.L.-H. Modernized Classification of Cardiac Antiarrhythmic Drugs. Circulation 2018, 138,
1879–1896. [CrossRef]

48. Pless, S.A.; Galpin, J.D.; Frankel, A.; Ahern, C.A. Molecular basis for class Ib anti-arrhythmic inhibition of cardiac sodium
channels. Nat. Commun. 2011, 2, 351. [CrossRef]

49. Nau, C.; Wang, S.Y.; Strichartz, G.R.; Wang, G.K. Block of human heart hH1 sodium channels by the enantiomers of bupivacaine.
Anesthesiology 2000, 93, 1022–1033. [CrossRef]

50. Stoetzer, C.; Voelker, M.; Doll, T.; Heineke, J.; Wegner, F.; Leffler, A. Cardiotoxic Antiemetics Metoclopramide and Domperidone
Block Cardiac Voltage-Gated Na+ Channels. Anesth. Analg. 2017, 124, 52–60. [CrossRef]

51. De Bellis, M.; Carbonara, R.; Roussel, J.; Farinato, A.; Massari, A.; Pierno, S.; Muraglia, M.; Corbo, F.; Franchini, C.; Carratù,
M.R.; et al. Increased sodium channel use-dependent inhibition by a new potent analogue of tocainide greatly enhances in vivo
antimyotonic activity. Neuropharmacology 2017, 113, 206–216. [CrossRef]

52. Delk, C.; Holstege, C.P.; Brady, W.J. Electrocardiographic abnormalities associated with poisoning. Am. J. Emerg. Med. 2007, 25,
672–687. [CrossRef]

http://doi.org/10.1177/0960327115595683
http://doi.org/10.1016/j.ejphar.2014.01.062
http://doi.org/10.1002/jat.3986
http://doi.org/10.1097/PEC.0000000000001502
http://doi.org/10.3390/cancers11111675
http://doi.org/10.1016/j.bmc.2018.04.003
http://doi.org/10.3389/fphar.2021.622489
http://doi.org/10.3389/fphar.2021.737637
http://doi.org/10.1124/mol.113.091173
http://doi.org/10.1126/science.8085162
http://doi.org/10.1073/pnas.93.17.9270
http://doi.org/10.1016/S0893-133X(98)00099-2
http://doi.org/10.2174/1381612043383872
http://doi.org/10.1097/YCO.0000000000000403
http://doi.org/10.1080/14740338.2020.1745184
http://doi.org/10.1016/j.psym.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29275963
http://doi.org/10.1002/syn.20548
http://doi.org/10.4088/JCP.09r05060gre
http://www.ncbi.nlm.nih.gov/pubmed/20584524
http://doi.org/10.1038/sj.bjp.0706058
http://www.ncbi.nlm.nih.gov/pubmed/15778702
http://doi.org/10.1007/s10637-017-0429-0
http://doi.org/10.1371/journal.pone.0015568
http://doi.org/10.1161/CIRCULATIONAHA.118.035455
http://doi.org/10.1038/ncomms1351
http://doi.org/10.1097/00000542-200010000-00026
http://doi.org/10.1213/ANE.0000000000001673
http://doi.org/10.1016/j.neuropharm.2016.10.013
http://doi.org/10.1016/j.ajem.2006.11.038


Int. J. Mol. Sci. 2022, 23, 12890 22 of 22

53. Cordes, J.; Li, C.; Dugas, J.; Austin-LaFrance, R.; Lightbown, I.; Engwall, M.; Sutton, M.; Steidl-Nichols, J. Translation between
in vitro inhibition of the cardiac Nav1.5 channel and pre-clinical and clinical QRS widening. J. Pharmacol. Toxicol. Methods 2009,
60, 221. [CrossRef]

54. Harmer, A.R.; Valentin, J.-P.; Pollard, C.E. On the relationship between block of the cardiac Na+ channel and drug-induced
prolongation of the QRS complex. Br. J. Pharmacol. 2011, 164, 260–273. [CrossRef]

55. Belardinelli, L.; Liu, G.; Smith-Maxwell, C.; Wang, W.-Q.; El-Bizri, N.; Hirakawa, R.; Karpinski, S.; Li, C.H.; Hu, L.; Li, X.-J.; et al.
A novel, potent, and selective inhibitor of cardiac late sodium current suppresses experimental arrhythmias. J. Pharmacol. Exp.
Ther. 2013, 344, 23–32. [CrossRef]

56. Matsuo, T.; Izumi, Y.; Kume, T.; Takada-Takatori, Y.; Sawada, H.; Akaike, A. Protective effect of aripiprazole against glutamate
cytotoxicity in dopaminergic neurons of rat mesencephalic cultures. Neurosci. Lett. 2010, 481, 78–81. [CrossRef]

57. Kim, J.Y.; Tae, I.H.; Lee, B.-M.; Kim, H.S.; Yoon, S. Low Doses of the Anti-psychotic Drug Aripiprazole Have Strong P-gp-inhibitory
Activity and Sensitize Anti-mitotic Drug-resistant Cancer Cells. Anticancer Res. 2018, 38, 5101–5108. [CrossRef]

58. Walzik, S.; Schroeter, A.; Benndorf, K.; Zimmer, T. Alternative Splicing of the Cardiac Sodium Channel Creates Multiple Variants
of Mutant T1620K Channels. PLoS ONE 2011, 6, e19188. [CrossRef]

59. Ludolph, A.G.; Udvardi, P.T.; Schaz, U.; Henes, C.; Adolph, O.; Weigt, H.U.; Fegert, J.M.; Boeckers, T.M.; Föhr, K.J. Atomoxetine
acts as an NMDA receptor blocker in clinically relevant concentrations. Br. J. Pharmacol. 2010, 160, 283–291. [CrossRef] [PubMed]

60. Hamill, O.P.; Marty, A.; Neher, E.; Sakmann, B.; Sigworth, F.J. Improved patch-clamp techniques for high-resolution current
recording from cells and cell-free membrane patches. Pflugers Arch. 1981, 391, 85–100. [CrossRef]

61. Desaphy, J.F.; De Luca, A.; Camerino, D.C. Blockade by cAMP of native sodium channels of adult rat skeletal muscle fibers. Am. J.
Physiol. 1998, 275, C1465–C1472. [CrossRef] [PubMed]

62. Bean, B.P.; Cohen, C.J.; Tsien, R.W. Lidocaine block of cardiac sodium channels. J. Gen. Physiol. 1983, 81, 613–642. [CrossRef]
[PubMed]

63. Kuo, C.C.; Lu, L. Characterization of lamotrigine inhibition of Na+ channels in rat hippocampal neurones. Br. J. Pharmacol. 1997,
121, 1231–1238. [CrossRef]

http://doi.org/10.1016/j.vascn.2009.04.059
http://doi.org/10.1111/j.1476-5381.2011.01415.x
http://doi.org/10.1124/jpet.112.198887
http://doi.org/10.1016/j.neulet.2010.06.049
http://doi.org/10.21873/anticanres.12830
http://doi.org/10.1371/journal.pone.0019188
http://doi.org/10.1111/j.1476-5381.2010.00707.x
http://www.ncbi.nlm.nih.gov/pubmed/20423340
http://doi.org/10.1007/BF00656997
http://doi.org/10.1152/ajpcell.1998.275.6.C1465
http://www.ncbi.nlm.nih.gov/pubmed/9843707
http://doi.org/10.1085/jgp.81.5.613
http://www.ncbi.nlm.nih.gov/pubmed/6306139
http://doi.org/10.1038/sj.bjp.0701221

	Introduction 
	Results 
	Aripiprazole Blocks hNav1.5 Channels 
	Interaction with the Resting State 
	Voltage Dependence of Activation 
	Voltage Dependence of Fast Inactivation 
	Interaction with the Slow Inactivated State 
	Block Development: Kinetic Parameters 
	Estimation of Apparent Affinities: Steady-State Parameters 
	Recovery from Inactivation 
	Interaction with the Open State 
	Binding Site 

	Discussion 
	Side Effects—Pharmacological Safety 
	Other Clinical Implications 

	Methods 
	Cell Culture 
	Electrophysiology 
	Drug Application 
	Chemicals 
	Data Analysis and Statistics 
	Statistics 

	Conclusions 
	References

