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Abstract
Purpose  Significant disturbances of the classical amphetamines on the dopamine (DA) and serotonin (5-HT) systems have 
been previously reported. However, few studies have been conducted on the effects of new psychoactive phenethylamines on 
the release of DA and 5-HT. In the present study, the effects of new psychoactive phenethylamines with a variety of aromatic 
ring substitutions (5-API, 3-FMA, 5-MAPB, and DMMA) on the release of DA and 5-HT were investigated.
Methods  Changes of DA, 5-HT and their metabolites in brain microdialysates from rats following exposure to the drugs were 
examined using a validated liquid chromatography–tandem mass spectrometry method. Their potencies of DA and 5-HT 
uptake inhibition as well as dopamine transporter (DAT) and serotonin transporter (SERT) binding were also determined.
Results  With the exception of DMMA, the drugs markedly affected the extracellular concentration of DA, 5-HT and/or 
their metabolites in rats and acted as potent inhibitors for DAT and/or SERT.  Especially, 5-API potently induced the non-
selective release of both DA and 5-HT, which was strongly correlated with a high degree of uptake inhibition and binding 
affinity to DAT and SERT. The 3-FMA, a methamphetamine analog with a halogen-substituted benzene, induced greater 
5-HT release than DA.
Conclusions  We found that new psychoactive phenethylamines, with a variety of aromatic ring substitutions, affected the 
extracellular levels of DA, 5-HT, and/or their metabolites in the nucleus accumbens of rats to varying degrees and in dif-
ferent ways. The current results may assist further research into monoamine neurotransmitter-related mechanisms of new 
psychoactive phenethylamines.
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Introduction

The dramatic increase and rapid and transient popularity 
of new psychoactive substances (NPS) represent a burden 
not only to regulatory authorities, but also to toxicologists 
and physicians. NPS are considered to produce addictive 
or psychedelic effects similar to those of traditional drugs, 
but little is known about their pharmacology and toxicol-
ogy. Moreover, their unexpected toxic effects, including 
neuropsychiatric and cardiovascular toxicities, are public 
health concerns [1–3]. These NPS can be divided into six 
major classes, synthetic cannabinoids, synthetic cathi-
nones, piperazines, phenethylamines, tryptamines, and 
piperidines. The traditional phenethylamines, such as 
amphetamine, methamphetamine (METH), and 3,4-meth-
ylenedioxymethamphetamine (MDMA), show potent stim-
ulatory properties and are the largest family, consisting of 
structures with extended side chains, amino group substi-
tutions, or aromatic ring substitution of phenethylamine. 
These structural modifications may alter the stimulant 
properties or produce additional psychoactive properties 
[4].

Dopamine (DA) and serotonin (5-hydroxytryptamine, 
5-HT) are the major monoamine neurotransmitters of the 
central nervous system and play an important role in drug 
abuse and addiction, which affect the reward circuits [5, 
6]. DA and 5-HT are synthesized from tyrosine and trypto-
phan, respectively, in the nerve terminals and are released 
by exocytosis. The released DA is bound to the postsyn-
aptic D1 and D2 receptors for signal transmission or to 
the presynaptic DA transporter (DAT) for reuptake. After 
uptake, the DA is recycled or metabolized to 3,4-dihy-
droxyphenylacetic acid (DOPAC) and further to homo-
vanillic acid (HVA) by monoamine oxidase (MAO) and 
catechol-O-methyltransferase (COMT) in pre- and post-
synaptic cells. HVA is the final metabolic product of DA 
in humans. Similarly, 5-HT is bound to the 5-HT recep-
tors for its effective response or to the 5-HT transporter 
(SERT) for reuptake. 5-HT is predominantly metabolized 
to 5-hydroxyindoleacetic acid (5-HIAA) in neurons. 
Therefore, the reuptake or metabolism of DA or 5-HT is 
critical to maintain their concentration in the synaptic cleft 
[6].

The induction of significant disturbances by classical 
phenethylamines, such as METH and MDMA, were pre-
viously reported on the DA and 5-HT systems. METH 
and MDMA cause the release of DA and 5-HT, and inter-
act with both DAT and SERT, though MDMA is more 
serotonergic [7, 8]. However, few studies have been 
conducted on the effects of new psychoactive phenethy-
lamines on the release of DA and 5-HT [9]. In the pre-
sent study, the in vivo measurements of DA, 5-HT and 

their metabolites in rat nucleus accumbens, in addition to 
in vitro assays for DAT and SERT inhibition and binding, 
were conducted to investigate the effects of new psycho-
active phenethylamines with a variety of aromatic ring 
substitutions [1-(1H-indol-5-yl)propan-2-amine (5-API 
or 5-IT), 1-(3-fluorophenyl)-N-methylpropan-2-amine 
(3-FMA), 1-(benzofuran-5-yl)-N-methylpropan-2-amine 
(5-MAPB), 2-(3,4-dimethoxyphenyl)-N-methylpropan-
amine (DMMA); Table 1] on the release of DA and 5-HT.

Materials and methods

Drugs and reagents

The 5-API, 3-FMA, 5-MAPB and DMMA were synthe-
sized as HCl salts and provided by Kyunghee University 
(Seoul, Republic of Korea). Their purities were not less 
than 96.5%. METH as an HCl salt, DA, DOPAC, HVA, 
5-HT, 5-HIAA, DA-d4, DOPAC-d5, HVA-d5, 5-HIAA-d5, 
ascorbic acid, GBR12909, and venlafaxine were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). The 5-HT-d4 
was purchased from TLC PharmaChem (Vaughan, Ontario, 
Canada). 3H-Dopamine, 3H-serotonin, 3H-WIN35,428, and 
3H-imipramine were obtained from PerkinElmer (Waltham, 
MA, USA). Acetonitrile and methanol (HPLC grade) were 
purchased from Fisher Scientific (Waltham, MA, USA) and 
Merck (Darmstadt, Germany), respectively. All other chemi-
cals and solvents were of reagent grade.

Animals

Male Sprague–Dawley rats (Daehan Animal, Seoul, Repub-
lic of Korea), weighing 270–320 g, were used for in vivo 
microdialysis experiments. The rats were kept in the labora-
tory animal facility under a 12 h light/dark cycle. Food and 
water were freely available for the animals.

In vivo microdialysis experiments

In vivo microdialysis sampling was conducted in accordance 
with the method described in the previous study with minor 
modifications [10]. After the rats were intraperitoneally 
anesthetized by 50 mg/kg sodium pentobarbital, a microdi-
alysis probe guide cannula (CMA 11; CMA Microdialysis 
AB, Kista, Sweden) was stereotaxically implanted into the 
brain. The rats were allowed to recover from surgery for 
6 days. The microdialysis probe (membrane length, 2 mm; 
cut-off, 6 kDa; CMA Microdialysis AB) was inserted into 
the nucleus accumbens shell (AP+ 1.7 mm, ML+ 0.8 mm, 
from the bregma; DV − 6.0 mm, from the skull) through 
the guide cannula of unanesthetized rats, and the artificial 
cerebral spinal fluid (aCSF) was perfused at 1.5 μL/min by 
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using a microinjection pump (CMA 100; CMA Microdi-
alysis AB) for at least 2 h for stabilization. The aCSF (pH 
7.4) was prepared as a mixture of 150 mM sodium chloride, 
3.0 mM potassium chloride, 1.4 mM calcium chloride, and 
0.8 mM magnesium chloride in 10 mM phosphate buffer (pH 
7.4). Six baseline samples were collected every 20 min for 
2 h. Subsequently, the drugs [METH, 3-FMA, 5-MAPB, and 
DMMA dissolved in saline, or 5-API dissolved in DMSO/
TWEEN 80/saline (5:5:90, v/v/v)] were administered by 
intraperitoneal injection every hour with a gradually increas-
ing dose (0.3, 1, and 3 mg/kg for METH, 5-API, 3-FMA 
and DMMA, and 0.1, 0.3 and 1 mg/kg for 5-MAPB), and 
microdialysate was collected at 20 min intervals. At the ter-
mination of experiments, all rats were killed for histological 
confirmation of microdialysis probe location. Animals were 
perfused with phosphate-buffered saline and then with 4% 
paraformaldehyde. Brains were removed, post-fixed in 4% 
paraformaldehyde and cryoprotected in 30% sucrose. The 
tissue was then cryosectioned into 30 μm-thick sections and 
stained with cresyl violet, and the location of microdialysate 
collections at nucleus accumbens was verified.

Twenty-five microliters of the microdialysates collected 
from each rat were mixed with 5 μL of the internal stand-
ard solution (a mixture solution of deuterated compounds) 

and analyzed by a fully validated liquid chromatography 
(LC)–tandem mass spectrometry (MS/MS) as described in 
our previous study, using a 1260 Infinity LC system and 
6460 triple quadrupole MS/MS (Agilent Technologies, 
Santa Clara, CA, USA) coupled with a 1260 Infinity extra 
binary pump and degasser (Agilent Technologies) [11]. 
The XBridge BEH HILIC Sentry Guard Cartridge 130 Å 
(4.6 × 20 mm, 3.5 μm; Waters, Milford, MA, USA) and the 
Atlantis T3 column (2.1 × 100 mm, 3 μm; Waters) were 
employed as sample enrichment and separation columns, 
respectively. The mobile phases (A, 5  mM ammonium 
formate/0.1% formic acid in water; B, 0.1% formic acid in 
acetonitrile) were passed through both the enrichment and 
separation columns with the following gradient conditions: 
0–1.0 min, 5% B; 1.0–6.5 min, 5–90% B; 6.5–7.5 min, 90% 
B; 7.5–7.6 min, 90–5% B; 7.6–11.5 min, 5% B. The MS/
MS system was operated by using electrospray ionization 
in the polarity-switching mode (DA, 5-HT, and 5-HIAA, 
positive; DOPAC and HVA, negative). The MS/MS condi-
tions were optimized as follows: drying gas temperature, 
350 °C; drying gas flow, 10 L/min; nebulization pressure, 
35 psi; capillary voltage, 4.5 kV; temperature of sheath gas, 
250 °C; sheath gas flow, 5 L/min. Multiple reaction moni-
toring (Table 2) was used for quantification. Each analytical 

Table 1   Chemical structures of the studied compounds

Compound name Chemical structure

N-Methyl-1-phenylpropan-2-amine 

(methamphetamine, METH)

1-(1H-Indol-5-yl)propan-2-amine 
(5-API or 5-IT)

1-(3-Fluorophenyl)-N-methylpropan-

2-amine 

(3-FMA)

1-(Benzofuran-5-yl)-N-methylpropan-

2-amine

(5-MAPB)

2-(3,4-Dimethoxyphenyl)-N-

methylpropanamine

(DMMA)

Chemical structures were referenced from Chemspider ( /moc. redip smehc.www//:ptth )
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stock solution (1 mg/mL) was prepared in 1 mM ascorbic 
acid in a 1:1 mixture solution of water and methanol to pre-
vent oxidation and stored at − 80 °C before analysis.

DA and 5‑HT uptake inhibition assays

The conditions for the DA and 5-HT uptake inhibition assays 
were adapted from previous studies [12, 13]. Human embry-
onic kidney 293 (HEK-293) cells were subcultured in fetal 
bovine serum in 100 × 20 mm polystyrene dish (Corning, 
Corning, NY, USA) and incubated in a humidified 5% CO2 
incubator (Sanyo Electric Biomedical, Osaka, Japan) at 
37 °C for 48 h. When the cells reached 60–70% confluence, 
they were transfected with human DAT or human SERT 
(cDNA, 3 μg/100 mm dish; polyethyleneimine, 10 μL) and 
maintained in a humidified 5% CO2 incubator at 37 °C for 
24 h. The prepared HEK-293 cells were seeded in 24-well 
plates (poly-l-lysine coated, clear, flat-bottomed, round well-
shaped, volume 3.4 mL; Corning) and incubated for 24 h. 
The medium was removed and the cells were washed once 
with 200 μL of uptake buffer/well prior to the addition of 
180 μL of uptake buffer (5 mM Tris base, 7.5 mM HEPES, 
120  mM NaCl, 5.4  mM KCl, 1.2  mM CaCl2, 1.2  mM 
MgSO4, 1 mM ascorbic acid, and 5 mM glucose; pH 7.1) 
to each well, which was followed by the addition of drugs 
dissolved in 20 μL uptake buffer. The 24-well plates were 
incubated at 37 °C in a slide warmer (Fisher, Pittsburgh, 
PA, USA) for 15–20 min. Then, 100 μL of the radiolabeled 
60 nM 3H-dopamine or 60 nM 3H-serotonin per well was 
added to give a final concentration of 20 nM/well and incu-
bated for approximately 5 min at 37 °C by using the slide 
warmer. The prepared cells were washed three times with 

ice-cold uptake buffer (200 μL/well). The cells were lysed 
by the addition of 0.3 mL of 1% sodium dodecyl sulfate 
per well and agitated in a shaker (KMC-1205S; Vision Sci-
entific, Daejeon, South Korea) for 2 h. Radioactivity was 
measured by using a Wallac 1450 MicroBeta® TriLux liquid 
scintillation counter (PerkinElmer). GBR12909 and venla-
faxine were used as the standard reuptake inhibitors for DAT 
and SERT, respectively.

DAT and SERT binding assays

The DAT binding assay was performed using 20 nM 3H-
WIN35,428 by the protocol provided by the membrane man-
ufacturer (PerkinElmer) with minor modifications [14, 15]. 
Briefly, cloned human DAT membranes (12 μg/well; Perki-
nElmer) were incubated at 4 °C for 120 min in a final volume 
of 0.25 mL reaction mixture containing 3H-WIN35,428 and 
various concentrations of the drug in 50 mM Tris–HCl (pH 
7.4) buffer containing 100 mM NaCl. Then, the incubation 
was terminated by rapid filtration using a cell harvester (Ino-
tech Biosystems, Dietikon, Switzerland) through the Filter-
mat A glass fiber filter (PerkinElmer) presoaked in 0.5% 
polyethyleneimmine (PEI). The filter was covered with the 
MeltiLex sheet (PerkinElmer), sealed in a sample bag, dried 
in a microwave oven, and analyzed by liquid scintillation 
counting (PerkinElmer). Nonspecific binding was deter-
mined in the presence of 10 μM GBR-12909. The binding 
affinity of the compound was calculated by computerized 
nonlinear regression analysis (GraphPad Prism Program; 
GraphPad Software, La Jolla, CA, USA).

Table 2   Multiple reaction 
monitoring transitions, retention 
times, and other conditions 
for each analyte and internal 
standard

Underlined transitions were used for quantification
5-HT serotonin, DA dopamine, 5-HIAA 5-hydroxyindoleacetic acid, HVA homovanillic acid, DOPAC 
3,4-dihydroxyphenylacetic acid

Compound name Precursor ion 
(m/z)

Product ion (m/z) Retention 
time (min)

Fragmentation 
voltage (V)

Collision 
energy 
(eV)

5-HT 177.1 115 3.7 71 32
160 71 9

DA 154.1 90.9 2.7 67 26
137.1 67 8

5-HIAA 192.1 91.2 5.2 81 42
146.1 81 16

HVA 180.9 136.9 5.5 75 2
DOPAC 166.9 123.1 4.9 64 8
5-HT-d4 181 164.1 3.7 53 8
DA-d4 157.9 141 2.7 55 6
5-HIAA-d5 197 149.9 5.2 83 14
HVA-d5 186.2 142.1 5.5 65 3
DOPAC-d5 172.7 128.8 4.9 61 8
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The SERT binding assay was also performed using 2 nM 
3H-imipramine, as previously described [15, 16]. Cloned 
human serotonin transporter membranes (9 μg/well, Perki-
nElmer) and 2 nM 3H-imipramine were incubated in buffer 
containing 50 mM Tris-HCl (pH 7.4), 120 mM NaCl and 
5 mM KCl. After incubation for 30 min at 27 °C, the reac-
tion was terminated by rapid filtration through a Filtermat A 
glass fiber filter (PerkinElmer) presoaked in 0.5% PEI. The 
filter was covered with the MeltiLex sheet (PerkinElmer), 
sealed in a sample bag, dried in a microwave oven, and ana-
lyzed by liquid scintillation counting (PerkinElmer). Non-
specific binding was determined in the presence of 10 μM 
fluoxetine. The binding affinity of the compound was calcu-
lated in the same method as that of the DAT binding assay.

Data processing and statistical analysis

The LC–MS/MS data for the measurements of DA, 5-HT, 
and metabolites in the nucleus accumbens after the exposure 
of METH, 5-API, 3-FMA, 5-MAPB or DMMA to rats was 
processed using the Mass Hunter software (B. 04. 00, Agi-
lent Technologies). The baseline value was determined from 
three consecutive microdialysates with less than 20% fluc-
tuation in the concentrations of DA, 5-HT, and their metabo-
lites before drug or vehicle administration. The quantifica-
tion of DA, 5-HT, and their metabolites were divided by the 
selected baseline value and expressed as percentages. Their 
concentrations were then adjusted with those of vehicles at 
the same time points. Statistical analysis was conducted by 
one-way analysis of variance (ANOVA) for repeated meas-
ures followed by a Bonferroni post hoc test. The binding 
affinity of the compound was calculated by computerized 
nonlinear regression analysis (GraphPad Software).

Results

Measurement of DA, 5‑HT, and their metabolites 
in the rat nucleus accumbens

The changes in the concentrations of DA, 5-HT, and their 
metabolites in the microdialysates collected from the 
rat nucleus accumbens after exposure to 5-API, 3-FMA, 
5-MAPB or DMMA are shown in Fig. 1. The treatment of 
METH was applied as a positive control (Fig. 1a).

The exposure to 5-API induced a significant increase in 
both the DA and the 5-HT concentrations after injection of 
3 mg/kg (at 140 and 160 min) and 1 mg/kg (after 80 min), 
respectively. The concentration of DOPAC was below the 
limit of quantification 60 min after the injection of 1 mg/
kg (Fig. 1b).

The administration of 3-FMA induced significant 
alterations in the concentration of 5-HT, but not in the 

concentrations of DA. The level of 5-HT markedly increased 
after the injection of 3 mg/kg (at 140 and 160 min) and 
that of 5-HIAA significantly (P < 0.05) increased in a dose-
dependent manner. Although the concentration of HVA, a 
metabolite of DA, significantly increased, those of DA and 
DOPAC, another metabolite, did not change significantly 
(Fig. 1c).

In case of 5-MAPB, the level of 5-HT significantly 
increased after the administration of 1 mg/kg and that of 
DOPAC decreased after the injection of lower doses (0.1 
and 0.3 mg/kg) (Fig. 1d). The administration of 3 mg/kg 
5-MAPB was not performed owing to severe toxicity or 
death. DMMA caused the increased extracellular levels of 
only HVA (Fig. 1e).

The areas under the curves for DA, 5-HT, and their 
metabolites vs. time (AUC, 0–180 min) after exposure to 
5-API, 3-FMA, 5-MAPB or DMMA, which were derived 
from the data in Fig. 1, are shown in Fig. 2. The 5-API 
induced the release of DA, similar to METH. The 5-API, 
3-FMA and 5-MAPB caused an increase in extracellular 
5-HT levels, whereas METH did not significantly increase 
them.

DA and 5‑HT reuptake inhibition

The median inhibition concentration (IC50) values of 
5-API, 3-FMA, 5-MAPB and DMMA for DAT and SERT 
are shown in Table 3, and the corresponding uptake inhibi-
tion curves are presented in Fig. 3. With the exception of 
DMMA, the other drugs mainly inhibited DAT, with IC50 
values of from 0.33 to 3.1 µM. Among them, 5-API was a 
highly potent inhibitor of both DAT and SERT.

DAT and SERT binding affinities

The DAT and SERT binding affinities of 5-API, 3-FMA, 
5-MAPB, and DMMA are shown in Table 4. Among the 
drugs, only 5-API had submicromolar affinities for both 
DAT and SERT. 5-MAPB had a higher binding affinity for 
DAT than for SERT.

Discussion

New psychoactive phenethylamines have been rapidly 
introduced, and the knowledge of their effects on the cen-
tral nervous system is promptly required for their control 
as scheduled drugs. However, only limited in vitro studies 
have been conducted owing to the lack of reference stand-
ard drugs and the difficulties of brain sampling and analyti-
cal techniques in animal studies. In the present study, the 
in vivo measurements of DA, 5-HT, and their metabolites, 
as well as the in vitro assays of the DART and SERT were 
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simultaneously performed and provided an important insight 
into the effects of the drugs on the DA and 5-HT systems. 
It is well known that METH, the positive control in the pre-
sent study, potently induces DA release by blocking DAT 
[7]. Our results also confirmed that METH induced DAT-
mediated DA release.

A previous study reported that 5-API, which is often 
used as an MDMA replacement, acted as a potent inhibi-
tor for both DAT and SERT in rat brain synaptosomes, but 
induced more potent inhibition of DAT than SERT [17]. In 
addition, in other previous in vitro studies, 5-API showed 
DAT and SERT-mediated releasing properties [18, 19]. 
The present animal study also demonstrated that 5-API 

induced the nonselective potent release of both DA and 
5-HT (Fig. 2a, d), which was strongly correlated with high 
degrees of uptake inhibition (Table 3) and binding affinity 
(Table 4) to DAT and SERT. Interestingly, it was reported 
as a potent in vitro inhibitor of human monoamine oxidase 
A, for the transformation of DA to DOPAC [20], which 
was consistent with the current in vivo results. Our results 
clearly showed that although the concentration of DA sig-
nificantly increased (Fig. 2a), DOPAC and HVA decreased 
in rats (Fig. 2b, c). From our AUC results, the total change 
in DOPAC and HVA concentration was decreased (Fig. 2b, 
c) as compared with that of DA (Fig. 2a).

Fig. 1   Changes in the concentrations of dopamine (DA) and seroto-
nin (5-HT) and their metabolites [3,4-dihydroxyphenylacetic acid 
(DOPAC), homovanillic acid (HVA) and 5-hydroxyindoleacetic acid 
(5-HIAA)] in microdialysates collected from rats after exposure to 
each aromatic ring-substituted phenethylamine. Each arrow, in order, 
represents the time of the administration of 0.3, 1, and 3 mg/kg intra-

peritoneally (i.p.), respectively, for methamphetamine (METH), 
5-API, 3-FMA, and DMMA, and 0.1, 0.3, and 1  mg/kg (i.p.) for 
5-MAPB [mean ± standard error of the mean (SEM); n = 4–6; DA, 
aP < 0.05 or aaP < 0.01; 5-HT, bP < 0.05 or bbP < 0.01; DOPAC, 
cP < 0.05 or ccP < 0.01; HVA, dP < 0.05 or ddP < 0.01; 5-HIAA, 
eP < 0.05 or eeP < 0.01 vs. vehicle treated group]
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Few studies on the effects of 3-FMA on neurotransmit-
ter release have been conducted. Previously, para-halo-
genated amphetamines, including 4-FMA, were reported 

to induce the release of both DA and 5-HT and to block 
both DAT and SERT, but were more effective to 5-HT 
[21]. A recent study on the neurotoxicity of 3-FMA con-
cluded that the D1 receptor played an important role in 
3-FMA. Moreover, the concentration of DA significantly 
declined, but the DA turnover rate, (DOPAC + HVA)/DA, 
was increased in the mice striatum collected 1 day after 
the intraperitoneal administration of 40 mg/kg 3-FMA 
[22]. In our study, the administration of 3-FMA induced a 
significant increase in the concentrations of 5-HT and its 
metabolite (Fig. 2d, e), instead of DA and its metabolites. 
However, it had  high binding affinities for both DAT and 
SERT (Table 4); thus, the release of 5-HT in the synap-
tic cleft might be attributable to exocytosis. The doses of 
3-FMA in the present study (0.3, 1, and 3 mg/kg) seem too 

Fig. 2   Comparison of the areas under the curves (AUCs) of DA, 5-HT, and their metabolites vs. time (0–180 min). **P < 0.01, *P < 0.05 vs. vehi-
cle treated group

Table 3   Dopamine transporter 
(DAT) and serotonin transporter 
(SERT) inhibition

IC50 median inhibition concen-
tration

Compound name IC50 (mean, 
µM)

DAT SERT

METH 1.8 18
5-API 0.33 0.69
3-FMA 1.1 13
5-MAPB 3.1 8.5
DMMA 27 11
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low to affect the DAT, because, in the previous study [22], 
40–80 mg/kg doses of 3-FMA were administered to mice.

A previous study on the effects of 5-MAPB on extra-
cellular monoamine levels in the mouse striatum by using 
microdialysis reported that it significantly increased the 
DA and 5-HT concentrations in a dose-dependent manner 
(0.4 × 10−4, 0.8 × 10−4, and 1.6 × 10−4 mol/kg) and showed 
a larger increase in the 5-HT level than the level of DA 
[23]. These results were consistent with ours, in which 
5-MAPB considerably affected both DAT and SERT inhi-
bition (Table 3) and effected a noticeable increase in the 
concentration of 5-HT at a high dose (Fig. 1d).

DMMA is considered as an MDMA analog. MDMA is a 
popular recreational drug, which exerted a greater influence 
on 5-HT release and SERT inhibition [8]. However, DMMA 
was significantly less potent than MDMA on SERT in a 
previous study [24]. Our results also showed that DMMA 
induced weak inhibition (Fig. 3e) and binding affinity at 
SERT, and almost no increase in the 5-HT concentration 
(Fig. 2d).

Conclusions

We found that new psychoactive phenethylamines, with a 
variety of aromatic ring substitutions, affected the extra-
cellular levels of DA, 5-HT, and/or their metabolites in the 
nucleus accumbens of rats to varying degrees and in differ-
ent ways. These drugs acted as potent inhibitors for DAT 
and/or SERT. The current results may be helpful for further 
research into monoamine neurotransmitter-related mecha-
nisms of new psychoactive phenethylamines. Although 
it is difficult to postulate the effects of new psychoactive 
phenethylamines on the release of DA and 5-HT from their 
chemical structure, further studies on the chemical structure 
could provide insight into the mechanism of action and pre-
dict the liability of NPS abuse.

Fig. 3   DA and 5-HT uptake inhibition in stably-transfected HEK-293 cells that expressed human dopamine transporter and human serotonin 
transporter (n = 3, mean ± SEM)

Table 4   DAT and SERT 
binding affinities

Compound name IC50 (mean, 
µM)

DAT SERT

METH > 10 > 10
5-API 2.1 1.0
PCA > 10 > 10
3-FMA > 10 > 10
5-MAPB 4.3 > 10
DMMA > 10 > 10
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