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Zacopride stimulates 5-HT, serotonin receptors in the human atrium

Joachim Neumann' - Christin Hesse' - Britt Hofmann? - Ulrich Gergs'

Received: 18 December 2023 / Accepted: 13 March 2024 / Published online: 1 April 2024
© The Author(s) 2024

Abstract

Zacopride (4-amino-5-chloro-2-methoxy-N-(quinuclidin-3-yl)-benzamide) is a potent agonist in human 5-HT, serotonin
receptors in vitro and in the gastrointestinal tract. Zacopride was studied as an antiemetic drug and was intended to treat
gastric diseases. Zacopride has been speculated to be useful as an antiarrhythmic agent in the human ventricle by inhibiting
cardiac potassium channels. It is unknown whether zacopride is an agonist in human cardiac 5-HT, serotonin receptors.
We tested the hypothesis that zacopride stimulates human cardiac atrial 5-HT, serotonin receptors. Zacopride increased
the force of contraction and beating rate in isolated atrial preparations from mice with cardiac-specific overexpression of
human 5-HT, serotonin receptors (5-HT,-TG). However, it was inactive in wild-type mouse hearts (WT). Zacopride was
as effective as serotonin in raising the force of contraction and beating rate in atrial preparations of 5-HT,-TG. Zacopride
raised the force of contraction in human right atrial preparations (HAP) in the absence and presence of the phosphodi-
esterase III inhibitor cilostamide (1 uM). The positive inotropic effect of zacopride in HAP was attenuated by either 10
uM tropisetron or 1 uM GR125487, both of which are antagonists at 5-HT, serotonin receptors. These data suggest that

zacopride is also an agonist at 5-HT, serotonin receptors in the human atrium.

Keywords Zacopride - 5-HT, - Serotonin receptors - Transgenic mice - Human atrium - Mouse atrium

Introduction

Zacopride falls into the class of substituted benzamides.
Its chemical structure is very similar to that of renzapride.
Zacopride was developed before 5-HT, serotonin recep-
tors were functionally recognised or cloned. In guinea pig
ileal strips, contractions induced by 5-HT were inhibited by
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zacopride but not by typical 5-HT; antagonists like granis-
etron (Eglen et al. 1993). This is the first evidence that
zacopride acts as a functional partial antagonist at 5-HT,
serotonin receptors, an interpretation that is likely because
we now know that these 5-HT, serotonin receptors induce
contraction in the gastrointestinal tract. Moreover, zacopride
also induced contraction, but was less effective than 5-HT
and was described as a partial agonist in that model system
(Eglen et al. 1993). Similar findings were obtained in the
guinea pig colon, where zacopride induced contractions via
5-HT, serotonin receptors (Elswood et al. 1991).

Furthermore, in the model system used to discover 5-HT,
serotonin receptors (mouse embryo colliculi neurons),
zacopride stimulated adenylate cyclase activity (pEC50-
value =5.95, Dumuis et al. 1989). Zacopride was thus more
potent than other benzamides, such as metoclopramide
(pECsy-value =5.34), but less potent than the benzamide
cisapride (pEC5,=7.14) in this assay (Dumuis et al. 1989).
However, zacopride was later used in the context of clini-
cal studies: an oral dose of 400 pg of zacopride was given
by endocrinologists; at this dosage, zacopride did not alter
blood pressure or heart rate in healthy volunteers (Lefebvre
et al. 1993).
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Zacopride stimulated the current through L-type calcium
channels from isolated atrial human cardiomyocytes, act-
ing as an agonist at 5-HT, serotonin receptors. In contrast,
the force of contraction in these atrial preparations has not
been studied (Blondel et al. 1997). Zacopride induced dose-
dependent tachycardia in anaesthetised pigs (Villalon et al.
1991; Eglen et al. 1993), consistent with a direct stimula-
tory role of zacopride in the sinus node of the pigs. More-
over, in this model, zacopride is a partial functional agonist:
zacopride antagonises the tachycardia induced by 5-HT
(Villalon et al. 1991). This motivated us to study the effect
of zacopride after serotonin stimulation in isolated human
atrial preparations (vide infra).

Elnakish et al. described a negative inotropic effect in
the human ventricle at 100 pM of zacopride (Elnakish et
al. 2017). Serotonin alone does not increase the force of
contraction in human ventricular muscle strips (review:
Kaumann and Levy 2006; Neumann et al. 2023a). However,
some reports indicate that in the presence of phosphodies-
terase inhibitors or end-stage heart failure, serotonin can, via
5-HT, serotonin receptors, increase the force of contraction
in the human ventricle (review: Kaumann and Levy 2006).

It is accepted that all inotropic and chronotropic effects
of serotonin are mediated via 5-HT, serotonin receptors on
human cardiomyocytes (reviews: Kaumann and Levy 2006;
Neumann et al. 2017, 2023a). These 5-HT, serotonin recep-
tors are lacking in a functional manner in wild-type mouse
hearts: serotonin does not increase the force of contraction
in isolated mouse cardiac preparations from wild-type mice
(WT, Gergs et al. 2010, 2013). To facilitate the study of
human 5-HT, serotonin receptors, we established cardiac-
specific overexpression of this receptor in a transgenic
mouse (5-HT,-TG), which responded with positive inotro-
pic and positive chronotropic effects to agonists (Gergs et al.
2010; review: Neumann et al. 2023a). Hence, we decided to
assess whether zacopride would exert positive inotropic and
positive chronotropic effects in this 5-HT,-TG and not in
littermate WT. Furthermore, the effects in 5-HT,-TG should
be blocked by antagonists at 5-HT, serotonin receptors such
as tropisetron or GR125487, and they should be potentiated
by a phosphodiesterase inhibitors. One would also expect
zacopride to stimulate the 5-HT, serotonin receptors in the
human heart and thereby increase the force of contraction.

Hence, we tested the following hypotheses: zacopride
increases the force of contraction and beating rate firstly in
atrial preparations from 5-HT,-TG and secondly in human
atrial preparations via 5-HT, serotonin receptors. A progress
report has been published in an abstract form (Neumann et
al. 2023).
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Materials and methods
Contractile studies in mice

We used here transgenic mice where the human 5-HT), sero-
tonin receptor is constitutively expressed in the mouse heart
by using the a-myosin heavy chain promoter. The genera-
tion and initial characterization of these transgenic mice
(5-HT4-TG) have been reported before (Gergs et al. 2010,
2013). The founder was crossbred over at least four genera-
tions with CD-1 mice. The right or left atrial preparations
from the mice were isolated and mounted in organ baths
under isometric conditions (Gergs et al. 2013; Neumann
et al. 1998, 2019). The bathing solution of the organ baths
contained 119.8 mM NacCl, 5.4 mM KCI, 1.8 mM CaCl,,
1.05 mM MgCl,, 0.42 mM NaH,PO,, 22.6 mM NaHCO;,
0.05 mM Na,EDTA, 0.28 mM ascorbic acid, and 5.05
mM glucose. The solution was continuously gassed with
95% 0, and 5% CO, and maintained at 37 °C and pH 7.4
(Neumann et al. 1998). Spontaneously beating right atrial
preparations from mice were used to study any chronotropic
effects. Left atrial preparations were stimulated electrically
with platinum electrodes with current from a Grass stimula-
tor SD (Ohio, USA). Voltage was direct current and ranged
between 5 and 10 Volts, just sufficient to initiate contrac-
tions. Electrical impulses had a length of 5 milliseconds.
Left atrial preparations allowed us to measure the force of
contraction after application of zacopride or other drugs to
the organ bath. The signals from the force transducer were
electrically amplified, digitized and stored on a commercial
personal computer. The signals were measured using a com-
mercial software (Lab Chart 8 from ADInstruments through
their distributor Oxford, United Kingdom).

The drug application was as follows: After equilibra-
tion was reached, zacopride was cumulatively added to the
left atrial or right atrial preparations to establish concentra-
tion—response curves. In separate experiments, serotonin
was applied cumulatively or first zacopride was applied fol-
lowed by serotonin. We studied WT and 5-HT,-TG from
both genders. The average age was 125 days.

Contractile studies on human preparations

Contractile studies on human preparations were conducted
in the same setup and with the same buffer as in the mouse
studies (see above). In brief, human right atrial obtained dur-
ing the cardiac surgery were transferred into the laboratory.
Samples were cut and small pieces were mounted under iso-
metric conditions with metal hooks in a glass organ bath.
Muscles were electrically stimulated at 1 Hz with rectangu-
lar impulses of 5 milliseconds duration and a voltage 10%
above threshold for contraction. The force signals amplified
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and quantified as described above for mouse atrium. The
samples were obtained from 16 male patients and two
female patients, aged 52—83 years. The patients suffered
from coronary heart diseases, two and three vessel diseases,
endocarditis, non ST wave elevation myocardial infarc-
tion (NSTEMI), atrial fibrillation/flutter and stenosis of the
internal carotid artery. Drug therapy included metoprolol,
furosemide, apixaban, statins and acetylsalicylic acid. The
methods used for atrial contraction studies in human sam-
ples have been previously published and were not altered in
this study (Gergs et al. 2009, 2017). In this study, we typi-
cally gave zacopride cumulatively alone or in the presence
of cilostamide. In some experiments, we finally applied
antagonists at 5-HT, serotonin receptors (tropisetron,
Kaumann et al. 1990, or GR125487, Gergs et al. 2013). In
separate experiments, we first applied a single concentra-
tion of zacopride and cumulatively applied serotonin or vice
versa (see legends). We obtained written informed consent
from participating patients.

Data analysis

Data shown are the means + standard error of the mean. Sta-
tistical significance was estimated using the analysis of vari-
ance followed by Bonferroni’s t-test. A p-value <0.05 was
considered significant.

Drugs and materials

The drugs isoprenaline-hydrochloride, zacopride, serotonin,
5-fluoro-2-methoxy-[1-[2-[(methylsulfonyl)amino]ethyl]-
4-piperidinyl]-1H-indole-3-methylcarboxylate ~ sulfamate
(GR125487), cilostamide, and tropisetron were purchased
from Sigma-Aldrich (Taufkirchen, Germany) or Tocris/Bio-
Techne (Wiesbaden, Germany). All other chemicals were of
the highest purity grade commercially available. Deionised
water was used throughout the experiments. Stock solutions
were prepared fresh daily.

Results

Zacopride exerted a concentration- and time-dependent
positive inotropic effect in the left atrial preparations from
5-HT,-TG (Fig. 1B). In contrast, zacopride failed to raise
the force of contraction in the left atrial preparations from
WT (Fig. 1A). The latter finding agrees with our previous
work: 5-HT cannot raise the force in the atrium from WT
(Gergs et al. 2010). The expression or coupling of the recep-
tor is considered to be too small to affect contractility (Gergs
et al. 2010). Moreover, zacopride increased the beating rate

in spontaneously beating right atrial preparations from
5-HT,-TG (Fig. 1D) but not from WT (Fig. 1C).

Several such experiments are summarised concerning
the positive inotropic effects if zacopride in percentage of
pre-drug value (Fig. 2A) or in absolute force of contraction
(Fig. 2B) or with respect to the rate of tension development
(Fig. 2C, top). Moreover, zacopride exerted relaxant effects:
zacopride increase the rate of muscle relaxation (Fig. 2C,
bottom). Moreover, we were interested in the effect of
zacopride on the contraction time parameters. These are
altered if the 5-HT, serotonin receptors are involved in the
contractile effects of zacopride. It turned out that zacopride
did not reduce the time to peak tension (Fig. 2D) but reduced
the time of muscle relaxation (Fig. 2D). This is expected for
agents that increase the phosphorylation of phospholamban.
Furthermore, the rate of tension development and the rate of
relaxation were augmented in absolute values by zacopride
(Fig. 2C).

If zacopride behaves like 5-HT, zacopride should affect
the beating rate in the right atrium of 5-HT,-TG. Indeed,
we noticed concentration-dependent positive chronotropic
effect of zacopride as plotted in Fig. 2E.

In separate experiments, we wanted to determine whether
zacopride is a full agonist in 5-HT,-TG. To this end, we first
applied zacopride cumulatively and thereafter we gave sero-
tonin cumulatively. Typical recordings are shown in Fig. 3.
Zacopride (1 nM~1 uM) failed to have positive inotropic
and chronotropic effects in left and right atria isolated from
WT mice, respectively (Fig. 3A C). In left and right atria
isolated from 5-HT,-TG mice, zacopride increased the
spontaneously beating rate and force of contraction, respec-
tively, in a concentration-dependent manner (Fig. 3B and
D). Notably, when serotonin was added after zacopride, fur-
ther increase in the spontaneous rate and force of contrac-
tion was not observed (Fig. 3B and D).

Such data from several experiments are depicted in sum-
marized in Fig. 4. Here, zacopride increased the force of con-
traction, and after that, additionally supplied serotonin did
not significantly increase the force of contraction any further
as measured in % of pre-drug value (Fig. 4A) or in absolute
force of contraction in mN (Fig. 4B). Likewise, in left atrial
preparations from 5-HT,-TG, while zacopride increased the
rate of tension development (dF/dt,,,,, Fig. 4C) and the rate
of relaxation (dF/dt;,, Fig. 4C), additional serotonin was
not significantly more effective than zacopride to raise the
rate of tension development (dF/dt_,,, Fig. 4C) and the rate
of relaxation (dF/dt,;, Fig. 4C).

Likewise, while zacopride tended to shorten the time to
peak tension and time of relaxation, serotonin did not further
reduce these parameters of muscle contraction (Fig. 4D).
Finally, whereas zacopride increased the beating rate in
the right atrial preparations from 5-HT,-TG, additionally
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Fig.1 Zacopride induced a time- A
and concentration-dependent

Zacopride (-log[M])

positive inotropic effect in atria 9 8

from mice with heart specific
overexpression of the human
5-HT,-receptor (5-HT,-TG). A
Original recordings of force of
contraction in isolated electri-
cally stimulated (1 Hz) left atrial
preparation from wild type mice
(WT) in the presence of increas-
ing concentrations of zacopride.
B Original recordings of force of
contraction in isolated electri-
cally stimulated (1 Hz) left atrial
preparation from 5-HT,-TG. C
Original recordings of beating
rate in isolated spontaneously
beating right atrial preparation
from WT. D Original recordings
in isolated spontaneously beating
right atrial preparations from
5-HT,-TG. Ordinates indicate
force of contraction in milli New-
ton (mN, Fig. 1A, B) or beats
per minute (bpm, Fig. 1C, D). C
Horizontal bars indicate time in
minutes. Abscissae indicate nega-

10 min

>
»

Zacopride (-log[M])

tive logarithmic concentrations of
zacopride in the organ bath

WT RA
800— v v
600 —
400 — T I
200 — 5HT,-TG RA
10 min

applied serotonin could not further stimulate the beating
rate, suggesting a similar efficacy of zacopride and sero-
tonin in this transgenic animal model (Fig. 4E).

Next, we tested the effects of zacopride on the human
heart. To this end, we mounted human atrial preparations
in the organ bath, stimulated them electrically, measured
isometrically the force of contraction and obtained con-
centration—response curves for zacopride. As seen in the
original recording in Fig. SA, zacopride time- and concen-
tration-dependently increased the force of contraction in
HAP. This increase was attenuated by subsequently applied
GR 125,487, an antagonist at 5-HT, serotonin receptors
(Fig. 5A). Data for the force of contraction in percent of
pre-drug value are summarised in Fig. 5B, and data on force
of contraction in absolute values are dipected and 5 C. As
with mouse atria, we assessed additional muscle parame-
ters; zacopride tended to increase rate of tension develop-
ment (Fig. 5D) and augmented the rate of relaxation and
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this latter effect was attenuated by subsequently applied GR
125,487 (Fig. S5E). Zacopride failed to shorten the time to
peak tension (Fig. 5F) and the time of relaxation (Fig. 5G).

In addition, zacopride was also able to increase force
of contraction in HAP when preparations were first stimu-
lated by cilostamide (an inhibitor of human cardiac-specific
phosphodiesterase 1II) and then we applied zacopride.
Under these conditions zacopride also increased force of
contraction (depicted in Fig. 6) from several patients and
these effects were reversed by tropisetron or GR125487
(Fig. 6). This shows that unlike for lysergic acid diethyl-
amide (Gergs et al. 2024), zacopride in the presence and
absence of cilostamide raised force of contraction while
lysergic acid diethylamide which was like zacopride an
agonist at 5-HT,-serotonin receptors, increased force only
in the presence and not in the absence of cilostamide (Gergs
et al. 2024).
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Fig. 2 Summarized concentration-response curves for the effect of
zacopride on force of contraction in % of pre-drug value (Fig. 2A) or
mN (Fig. 2B) or rate of tension development (Fig. 2C) or rate of ten-
sion relaxation (Fig. 2C) or time to peak tension (T1, Fig. 2D) or time
of relaxation (T2, Fig. 2D) or beating rate (Fig. 2E). * p<0.05 vs. Ctr
(pre-drug value). Numbers in brackets mean number of experiments.
In Fig. 2C and D, the closed symbols indicate the maximal rate of ten-
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tions of zacopride
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Fig. 3 Zacopride is a full agonist in 5-HT,-TG.First zacopride was
cumulative applied. Thereafter, 5-HT was likewise cumulatively
added. Original recordings of force of contraction in isolated elec-
trically stimulated (1 Hz) left atrial preparation from wild type mice
(WT) in the presence of increasing concentrations of zacopride and
subsequently applied serotonin. Original recording of force of con-
traction in isolated electrically stimulated (1 Hz) left atrial prepara-
tion from 5-HT,-TG in the presence of increasing concentrations of

To understand whether zacopride is a partial agonist
in the isolated human atrium, we devised a different pro-
tocol. We first gave zacopride to raise force of contraction
and then added two concentrations of serotonin, finally we
added isoprenaline concentration dependently. A typical
original experiment is displayed in Fig. 7A. Noticeable is
the positive inotropic effect of zacopride. Thereafter, sero-
tonin elevated the force of contraction further. The muscle
however, was not maximally stimulated under these con-
ditions, because additionally supplied isoprenaline could
raise force of contraction further Fig. 7A. This was quanti-
fied for force of contraction in percent of the pre-drug value
(Fig. 7B), for the absolute force (Fig. 7C), for the rate of ten-
sion development, and for the rate of relaxation (Fig. 7D).
Moreover, zacopride reduced the time to peak tension
but failed to diminish the time of relaxation (Fig. 7E).
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5HT,-TG RA

zacopride and subsequently applied serotonin. Original recordings of
beating rate in isolated spontaneously beating right atrial preparation
from WT in the presence of increasing concentrations of zacopride
and subsequently applied serotonin. Original recordings in isolated
spontaneously beating right atrial preparations from 5-HT,-TG in the
presence of increasing concentrations of zacopride and subsequently
applied serotonin

Additionally applied isoprenaline reduced thereafter time of
relaxation (Fig. 7E). Zacopride alone shortened time to peak
tension but not time of relaxation (Fig. 7E). Additionally,
applied serotonin failed to alter time to peak tension further
(Fig. 7E). An alternative way to plot these data was used
in Fig. 7F. Here, we arbitrarily set the effect of zacopride
on force of contraction at 100%. Then additionally applied
serotonin and isoprenaline increased force (Fig. 7F).

In further experiments, as depicted in Fig. 8A, we first
raised the force of contraction using 1 pM serotonin, then
we applied additionally zacopride 10 pM (Fig. 8A). Under
these conditions, the zacopride reduced the force of con-
traction previously raised using serotonin (Fig. 8A). This
negative inotropic effect of zacopride was probably not due
general damage of the muscle by zacopride because sub-
sequently applied isoprenaline was able to elevate force of
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Fig. 4 Summarized concentration-response curves for the effect of
zacopride and subsequently applied serotonin (for details see Fig. 3)
on force of contraction in % of pre-drug value (Fig. 4A) or mN
(Fig. 4B) or rate of tension development (Fig. 4C) or rate of relaxation
(Fig. 4C) or time to peak tension (T1, Fig. 4D) or time of relaxation
(T2, Fig. 4D) or beating rate (Fig. 4E). * p<0.05 vs. Ctr (pre-drug
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negative logarithmic concentrations of zacopride. Ordinates indicate
force of contraction in % of pre-drug value (Fig. 4A), milli Newton
(mN, Fig. 4B), dF/dt in mN per seconds (mN/s, Fig. 4C) or beating rate
per minute (bpm, Fig. 4E) or milliseconds (ms)
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Fig.5 Zacopride is agonist in A
human atrium. A Original record-

ing of the concentration- and
time-dependent positive inotropic

Zacopride (-log[M])
7 6

Human atrium

GR 125487 (-log[M])
5 6

effect of zacopride in milli New- |
ton (mN) in electrically stimu-
lated human right atrial muscle
strips. Horizontal bar indicates
time axis in minutes (min). First
zacopride (Zaco) was added and
then GR 125,487 (GR). Sum-
marized effects of zacopride (10

uM) on force of contraction in 10 min
% of pre-drug value (Fig. 5B)
or mN (Fig. 5C), rate of tension B 1004
development (Fig. 5D) or rate
of relaxation (Fig. 5E) or time 504
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contraction further (Fig. 8A) Such data for the force of con-
traction in mN are summarised in Fig. 8B.

Discussion

Primary new findings

The primary finding of this study is that zacopride can func-

tion as a partial agonist at human 5-HT, serotonin receptors
in the beating heart. Zacopride is a full agonist in transgenic
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mice, which expresses the human 5-HT, serotonin receptor
(5-HT4-TG) and a partial agonist in the isolated human right
atrium via human 5-HT, serotonin receptors. We explain
these differences by the much higher 5-HT, serotonin recep-
tor expression density in the atrium of 5-HT,-TG than in the
human atrium.

Mechanism of zacopride

We suggest that zacopride increased force and beating rate
as an agonist at cardiac human 5-HT, serotonin receptors
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Fig. 6 Effects zacopride in
the presence of cilostamide

(Cilo), a phosphodiesterase Cilostamide (-log[M])
inhibitor. Original recordings 6

A

Human atrium

Zacopride (-log[M]) GR 125487 (-log[M])
7 6

(experiments from four different I
patients: Fig. 6A, B, C, D) of the
concentration- and time- depen-
dent positive inotropic effect of
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human right atrial muscle strips. -
Horizontal bars indicate time 10 min
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because zacopride only increased contractility in the atrium
from 5-HT4-TG and not in WT. By comparing the concen-
tration—response curves of zacopride to those of serotonin in
atrial preparations, one can conclude that zacopride at 5-HT,
serotonin receptors in the left and right atrium acts as a full
agonist; serotonin was no more effective than zacopride.
This holds for the force of contraction (left atrium) and the
beating rate (right atrium).

Zacopride acts as an agonist at 5-HT, serotonin recep-
tors in the isolated human atrium. This effect was blocked
by tropisetron, acting here as a 5-HT, serotonin antagonist
(Kaumann et al. 1990) and GR145487, a selective 5-HT,
serotonin receptor antagonist. Hence, we tentatively con-
cluded that the in vivo effects of zacopride in the human
heart on the force of contraction are mediated by 5-HT,
serotonin receptors.

A partial agonist is an agonist which is unable to induce
full activation of a receptor. A partial agonist competitively
inhibits the effects of the full agonists, which makes them

\4

to act either as a functional agonist or a functional antag-
onist. In Fig. 8A, the addition of 10 uM zacopride can
reduce the positive inotropic effect of 1 pM serotonin. In
Fig. 7A, however, serotonin (1 and 10 uM) can evidently
increase force of contraction even in the presence of 10 uM
zacopride. Hence, at least a concentration (10 pM) where
zacopride acts as full agonist in left atrial preparations from
5-HT,-TG, in the human heart (with lower expression of
5-HT, serotonin receptors: Hesse et al. 2024), zacopride
is not a full functional agonist. In HAP, 10 uM zacopride
slightly reduced force of contraction that was fully stimu-
lated by 1 uM serotonin, suggesting functional antagonism.

One could ask why others noted a negative inotropic
effect of zacopride in isolated human ventricular prepara-
tions (Elnakish et al. 2017). One must remember that this
effect was in the human ventricle, where 5-HT alone does
not increase the force of contraction. Hence, a lack of a
positive inotropic effect in the human ventricle is not unex-
pected. One might speculate that, at 100 uM, zacopride (the
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{ Fig. 7 Effects of serotonin in the presence of zacopride. A: Original
recording of the concentration- and time- dependent positive inotropic
effect of serotonin subsequent to 10 uM zacopride in milli Newton
(mN) in electrically stimulated human right atrial muscle strips. Hori-
zontal bar indicates time axis in minutes (min). First 10 uM zacopride
and then cumulatively serotonin was added. Summarized effect of
serotonin in the presence of zacopride (10 uM) on force of contraction
in % of pre-drug value (Fig. 7B) or mN (Fig. 7C) or rate of tension
development (Fig. 7D) or rate of relaxation (Fig. 7D) or time to peak
tension and time of relaxation (T1, T2, Fig. 7E). * p <0.05 vs. Ctr (pre-
drug value). # p < 0.05 vs. zacopride (Zaco). Numbers mean number of
experiments. Abscissae indicates negative logarithmic concentrations
of zacopride. Ordinate in Fig. 7A in mN, in Fig. 7B in % of pre-drug
value and in Fig. 7C in milli seconds (ms). Rate of contraction and
rate of relaxation in Fig. 7D in mN/ms. Time to peak tension and time
to relaxation in ms (Fig. 7E). Ordinate in Fig. 7F, give force when
the effect of zacopride on force of contraction was defined as 100%.
Then the effects of additionally applied serotonin and isoprenaline on
force of contraction were calculated based on this value for zacopride
(Fig. 7F). Abscissae indicate molar concentrations of zacopride or
serotonin or isoprenaline in negative logarithms. Significant difference
versus control (Ctr; pre-drug value) is indicated with asterisks. Num-
bers in brackets mean number of experiments

only concentration that reduced force in their study) has an
unspecific deleterious effect on cardiac proteins in mito-
chondria (Elnakish et al. 2017). However, our data agree
with previous studies from other labs and ours that 5-HT
increases the force of contraction in the human atrium.
Other agonists at 5-HT, serotonin receptors, such as cis-
apride, prucalopride, or metoclopramide, increase the force
of contraction in the human atrium (Kaumann et al. 1990;
Gergs et al. 2009; Chai et al. 2012).

Moreover, it is noteworthy that zacopride alone increases
the force of contraction in the human heart. We have recently
reported that there are partial agonists at 5-HT, serotonin
receptors, such as lysergic acid diethylamide and ergota-
mine, that increase the force of contraction in the human
atrium only in the presence of the phosphodiesterase II1
inhibitor cilostamide (Gergs et al. 2024; Jacob et al. 2023).

Role of phosphorylation of regulatory proteins

The general assumption is that 5-HT, serotonin receptor
stimulation increases the phosphorylation of protein sub-
strates for cAMP-dependent protein kinase (Fig. 9). Oth-
ers and we have found that serotonin via 5-HT, serotonin
receptors can increase the phosphorylation state of phos-
pholamban. This phosphorylation might explain the lusi-
tropic effects of zacopride in the human atrium. Moreover,
the reduction in the rate of relaxation also argues for the
role of the action of zacopride on potassium channels in the
human atrium. If zacopride stimulated this IKr greatly, as in
rats (Kii and Iso 1997), this is expected to lead per se to a
shorting of the time for muscle contraction.

Species differences

Notably, zacopride acted more potently and effectively
and as a full agonist to raise the force in transgenic mice
(5-HT,;-TG) than in the human atrium. This is consis-
tent with our previous work on cisapride, prucalopride, or
metoclopramide (Keller et al. 2018; Neumann et al. 2021.
We assume this is due to the much higher level of expres-
sion of 5-HT, serotonin receptors in mouse hearts than in
human hearts. There is evidence for this at least for other
receptors and we would argue the same might be true for
5HT,-serotonin receptors. For instance, inducible overex-
pression in cell culture on D,-dopamine receptors revealed
that higher expression led to a more potent action of a
partial agonist, aripiprazole, at this receptor (Koener et al.
2012). We ourselves noted that when A -adenosine receptor
density increased, this altered even the signal transduction
mechanism and the functional role (force of contraction) of
the A -adenosine receptors in transgenic mice (Neumann et
al. 1999). We believe that the 5-HT,-TG offer the possibil-
ity of amplifying any effect of agonists at 5-HT, serotonin
receptors. On the other hand, if a putative agonist does not
act in 5-HT,-TG, this agonist is unlikely to work as an ago-
nist in human tissue.

Another species difference is worth noting. Previous
work on the cardioprotective role of zacopride was per-
formed in rats. However, in the literature, in healthy rats,
5-HT raises the force of contraction in the rat atrium via
5-HT,, serotonin receptors (Léder et al. 1998). Hence, the
beneficial effects of zacopride in rat ischaemia models are
probably not translatable to the clinic. Similar studies in
5-HT,-TG on the protective effects of zacopride against
ischaemia might be more meaningful, but were beyond the
scope of this study.

Effects on the beating rate

Next, we discuss our findings in the mouse right atrial
preparations. We assume that, like 5-HT, zacopride also
stimulated 5-HT, serotonin receptors in the mouse heart
(5-HT4-TG). This conclusion is based on the observation
that the effect is absent in the right atrium from the WT.
The zacopride acted like various other agonists (cisapride,
prucalopride, and metoclopramide) as an agonist on 5-HT,
serotonin receptors in the sinus node (Keller et al. 2018;
Neumann et al. 2021). This observation is potentially rel-
evant because there is no easy way to study the chronotropic
effect of 5-HT, serotonin receptor stimulation. Typically, the
sinus node is not touched in cardiac surgery and, hence, is
not the subject of many studies. However, in our 5-HT,-TG,
we might in the future study whether zacopride has a proar-
rhythmic effect like 5-HT (Keller et al. 2018) or whether the
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Fig. 8 Effects of zacopride in the presence of serotonin. A: Original
recording of the time-dependent negative inotropic effect of zacopride
after serotonin in milli Newton (mN) in electrically stimulated human
right atrial muscle strips. Horizontal bar indicates time axis in minutes
(min). First serotonin and then zacopride were applied as a single dose.

antiarrhythmic effect of zacopride prevails, which would be
relevant to future clinical studies with zacopride.

Limitations of the study

One can argue that we have not assessed the effects on the
sinus node of man directly. Such a study would require
access to a human pacemaker. Such studies were beyond the
scope of this initial study. We did not have the opportunity
to study contractility in human ventricle tissue due to a lack
of access to that tissue. However, the expression and ino-
tropic function of 5-HT, serotonin receptors are increased
in patients with end-stage heart failure (Afzal et al. 2008;
Brattelid et al. 2004). Hence, might be reasonable to assume
that in the failing human ventricle, zacopride has a posi-
tive inotropic effect. However, the opposite was the case.
Elnakish et al. (2017) have studied the effect of zacopride
in muscle ventricular strips in the organ bath from failing

@ Springer

Summarized effect of zacopride (10 uM) after the serotonin (1 pM)
on force of contraction in mN (Fig. 8B). * p<0.05 vs. Ctr (pre-drug
value). # p<0.05 vs. 10 uM zacopride. Ordinates in Fig. 8A and B are
in mN. Numbers in columns mean number of experiments

and non-failing human hearts. They did not detect a positive
inotropic effect of zacopride: neither in failing nor in non-
failing ventricular samples. They even reported that 100
UM zacopride exerted a negative inotropic effect on human
ventricular preparations. They speculated that detrimen-
tal actions of zacopride on mitochondrial function could
explain the negative inotropic effects of zacopride in iso-
lated human ventricular preparations (Elnakish et al. 2017).

Moreover, zacopride exists as an R-zacopride and
S-zacopride. These enantiomers exhibit different affinities
for 5-HT, serotonin receptors in binding studies (Eglen et
al. 1994; Ge et al. 1997). However, we chose for this initial
report to use only racemic zacopride, in order to facilitate
comparison of our data with the work of others in cardiac
preparations that also used racemic zacopride (e.g. Ouadid
et al. 1992; Elnakish et al. 2017; Kii and Ito 1997; Sun et al.
2017; Lin et al. 2020; Liu et al. 2019, 2021).
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Fig.9 A (Scheme): A
Mechanism(s) of action of
serotonin and zacopride in
cardiomyocytes. A heptaheli-

cal 5-HT,-serotonin receptor

is depicted in sarcolemma.

The agonist serotonin (5-HT)
activates the 5-HT,-serotonin
receptor. Thereby, the stimulatory
G-protein (G,) augments the abil-
ity of adenylyl cyclases (AC) to
generate cAMP. This cAMP can
activate cAMP-dependent protein
kinases (PKA). Thereafter, PKA
phosphorylates and activates
target proteins like the L-type
Calcium channel (LTCC) in the
sarcolemma and the ryanodine
receptor (RyR) in the sarcoplas-
mic reticulum (SR). Phosphoryla-
tion of phospholamban increases
the activity of SR-Ca ATPAse
(SERCA). Phosphodiesterase
(PDE) III converts cAMP to
inactive 5'-AMP in the human
heart. Tegaserod may activate
human cardiac 5-HT4-serotonin
receptors. B Structural formu-

lae of serotonin and zacopride.
Note the benzamide structure

in zacopride, the different side
chain of zacopride compared to B
serotonin and the optical center in
zacopride. We used the racemic
zacopride

Ca?*

Ca?*

Sarcoplasmic
reticulum

HO

A\

N
H

Serotonin

In summary, we can now address the hypotheses raised in
the Introduction: Zacopride raised the force of contraction
and beating rate in 5-HT,-TG and elevated the force of con-
traction in the human heart via 5-HT, serotonin receptors.

Acknowledgements We thank P. Willmy and F. Schemel for their
technical assistance.

Author contributions Authors Contributions: JN and UG conceived
and designed the research. BH supplied reagents and clinical data. JN,
CH performed experiments. CH and UG analyzed and plotted data. JN
and UG wrote the initial draft and revised the manuscript. All authors
read and approved the manuscript. The authors declare that all data
were generated in-house and that no paper mill was used.

Funding There was no external funding.
Open Access funding enabled and organized by Projekt DEAL.

Data availability The data in this study are available from the

Cytoplasm

Zacopride
1 Tropisetron

\/ GR125487
e

Ca?*

; }@7
NH, Cl:CfJ\N
H
HoN 0

Zacopride

corresponding author upon reasonable request.

Declarations

Ethical approval Animals: The investigation conformed to the Guide
for the Care and Use of Laboratory Animals published by the National
Research Council (2011). The animals were managed and maintained
according to the approved protocols of the Animal Welfare Commit-
tee of the University of Halle-Wittenberg, Halle, Germany. Humans:
This study in patients complies with the Declaration of Helsinki and
has been approved by the local ethics committee (hm-bii 04.08.2005).

Consent to participate Informed written consent was obtained from
all patients included in the study.

Consent to Publish All authors declare that they have seen and ap-
proved the submitted version of this manuscript.

Competing interests All authors declare no competing financial, non-

@ Springer



6834

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:6821-6835

financial, or personal interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Afzal F, Andressen KW, Merk HK, Aronsen JM, Sjaastad I, Dahl CP,
Skomedal T, Levy FO, Osnes JB, Qvigstad E (2008) 5-HT4-
elicited positive inotropic response is mediated by cAMP and
regulated by PDE3 in failing rat and human cardiac ventricles.
Br J Pharmacol 155(7):1005-1014. https://doi.org/10.1038/
bjp.2008.339Epub 2008 Sep 1. PMID: 18846035; PMCID:
PMC2597261

Blondel O, Vandecasteele G, Gastineau M, Leclerc S, Dahmoune
Y, Langlois M, Fischmeister R (1997) Molecular and func-
tional characterization of a 5-HT4 receptor cloned from human
atrium. FEBS Lett. ;412(3):465—74. https://doi.org/10.1016/
s0014-5793(97)00820-x. PMID: 9276448

Brattelid T, Qvigstad E, Lynham JA, Molenaar P, Aass H, Geiran O,
Skomedal T, Osnes JB, Levy FO, Kaumann AJ (2004) Functional
serotonin 5-HT4 receptors in porcine and human ventricular
myocardium with increased 5-HT4 mRNA in heart failure. Nau-
nyn Schmiedebergs Arch Pharmacol 370(3):157-166. https://
doi.org/10.1007/s00210-004-0963-0. Epub 2004 Sep 7. PMID:
15365689

Chai W, Chan KY, de Vries R, van den Bogeardt AJ, de Maeyer JH,
Schuurkes JA, Villalon CM, Saxena PR, Danser AH, Maassen-
VanDenBrink A (2012) Inotropic effects of prokinetic agents with
5-HT(4) receptor agonist actions on human isolated myocardial
trabeculae. Life Sci. Apr 9;90(13—14):538—44. doi: 10.1016/j.
1£5.2012.01.009. Epub 2012 Feb 1. PMID: 22326501

Dumuis A, Sebben M, Bockaert J (1989) The gastrointestinal pro-
kinetic benzamide derivatives are agonists at the non-classical
5-HT receptor (5-HT4) positively coupled to adenylate cyclase
in neurons. Naunyn Schmiedebergs Arch Pharmacol. Oct
;340(4):403—10. https:/doi.org/10.1007/BF00167041. PMID:
2555720

Eglen RM, Alvarez R, Johnson LG, Leung E, Wong EH (1993) The
action of SDZ 205,557 at 5-hydroxytryptamine (5-HT3 and
5-HT4) receptors. Br J Pharmacol 108(2):376-382. https://doi.
org/10.1111/.1476-5381.1993.tb12812.x. PMID: 8448587,
PMCID: PMC1907968

Eglen RM, Bonhaus DW, Clark RD, Johnson LG, Lee CH, Leung E,
Smith WL, Wong EH, Whiting RL (R) and (S) RS 56532: mixed
5-HT3 and 5-HT4 receptor ligands with opposing enantiomeric
selectivity. Neuropharmacology. 1994 Mar-Apr;33(3-4):515-26.
https://doi.org/10.1016/0028-3908(94)90083-3. PMID: 7984291

Elnakish MT, Canan BD, Kilic A, Mohler PJ, Janssen PM (2017)
Effects of Zacopride, a moderate IK1 channel agonist, on trig-
gered arrhythmia and contractility in human ventricular myo-
cardium. Pharmacol Res 115:309-318. https://doi.org/10.1016/j.

@ Springer

phrs.2016.11.033. Epub 2016 Nov 30. PMID: 27914945; PMCID:
PMC5234043

Elswood CJ, Bunce KT, Humphrey PP (1991) Identifica-
tion of putative 5-HT4 receptors in guinea-pig ascending
colon. Eur J Pharmacol. Apr 17;196(2):149-55. https://doi.
org/10.1016/0014-2999(91)90421-1. PMID: 1831425

Ge J, Barnes JM, Towers P, Barnes NM (1997) Distribution
of  S(-)-zacopride-insensitive  [1251]R(+)-zacopride  bind-
ing sites in the rat brain and peripheral tissues. Eur J Phar-
macol. Aug  13;332(3):307—-12.  https://doi.org/10.1016/
s0014-2999(97)01091-1. PMID: 9300265

Gergs U, Neumann J, Simm A, Silber RE, Remmers FO, Laer S (2009)
Phosphorylation of phospholamban and troponin I through 5-HT4
receptors in the isolated human atrium. Naunyn Schmiede-
bergs Arch Pharmacol 379(4):349-359. https://doi.org/10.1007/
$00210-008-0371-y

Gergs U, Baumann M, Bockler A, Buchwalow 1B, Ebelt H, Fabritz
L, Hauptmann S, Keller N, Kirchhof P, Klockner U, Ponicke K,
Rueckschloss U, Schmitz W, Werner F, Neumann J (2010) Car-
diac overexpression of the human 5-HT4 receptor in mice. Am
J Physiol Heart Circ Physiol 299(3):H788-H798. https://doi.
org/10.1152/ajpheart.00691.2009

Gergs U, Bockler A, Ebelt H, Hauptmann S, Keller N, Otto V, Ponicke
K, Schmitz W, Neumann J (2013) Human 5-HT receptor stim-
ulation in atria of transgenic mice. Naunyn Schmiedebergs
Arch  Pharmacol 386(5):357-367. https://doi.org/10.1007/
$00210-013-0831-x

Gergs U, Jung F, Buchwalow IB, Hofmann B, Simm A, Treede H,
Neumann J (2017) Pharmacological and physiological assess-
ment of serotonin formation and degradation in isolated prepa-
rations from mouse and human hearts. Am J Physiol Heart
Circ Physiol 313(6):H1087-H1097. https://doi.org/10.1152/
ajpheart.00350.2017

Gergs U, Jacob H, Brackow P, Hofmann B, Pockes S, Humphrys
LJ, Kirchhefer U, Fehse C, Neumann J (2024) Lysergic acid
diethylamide stimulates cardiac human H2 histamine and car-
diac human 5-HT4-serotonin receptors. Naunyn Schmiede-
bergs Arch Pharmacol 397(1):221-236. https://doi.org/10.1007/
$00210-023-02591-6

Hesse C, Hofmann B, Compan V, Neumann J, Gergs U (2024) Effects
of tegaserod on human cardiac 5-HT4 serotonin receptors. Nau-
nyn-Schmiedeberg’s Arch Pharmacol. (in press) (abstract)

Jacob H, Brackow P, Schwarz R, Hohm C, Kirchhefer U, Hofmann
B, Neumann J, Gergs U (2023) Ergotamine stimulates human
5-HT4-serotonin receptors and human H2-histamine recep-
tors in the heart. Int J Mol Sci 24:4749. https://doi.org/10.3390/
ijms24054749

Kaumann AJ, Levy FO (2006) 5-hydroxytryptamine receptors in the
human cardiovascular system. Pharmacol Ther 111(3):674-706.
https://doi.org/10.1016/j.pharmthera.2005.12.004

Kaumann AJ, Sanders L, Brown AM, Murray KJ, Brown MJ (1990)
A 5-hydroxytryptamine receptor in human atrium. Br J Pharma-
col 100(4):879-885. https://doi.org/10.1111/j.1476-5381.1990.
tb14108.xPMID: 2169944; PMCID: PMC1917575

Keller N, Dhein S, Neumann J, Gergs U (2018) Cardiovascular effects
of cisapride and prucalopride on human 5-HT4 receptors in trans-
genic mice. Naunyn Schmiedebergs Arch Pharmacol 391(9):975—
985. https://doi.org/10.1007/s00210-018-1519-z

Kii Y, Ito T (1997) Effects of 5-HT4-receptor agonists, cisapride,
mosapride citrate, and zacopride, on cardiac action potentials in
guinea pig isolated papillary muscles. J Cardiovasc Pharmacol.
;29(5):670-5. https://doi.org/10.1097/00005344-199705000-
00016. PMID: 9213211

Koener B, Focant MC, Bosier B, Maloteaux JM, Hermans E (2012)
Increasing the density of the D2L receptor and manipulating the
receptor environment are required to evidence the partial agonist


https://doi.org/10.1016/j.phrs.2016.11.033
https://doi.org/10.1016/0014-2999(91)90421-l
https://doi.org/10.1016/0014-2999(91)90421-l
https://doi.org/10.1016/s0014-2999(97)01091-1
https://doi.org/10.1016/s0014-2999(97)01091-1
https://doi.org/10.1007/s00210-008-0371-y
https://doi.org/10.1007/s00210-008-0371-y
https://doi.org/10.1152/ajpheart.00691.2009
https://doi.org/10.1152/ajpheart.00691.2009
https://doi.org/10.1007/s00210-013-0831-x
https://doi.org/10.1007/s00210-013-0831-x
https://doi.org/10.1152/ajpheart.00350.2017
https://doi.org/10.1152/ajpheart.00350.2017
https://doi.org/10.1007/s00210-023-02591-6
https://doi.org/10.1007/s00210-023-02591-6
https://doi.org/10.3390/ijms24054749
https://doi.org/10.3390/ijms24054749
https://doi.org/10.1016/j.pharmthera.2005.12.004
https://doi.org/10.1111/j.1476-5381.1990.tb14108.x
https://doi.org/10.1111/j.1476-5381.1990.tb14108.x
https://doi.org/10.1007/s00210-018-1519-z
https://doi.org/10.1097/00005344-199705000-00016
https://doi.org/10.1097/00005344-199705000-00016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/bjp.2008.339
https://doi.org/10.1038/bjp.2008.339
https://doi.org/10.1016/s0014-5793(97)00820-x
https://doi.org/10.1016/s0014-5793(97)00820-x
https://doi.org/10.1007/s00210-004-0963-0
https://doi.org/10.1007/s00210-004-0963-0
https://doi.org/10.1007/BF00167041
https://doi.org/10.1111/j.1476-5381.1993.tb12812.x
https://doi.org/10.1111/j.1476-5381.1993.tb12812.x
https://doi.org/10.1016/0028-3908(94)90083-3
https://doi.org/10.1016/j.phrs.2016.11.033

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:6821-6835

6835

properties of aripiprazole. Prog Neuropsychopharmacol Biol Psy-
chiatry 36(1):60—70. https://doi.org/10.1016/j.pnpbp.2011.08.007

Léer S, Remmers F, Scholz H, Stein B, Miiller FU, Neumann J (1998)
Receptor mechanisms involved in the 5-HT-induced inotropic
action in the rat isolated atrium. Br J Pharmacol 123(6):1182—
1188. https://doi.org/10.1038/sj.bjp.0701702PMID:  9559903;
PMCID: PMC1565259

Lefebvre H, Contesse V, Delarue C, Soubrane C, Legrand A, Kuhn
IM, Wolf LM, Vaudry H (1993) Effect of the serotonin-4 receptor
agonist zacopride on aldosterone secretion from the human adre-
nal cortex: in vivo and in vitro studies. J Clin Endocrinol Metab.
;77(6):1662-6. https://doi.org/10.1210/jcem.77.6.8263156.
PMID: 8263156

LinY, LiJ, Zhu B, Liu Q, Bai X, Chang B, Guo Y, Feng Q, Li X, Wu
B, Cao J (2020) Zacopride Exerts an Antiarrhythmic Effect by
Specifically Stimulating the Cardiac Inward Rectifier Potassium
Current in Rabbits: Exploration of a New Antiarrhythmic Strat-
egy. Curr Pharm Des. ;26(44):5746-5754. https://doi.org/10.217
4/1381612826666200701135508. PMID: 32611299

Liu QH, Qiao X, Zhang LJ, Wang J, Zhang L, Zhai XW, Ren XZ,
LiY, Cao XN, Feng QL, Cao JM, Wu BW (2019) IK1 Channel
Agonist Zacopride alleviates cardiac hypertrophy and failure via
alterations in Calcium Dyshomeostasis and Electrical remodel-
ing in rats. Front Pharmacol 10:929. https://doi.org/10.3389/
fphar.2019.00929. PMID: 31507422; PMCID: PMC6718093

Liu Q, Sun J, Zhang L, Xu Y, Wu B, Cao J (2021) The Agonist of
Inward Rectifier Potassium Channel (IK1) Attenuates Rat Reper-
fusion Arrhythmias Linked to CaMKII Signaling. Int Heart J.
;62(6):1348-1357.  https://doi.org/10.1536/ihj.21-379. PMID:
34853227

National Research Council (2011) Guide for the Care and Use of
Laboratory animals: Eighth Edition. The National Academies,
Washington, DC

Neumann J, Boknik P, DePaoli-Roach AA, Field LJ, Rockman HA,
Kobayashi YM, Kelley JS, Jones LR (1998) Targeted overexpres-
sion of phospholamban to mouse atrium depresses Ca2 + trans-
port and contractility. J Mol Cell Cardiol 30(10):1991-2002.
https://doi.org/10.1006/jmcc.1998.0760

Neumann J, Vahlensieck U, Boknik P, Linck B, Liiss H, Miil-
ler FU, Matherne GP, Schmitz W (1999) Functional studies in
atrium overexpressing Al-adenosine receptors. Br J Pharmacol
128(7):1623-1629. https://doi.org/10.1038/sj.bjp.0702963

Neumann J, Hofmann B, Gergs U (2017) Production and function of
serotonin in cardiac cells. Serotonin - Chem Messenger between
all Types Living Cells 271-305. ISBN 978-953-51-3361-2. Chap.
13 Kaneez Fatima Shad (ed.)

Neumann J, Kéufler B, Gergs U (2019) Which phosphodiesterase can
decrease cardiac effects of 5-HT4 receptor activation in transgenic
mice? Naunyn Schmiedebergs Arch Pharmacol 392(8):991-1004.
https://doi.org/10.1007/s00210-019-01653-y

Neumann J, Seidler T, Fehse C, Marusakova M, Hofmann B, Gergs U
(2021) Cardiovascular effects of metoclopramide and domperi-
done on human 5-HT4-serotonin-receptors in transgenic mice
and in human atrial preparations. Eur J Pharmacol 901:174074.
https://doi.org/10.1016/j.ejphar.2021.174074

Neumann J, Hofmann B, Dhein S, Gergs U (2023a) Cardiac roles of
serotonin (5-HT) and 5-HT-receptors in health and disease. Int J
Mol Sci 24:4765. https://doi.org/10.3390/ijms24054765

Neumann J, Hofmann B, Gergs U Effects of zacopride and mosapride
on human cardiac 5-HT4 receptors. ACS Chemical Neuroscience
Symposium Serotonin 20 Years After 30.06.2023-01.07.2023
Berlin (in press)

Ouadid H, Seguin J, Dumuis A, Bockaert J, Nargeot J (1992) Sero-
tonin increases calcium current in human atrial myocytes via the
newly described 5-hydroxytryptamine4 receptors. Mol Pharma-
col 41(2):346-351 PMID: 1311410

Sun Y, Timofeyev V, Dennis A, Bektik E, Wan X, Laurita KR,
Deschénes I, Li RA, Fu JD (2017) A singular role of IK1 pro-
moting the development of Cardiac Automaticity during Car-
diomyocyte differentiation by IK1 -Induced activation of
Pacemaker Current. Stem Cell Rev Rep 13(5):631-643. https://
doi.org/10.1007/s12015-017-9745-1. PMID: 28623610; PMCID:
PMC5784831

Villalon CM, den Boer MO, Heiligers JP, Saxena PR (1991) Fur-
ther characterization, by use of tryptamine and benzamide
derivatives, of the putative 5-HT4 receptor mediating tachy-
cardia in the pig. Br J Pharmacol 102(1):107-112. https://doi.
org/10.1111/5.1476-5381.1991.tb12140.xPMID: 2043916;
PMCID: PMC1917868

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00210-019-01653-y
https://doi.org/10.1016/j.ejphar.2021.174074
https://doi.org/10.3390/ijms24054765
https://doi.org/10.1007/s12015-017-9745-1
https://doi.org/10.1007/s12015-017-9745-1
https://doi.org/10.1111/j.1476-5381.1991.tb12140.x
https://doi.org/10.1111/j.1476-5381.1991.tb12140.x
https://doi.org/10.1016/j.pnpbp.2011.08.007
https://doi.org/10.1038/sj.bjp.0701702
https://doi.org/10.1210/jcem.77.6.8263156
https://doi.org/10.2174/1381612826666200701135508
https://doi.org/10.2174/1381612826666200701135508
https://doi.org/10.3389/fphar.2019.00929
https://doi.org/10.3389/fphar.2019.00929
https://doi.org/10.1536/ihj.21-379
https://doi.org/10.1006/jmcc.1998.0760
https://doi.org/10.1038/sj.bjp.0702963

	﻿Zacopride stimulates 5-HT﻿4﻿ serotonin receptors in the human atrium
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Contractile studies in mice
	﻿Contractile studies on human preparations
	﻿Data analysis
	﻿Drugs and materials

	﻿Results
	﻿Discussion
	﻿Primary new findings
	﻿Mechanism of zacopride
	﻿Role of phosphorylation of regulatory proteins
	﻿Species differences
	﻿Effects on the beating rate
	﻿Limitations of the study

	﻿References


