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Abstract: The present study examined three hallucinogenic amphetamine derivatives, namely, 2,5-
dimethoxy-4-iodoamphetamine (DOI) as well as 2,5-dimethoxy-4-methylamphetamine (DOM) and
4-methylmethcathinone (mephedrone). The objective of this study was to test the hypothesis that DOI,
DOM, and mephedrone would increase the contractile force in isolated human atrial preparations
in a manner similar to amphetamine. To this end, we measured contractile force under isometric
conditions in electrically stimulated (1 Hz) human atrial preparations obtained during open surgery.
DOI and DOM alone or in the presence of isoprenaline reduced the contractile force concentration-
dependently in human atrial preparations. These negative inotropic effects of DOM and DOI were
not attenuated by 10 µM atropine. However, mephedrone increased the contractile force in human
atrial preparations in a concentration- and time-dependent manner. Furthermore, these effects were
attenuated by the subsequent addition of 10 µM propranolol or pretreatment with 10 µM cocaine in
the organ bath. Therefore, it can be concluded that amphetamine derivatives may exert opposing
effects on cardiac contractile force. The precise mechanism by which DOI and DOM exert their
negative inotropic effects remains unknown at present. The cardiac effects of mephedrone are
probably due to the release of cardiac noradrenaline.

Keywords: DOM; DOI; mephedrone; human atrium

1. Introduction

Amphetamine has been demonstrated to enhance contractile force in isolated cardiac
preparations from mice and humans through the release of endogenous noradrenaline from
the heart [1]. In basic neuropharmacological research, amphetamine derivatives (Figure 1)
such as 2,5-dimethoxy-4-iodoamphetamine (DOI) and 2,5-dimethoxy-4-methylamphetamine
(DOM) are employed as model compounds to investigate the hallucinogenic effects.

For example, for DOI (Figure 1), Sadzot et al. described potent hallucinogenic effects
in humans [2]. Subsequently, it was proposed that the mechanism underlying the hallucino-
genic effects is mediated via the 5-HT2A serotonin receptor [3]. Further biochemical studies
demonstrated that DOI exhibits a high affinity for a number of additional receptors, includ-
ing β1-adrenoceptors (Ki = 591 nM), β2-adrenoceptors (Ki = 140 nM), α2A-adrenoceptors
(Ki = 74 nM), α2B-adrenoceptors (Ki = 340 nM), 5-HT2A serotonin receptors (Ki = 165 nM),
5-HT2B serotonin receptors (Ki = 336 nM), and 5-HT2C serotonin receptors (Ki = 46 nM) [4].
Of the receptors listed above, only stimulation by β1- and β2-adrenoceptors has been
demonstrated to have a positive inotropic effect in the human heart. The literature therefore
suggests that DOI may increase the contractile force in the human atrium through the
release of noradrenaline and the subsequent stimulation of β-adrenoceptors. However,
speculatively, it may also lead to serotonin release and subsequent activation of 5-HT4
serotonin receptors.
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DOM (Figure 1) is closely related to DOI in terms of its chemical structure and is
also known to induce potent hallucinogenic effects in humans [5,6]. The affinity profile of
DOM was similar to that of DOI, for example, with a Ki of 507 nM for 5-HT2A serotonin
receptors or with a Ki of 48.9 nM for β2-adrenoceptors. However, no affinity was observed
for β1-adrenoceptors (Ki > 10,000 nM) [4]. Others found that DOM is a partial agonist at
5-HT2A serotonin receptors in the brain [7]. Furthermore, DOM reduced blood pressure
and heart rate, at least in rats and cats, and these effects were suggested to be mediated via
the central nervous system [8,9].

Mephedrone (Figure 1) is a cathinone derivative within the amphetamines class of
compounds, differing from both DOI and DOM in its chemical structure. Mephedrone has
a high affinity for 5-HT2A, 5-HT2B, and 5-HT2C serotonin receptors [10], but there is no bind-
ing to adrenergic or muscarinic receptors [10]. In contrast, mephedrone has been demon-
strated to inhibit almost all important monoamine transporters such as serotonin, dopamine,
and noradrenaline transporters as well as vesicular monoamine transporters [11–13].

In light of these findings, we hypothesized that DOI, DOM, and mephedrone may in-
fluence the contractile force in the human atrium either by directly binding to β-adrenergic
receptors or by releasing noradrenaline and subsequently increasing the contractile force in
the human atrium, as previously shown for amphetamine [1].
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Figure 1. Structural formulae of amphetamine, DOI, DOM, and mephedrone.

2. Results
2.1. Effects of DOI, DOM, and Mephedrone Alone

DOI or DOM alone reduced the contractile force in a concentration- and time-dependent
manner in the human atrial preparations. This is seen in the original recordings in Figure 2A
and summarized in Figure 2B. Accordingly, DOI and DOM also reduced the rate of ten-
sion development under these conditions, as demonstrated by the statistical analysis
presented in Figure 2C. In contrast, mephedrone alone increased the contractile force in
a concentration- and time-dependent manner as well as the rate of tension development
(Figure 2). This is evident in the original recording depicted in Figure 2A and in the sum-
marized data presented in Figure 2B,C. Figure 3 illustrates in typical original recordings
the time dependence of the developed force for mephedrone and, for comparison, for
isoprenaline, which directly activates the β-adrenoceptor. The time of application of the
drugs was set to zero, and the time until the maximum tension was reached for a certain
concentration was measured. It is noteworthy that the preparations could be divided into
slow and fast responders, since the release of noradrenaline was probably different in the
atria from different patients for unknown reasons (Figure 3).
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minutes (min). (B) Force of contraction in percent of control (Ctr; pre-drug value). (C) Maximum rate of 
contraction (dF/dt) in percent of control. * p < 0.05 versus Ctr. Data are shown as mean ± SD, and ex-
pressed as the percentage of control. The numbers in brackets indicate the number of experiments. 
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Figure 2. (A) Original recordings of the inotropic effects of DOI, DOM, and mephedrone in millinew-
ton (mN) in electrically stimulated human right-atrial preparations. Horizontal bars indicate time
axis in minutes (min). (B) Force of contraction in percent of control (Ctr; pre-drug value). (C) Max-
imum rate of contraction (dF/dt) in percent of control. * p < 0.05 versus Ctr. Data are shown as
mean ± SD, and expressed as the percentage of control. The numbers in brackets indicate the number
of experiments.
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Figure 3. Time-dependent increase in contractile force for mephedrone (10 µM) and isoprenaline
(0.1 µM). Force is expressed as delta force as percentage of maximum tension. The table below the
graph contains the figure legends along with the time at which 50% of tension is reached together
with the 95% confidence interval (CI). The numbers in brackets indicate the number of experiments.
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2.2. Effects of DOI, DOM, and Mephedrone after β-Adrenergic Prestimulation

It was previously demonstrated that drugs such as lysergic acid diethylamide (LSD)
exert an anti-β-adrenergic effect [14]. These observations prompted us to first stimulate the
contractile force with the β-adrenoceptor agonist isoprenaline and subsequently add DOI,
DOM, or mephedrone. This is shown in the original recordings presented in Figure 4A. It
was observed that while isoprenaline increased the contractile force (Figure 4A), additional
DOI or DOM did not augment this force but rather diminished it (Figure 4A). However,
mephedrone had no additional inotropic effect under these conditions (Figure 4A). The
results of several such experiments are summarized in Figure 4B with respect to contractile
force. Consequently, isoprenaline also increased the rate of tension development (Figure 4C).
Additionally applied DOI or DOM reduced the rate of tension development as did the
contractile force, and again, mephedrone did not further alter this parameter (Figure 4C).
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Figure 4. (A) Original recordings of the inotropic effects of DOI, DOM, and mephedrone after
pre-stimulation with isoprenaline in millinewton (mN) in electrically stimulated human right-atrial
preparations. Horizontal bars indicate time axis in minutes (min). (B) Force of contraction in percent
of control (Ctr; pre-drug value). (C) Maximum rate of contraction (dF/dt) in percent of control.
* p < 0.05 versus Ctr; # p < 0.05 versus isoprenaline (Iso). Data are shown as mean ± SD, and
expressed as the percentage of control. The numbers in brackets indicate the number of experiments.
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2.3. Mechanisms of DOI, DOM, and Mephedrone

First, we wanted to know whether muscarinic receptors are involved in the negative
inotropic effects of DOI or DOM, since stimulation of muscarinic receptors has been
demonstrated to exert negative inotropic effects in the human atrium. Accordingly, the
muscarinic receptor antagonist atropine (10 µM) was added first, followed by the addition
of DOI or DOM. The original recordings are shown in Figure 5A,B. It is evident that
atropine is unable to prevent the negative inotropic effects of DOI or DOM. This indicates
that neither DOI nor DOM activated muscarinic receptors.
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Figure 5. Original recordings of the inotropic effects of DOI (A) and DOM (B) after pre-incubation
with 10 µM atropine in millinewton (mN) in electrically stimulated human right-atrial preparations.
(C) Original recording of the positive inotropic effect of mephedrone alone, and mephedrone in the
additional presence of 10 µM cocaine in mN. Finally, isoprenaline up to 1 µM was added. (D) Original
recording of the inotropic effect of mephedrone and subsequently additionally applied 10 µM
propranolol. Horizontal bars in (A–D) indicate time axis in minutes (min). (E) Force of contraction in
percent of control (Ctr; pre-drug value) of the inotropic effect of mephedrone (Me) and additionally
applied propranolol (Me + P). (F) Force of contraction in percent of control of the inotropic effect
of mephedrone (Me) and mephedrone in the additional presence of cocaine (Co + Me). * p < 0.05.
Data are shown as mean ± SD, and expressed as the percentage of control. The numbers in the bars
indicate the number of experiments.
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With regard to mephedrone, our initial hypothesis was that it might act in a man-
ner analogous to that of amphetamine. Consequently, at the end of the experiment, we
added propranolol, a β-adrenoceptor antagonist. This propranolol completely reversed the
positive inotropic effect of mephedrone (Figure 5D,E). Therefore, it can be concluded that
the increase in contractile force caused by mephedrone is mediated by β-adrenoceptors.
However, as with amphetamine, the effect of mephedrone could simply be due to the
release of noradrenaline from cardiac stores. This release of noradrenaline can be inhibited
by cocaine. Accordingly, experiments were performed as shown in Figure 5C. First, the
human atrial preparations were treated with mephedrone to confirm that mephedrone
exerts a positive inotropic effect in each preparation. Subsequently, the mephedrone was
washed out, cocaine was added, and mephedrone was reapplied. Now, the inotropic effect
of mephedrone was greatly diminished, as evidenced by the original recording of Figure 5C
and summarized in Figure 5F.

3. Discussion
3.1. Main New Findings

The present study appears to demonstrate, for the first time, that both DOI and DOM
can induce negative inotropic effects in the human heart. Moreover, to the best of our
knowledge, we demonstrate for the first time that mephedrone can enhance the contractile
force in the human heart.

3.2. Mechanism

Early studies of DOI in experimental animal models demonstrated cardiovascular
effects such as increased blood pressure or decreased heart rate [15–17]. In cats, these effects
were attributed to possible central activation of the sympathetic nervous system through
stimulation of central 5-HT2 serotonin receptors, as confirmed by the inhibitory effect of
ketanserin, a 5-HT2 serotonin receptor antagonist [17]. In rats, the cardiovascular effects
of DOI have also been proposed to be centrally mediated [15,16]. In guinea pig papillary
muscles, the effect of DOI on monophasic action potentials was measured in the presence
of antagonists of M-cholinoceptors and of α- and β-adrenoceptors. Under these conditions,
DOI shortened the duration of action potentials [18]. Unfortunately, the contractile force
was not measured in this study. However, these animal experiments indicated that DOI has
an electrophysiological effect on the heart [18]. It should be noted that there are regional and
species-specific differences. For instance, the aforementioned study focused on ventricular
function in guinea pigs, whereas our study concentrated on atrial function in humans. It is
therefore important to ascertain whether the negative inotropic effect of DOI in the human
atrium is simply due to muscarinic receptor stimulation. Activation of muscarinic receptors
would result in a negative inotropic effect. Consequently, atropine was tested for its
potential to influence the contractile effect of DOI, but no discernible impact was observed.
This is consistent with the inability of DOI to bind to muscarinic receptors [4]. Nevertheless,
this experiment is considered instructive. One could argue that DOI could have released
acetylcholine from cardiac stores and that this released acetylcholine would then have led
to a negative inotropic effect by activating M2 muscarinic receptors, opening potassium
channels, shortening the duration of the action potential and thereby shortening the time
to reach peak tension and the time of relaxation, and finally reducing the contractile force.
However, this simple signaling could be ruled out for DOI by adding atropine. For the
same reason, atropine and DOM were also tested. This was of particular importance since
apparently no studies on the binding of DOM to M-cholinoceptors had been published.
But as with DOI, atropine had no effect on the effects of DOM.

Moreover, it is unlikely that DOI or DOM act as Ca2+-sensitizing drugs, as Ca2+-
sensitizers are expected to elicit positive inotropic effects, or that they act as potassium
channel inhibitors, as these types of drugs would prolong the action potential and thereby
could increase cytosolic Ca2+, resulting in an increased time of relaxation and an enhanced
contractile force. This was reported, for example, for the potassium channel inhibitor
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dofetilide [19,20]. Furthermore, isoprenaline was applied at a submaximal concentration to
prestimulate basal cAMP levels, thereby obtaining a response that was in close proximity
to the EC50 value. In this linear region of the concentration response curve, there is a high
probability of detecting even minor cAMP alterations. The additional administration of
DOI and DOM then at least showed that we had not overlooked a potential cAMP-mediated
positive inotropic effect of DOI and DOM.

Given the assumption that the effects of DOI or DOM are centrally mediated, it
is reasonable to conclude that DOI or DOM do not exert a positive inotropic effect in
isolated human atrial preparations, as the central nervous system is no longer a controlling
factor in these isolated atrial preparations. Moreover, the preparations were electrically
stimulated. Consequently, the beating rate remained constant throughout the duration
of the experiments. DOM can at least stimulate 5-HT2 receptors directly, independent of
intermediates [7]. However, in the isolated, electrically stimulated human atrium, serotonin
only increases the contractile force, but does not decrease it. Moreover, the positive inotropic
effect of serotonin in isolated human atrial preparations is mediated by 5-HT4 serotonin
receptors, rather than by 5-HT2 serotonin receptors [21].

Furthermore, it could be assumed that long-term consumption of DOI or DOM per-
manently stimulates the cardiac 5-HT2B receptors, which could potentially lead to the
proliferation of interstitial cells in the heart valves. This could subsequently result in their
insufficiency and ultimately lead to heart failure (discussed in [21]). However, there have
been no reported cases of this occurring in any DOI or DOM user to date.

If DOI or DOM were to activate 5-HT2A receptors in the human coronary arteries,
contraction of the coronary arteries and subsequent ischemia would be expected. At
least with regard to DOM, a concentration-dependent vasoconstrictive effect could be
demonstrated in isolated umbilical veins of sheep [22]. Therefore, it is also conceivable
that DOM could cause coronary vasoconstriction, which could manifest as angina pectoris,
myocardial infarction, or cardiac arrhythmias. In contrast to DOI, DOM has not been
studied on a broad spectrum of G-protein-coupled receptors, which would allow a more
detailed understanding of the mechanism of DOM.

Mephedrone, like its parent compounds amphetamine or cathinone [1], exerted a posi-
tive inotropic effect in human atrial preparations. As with amphetamine and cathinone [1],
it is hypothesized that the positive inotropic effect of mephedrone is indirect. Mephedrone
releases cardiac noradrenaline, and this noradrenaline increases the contractile force via
β-adrenoceptors. This assumption is supported by the finding that propranolol inhibited
the positive inotropic effect of mephedrone in human atrial preparations. It is unlikely
that mephedrone acted as an agonist at adrenoceptors, since the positive inotropic effect of
mephedrone was largely abolished in the additional presence of cocaine. It is believed that
cocaine inhibits the monoamine transporters of the plasma membrane, thereby preventing
the interaction of mephedrone with these transporter proteins. In addition, the potential
uptake of mephedrone and subsequent interaction with the vesicular monoamine trans-
porter would also be prevented by cocaine [23]. This indirect mechanism is also consistent
with previous findings in rats, in which mephedrone increased both heart rate and blood
pressure [24]. A release of noradrenaline would explain both the increased heart rate
through activation of cardiac β-adrenoceptors and the increased blood pressure through
activation of vascular α-adrenoceptors.

3.3. Clinical Relevance

Mephedrone can be taken orally, snorted, or injected intramuscularly [25,26] and
has been associated with fatal intoxications [27]. In addition, cardiac side effects such as
increased blood pressure [26,28] and tachycardia have been reported in humans [26,29].
These cardiovascular effects of mephedrone can be attributed, at least in part, to our
findings that mephedrone is capable of releasing cardiac noradrenaline. The endogenously
released noradrenaline can then lead to hypertension and tachycardia in humans. Clinically,
it might be relevant that mephedrone can directly stimulate 5-HT2 serotonin receptors
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and indirectly (via the release of noradrenaline) α2-adrenoceptors. Both receptor types,
when acting alone or in combination, have been observed to constrict the human coronary
arteries [30]. It can be thus concluded that mephedrone may cause angina pectoris and its
associated consequences directly via stimulation of the 5-HT2 receptor and indirectly via
the α2-adrenoceptor.

Mephedrone is a substrate of the liver enzyme CYP2D6 [31]. It can be reasonably
inferred that CYP2D6 inhibitors may contribute to an increase in the cardiac side effects
of mephedrone. By around 2007, mephedrone had become widely available on the illicit
drug market [25,29]. In addition, mephedrone is generally not consumed (abused) alone,
but often in combination with other drugs, such as 3,4-methylenedioxymethamphetamine
(MDMA) [32]. In a recent report, it was demonstrated that MDMA may also release cardiac
noradrenaline. Consequently, MDMA and mephedrone may have a synergistic effect on
noradrenaline release [33].

Regarding DOM, there are old but important data that DOM increases blood pressure
and heart rate in humans [6]. This may be due to the central effects of DOM. Nevertheless,
it can be reasonably predicted that DOM should decrease the contractile force of the
human heart. This hypothesis could be tested invasively (cardiac catheterization) or non-
invasively (echocardiography) for DOM and/or DOI in patients suffering from DOM or
DOI intoxication. However, this has not yet been reported in the literature. One would
expect to find heart failure with reduced ejection fraction in these patients.

3.4. Limitations of the Study

While we were able to rule out the involvement of M2 muscarinic receptors in the
negative inotropic effects of DOI and DOM, the underlying mechanism of these effects
remains unclear. Performing electrophysiological studies on human cardiomyocytes would
be helpful in this case, but this was beyond the scope of the present study. Furthermore, the
ventricular effects of DOI, DOM, and mephedrone in patients have not been investigated
due to the unavailability of the necessary tissue samples within our hospital.

4. Materials and Methods
4.1. Contractile Studies on Human Preparations

Our methods for contraction studies on human atrial preparations have been published
several times and have not been modified here [1,33,34]. Briefly, the bathing solution of
the organ baths (10-mL double-wall glass tissue chambers) contained 119.8 mM NaCI,
5.4 mM KCI, 1.8 mM CaCl2, 1.05 mM MgCl2, 0.42 mM NaH2PO4, 22.6 mM NaHCO3,
0.05 mM Na2EDTA, 0.28 mM ascorbic acid, and 5.05 mM glucose. To stabilize a pH of 7.4,
the solution was continuously gassed with 95% O2 and 5% CO2 and tempered to 37 ◦C.
To record isometric contractions, the atrial preparations were attached to inductive force
transducers and pre-stretched to the length of their individual maximal contractile force.
Atrial preparations were electrically stimulated at 1 Hz using a bipolar stimulating electrode
(5 ms rectangular pulses with a stimulation voltage of approximately 20% above threshold).
Force transducer signals were recorded by a PowerLab system consisting of a bridge
amplifier and a digitizer (ADInstruments, Oxford, UK). All contraction parameters were
calculated using the LabChart Pro V8 software (ADInstruments, Oxford, UK). Samples
were obtained from 9 male and 2 female patients, aged 62–83 years (mean age ± SD:
69.5 ± 7.1 years). Further details of patient characteristics are provided in Table 1.

This study complies with the Declaration of Helsinki and was approved by the local
ethics committee (hm-bü 04.08.2005). Informed consent was obtained from all patients
included in the study.
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Table 1. Patient characteristics.

Patient ID Gender Age (Years) NYHA Class CCS Angina
Grading Scale LVEF (%) Cardiac Catheterization

Findings

#1 m 83 III III 60 3 vessel CHD

#2 m 70 III III 73 3 vessel CHD

#3 m 72 III–IV IV 30 3 vessel CHD, aortic valve stenosis

#4 m 62 III III 55 1 vessel CHD, aortic valve stenosis

#5 m 68 III III 50 3 vessel CHD, atrioventricular
block III

#6 m 62 III III 60 3 vessel CHD

#7 m 65 III III 64 3 vessel CHD, AF

#8 f 64 III II 60 aortic valve stenosis

#9 m 64 III III 55 3 vessel CHD, NSTEMI,
paroxysmal AF

#10 f 73 IV III 60 2 vessel CHD, NSTEMI, aortic
valve insufficiency, AF

#11 m 82 III–IV III 60 3 vessel CHD, paroxysmal AF

Mean ±
SD 69.5 ± 7.1 57 ± 10

NYHA: New York Heart Association; CCS: Canadian Cardiovascular Society; LVEF: left ventricular ejection
fraction; CHD, coronary heart disease; AF: atrial fibrillation; NSTEMI: non-ST-segment elevation myocardial
infarction.

4.2. Data Analysis

The data shown are means ± standard deviation (SD). Statistical significance was
estimated using the two-way repeated measures analysis of variance followed by Bonfer-
roni’s multiple comparisons test. Data in Figure 5E,F were analyzed using the one-way
repeated measures analysis of variance followed by Bonferroni’s multiple comparisons test.
A p-value < 0.05 was considered significant.

4.3. Drugs and Materials

DOI, DOM, and mephedrone were purchased from Cayman Chemicals via LGC,
Luckenwalde, Germany. All other chemicals were of the highest commercially available
purity grade. Deionized water was used throughout the experiments. Stock solutions were
prepared fresh daily.

5. Conclusions

In conclusion, we describe how DOI and DOM decreased contractile force and
mephedrone increased contractile force in the isolated human atrium. Therefore, am-
phetamine derivatives may have opposite functional effects on the human heart, both of
which are potentially harmful.
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