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Abstract

The use of recreational drugs like ephedrine, norephedrine, 3,4-methylenedioxymethamphetamine (MDMA), and mescaline
can lead to intoxication and, at worst, to death. One reason for a fatal course of intoxication with these drugs might lie in
cardiac arrhythmias. To the best of our knowledge, their inotropic effects have not yet been studied in isolated human cardiac
preparations. Therefore, we measured inotropic effects of the hallucinogenic drugs ephedrine, norephedrine, mescaline,
and MDMA in isolated mouse left atrial (mLA) and right atrial (mRA) preparations as well as in human right atrial (hRA)
preparations obtained during cardiac surgery. Under these experimental conditions, ephedrine, norephedrine, and MDMA
increased force of contraction (mLA, hRA) and beating rate (mRA) in a time- and concentration-dependent way, starting
at 1-3 uM but these drugs were less effective than isoprenaline. Mescaline alone or in the presence of phosphodiesterase
inhibitors did not increase force in mLA or hRA. The positive inotropic effects of ephedrine, norephedrine, or MDMA were
accompanied by increases in the rate of tension and relaxation and by shortening of time of relaxation and, moreover, by
an augmented phosphorylation state of the inhibitory subunit of troponin in hRA. All effects were greatly attenuated by
cocaine (10 uM) or propranolol (10 uM) treatment. In summary, the hallucinogenic drugs ephedrine, norephedrine, and
MDMA, but not mescaline, increased force of contraction and increased protein phosphorylation presumably, in part, by a
release of noradrenaline in isolated human atrial preparations and thus can be regarded as indirect sympathomimetic drugs
in the human atrium.
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Introduction

The organic molecules (1R,2S)-2-methylamino-1-phe-
nylpropane-1-ol (L-ephedrine), (1S,2R)-2-amino-1-phe-
nyl-propane-1-ol (norephedrine; phenylpropanolamine),
3,4-methylenedioxymethamphetamine (MDMA; ecstasy),
and 2-(3,4,5-trimethoxyphenyl)-ethyl-amine (mescaline)
can be regarded as phenylethylamine derivatives (Fig. 1).
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As such, they can be interconverted by one or two chemi-
cal steps. They are structurally similar to 2-amino-1-(3,4-
dihydroxyphenyl)-ethanol (noradrenaline) but in contrast
to noradrenaline, they are often regarded as indirect sym-
pathomimetics, because they may act mainly by release of
noradrenaline from tissue or cells (Fig. 1) that then acti-
vates adrenoceptors. In contrast to noradrenaline, ephedrine,
norephedrine, MDMA, and mescaline are not hydroxylated
on the benzene ring and, therefore, they can be perorally
applied because they are not extensively metabolized in
the gastrointestinal tract. Nevertheless, they are to a certain
extent, degraded to active metabolites or inactive metabo-
lites (MDMA: (Carvalho et al. 2012); mescaline: (Dinis-
Oliveira et al. 2019); ephedrine: (Sever et al. 1975); nore-
phedrine: (Goodman 1980; Sinsheimer et al. 1973)).
Ephedrine was initially isolated from the plant Ephedra
edulis. Ephedrine is an important drug, because it is on the
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World Health Organization (WHO) list of essential medi-
cines (World Health Organization 2019). Ephedrine is some-
times used during anesthesia by obstetricians in the USA to
raise blood pressure during childbirth (Ngan Kee and Khaw
2006; Shekelle et al. 2003; Xu et al. 2019). Ephedrine is also
used to treat obesity, asthma, and narcolepsy (Shekelle et al.
2003). Likewise, ephedrine might be of high therapeutic
value in some rare neurological diseases (Eiris-Pufial et al.
2020). Ephedrine is sometimes (mis-)used to improve per-
formance in athletes (Miller 2004; Shekelle et al. 2003) and
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therefore found in dietary supplements for athletes (Miller
2004). To stop this misuse, ephedrine is on the list of prohib-
ited substances of the world anti-doping agency (Docherty
2008; Docherty and Alsufyani 2021; World Anti-Doping
Agency 2022).

The main side effects of ephedrine include tachycar-
dia, hypertension, and hallucinations (Bolli 2008; Boroda
and Akhter 2008). Ephedrine is thought to induce hallu-
cinations by stimulation of 5-HT,,-receptors. Moreover,
ephedrine increases alertness and deduces sleepiness by
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its direct or indirect action on adrenergic receptors in the
brain, which probably explains the “recreational” (mis-)
use of ephedrine. Ephedrine is traditionally contained in
some over-the-counter drug mixtures against the symptoms
of the common cold and is taken for that indication by
patients often unbeknownst of their physicians: the attend-
ing physician is sometimes surprised why these patients
present with hypertension (Bolli 2008). There are still clin-
ical efforts under way to find new indications for ephedrine:
one finds 92 clinical trials for ephedrine that have tested
or test possible further clinical indications of ephedrine
(at clinicaltrials.gov). Hence, it is relevant to understand
human cardiac effects of ephedrine better.

Norephedrine (we have used here 1S,2R-(+)-norephed-
rine), which is a demethylated derivative of ephedrine
(Fig. 1), is usually regarded as an indirect sympathomi-
metic agent. However, using Propadrine® (D,L-phenyl-
propanolamine, =racemic norephedrine), Trendelenburg’s
group detected a positive chronotropic effect in guinea-pig
right atrial preparations, about 50% which persisted (with a
maximum at 66 pM) even in reserpinized preparations and
argued that norephedrine exerted both direct and indirect
sympathomimetic effects in the mammalian heart (TREN-
DELENBURG and CROUT 1964). Norephedrine could
increase levels of cAMP in cells transfected with human
p-adrenoceptors suggesting that norephedrine binds as an
agonist at these receptors (Vansal and Feller 1999). Nore-
phedrine was removed from the market in many countries
because it was often misused by athletes and others (for the
same reasons as ephedrine). In many cases, dietary supple-
ments contain a synthetic racemic form of norephedrine
(phenylpropanolamine (FDA 2000; Watson et al. 2010)).
Norephedrine is still detected in illicitly marketed diet sup-
plements for athletes. Using the search term “norephed-
rine,” one finds 56 clinical trials (at www.clinicaltrials.
gov).

In general, MDMA can (Fig. 1) release noradrena-
line (Rickli et al. 2016; Rothman et al. 2003). MDMA
can also act as a direct agonist in vascular tissue on « ,-
adrenoceptors and 5-HT),,-receptors (review: (Al-Sahli et al.
2001; Docherty 2008)). After injection of 20 mg/kg MDMA,
tachycardia in living rats ensued that was explained as a con-
sequence of the rising of the core body temperature (known
to be due to MDMA) but not stimulation of cardiac adreno-
ceptors (Gordon et al. 1991). Long-term (weeks or months)
treatment of animals with MDMA altered the expression of
hundreds of genes in gene chip analysis in rat hearts (Koczor
et al. 2015). However, MDMA was also reported to bind to
p-adrenoceptors (Battaglia et al. 1988). MDMA in thera-
peutic dosage (125 mg) in healthy volunteers, increased
systolic and diastolic blood pressure, heart rate, body tem-
perature, pupil size, and led to peak MDMA concentrations
of 236 ng/ml (1.22 uM (Holze et al. 2020). MDMA is on the

list of prohibited substances of the world anti-doping agency
(Docherty 2008; World Anti-Doping Agency 2022). There is
no accepted clinical indication for MDMA. However, there
are 64 clinical trials on MDMA that test possible clinical
indications of MDMA (at www.clinicaltrials.gov).

Mescaline (Fig. 1) is derived from a cactus growing at
the border of Texas (USA) and Mexico (Goodman 1980;
Seiler and Demisch 1971). It was used long before the Span-
iards came to Mexico by locals as a hallucinogenic drug
in religious ceremonies (reviewed in (Lewin 1888)). The
hallucinogenic effects of mescaline are likewise explained
by potent stimulatory actions of mescaline on brain 5-HT, ,-
receptors (Rickli et al. 2016). Mescaline was identified and
named by Louis Lewin and purified by Heffter and synthe-
sized by Spith (Heffter 1894; Lewin 1888; Spith 1919).
Mescaline (100 uM and more) increased force of contraction
in electrically driven rat atria and decreased the beating in
rat atria in the organ bath (Siegl and Orzechowski 1977).
However, as far as we could find out, effects of mescaline
in isolated human cardiac muscle strips on force of contrac-
tion have not been previously published and are studied here
for the first time. There is no accepted clinical indication
for mescaline. However, there are four clinical trials that
test possible clinical indications of mescaline (at www.clini
caltrials.gov). Some metabolites of mescaline may be hal-
lucinogenic and therefore one might regard mescaline as a
prodrug (Dinis-Oliveira et al. 2019). The systemic toxicity
of mescaline is very low (Dinis-Oliveira et al. 2019).

To the best of our knowledge, inotropic effects of ephed-
rine, mescaline, or MDMA have never been studied in iso-
lated human cardiac muscle strips and for norephedrine,
only one study has been found (Kloth et al. 2017). This gap
is closed by the present communication. To summarize, in
this study, we tested the hypotheses that four structurally
similar phenylalkylamines, namely ephedrine, norephed-
rine, MDMA, or mescaline increase contractility in isolated
human atrial preparations and we studied mouse atrial prep-
arations for comparison.

Materials and methods
Contractile studies on mouse atrial preparations

In brief, the right or left atrial preparations from 4- to
6-month-old CD-1 mice were isolated and mounted in
organ baths as previously described (Boknik et al. 2019;
Gergs et al. 2021; Neumann et al. 2021b). The bathing solu-
tion of the organ baths contained 119.8 mM NaCl, 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% O, and 5% CO, and maintained at 37 °C
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and pH 7.4. Spontaneously beating right atrial preparations
from mice were used to study any chronotropic effects.

Contractile studies on human atrial preparations

The contractile studies on human preparations were done
as described before (Boknik et al. 2019; Gergs et al. 2009,
2021). Human right atrial preparations were used with the
same setup and buffer as described for mouse preparations
(see above). The samples were obtained from male patients
aged 67-82 years (mean =+ SD: 73.1 +£5.5 years; n=14)
undergoing bypass surgery. Drug therapy included metopro-
lol, furosemide, apixaban, and acetyl salicylic acid. The clin-
ical state of the patients was quite different: some suffered
from coronary heart disease without apparent alterations in
atrial function; some showed paroxysmal atrial fibrillation
that seemed to be confirmed, to our surprise, in the organ
bath by episodes of spontaneously beating of the isolated
trabeculae; some had a COPD that had deteriorated global
systolic function translating into reduced potency of iso-
prenaline in the organ bath. Hence, clinical state varied and
might be relevant for our results. Unfortunately, a correlation
between patient characteristics and experimental results was
not feasible because of the low number of patients together
with these wide discrepancies between patients.

Western blotting

The homogenization of the samples, protein measurements,
electrophoresis, primary and secondary antibody incubation,
and quantification were performed following our previously
established protocols (Boknik et al. 2019; Gergs et al. 2021,
Neumann et al. 2021a, 2021b). The following primary anti-
bodies were used: anti-phosphorylated troponin inhibitor
(P-TnI; #4004, Cell Signaling Technology Europe, Leiden,
Netherlands) and anti-calsequestrin (CSQ) used as loading
control (#ab3516, Abcam, Cambridge, UK).

Data analysis

Data shown are means =+ standard error of the mean. Statis-
tical significance was estimated using analysis of variance
(ANOVA) or Student’s #-test as appropriate. A p-value <0.05
was considered to be significant. The software Prism 5.0
(GraphPad Software, San Diego, CA, USA) was used for
statistical analysis and creation of graphs.

Drugs and materials
The drugs isoprenaline ((-)-isoproterenol (+)-bitartrate
salt), L-ephedrine (1R,2S-2-methylamino-1-phenylpropane-

1-ol), (+)-norephedrine (1S,2R-2-amino-1-phenyl-propane-
1-o0l), 3,4-methylenedioxy-methamphetamine (MDMA,
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ecstasy), and ( +)-propranolol hydrochloride were purchased
from Sigma-Aldrich (Steinheim, Germany). Mescaline
(2-(3,4,5-trimethoxyphenyl)ethanamine) was from Cay-
man Chemical Company (Ann Arbor, MI, USA) distributed
by the Biomol Company in Hamburg, Germany. All other
chemicals were of the highest purity grade commercially
available. Deionized water was used throughout the experi-
ments. Stock solutions were prepared fresh daily.

Results
Studies in isolated left atrial preparations from mice

It is apparent from original recordings that ephedrine
(Fig. 2), norephedrine (Fig. 2), and MDMA (Fig. 3) raised
force of contraction in a concentration- and time-depend-
ent manner in isolated electrically stimulated left atrial
preparations from mice. These data are summarized in
Figs. 2E and 3B. The time course of the increase in force
of contraction after addition of ephedrine, norephedrine,
and MDMA was visibly slower than effects of isoprena-
line consistent with different signal transduction mecha-
nisms. In contrast, mescaline failed to increase force of
contraction (Fig. 3), while the atrial preparations were still
responsive to 1 uM isoprenaline (data not shown) con-
firming that the B-adrenoceptors in these muscles were
working. The positive inotropic effects of ephedrine, nore-
phedrine, and MDMA were abrogated after pre-treatment
of atria with 10 uM cocaine (Figs. 2A, C and 3A, bottom).
Moreover, the positive inotropic effects of ephedrine,
norephedrine, and MDMA were eliminated by addition-
ally applied 10 uM propranolol (Figs. 2G and 3E). Sub-
sequently, additionally applied 10 uM isoprenaline again
raised force of contraction. The maximum inotropic effect
of 10 uM ephedrine, norephedrine, and MDMA was about
half of that of isoprenaline (Figs. 2G and 3F). This indi-
cates that ephedrine, norephedrine, and MDMA are less
potent and less effective than isoprenaline to raise force
of contraction.

The efficacy but not the potency of ephedrine to increase
force of contraction in a second application could be
increased by pre-treatment of atrial preparations from mice
with the phosphodiesterase inhibitor rolipram (0.1 pM) (data
not shown).

Studies in isolated right atrial preparations
from mice

As seen in original tracings, ephedrine (Fig. 2), norephed-
rine (Fig. 2), and MDMA (Fig. 3) increased the heart rate in
isolated spontaneously beating right atrial preparations from
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mice in a concentration- and time-dependent manner. These
data are summarized in Figs. 2F and 3D. Ephedrine, nore-
phedrine, and MDMA (10 uM each) were less effective and
potent than 10 uM isoprenaline to increase the beating rate
in mRA (data not shown). As seen in original tracings, in the
additional presence of 10 uM cocaine, ephedrine (Fig. 2B,
bottom), norephedrine (Fig. 2D, bottom), and MDMA
(Fig. 3C, bottom) failed to increase the beating rate but sub-
sequently isoprenaline 10 uM was effective to elevate beat-
ing rate indicating that the samples were responsive to stim-
ulation of B-adrenoceptors (data not shown). The positive
chronotropic effects of ephedrine, norephedrine, or MDMA
were reversed by additionally applied propranolol suggest-
ing the effects were due to stimulation of B-adrenoceptors
(data not shown). In contrast, mescaline failed to increase
the beating rate (Fig. 3H).

Contractile studies in human atrial preparations

We compared cumulative application and non-cumula-
tive application of ephedrine, norephedrine, MDMA,
and mescaline. To find out whether these compounds
act at all in human atrial preparations, in a first set
of experiments, we only applied 10 uM of each drug
(Fig. 4A). We noted that ephedrine, norephedrine, and
MDMA increased force of contraction in isolated elec-
trically stimulated right atrial preparations (Fig. 4A).
These positive inotropic effects were accompanied by
increased rates of tension development and shortened
time to peak tension. Moreover, these effects led to short-
ened time of relaxation and faster rate of relaxation sug-
gesting the involvement of B-adrenoceptors acting via
cAMP and increased phosphorylation state of the tro-
ponin inhibitor (compare scheme in Fig. 1). However,
the inotropic effects took more time (10 to 20 min) to
reach the maximum than the positive inotropic effects
of isoprenaline (which plateaued within 2 min) on the
very same muscle preparation (Fig. 4B), suggesting dif-
ferent signal transduction mechanisms. Moreover, the
effect of 10 uM ephedrine in the presence of 1 uM of the
phosphodiesterase III inhibitor cilostamide amounted to
about 25% of the effect of 10 uM isoprenaline (data not
shown), indicating that ephedrine may be less effective
than isoprenaline at least up to a concentration of 10 puM,
the highest concentration tested here. Furthermore, the
positive inotropic effects of 10 uM ephedrine, 10 pM
norephedrine, and 10 pM MDMA could be blocked by
10 uM propranolol (data not shown).

Next, we studied cumulatively applied ephedrine, nore-
phedrine, MDMA, or mescaline (10 nM until 10 uM). We
noted a positive inotropic effect of ephedrine (Fig. 4B),
norephedrine (data not shown), and MDMA (data not

shown). These positive inotropic effects were smaller than
the positive inotropic effect of 10 uM isoprenaline (Fig. 4B
for ephedrine) and could be blocked by 10 uM propranolol
(Fig. 4B for ephedrine). Indeed, any inotropic effects could
be blocked by previously given 10 uM cocaine (a control
incubation is shown in Fig. 4A) or 10 uM propranolol
(data not shown). Moreover, we noted that MDMA alone
increased force of contraction concentration-dependently;
this effect started above 1 uyM MDMA (data not shown).
In contrast to MDMA, ephedrine or norephedrine, cumu-
latively applied, often failed to raise force of contraction.
However, in the same trabeculae, in the presence of the
phosphodiesterase III inhibitor cilostamide (1 uM), both
ephedrine and norephedrine were able to elevate force of
contraction (data not shown).

The situation was different for mescaline: neither a sin-
gle application of mescaline (10 uM, Fig. 4A) nor a cumu-
lative concentration—response curve of mescaline (10 nM
to 10 uM, data not shown) nor in the additional presence
of 1 uM cilostamide (data not shown), elicited a positive
inotropic effect in separate human atrial preparations that
responded to MDMA. Moreover, time to peak tension and
time of relaxation, maximum rate of tension development,
and maximum rate of relaxation remained unchanged in the
presence of increasing concentrations of mescaline. This
is relevant, because prolonged contraction time can occur
without changes in maximum force of contraction (e.g., with
omecamtiv: (Dashwood et al. 2021)).

Studies on protein phosphorylation in human atrial
preparations

Fittingly, in contracting human atrial preparations, 10 uM
ephedrine or 10 uM norephedrine or 10 uM MDMA alone
increased the phosphorylation state of the inhibitory subunit
of troponin (Tnl) compared to samples with additionally
applied 10 uM propranolol (Fig. 5). As loading control for
cardiac preparations, the protein expression of calsequestrin
(CSQ, see also Fig. 1) was studied on the same membranes.

Discussion

To the best of our knowledge, evidence for a stimulatory
action of ephedrine, norephedrine, and MDMA in isolated
mouse atrial preparations has not been presented before. The
main new result of the present work, in our eyes, is, however,
that ephedrine and MDMA exert positive inotropic effects
in human atrial preparations. For norephedrine, a posi-
tive inotropic effect in human atrial preparations has been
reported recently (Kloth et al. 2017). Likewise, the lack of
positive inotropic effect of mescaline in isolated mouse atrial
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«Fig. 2 Inotropic and chronotropic effects of ephedrine and norephed-
rine. A-D Original recordings: ephedrine (A, B) and norephedrine
(C, D) exert a concentration- and time-dependent positive inotropic
effect in isolated electrically driven (1 Hz) left atrial preparations
(A, C) and a positive chronotropic effect in isolated spontaneously
beating right atrial preparations (B, D) of mice. The inotropic and
chronotropic effects of ephedrine and norephedrine were antago-
nized by cocaine (10 uM). Horizontal bars: time axis (ms). Vertical
bars: developed tension in milli-Newton (mN) or beating rate in beats
per minute (bpm). These data are summarized in E and F for force
of contraction and beating rate, respectively. Ordinates: force in %
of minimum force (E) or beating rate in % of Ctr (F). Basal values
(=control values) were 3.11+0.48 mN (ephedrine) and 2.93+0.41
mN (norephedrine) for the force of contraction and 404.6+12.1 bpm
(ephedrine) and 380.6+15.6 bpm (norephedrine) for the beat-
ing rates. N=3—4 (N=2 for cocaine treatment). Ctr: pre-drug value
before drug addition. Abscissae: decadic logarithm of the concen-
tration of ephedrine or norephedrine in the organ bath. G Original
recordings demonstrating the effect of propranolol (10 uM) and iso-
prenaline (ISO, 10 uM) on force of contraction of left atrial prepara-
tions applied in presence of 10 uM ephedrine (left side) or norephed-
rine (right side). *p <0.05 versus Ctr; *p <0.05 versus minimum

preparations and human atrial preparations has, as far as we
know, not been reported before.

Moreover, we could show that in isolated mouse and
human atrial preparations, ephedrine, norephedrine, and
MDMA but not mescaline can raise the phosphorylation
state of Tnl. It is known for a long time that Tnl plays
a significant role in the positive inotropic response to
B-adrenergic stimulation (Layland et al. 2004). Increased
phosphorylation of Tnl can explain, at least in part, why
ephedrine, norephedrine, and MDMA reduce the time of
relaxation and increase the rate of tension relaxation in
atrial preparations from mice and humans: phosphorylated
Tnl reduces the Ca>* sensitivity of the myofilaments and
increases the crossbridge cycling rate. Together with an
increased rate of sarcoplasmic reticulum Ca>* uptake due
to phosphorylation of phospholamban, less Ca>* binds to
the myofilaments and myofilaments relax faster (Layland
et al. 2004; Takimoto et al. 2004).

The lack of action of mescaline might be explained
with the observation that mescaline neither stimulates
adrenoceptors and nor inhibits noradrenaline transport-
ers (Rickli et al. 2016). For ephedrine, the situation may
be slightly more difficult. It is probably species depend-
ent whether ephedrine is a direct or indirect sympatho-
mimetic drug or both. In a series of seminal papers, Ull-
rich Trendelenburg observed the following: ephedrine
exerted concentration-dependent positive chronotropic
effects (maximum at 60 uM) in spontaneously beating
isolated guinea-pig right atrial preparations (TREN-
DELENBURG et al. 1963; TRENDELENBURG 1966;
TRENDELENBURG and CROUT 1964). These positive
chronotropic effects of ephedrine were attenuated but not
abrogated when they pretreated the living guinea pigs
with reserpine 24 h before the contraction experiments.

These reserpine-resistant positive chronotropic effects
of ephedrine were regarded as B-adrenoceptor mediated.
In other words, ephedrine exerted, convincingly, direct
and indirect effects via p-adrenoceptors in the mam-
malian heart (TRENDELENBURG et al. 1963; TREN-
DELENBURG 1966; TRENDELENBURG and CROUT
1964). Comparable data in mouse and human cardiac
atrium are currently lacking. In disagreement with the
functional data of Trendelenburg, ephedrine has been
claimed not to bind directly to f-adrenoceptors, using
radioactive ligands (Rothman et al. 2003). However,
ephedrine could bind to human a,-adrenoceptors, but
only with low affinity (K;-values around 5 uM (Rothman
et al. 2003)). Moreover, others, in vitro, detected that
ephedrine could increase cAMP concentrations in cells
transfected with human f-adrenoceptors suggesting that
ephedrine can, indeed, functionally bind as an agonist
at these receptors (Vansal and Feller 1999). In addition,
or alternatively, ephedrine can release noradrenaline in
some isolated neuronal tissues and thus can act as an
indirect sympathomimetic drug (Rothman et al. 2003)
(Fig. 1). Later work convincingly reported on a direct
stimulatory action of ephedrine on a-adrenoceptors in
rat vessels or in living mice (Liles et al. 2006, 2007).
There are clinical data that ephedrine acts via f,-
adrenoceptors: in gynecological patients, ephedrine’s
efficacy to increase blood pressure correlated with
the mutations in f,-adrenoceptors (review: (Rao et al.
2019)). However, our data can be reconciled with their
findings when one argues that we measured directly
inotropy in the muscle whereas they measured in vivo
a complex interaction of central and peripheral effects
with intact compensatory mechanisms being obvious.
Hence, direct effects of ephedrine on adrenoceptors in
the atrium cannot be ruled out.

But it is unlikely that under our experimental conditions,
ephedrine, norephedrine, and MDMA directly stimulate
p-adrenoceptors and thus increase force of contraction and
the beating rate: this conclusion is based on the observa-
tion that the contractile effects of ephedrine, norephedrine,
and MDMA were absent in the present of cocaine. In line
with previous studies in other experimental animals (review:
(Docherty 2008)), we would argue here that cocaine inhib-
its the noradrenaline transporter that would normally allow
ephedrine, norephedrine, and MDMA to pass outer cell
membranes and then release noradrenaline from intracel-
lular pools (Fig. 1).

In human cardiomyocytes produced from stem cells,
ephedrine starting at 0.5 uM increased the spontaneous
beating rate (Calvert et al. 2015). Force of contraction was
not measured (Calvert et al. 2015). It is unclear whether
these cells are of an atrial or ventricular phenotype (Calvert
et al. 2015). Clinical data on donors are missing and it is
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«Fig. 3 Inotropic and chronotropic effects of MDMA and mescaline.
A, C Original recordings: MDMA exerts a concentration- and time-
dependent positive inotropic effect in isolated electrically driven
(1 Hz) left atrial preparations (A) and a positive chronotropic effect in
isolated spontaneously beating right atrial preparations (C) of mice.
The inotropic and chronotropic effects of MDMA were antagonized
by cocaine (10 uM). Horizontal bars: time axis (ms). Vertical bars:
developed tension in milli-Newton (mN) or beating rate in beats per
minute (bpm). These data are summarized in B and D for force of
contraction and beating rate, respectively. Ordinates: force in % of Ctr
(B) or beating rate in % of Ctr (D). Basal values (=control values)
were 3.1+0.31 mN for the force of contraction and 404.9 +15 bpm
for the beating rate. N=3—4. Ctr: pre-drug value before drug addi-
tion. Abscissae: decadic logarithm of the concentration of MDMA in
the organ bath. E, F Original recordings demonstrating the effect of
propranolol (10 uM) (E) and isoprenaline (ISO, 10 uM) (F) on force
of contraction of left atrial preparations applied in the presence of
10 uyM MDMA. G, H Mescaline failed to increase force of contrac-
tion (G) or beating rate (H) in mouse atrial preparations. *p <0.05
versus Ctr; #p <0.05 versus cocaine

unusual for non-diseased human cardiac cells not origi-
nating from the sinus node to beat spontaneously. How-
ever, these data might indicate that ephedrine can release
noradrenaline from cardiomyocytes. It has been reported
before that cardiomyocytes themselves possibly can form
and can contain catecholamines (Ebert et al. 2008). Apart
from that, intrinsic cardiac adrenergic cell types that have
been demonstrated to be present in rodent and human
hearts may be the origin of the released noradrenaline
(Huang et al. 1996; Saygili et al. 2011). Under our experi-
mental conditions, we cannot discriminate whether ephed-
rine releases noradrenaline from cardiomyocytes or from
ganglia or from intrinsic cardiac adrenergic cells or from
all (Fig. 1). This point should be the subject of further
studies for instance using isolated human atrial cardiomyo-
cytes in primary culture but this is beyond the scope of the
present study.

The clinical relevance is that “recreational drugs” like
ephedrine, norephedrine, MDMA, and mescaline can lead
to intoxication and death. One reason for a fatal course of
intoxication with ephedrine, norephedrine, and MDMA
might lie in cardiac arrhythmias. One manifestation of car-
diac arrhythmias is tachycardia. This we saw with ephedrine,
norephedrine, and MDMA in mouse right atrial prepara-
tions. In vivo coronary constriction due to serotonin acting
on 5-HT,, receptors and released noradrenaline acting on
alpha-adrenergic receptors in the vessel wall might contrib-
ute to cardiac arrhythmias. Moreover, our data suggest that
intoxication to ephedrine, norephedrine, and MDMA can
be treated by propranolol as far as their action as noradrena-
line releasing agents in the heart are concerned. A popular
over the counter medication in Germany is a syrup that con-
tains 6.17 mg ephedrine in 30 ml that accounts for an about
1.2 mM solution. One can predict that this syrup can lead to

UM concentrations in the blood, which is in the range where
cardiac side effects from our data in human atrial prepara-
tions are predicted. It is deplorable that such medications
are still on the market.

One can ask what are the highest concentrations of
ephedrine or norephedrine reached in the human body.
Some information might be gained from intoxications,
which should represent the upper limits of concentra-
tions in humans. Hence, concentrations of up to 0.40 mg/
kg (=2.6 uM) in blood for ephedrine and 0.40 mg/kg
(=2.4 uyM) in blood for norepinephrine have been reported
(Nedahl et al. 2019). In intoxications, levels of MDMA as
high as 6 uM and 70 pM have been reported (Carvalho et al.
2012; Peters et al. 2003). For mescaline, plasma concen-
trations as high as 14.8 mg/l (66 uM) have been reported
(Reynolds and Jindrich 1985).

In humans, in the course of intoxications, MDMA has
been suggested to cause death by cardiac arrhythmias
(Carvalho et al. 2012). Moreover, in humans, MDMA
could cause deadly myocardial infarction (Carvalho et al.
2012). In a clinical trial, MDMA led to sinus tachycardia
and an increase in systolic and diastolic blood pressure
(Lester et al. 2000). In contrast to the present findings,
others noted no measurable inotropic effects when up to
40 mg/kg per minute of MDMA was given to volunteers
(Lester et al. 2000). One might argue that either their
detection methods (transthoracic echocardiography) was
less sensitive than ours or that they obtained lower levels
of MDMA in the heart (Lester et al. 2000). Most likely
their methods were not sensitive enough: the noted tachy-
cardia and this alone by the so-called Bowditch Treppe
phenomenon increases inotropy in the human ventricle
(Bombardini et al. 2003; Mulieri et al. 1992). Hence, our
data shed new light on the topic and clarify that MDMA
in principle can have a positive inotropic effect in the
human heart, at least in the human atrium. It has been
hypothesized by others that MDMA might lead to the
production of free radicals in the human heart, leading
to altered Ca** homeostasis and finally contraction band
necrosis (Carvalho et al. 2012).

Hence, these are concentrations where increases in
contractility gain significance under our experimen-
tal conditions. By extrapolation to the human heart in
patients, one might be tempted to speculate that direct
contractile effects of ephedrine and norephedrine can
occur but at the upper limit of the therapeutic window
where in some persons already intoxications occur. On
the other hand, one could argue that tachycardia in users
of ephedrine and norephedrine might be due also to direct
effects on the heart and not solely to indirect effects ini-
tiated in the brain via the sympathetic nerve system and
that such tachycardia should be treatable by application
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MDMA, mescaline, and cocaine as control (10 uM each) to isolated maximum rate of tension development (dF/dtmax) and of relaxation
electrically driven (1 Hz) human right atrial preparations. The data (dF/dtmin) (middle), time to peak tension (TTP), and time of relaxa-
are summarized in the bar diagram. B Original recording of a cumu- tion (Tf) (right). The numbers of preparations are given in the graphs.
lative application of ephedrine. Where indicated, propranolol (10 uM) *p <0.05 versus Ctr

and isoprenaline (10 pM) were added without washout of previ-
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Fig.5 Ephedrine, norephedrine, and MDMA increase phosphoryla-
tion in isolated human atrial preparations. Typical Western blots dem-
onstrate the effect of 10 uM ephedrine, norephedrine, or MDMA on
troponin inhibitor (Tnl) phosphorylation in isolated electrically stim-
ulated (1 Hz) human right atrial preparations (RA). The phosphoryla-
tion of Tnl was inhibited by application of 10 uM propranolol. As a
loading control, we assessed the protein expression of calsequestrin
(CSQ) by cutting the lanes of the blot and incubating the lower and
upper halves with different primary antibodies

of f-adrenoceptor blockers. In this case, -adrenoceptor
blockers would be useful due to their direct action on
cardiac of B-adrenoceptors and not alone due to their
action on the central nerve system. However, based on the
assumption that indirect sympathomimetic drugs would
increase noradrenaline levels in the venous effluent of the
coronary veins or in the wall of arterioles that are respon-
sible for the resistance in the coronaries, the question
arises: would the application of f-adrenoceptor block-
ers lead to a vasospasm? It is clear that noradrenaline
can stimulate a; and §; and f,-adrenoceptors. Functional
data argue that noradrenaline dilates the human coronar-
ies via f,-adrenoceptors (Sun et al. 2002). In the same
study, the authors have investigated the role of 10 uM
propranolol (the concentration we used here) and found
that B, action of propranolol attenuates the vasodilatory
action of noradrenaline but does not unveil a vasocon-
strictor action of noradrenaline (Sun et al. 2002). Moreo-
ver, a case report in which pseudoephedrine ingestion
caused electrocardiogram changes of acute myocardial
ischemia, which was relieved by use of the p,-selective
adrenoceptor blocker metoprolol, at least partially sup-
ported our hypothesis (Akay and Ozdemir 2008). Some-
times, ephedrine is used without prescription in liquids,
solid, and ointment to treat symptoms of common cold.
Our data might be interpreted as not supporting the use of

these over the counter medicines because direct undesired
effects on the heart cannot be ruled out.

In summary, we presented evidence for ephedrine,
norephedrine, and MDMA but not for the chemically
related mescaline to act as indirect sympathomimetic
agents in the isolated human atrium by measurement
of inotropic effects. We hypothesize from our data that
drugs that block B-adrenoceptors (e.g., propranolol)
should be tried in cases of intoxication by these drugs.
However, clinical studies will be needed to test our
hypothesis that cardiac side effects of ephedrine can be
treated with B-adrenoceptor blockers like propranolol.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00210-022-02315-2.

Acknowledgements The technical assistance of S. Reber and P.
Willmy is gratefully acknowledged.

Author contribution JN and UG conceived and designed the research.
BH supplied reagents and clinical data. KA, CH, and JN performed
experiments. KA, CH, and UG analyzed and plotted data. JN and UG
wrote 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 Open Access funding enabled and organized by Projekt
DEAL.

Data availability The data of this study are available from the corre-
sponding author upon reasonable request.

Declarations

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

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

Consent for publication All authors declare that they have seen and
approved the submitted version of this manuscript.

Conflict of interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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/.

@ Springer


https://doi.org/10.1007/s00210-022-02315-2
http://creativecommons.org/licenses/by/4.0/

286

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:275-287

References

Akay S, Ozdemir M (2008) Acute coronary syndrome presenting after
pseudoephedrine use and regression with beta-blocker therapy.
Can J Cardiol 24:e86-e88. https://doi.org/10.1016/s0828-
282x(08)70200-9

Al-Sahli W, Ahmad H, Kheradmand F, Connolly C, Docherty JR
(2001) Effects of methylenedioxymethamphetamine on noradren-
aline-evoked contractions of rat right ventricle and small mes-
enteric artery. Eur J Pharmacol 422:169-174. https://doi.org/10.
1016/50014-2999(01)01070-6

Battaglia G, Brooks BP, Kulsakdinun C, de Souza EB (1988) Pharma-
cologic profile of MDMA (3,4-methylenedioxymethamphetamine)
at various brain recognition sites. Eur J Pharmacol 149:159-163.
https://doi.org/10.1016/0014-2999(88)90056-8

Boknik P, Drzewiecki K, Eskandar J, Gergs U, Hofmann B, Treede
H, Grote-Wessels S, Fabritz L, Kirchhof P, Fortmiiller L, Miil-
ler FU, Schmitz W, Zimmermann N, Kirchhefer U, Neumann J
(2019) Evidence for arrhythmogenic effects of A2A-adenosine
receptors. Front Pharmacol 10:1051. https://doi.org/10.3389/
fphar.2019.01051

Bolli P (2008) Treatment resistant hypertension. Am J Ther 15:351—
355. https://doi.org/10.1097/MJT.0b013e318164c67b

Bombardini T, Correia MJ, Cicerone C, Agricola E, Ripoli A, Picano
E (2003) Force-frequency relationship in the echocardiography
laboratory: a noninvasive assessment of Bowditch treppe? J] Am
Soc Echocardiogr 16:646-655. https://doi.org/10.1016/s0894-
7317(03)00221-9

Boroda A, Akhter R (2008) Hallucinations in a child: a case demon-
strating the pitfalls of urine dipstick drug testing. J Forensic Leg
Med 15:198-199. https://doi.org/10.1016/j.jflm.2007.07.003

Calvert R, Vohra S, Ferguson M, Wiesenfeld P (2015) A beating heart
cell model to predict cardiotoxicity: effects of the dietary supple-
ment ingredients higenamine, phenylethylamine, ephedrine and
caffeine. Food Chem Toxicol 78:207-213. https://doi.org/10.
1016/j.£ct.2015.01.022

Carvalho M, Carmo H, Costa VM, Capela JP, Pontes H, Remiio F,
Carvalho F, Bastos MdL (2012) Toxicity of amphetamines: an
update. Arch Toxicol 86:1167-1231. https://doi.org/10.1007/
s00204-012-0815-5

Dashwood A, Cheesman E, Wong YW, Haqqani H, Beard N, Hay
K, Spratt M, Chan W, Molenaar P (2021) Effects of omecamtiv
mecarbil on failing human ventricular trabeculae and interaction
with (-)-noradrenaline. Pharmacol Res Perspect 9:e00760. https://
doi.org/10.1002/prp2.760

Dinis-Oliveira RJ, Pereira CL, Da Silva DD (2019) Pharmacokinetic
and pharmacodynamic aspects of peyote and mescaline: clinical
and forensic repercussions. Curr Mol Pharmacol 12:184-194.
https://doi.org/10.2174/1874467211666181010154139

Docherty JR (2008) Pharmacology of stimulants prohibited by the
World Anti-Doping Agency (WADA). Br J Pharmacol 154:606—
622. https://doi.org/10.1038/bjp.2008.124

Docherty JR, Alsufyani HA (2021) Pharmacology of drugs used as
stimulants. J Clin Pharmacol 61(Suppl 2):S53—-S69. https://doi.
org/10.1002/jcph.1918

Ebert SN, Rong Q, Boe S, Pfeifer K (2008) Catecholamine-synthe-
sizing cells in the embryonic mouse heart. Ann N 'Y Acad Sci
1148:317-324. https://doi.org/10.1196/annals.1410.008

Eiris-Puiial J, Fuentes-Pita P, Gémez-Lado C, Pérez-Gay L, Lopez-
Vazquez A, Quintas-Rey R, Barros-Angueira F, Pardo J (2020)
Respuesta clinica y neurofisioldgica a la efedrina en un paciente
con sindrome miasténico congénito de canal lento (Clinical and
neurophysiological response to ephedrine in a patient affected
with slow-channel congenital myasthenic syndrome). Rev Neurol
71:221-224. https://doi.org/10.33588/rn.7106.2020265

@ Springer

FDA (2000) Phenylpropanolamine Advisory. https://web.archive.org/
web/20100126085450/. https://www.fda.gov/Drugs/DrugSafety/
PublicHealthAdvisories/ucm052239.html. Accessed Jul 2022

Gergs U, Boknik P, Schmitz W, Simm A, Silber R-E, Neumann J
(2009) A positive inotropic effect of adenosine in cardiac prepa-
rations of right atria from diseased human hearts. Archiv F Exp
Pathol U Pharmakol 379:533-540. https://doi.org/10.1007/
500210-008-0374-8

Gergs U, Biixel ML, Bresinsky M, Kirchhefer U, Fehse C, Horing C,
Hofmann B, Marusakova M, Cindkova A, Schwarz R, Pockes S,
Neumann J (2021) Cardiac effects of novel histamine H2 receptor
agonists. ] Pharmacol Exp Ther 379:223-234. https://doi.org/10.
1124/jpet.121.000822

Goodman LS (1980) Goodman and Gilman’s The pharmacological basis
of therapeutics / [editors, Alfred Goodman Gilman, Louis S. Good-
man, Alfred Gilman ; associate editors, Steven E. Mayer, Kenneth
L. Melmon]. chapter 23, pp 564-569. Macmillan, New York

Gordon CJ, Watkinson WP, O’Callaghan JP, Miller DB (1991) Effects
of 3,4-methylenedioxymethamphetamine on autonomic ther-
moregulatory responses of the rat. Pharmacol Biochem Behav
38:339-344. https://doi.org/10.1016/0091-3057(91)90288-d

Heffter A (1894) Ueber Pellote. Archiv F Exp Pathol U Pharmakol
34:65-86. https://doi.org/10.1007/bf01864855

Holze F, Vizeli P, Miiller F, Ley L, Duerig R, Varghese N, Eckert
A, Borgwardt S, Liechti ME (2020) Distinct acute effects of
LSD, MDMA, and D-amphetamine in healthy subjects. Neu-
ropsychopharmacology 45:462—471. https://doi.org/10.1038/
$41386-019-0569-3

Huang MH, Friend DS, Sunday ME, Singh K, Haley K, Austen KF,
Kelly RA, Smith TW (1996) An intrinsic adrenergic system in
mammalian heart. J Clin Invest 98:1298-1303. https://doi.org/
10.1172/JCI118916

Kloth B, Pecha S, Moritz E, Schneeberger Y, Sohren K-D, Schwedhelm
E, Reichenspurner H, Eschenhagen T, Boger RH, Christ T, Stehr
SN (2017) AkrinorTM, a cafedrine/ theodrenaline mixture (20:1),
increases force of contraction of human atrial myocardium but
does not constrict internal mammary artery in vitro. Front Phar-
macol 8:272. https://doi.org/10.3389/fphar.2017.00272

Koczor CA, Ludlow I, Hight RS, Jiao Z, Fields E, Ludaway T, Russ
R, Torres RA, Lewis W (2015) Ecstasy (MDMA) Alters cardiac
gene expression and DNA methylation: implications for circadian
rhythm dysfunction in the heart. Toxicol Sci 148:183-191. https://
doi.org/10.1093/toxsci/kfv170

Layland J, Grieve DJ, Cave AC, Sparks E, Solaro RJ, Shah AM (2004)
Essential role of troponin I in the positive inotropic response to
isoprenaline in mouse hearts contracting auxotonically. J Physiol
556:835-847. https://doi.org/10.1113/jphysiol.2004.061176

Lester SJ, Baggott M, Welm S, Schiller NB, Jones RT, Foster E, Men-
delson J (2000) Cardiovascular effects of 3,4-methylenedioxym-
ethamphetamine. A double-blind, placebo-controlled trial. Ann
Intern Med 133:969-973. https://doi.org/10.7326/0003-4819-133-
12-200012190-00012

Lewin L (1888) Ueber Anhalonium Lewinii. Archiv F Exp Pathol U
Pharmakol 24:401-411. https://doi.org/10.1007/bf01923627

Liles JT, Dabisch PA, Hude KE, Pradhan L, Varner KJ, Porter JR,
Hicks AR, Corll C, Baber SR, Kadowitz PJ (2006) Pressor
responses to ephedrine are mediated by a direct mechanism in
the rat. J Pharmacol Exp Ther 316:95-105. https://doi.org/10.
1124/jpet.105.090035

Liles JT, Baber SR, Deng W, Porter JR, Corll C, Murthy SN, Thomas
SA, Kadowitz PJ (2007) Pressor responses to ephedrine are not
impaired in dopamine beta-hydroxylase knockout mice. Br J Phar-
macol 150:29-36. https://doi.org/10.1038/sj.bjp.0706942

Miller SC (2004) Safety concerns regarding ephedrine-type alkaloid-
containing dietary supplements. Mil Med 169:87-93. https://doi.
org/10.7205/milmed.169.2.87


https://doi.org/10.1016/s0828-282x(08)70200-9
https://doi.org/10.1016/s0828-282x(08)70200-9
https://doi.org/10.1016/s0014-2999(01)01070-6
https://doi.org/10.1016/s0014-2999(01)01070-6
https://doi.org/10.1016/0014-2999(88)90056-8
https://doi.org/10.3389/fphar.2019.01051
https://doi.org/10.3389/fphar.2019.01051
https://doi.org/10.1097/MJT.0b013e318164c67b
https://doi.org/10.1016/s0894-7317(03)00221-9
https://doi.org/10.1016/s0894-7317(03)00221-9
https://doi.org/10.1016/j.jflm.2007.07.003
https://doi.org/10.1016/j.fct.2015.01.022
https://doi.org/10.1016/j.fct.2015.01.022
https://doi.org/10.1007/s00204-012-0815-5
https://doi.org/10.1007/s00204-012-0815-5
https://doi.org/10.1002/prp2.760
https://doi.org/10.1002/prp2.760
https://doi.org/10.2174/1874467211666181010154139
https://doi.org/10.1038/bjp.2008.124
https://doi.org/10.1002/jcph.1918
https://doi.org/10.1002/jcph.1918
https://doi.org/10.1196/annals.1410.008
https://doi.org/10.33588/rn.7106.2020265
https://www.web.archive.org/web/20100126085450/
https://www.web.archive.org/web/20100126085450/
https://www.fda.gov/Drugs/DrugSafety/PublicHealthAdvisories/ucm052239.html
https://www.fda.gov/Drugs/DrugSafety/PublicHealthAdvisories/ucm052239.html
https://doi.org/10.1007/s00210-008-0374-8
https://doi.org/10.1007/s00210-008-0374-8
https://doi.org/10.1124/jpet.121.000822
https://doi.org/10.1124/jpet.121.000822
https://doi.org/10.1016/0091-3057(91)90288-d
https://doi.org/10.1007/bf01864855
https://doi.org/10.1038/s41386-019-0569-3
https://doi.org/10.1038/s41386-019-0569-3
https://doi.org/10.1172/JCI118916
https://doi.org/10.1172/JCI118916
https://doi.org/10.3389/fphar.2017.00272
https://doi.org/10.1093/toxsci/kfv170
https://doi.org/10.1093/toxsci/kfv170
https://doi.org/10.1113/jphysiol.2004.061176
https://doi.org/10.7326/0003-4819-133-12-200012190-00012
https://doi.org/10.7326/0003-4819-133-12-200012190-00012
https://doi.org/10.1007/bf01923627
https://doi.org/10.1124/jpet.105.090035
https://doi.org/10.1124/jpet.105.090035
https://doi.org/10.1038/sj.bjp.0706942
https://doi.org/10.7205/milmed.169.2.87
https://doi.org/10.7205/milmed.169.2.87

Naunyn-Schmiedeberg's Archives of Pharmacology (2023) 396:275-287

287

Mulieri LA, Hasenfuss G, Leavitt B, Allen PD, Alpert NR (1992)
Altered myocardial force-frequency relation in human heart failure.
Circulation 85:1743-1750. https://doi.org/10.1161/01.cir.85.5.1743

Nedahl M, Johansen SS, Linnet K (2019) Postmortem brain-blood
ratios of amphetamine, cocaine, ephedrine, MDMA and methyl-
phenidate. J Anal Toxicol 43:378-384. https://doi.org/10.1093/
jat/bky110

Neumann J, Binter MB, Fehse C, Maru§akova M, Biixel ML, Kirch-
hefer U, Hofmann B, Gergs U (2021) Amitriptyline functionally
antagonizes cardiac H2 histamine receptors in transgenic mice and
human atria. Archiv F Exp Pathol U Pharmakol 394:1251-1262.
https://doi.org/10.1007/s00210-021-02065-7

Neumann J, Grobe JM, Weisgut J, Schwelberger HG, Fogel WA,
Marusakova M, Wache H, Bihre H, Buchwalow IB, Dhein S,
Hofmann B, Kirchhefer U, Gergs U (2021) Histamine can be
formed and degraded in the human and mouse heart. Front Phar-
macol 12:582916. https://doi.org/10.3389/fphar.2021.582916

Ngan Kee WD, Khaw KS (2006) Vasopressors in obstetrics: what
should we be using? Curr Opin Anaesthesiol 19:238-243. https://
doi.org/10.1097/01.ac0.0000192816.22989.ba

Peters FT, Samyn N, Wahl M, Kraemer T, de Boeck G, Maurer HH
(2003) Concentrations and ratios of amphetamine, metham-
phetamine, MDA, MDMA, and MDEA enantiomers determined
in plasma samples from clinical toxicology and driving under
the influence of drugs cases by GC-NICI-MS. J Anal Toxicol
27:552-559. https://doi.org/10.1093/jat/27.8.552

Rao T, Tan Z, Peng J, Guo Y, Chen Y, Zhou H, Ouyang D (2019)
The pharmacogenetics of natural products: a pharmacokinetic
and pharmacodynamic perspective. Pharmacol Res 146:104283.
https://doi.org/10.1016/j.phrs.2019.104283

Reynolds PC, Jindrich EJ (1985) A mescaline associated fatality. ] Anal
Toxicol 9:183-184. https://doi.org/10.1093/jat/9.4.183

Rickli A, Moning OD, Hoener MC, Liechti ME (2016) Receptor inter-
action profiles of novel psychoactive tryptamines compared with
classic hallucinogens. Eur Neuropsychopharmacol 26:1327-1337.
https://doi.org/10.1016/j.euroneuro.2016.05.001

Rothman RB, Vu N, Partilla JS, Roth BL, Hufeisen SJ, Compton-
Toth BA, Birkes J, Young R, Glennon RA (2003) In vitro
characterization of ephedrine-related stereoisomers at bio-
genic amine transporters and the receptorome reveals selec-
tive actions as norepinephrine transporter substrates. J Phar-
macol Exp Ther 307:138-145. https://doi.org/10.1124/jpet.
103.053975

Saygili E, Giinzel C, Saygili E, Noor-Ebad F, Schwinger RHG, Mis-
chke K, Marx N, Schauerte P, Rana OR (2011) Irregular electrical
activation of intrinsic cardiac adrenergic cells increases catecho-
lamine-synthesizing enzymes. Biochem Biophys Res Commun
413:432-435. https://doi.org/10.1016/j.bbrc.2011.08.113

Seiler N, Demisch L (1971) Oxidative metabolism of mescaline in the
central nervous system-II. Biochem Pharmacol 20:2485-2493.
https://doi.org/10.1016/0006-2952(71)90249-8

Sever PS, Dring LG, Williams RT (1975) The metabolism of (-)-ephed-
rine in man. Eur J Clin Pharmacol 9:193-198. https://doi.org/10.
1007/BF00614017

Shekelle PG, Hardy ML, Morton SC, Maglione M, Mojica WA, Suttorp
MIJ, Rhodes SL, Jungvig L, Gagné J (2003) Efficacy and safety of
ephedra and ephedrine for weight loss and athletic performance:
a meta-analysis. JAMA 289:1537-1545. https://doi.org/10.1001/
jama.289.12.1537

Siegl PK, Orzechowski RF (1977) Actions of mescaline on isolated
rat atria. J Pharm Sci 66:938-941. https://doi.org/10.1002/jps.
2600660708

Sinsheimer JE, Dring LG, Williams RT (1973) Species differences in
the metabolism of norephedrine in man, rabbit and rat. Biochem
J 136:763-771. https://doi.org/10.1042/bj1360763

Spith E (1919) Uber die Anhalonium-Alkaloide: 1. Anhalin Und
Mezcalin Monatshefte Fr Chemie 40:129-154. https://doi.org/
10.1007/BF01524590

Sun D, Huang A, Mital S, Kichuk MR, Marboe CC, Addonizio LJ,
Michler RE, Koller A, Hintze TH, Kaley G (2002) Norepineph-
rine elicits beta2-receptor-mediated dilation of isolated human
coronary arterioles. Circulation 106:550-555. https://doi.org/10.
1161/01.CIR.0000023896.70583.9F

Takimoto E, Soergel DG, Janssen PML, Stull LB, Kass DA, Murphy
AM (2004) Frequency- and afterload-dependent cardiac modula-
tion in vivo by troponin I with constitutively active protein kinase
A phosphorylation sites. Circ Res 94:496-504. https://doi.org/10.
1161/01.RES.0000117307.57798.F5

Trendelenburg U (1966) Mechanisms of supersensitivity and subsen-
sitivity to sympathomimetic amines. Pharmacol Rev 18:629-640

Trendelenburg U, Crout JR (1964) The norepinephrine stores of iso-
lated atria of guinea pigs pretreated with reserpine. J] Pharmacol
Exp Ther 145:151-161

Trendelenburg U, Delasierra BG, Muskus A (1963) Modification by
reserpine of the response of the atrial pacemaker to sympathomi-
metic amines. J Pharmacol Exp Ther 141:301-309

Vansal SS, Feller DR (1999) Direct effects of ephedrine isomers on
human f-adrenergic receptor subtypes. Biochem Pharmacol
58:807-810. https://doi.org/10.1016/s0006-2952(99)00152-5

Watson R, Woodman R, Lockette W (2010) Ephedra alkaloids inhibit
platelet aggregation. Blood Coagul Fibrinolysis 21:266-271.
https://doi.org/10.1097/MBC.0b013e328337b39f

World Anti-Doping Agency (2022) The world anti-doping code, pro-
hibited list. https://www.wada-ama.org/sites/default/files/resou
rces/files/2021list_en.pdf. Accessed Jul 2022

World Health Organization (2019) World Health Organization model
list of essential medicines: 21st list 2019. Technical documents.
https://apps.who.int/iris/handle/10665/325771. Accessed Jul 2022

Xu S, Mao M, Zhang S, Qian R, Shen X, Shen J, Wang X (2019) A ran-
domized double-blind study comparing prophylactic norepineph-
rine and ephedrine infusion for preventing maternal spinal hypo-
tension during elective cesarean section under spinal anesthesia:
a CONSORT-compliant article. Medicine (Baltimore) 98:¢18311.
https://doi.org/10.1097/MD.0000000000018311

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1161/01.cir.85.5.1743
https://doi.org/10.1093/jat/bky110
https://doi.org/10.1093/jat/bky110
https://doi.org/10.1007/s00210-021-02065-7
https://doi.org/10.3389/fphar.2021.582916
https://doi.org/10.1097/01.aco.0000192816.22989.ba
https://doi.org/10.1097/01.aco.0000192816.22989.ba
https://doi.org/10.1093/jat/27.8.552
https://doi.org/10.1016/j.phrs.2019.104283
https://doi.org/10.1093/jat/9.4.183
https://doi.org/10.1016/j.euroneuro.2016.05.001
https://doi.org/10.1124/jpet.103.053975
https://doi.org/10.1124/jpet.103.053975
https://doi.org/10.1016/j.bbrc.2011.08.113
https://doi.org/10.1016/0006-2952(71)90249-8
https://doi.org/10.1007/BF00614017
https://doi.org/10.1007/BF00614017
https://doi.org/10.1001/jama.289.12.1537
https://doi.org/10.1001/jama.289.12.1537
https://doi.org/10.1002/jps.2600660708
https://doi.org/10.1002/jps.2600660708
https://doi.org/10.1042/bj1360763
https://doi.org/10.1007/BF01524590
https://doi.org/10.1007/BF01524590
https://doi.org/10.1161/01.CIR.0000023896.70583.9F
https://doi.org/10.1161/01.CIR.0000023896.70583.9F
https://doi.org/10.1161/01.RES.0000117307.57798.F5
https://doi.org/10.1161/01.RES.0000117307.57798.F5
https://doi.org/10.1016/s0006-2952(99)00152-5
https://doi.org/10.1097/MBC.0b013e328337b39f
https://www.wada-ama.org/sites/default/files/resources/files/2021list_en.pdf
https://www.wada-ama.org/sites/default/files/resources/files/2021list_en.pdf
https://apps.who.int/iris/handle/10665/325771
https://doi.org/10.1097/MD.0000000000018311

	Cardiac effects of ephedrine, norephedrine, mescaline, and 3,4-methylenedioxymethamphetamine (MDMA) in mouse and human atrial preparations
	Abstract
	Introduction
	Materials and methods
	Contractile studies on mouse atrial preparations
	Contractile studies on human atrial preparations
	Western blotting
	Data analysis
	Drugs and materials

	Results
	Studies in isolated left atrial preparations from mice
	Studies in isolated right atrial preparations from mice
	Contractile studies in human atrial preparations
	Studies on protein phosphorylation in human atrial preparations

	Discussion
	Acknowledgements 
	References


