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Abstract
Purpose  The aim of this study was to identify in vivo phase I metabolites of five psychoactive substances: N-ethylpentylone, 
ethylone, methylone, α-PVP and 4-CDC, using the in house developed experimental set-up zebrafish (Danio rerio) water 
tank (ZWT). High-resolution mass spectrometry allowed for metabolite identification. A pilot study of reference standard 
collection of N-ethylpentylone from the water tank was conducted.
Methods  ZWT consisted in 8 fish placed in a 200 mL recipient-containing water for a single cathinone. Experiments were 
performed in triplicate. Water tank samples were collected after 8 h and pretreated through solid-phase extraction. Separa-
tion and accurate-mass spectra of metabolites were obtained using liquid chromatography–high resolution tandem mass 
spectrometry.
Results  Phase I metabolites of α-PVP were identified, which were formed involving ketone reduction, hydroxylation, and 
2″-oxo-pyrrolidine formation. The lactam derivative was the major metabolite observed for α-PVP in ZWT. N-Ethylpentylone 
and ethylone were transformed into phase I metabolites involving reduction, hydroxylation, and dealkylation. 4-CDC was 
transformed into phase I metabolites, reported for the first time, involving N-dealkylation, N,N-bis-dealkylation and reduc-
tion of the ketone group, the last one being the most intense after 8 h of the experiment.
Conclusions  ZWT model indicated to be very useful to study the metabolism of the synthetic cathinones, such as N-ethyl-
pentylone, ethylone, α-PVP and 4-CDC. Methylone seems to be a potent CYP450 inhibitor in zebrafish. More experiments 
are needed to better evaluate this issue. Finally, this approach was quite simple, straightforward, extremely low cost, and fast 
for “human-like” metabolic studies of synthetic cathinones.

Keywords  Synthetic cathinones · Zebrafish · In vivo metabolism · High-resolution mass spectrometry · Human-like 
experimental model · Reference standard collection in zebrafish water tank

Introduction

The recent advances in analytical instrumentation allowed 
the development of extremely sensitive and comprehen-
sive drug detection methods [1]. However, these analytical 

approaches do not make the modern forensic toxicology a 
challenge less field. One of the most critical aspects in this 
area is the vertiginous increase of new substances available 
in the illegal market around the world [2], which brings a 
number of relevant new targets for forensics laboratories 
[3–5].

The class of synthetic cathinones is a remarkable exam-
ple of this scenario. These compounds are closely related 
to the naturally occurring cathinone ((S)-2-amino-1-phenyl-
1-propanone), a β-ketone amphetamine analogue and the 
main psychoactive compound in the leaves of Khat plant 
(Catha edulis) [6, 7]. The press alerted about them in 2007 
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[6], and in 2019 they were listed in the top three groups 
of new psychoactive substances (NPS) seized around the 
world, just behind of the synthetic cannabinoids and keta-
mine [8]. This remarkable increase may be related to the 
fact that a substance once prohibited or tracked down by 
forensic laboratories is easily replaced in the market by new 
chemically related analogs after minor structural modifica-
tions. In addition, they pose a public health threat as their 
pharmacological, toxicological and analytical data are usu-
ally not available [2–5, 7, 9].

From the methodologic point of view, when the analytical 
work involves the detection of the abuse of a new substance 
in biological matrices, the knowledge of drug metabolism 
becomes essential to define suitable analytical targets. Inevi-
tably, it is necessary to consider the ethical bottleneck to 
conduct studies in humans without a clear understanding of 
the drug´s toxicology. In this way, alternative models have 
been used to circumvent the use of human volunteers in 
metabolism studies [10–12]. Among them, zebrafish (Danio 
rerio) has already demonstrated advantages over in vitro and 
classical animal models [13–15].

The experimental design so-called “zebrafish water tank” 
(ZWT) model [13, 15–18] showed success to qualitatively 
reproduce the human metabolism of xenobiotics from dif-
ferent classes of substances such as anabolic steroids, can-
nabimimetics, stimulants and narcotics. These results may be 
explained by the remarkable enzymatic machinery orthology 
between the zebrafish and humans [15]. The model allows 
very simple and robust metabolism experiments using adult 
zebrafish considering their more complete and mature enzy-
matic system as compared with the experimental designs 
using embryos [18, 19]. For the best of our knowledge, no 
work evaluating if zebrafish is able to mimic the human 
metabolism of synthetic cathinones can be found in the lit-
erature. Considering its experimental simplicity and high 
throughput, we used ZWT to investigate the metabolism 
of the cathinones N-ethylpentylone, ethylone, methylone, 
α-pyrrolidinopentiophenone (α-PVP) and 4-chloro-N,N-
dimethylcathinone (4-CDC) (Fig. 1).

Thus, with the astonishing speed of the appearance of 
new cathinones, obviously, reference standards of the metab-
olites are hardly commercially available, which increases the 
degree of complexity in the characterization of the abuse of 
these substances in routine forensic toxicology laboratories. 
Thus, motivated by the lack of reference standards of cathi-
none metabolites in most forensic laboratories, we devel-
oped a pilot study to generate a reference collection based 
on the ZWT model using the cathinone N-ethylpentylone 
as a model. The results obtained are reported in this work.

Materials and methods

Material and reagents

N-Ethylpentylone, ethylone, methylone, α-PVP and 4-CDC 
were provided by Brazilian Police Agencies from seized 
materials on the illicit drug market. Formic acid, acetic 
acid, ammonium formate, sodium phosphate, acetonitrile, 
and methanol were of analytical or HPLC grade purchased 
from Tedia (Fairfield, OH, USA); β‐glucuronidase from E. 
coli from Roche (Rio de Janeiro, Brazil); ultrapure water 
(18 MW cm−1) from Milli‐Q Millipore water system (Burl-
ington, MA, USA); Strata‐X‐CW, weak cation mixed‐mode 
polymeric sorbent (30 mg) solid-phase extraction (SPE) car-
tridges from Phenomenex (São Paulo, Brazil); D2O at 99.9% 
from Cambridge Isotope Laboratory (Andover, MA, USA).

Analysis of the seized products

All cathinones used in the ZWT metabolism study were 
previously and exhaustively characterized for their 
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Fig. 1   Chemical structure of a 3,4-methylenedioxy-N-alkylated cathi-
nones and its R1, R2 substitutions. b N-Pyrrolidine cathinone, α-PVP. 
c N-Alkylated cathinone 4-chloro-N,N-dimethylcathinone (4-CDC)
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identification and purity using 1H nuclear magnetic reso-
nance (NMR) spectroscopy, infrared (IR) spectroscopy, 
liquid chromatography–high-resolution mass spectrometry 
(LC–HR-MS) (direct flow injection) and gas chromatog-
raphy–mass spectrometry (GC–MS).

1H NMR spectroscopy

Approximately 10 mg of each crystal was dissolved in 
0.5 mL of D2O containing 20 ppm of trimethylsilylpropanoic 
acid (TSP) used as an internal standard. The NMR spectra 
were recorded using 400 MHz apparatus (Bruker, Bremen, 
Germany) with D2O at 99.9% as a solvent. All spectra were 
acquired at 35 °C. The peak in 4.7 ppm was referenced to 
the residual water (HOD) suppressed by pre-saturation. The 
1H NMR spectra (Zgpr from Bruker Library) were obtained 
with 16 scans using a delay between each scan of 1.2 s. The 
chemical shifts were corrected in relation to the internal 
standard (TSP) at 0 ppm to the 1H. All data were processed 
using TopSpin 3.1 software (Bruker).

IR analysis

The IR spectra of each compound were obtained using a 
Spectrum Two Fourier-transform infrared (FT-IR) Perkin 
Elmer® Spectrometer (Perkin Elmer, Waltham, MA, USA) 
with a diamond to achieve attenuated total reflection. Each 
sample was directly loaded onto the FT-IR instrument and 
each spectrum was acquired in single mode, with a resolu-
tion of 4 cm−1, in the region from 4000 to 550 cm−1 and 
recorded with an average of 4 scans.

GC–MS analysis

For GC–MS system, the samples were prepared using 
100 mg of each sample dissolved in 2 mL of methanol 
(HPLC grade). An aliquot of 20 µL of this solution was 
diluted with 980 µL of methanol. GC–MS analyses were 
performed using an Agilent Technologies 6890 N gas chro-
matograph coupled to an Agilent Technologies model 5973 
mass spectrometer (Agilent Technologies, Palo Alto, CA, 
USA). The injector was maintained at 280 °C. Sample injec-
tion (1 μL) was in the splitless mode. Separation of sam-
ple components was conducted using the HP-5MS column 
(Agilent Technologies) with 5% phenyl-95% methylsilox-
ane (30 m × 0.25 mm i.d., film thickness 0.25 µm). Helium 
(99.995% purity) was used as a carrier gas at a constant 
pressure of 10 psi. The GC oven was held at 50 º C for 1 min, 
then ramped up at 20 º C min−1 to 300 º C and held for 
2 min. The mass detector was set to positive electron ioni-
zation (EI) mode and the electron beam energy was 70 eV. 

The full MS scan mode was acquired in the mass range from 
m/z 40 to 600.

Maintenance of zebrafish and zebrafish water tank 
(ZWT) experimental set‑up

Acclimation of zebrafish

Adult zebrafish of mixed sex (3–5 months) were used. The 
fish were obtained from a local provider and acclimatized to 
groundwater for at least 5 days prior to experimentation in 
tanks with circulatory pumps. Fish were kept at a tempera-
ture of 28 ± 2 °C in a photoperiod of 12:12 h. The fish were 
fed twice a day with TetraMin® ration (Tetra, Blacksburg, 
VA, USA) during the acclimation process. One day prior 
to experimentation, feeding was stopped, and the fish were 
transferred to the test tanks and allowed to rest.

Scale‑down of ZWT set up for accumulation curve 
elaboration

The experiments were performed in 200 mL glass tanks fit-
ted with a heating device set to a temperature of 32 ± 0.5 °C 
as follows: (1) positive control: without fish and with the 
single drug previously diluted in water; (2) negative control: 
without any cathinones and with eight fish; (3) test tanks: 
with each drug and eight fish. Each cathinone was diluted in 
water to give a final concentration of 0.5 µg mL−1. Aliquots 
were collected from all tanks at the following times: 0, 0.5, 
1, 2, 3, 4, 5, 6, 7 and 8 h of each experiment. The fish were 
not fed during the experiments.

Scale‑up for reference standard collection 
of N‑ethylpentylone

The ZWT model was conducted as described by De Souza 
Anselmo et al. [17] with adaptation. Eighteen adult zebrafish 
were kept in 4 L aerated water tanks, at 28 ± 2 °C and were 
fed TetraMin® ration once a day during all experiment. One 
milligram aliquot of N-ethylpentylone previously dissolved 
in water was added to the tank. After 72 h (when the target 
metabolite concentration was highest), the whole volume of 
the tank was stored at 4 ± 1 °C and concentrated as described 
below for elaboration of the reference standard collection.

Sample preparation procedure

Aliquots from the water tank were used as samples. For 
the elaboration of the accumulation curve, the preparation 
started at 2 different aliquots. The first of 10 μL tank water 
was kept at 4 °C to be used below, while the second of the 
sample was prepared as follows: to 2.5 mL of the water tank, 
10 μL of a mixture of internal standard working solutions 
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was added to obtain a final concentration of 40 ng mL−1 
each of 7‐propyltheophylline, buspirone, and cathine‐D3; 
5  ng  mL−1 each of growth hormone-releasing peptide 
‐4‐D4 and testosterone‐D3; 4 ng mL−1 of JWH‐018‐D11; 
100 ng mL−1 of mefruside and 20 ng mL−1 of morphine 
glucuronide‐D3. This internal standard mixture solution is 
used in routine screening procedures in the Brazilian Dop-
ing Control Laboratory, where each compound is intended 
to check a specific step in the overall procedure as described 
by Sardela et al. [1]. Then, after 75 μL of β-glucuronidase 
from E. coli were added, the samples were vortexed, incu-
bated at 50 ± 1 °C for 1 h and cooled to room temperature. 
Strata‐X‐CW (30 mg) SPE columns were used in the clean-
up/concentration step. The SPE cartridges were inserted into 
a vacuum manifold and conditioned with 2 mL methanol 
and 2 mL of ultrapure water. The hydrolyzed samples were 
applied to the cartridges, washed with 2 mL of ultrapure 
water, 1 mL of methanol/water (1:1, v/v) and analytes were 
eluted with 3 mL of methanol/formic acid (95:5, v/v). The 
eluates were evaporated to dryness under a stream of nitro-
gen in a 40 ± 1 °C water bath, reconstituted with 50 μL of 5% 
acetic acid and added to the 10 μL aliquot previously sepa-
rated. Then, 8 μL were subjected to instrumental analyses.

For the reference standard collection, 200 mL aliquots 
were added to the cartridges previously conditioned as 
described above and washed with 2 mL of methanol/water 
(1:1, v/v). Then, the analytes were eluted with 6 mL of 
methanol/formic acid (95:5, v/v) and evaporated to dryness 
under a stream of nitrogen in a (40 ± 1) °C water bath. The 
concentrated metabolites mixture was reconstituted in 1 mL 
of methanol.

Liquid chromatography and mass spectrometry 
setup

An Accela liquid chromatography (LC) system (Thermo 
Fisher Scientific, Bremen, Germany) coupled to a Q‐
Exactive Plus Orbitrap high-resolution mass spectrometer 
(Thermo Fisher Scientific) was used. The chromatographic 
separation was performed in a reversed‐phase column (Syn-
cronis™ C18, 50 × 2.1 mm i.d., particle size 1.7 μm; Thermo 
Fisher Scientific, Waltham, MA, USA) with the oven set at 
40 °C. The mobile phases were composed of (A) 5.0 mM 
ammonium formate water solution and (B) methanol; both 
phases contained 0.1% formic acid. The flow rate was set at 
400 μL min−1. The elution program was 0–0.3 min, 5% B; 
0.3–0.5 min, 5–10% B; 0.5–1.0 min, 10–25% B; 1.0–6.0 min, 
25–90% B; 6.0–8.0 min, 90–100% B; 8.0–9.0 min, 100% B 
(column washing); 9.0–9.1 min, 100–5% B, 9.1–11.0 min, 
5% B (column equilibration to the initial condition). The 
overall run time was 11 min. The LC effluent was pumped to 
a Q‐Exactive mass spectrometer operating in positive ioni-
zation mode and equipped with an electrospray ionization 

(ESI (+)) source. The spray voltage was set to 3.9 kV; capil-
lary temperature to 380 °C; and the S‐lens radio frequency 
level to 80 (arbitrary units). The nitrogen sheath and aux-
iliary gas flow rates were set at 60 and 20 (arbitrary units), 
respectively. The instrument was calibrated using the manu-
facture’s calibration solutions (Thermo Fisher Scientific) to 
ensure mass accuracies below 6 ppm. The mass spectrometer 
acquired full scan data at a resolution of 70,000 full widths 
at half maximum (FWHM) and with automatic gain con-
trol of 106. Simultaneously, an all‐ion fragmentation full 
scan experiment was also performed in positive ionization 
mode with a normalized collision energy at 40 and a resolu-
tion at 17,500 FWHM. In addition, the cathinones and their 
metabolites were fragmented and analyzed through data-
independent acquisition experiments in the second stage of 
tandem mass spectrometry (full-scan/MS2) at a resolution 
of 17,500 FWHM, loop count at 5, isolation window at m/z 
1.0 and with normalized collision energy (NCE) optimized 
for each cathinone and metabolite.

Results

Characterization of seized drugs

In GC–MS analysis only one intense chromatographic 
peak was observed for each sample of synthetic cathinones 
(Figs. S1 – S3). The mass spectrum of N-alkylated cathi-
nones showed an immonium ion as the base peak, formed 
by an amine initiated α-cleavage, at m/z 58, 72 and 100 
(CnH2n+2N+) for methylone (n = 3) (Fig. S1a), ethylone 
(n = 4) (Fig. S1b) and N-ethylpentylone (n = 6) (Fig. S2a), 
respectively. A characteristic ion at m/z 121 [C7H5O2]+, 
which indicated the presence of the methylenedioxy 
group attached to an aromatic ring, and the ion at m/z 149 
[C8H5O3]+, corresponding to the addition of the β-keto 
group to the above structure, was detected in mass spectra 
of ethylone, methylone and N-ethylpentylone (Figs. S1, S2).

The base peak ion at m/z 126 (C8H16N+) was observed 
for pyrrolidinyl substituted cathinone as α-PVP (Fig. S2b). 
In addition, an ion at m/z 105 [C7H5O]+ corresponding to 
the β-keto group attached to the aromatic ring. 4-CDC (Fig. 
S3a) presented a base peak at m/z 72 corresponding to the 
N-alkyl chain from α-carbonyl cleavage. The mass spectra 
of cathinones corresponded the spectra in the mass spectra 
library (SWGDRUG, Software Version: 3.4).

FT-IR spectra obtained from the crystal samples of cathi-
nones were compared with those found in the literature [4] 
or the equipment Library (SWGDRUG IR Library-version 
1.8). A high similarity was verified for each cathinone ana-
lyzed. The functional groups of cathinones were displayed in 
the spectra as the carbonyl stretching conjugated with a phe-
nyl group showing a characteristic absorption at 1673 cm−1 
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(ethylone, Fig. S1b), 1675 cm−1 (methylone, Fig. S1a), 
1681 cm−1 (N-ethylpentylone, Fig. S2a; α-PVP, Fig. S2b) 
and 1689 cm−1 (4-CDC, Fig. S3b).

Regarding the 1H NMR spectra, the 1,3,4-substituted 
aromatic ring showed signal H-2, H-5 and H-6 at 7.48, 
7.05 and 7.71 ppm, respectively, indicating two doublets 
and one doublet of doublets. Methylone (Fig. S1a), ethyl-
one (Fig. S1b) and N-ethylpentylone (Fig. S2a) presented 
a signal at 6.14 ppm, corresponding to the methylenedioxy 
group. The chemical shifts of the units attached to posi-
tion 1 of the aromatic ring were evaluated for identifica-
tion purpose. In the methylone sample, two major signals at 
2.8 and 1.63 ppm attributed to CH3 groups were observed 
(Fig. S1a). A singlet at 1.63 ppm attributed to a CH3 group 
bonded to α-carbonyl, and a singlet at 1.43 ppm attributed 
to protons from CH3 of the amine-linked ethyl group, were 
found in the ethylone sample (Fig. S1b). Regarding N-eth-
ylpentylone sample, two major signals at 1.37 and 0.88 ppm 
were observed. The signal at 1.37 ppm corresponded to the 
protons from CH3 signal of the amine-linked ethyl group 
(Fig. S2a). The signal at 0.88 ppm corresponded to the pro-
tons of CH3 of the propyl group bonded to carbon alpha 
carbonyl. 4-CDC spectrum (Fig. S3c) shows five signals at 
7.99 and 7.63 ppm corresponding to the protons H-2 and 
H-3 from aromatic ring 4-substituted by chlorine. This 
observation excluded the presence of position isomers 
(ortho and meta). The quadruplet signal at 5.13 ppm cor-
responded to alpha carbonyl proton. At 3.00 and 1.66 ppm 
would be proton signals from dimethyl amine-linked group 
and methyl bonded to α-carbonyl, respectively. α-PVP 
spectrum sample showed a typical phenyl pattern at 7.68, 
7.84 and 8.08 ppm (H-3, H-4 and H-2, respectively) (Fig. 
S2b), and the signals at 5.26 ppm confirmed the structure as 
α-pyrrolidinopentiophenone. The pyrrolidine proton signals 
were found at 3.12, 3.73, 3.44 and 2.23 ppm (H-6a, H-6b, 
H-9 and H-7, respectively). The signals at 0.84, 1.24 and 
2.11 ppm corresponded to pentane chain chemical shifts 
(H-5, H10 and H-8, respectively).

Metabolic studies through ZWT

After the addition of the synthetic cathinones to the tanks, 
no phenotype modifications or abnormal behavior were 
observed in the fish. However, it is important to highlight 
that phenotype observations were not the goal of the study 
in ZWT, and no detailed observation protocols were in place 
during the study. However, all fish survived until the end 
of the experiments, being afterwards treated following the 
guidance of the ethical protocol in place.

The chemical formulae of the cathinones and respective 
metabolites found in ZWT as well as the collision ener-
gies employed for their fragmentation, retention times (tR), 
measured mass to charge ratio for the protonated molecules 

and product ions and mass error (ppm) are summarized in 
Tables 1, 2 and 3 for α-PVP, ethylone and N-ethylpentylone, 
4-CDC, respectively. The elemental composition obtained 
from product ion and neutral losses aided the assignment of 
the structure of metabolites.  

α‑PVP

In the ZWT experiment, α-PVP was metabolized extensively 
into five phase I metabolites. Figure 2a shows the proposed 
metabolic pathways of α-PVP in ZWT (ʘ), in vitro studies 
(ж) [20], and human urine (Ϫ) [21]. HR-MS/MS spectra of 
α-PVP and its hydroxylated metabolite at pyrrolidine ring 
(M2), β-ketone reduced metabolite (M4) and 2″-oxo pyrro-
lidine metabolite (M5) are depicted in Fig. 2b. The HR-MS/
MS spectra of N-dealkylated (M1) and dihydroxylated (M3) 
metabolites are shown in supplementary material (Fig. S4a).

The HR-MS/MS spectra of α-PVP showed a m/z 
161.09604 corresponding to the loss of amine moiety fol-
lowed by an alkyl chain loss at m/z 119.04936 (Fig. 2b). 
The benzoyl ion and the immonium cation could be also 
observed at m/z 105.03381 and 126.12788, respectively. 
Moreover, m/z 91.05468 could be observed as a base peak 
due to its high thermodynamic stability [22], although it is 
not specific for structural elucidation of this compound or 
its metabolites.

N,N-Bis-dealkyl-α-PVP (M1), formed from a transforma-
tion of the pyrrolidine ring into a primary amine, was also 
observed in in vitro studies [20, 23] but not in human urine 
[21]. In ZWT, the HR-MS/MS spectra of this metabolite 
(Fig. S4a) showed specific product ions corresponding to the 
loss of the keto moiety at m/z 160.11230 followed by the loss 
of a propyl side chain at m/z 118.06551 and m/z 130.06496 
besides the ion also observed at m/z 105.03400 in α-PVP. 
The result of hydroxylation of the pyrrolidine ring (M2) was 
observed as a product of diastereomers in humans [21]. In 
contrast, it was not described for human liver microsome 
(HLM) [20]. In ZWT, it was observed only one chromato-
graphic peak, the HR-M/MS spectrum of which is shown in 
Fig. 2b. The specific ions at m/z 230.15450 and 142.12267 
correspond to the loss of hydroxy group as water and the 
immonium cation with the addition of the hydroxy group, 
respectively. It also showed a peak at m/z 161.09619 cor-
responding to the loss of hydroxylated amine moiety and 
benzoyl ion at m/z 105.03387. It is noteworthy that the 
position of the hydroxylation in the pyrrolidine ring could 
not be assessed by means of LC–HR-MS; therefore, it was 
represented by tilde. Dihydroxylated derivative (M3) (Fig. 
S4a) was observed in in vitro studies [20, 23], but was not 
identified in humans [21]. HR-MS/MS spectra showed a loss 
of water at m/z 232.16985 and 214.15927 followed by the 
loss of propyl chain at m/z 172.11227.
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1-Hydroxy-α-PVP (M4), presented a loss of water at 
m/z 216.17445, followed by a propyl side chain loss as a 
radical cation at m/z 173.11980, or pyrrolidine ring loss at 
m/z 145.10106 (Fig. 2b). 2″-Oxo-α-PVP (M5), product of 
hydroxylation followed by dehydrogenation in the pyrro-
lidine ring, was also observed in human urine [21]. This 
metabolite was not observed in in vitro studies, i.e., HLM 
[20]. In the MS2 spectrum for ZWT the loss of water yield-
ing m/z 228.13840 could be observed, as well as the loss of 
a keto benzyl moiety at m/z 143.08566 and m/z 140.10709.

The results of the ZWT has as complementary evi-
dence for the accumulation profile of the α-PVP metabo-
lites through time, as presented in Fig. S4b. For α-PVP, 
1-hydroxy-α-PVP (M4) presented the most significative 
accumulation profile, followed by M5 and M2. At the end 
of the 8 h of experiments, the major metabolic pathway 
identified for α-PVP in ZWT, i.e., the most accumulated 
metabolite, was the reduction of the β-ketone to give an 
alcohol, M4.

N‑Ethylpentylone and ethylone

As N-ethylpentylone and ethylone are structurally similar, 
it is not unsurprising that comparable metabolic pathways 
have been observed in ZWT. The phase I metabolic path-
ways observed for N-ethylpentylone are common to ethylone 
and are presented in Fig. 3a. Metabolites could be observed 
resulting from keto reduction (M1), hydroxylation in alkyl 
chain (M2) and demethylenation (M3) in ZWT after 8 h of 
experiment. Chemical formula of N-ethylpentylone, ethylone 
and their three metabolites and their respective product ions, 
NCE employed for their fragmentation, retention time (tR), 
measured m/z for the protonated molecules and product ions, 
and mass error (ppm) are summarized in Table 2.

Loss of water from the hydroxy group was observed 
as a base peak at m/z 234.14986 for N-ethylpen-
tylone metabolite (M1) and at m/z 206.10789  Da 
for ethylone. Hydroxylation of N-ethylpentyl-
one and ethylone resulted in the formation of M2, 

Table 1   Putative identification of in vivo metabolites of α-PVP using the zebrafish water tank (ZWT) model in the presence of 5 ng mL−1 of 
α-PVP after 8 h analyzed by liquid chromatography–high-resolution tandem mass spectrometry (LC–HR-MS/MS)

NCE normalized collision energy, tR retention time

α-PVP or 
metabo-
lites

Metabolic reaction Formula
[M + H]+

Measured product 
ion
(m/z)

Mass 
error 
(ppm)

NCE
(eV)

Product ion for-
mulae

Measured 
product ions 
(m/z)

Mass 
errors 
(ppm)

tR (min)

α-PVP – C15H22NO 232.16946 0.43 50 C11H13O+ 161.09604 0.31 4.48
C8H16N+ 126.12788 1.27
C8H7O+ 119.04936 1.85
C7H5O+ 105.03381 3.05
C7H7

+ 91.05468 5.00
M1 N,N-Bis-dealkyla-

tion
C11H16NO 178.12294 1.68 50 C11H14N+ 160.11230 1.40 4.25

C9H8N+ 130.06496 1.27
C8H8N+ 118.06551 3.25
C7H5O+ 105.03400 4.80

M2 Hydroxylation in 
the pyrrolidine 
ring

C15H22NO2 248. 6440 0.42 50 C15H20ON+ 230.15454 2.06 4.35
C11H13O+ 161.09619 0.61
C8H16NO+ 142.12267 0.21
C7H5O+ 105.03387 3.60

M3 Dihydroxylation C15H24NO2 250.18040 0.98 50 C15H22ON+ 232.16985 1.12 4.50
C15H20N+ 214.15927 1.14
C11H14N+ 160.11226 1.12
C12H14N+ 172.11227 1.13

M4 β-Ketone reduction C15H24NO 234.18535 0.47 50 C15H22N+ 216.17456 0.24 4.59
C12H15N+ 173.12003 0.74
C11H13

+ 145.10123 0.36
M5 Hydroxyla-

tion + dehydroge-
nation

C15H20NO2 246.14897 0.49 45 C15H18ON+ 228.13840 0.48 6.79
C11H13O+ 161.09616 0.42
C11H11

+ 143.08566 0.93
C8H14ON+ 140.10709 0.71
C7H5O+ 105.03392 4.08
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1-(1,3-benzodioxol-5-yl)-2-(ethylamino)-hydroxy-pentan-
1-one and 1-(1,3-benzodioxol-4-ol-5-yl)–2-(ethylamino)-
hydroxy-propan-1-one, respectively (Fig. 3b). M2 exhibited 
protonated ions at m/z 266.13770 for N-ethylpentylone and 
at m/z 238.10800 for ethylone. The position of hydroxyla-
tion along the alkyl chain for these metabolites could not be 
determined by mass spectrometry experiments. In Fig. 3a 
the unknown position is demonstrated by tilde. Demethyl-
enation of N-ethylpentylone and ethylone generated M3, 
1-(3,4-dihydroxyphenyl)-2-(ethylamino)pentan-1-one and 
1-(3,4-dihydroxyphenyl)-2-(ethylamino)propan-1-one, 
respectively (Fig. 3b). M3 exhibited a protonated ion of at 
m/z 238.14496 for N-ethylpentylone and at m/z 210.1124 
for ethylone.

4‑Chloro‑N, N‑dimethylcathinone

In ZWT, a reduced metabolite (M1, m/z 214.09932), nor-
metabolite N-dealkylated (M2, m/z 198.06802) and bis-nor-
metabolite (M3, m/z 184.05236) were detected. Figure 4a 
presents the HR-MS/MS spectra of the putative metabolites 
observed in ZWT after 8 h of experiment. All ion fragmen-
tation acquisition mode in the LC–HR-MS system allowed 
the detection of the expected chlorine cluster shared by all 
chlorinated metabolites (Fig. 4b). HR-MS/MS spectra were 
obtained using data-independent acquisition mode with 
a narrow isolation window of m/z 1.0 despite the loss of 
the isotopic information for the sake of sensitivity. Chemi-
cal formula of 4-CDC, its metabolites and their respective 
product ions, NCE employed for fragmentation, retention 
time (tR), measured mass to charge ratio for the protonated 
molecules and product ions, and mass error (ppm) are sum-
marized in Table 3.

4-CDC presented the loss of the amino moiety at m/z 
167.02591 as base peak and the formation of a benzoyl ion 
at m/z 139.03096 in its HR-MS/MS spectrum (Fig. 4a). The 
protonated-molecular ion and product ion at m/z 139.03096 
presented the isotope pattern expected for 35Cl/37Cl (Fig. 4b). 
Xcalibur 3.0 program was used to calculate the theoretical 
isotope distribution for the chlorine group of 4-CDC and its 
metabolites. Furthermore, the isotope intensity for [M + H]+ 
and the product ions (Fig. 4b) were also performed in three 
other ZWT samples collected after 8 h of the experiment. 
The all ion fragmentation scan analysis for this mass was 
repeated 3 times for every sample and compared with the 
theoretical intensity.

As described by Niessen and Correa [24], loss of water 
(− 18.0106 Da, H2O) is characteristic of the fragmenta-
tion pattern of cathinones, but not pyrrolidinophenones. 
This neutral loss was observed as a base peak in M1, 
product of reduction on the keto moiety (m/z 196.08885) 
(Fig. 4a). The consecutive loss of CH3 yielded a peak at 
m/z 181.06537. M2 and M3, products of N-dealkylation and Ta
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N,N-bis-dealkylation, showed the loss of the keto group at 
m/z 180.05745 and 166.04193 for M2 and M3, respectively 
(Fig. 4a). The loss of the amino moiety yielded a peak at 
m/z 167.02589 for M2. Both metabolites (M2 and M3) 
showed the loss of a chlorine group at m/z 145.08859 and 
131.07317, respectively. The proposed metabolic route is 
shown in Fig. 5a.

In ZWT, after 8 h of the experiment the product of reduc-
tion of the keto group of 4-CDC (M1) was the most intense 
metabolite and N-demethylation (M2) the second most 
intense (Fig. 5b). None of these metabolites were found in 
the negative (with fish without drug) and positive (with the 
drug without fish) controls.

Methylone

First described as an NPS in 2005, methylone (2-methyl-
amino-1-(3,4-methylenedioxyphenyl)propan-1-one) was 
raised in Japan and Europe [25–27] in the early 2000’s. 
Originally synthesized as an anti-Parkinsonism agent [27], 
this drug received the street-name “Explosion”, mainly in 
Europe. Kamata et al. [26] investigated methylone metabo-
lism through both human and rat models reporting two major 
metabolic pathways. The N-demethylation to the correspond-
ing primary amine methylenedioxycathinone was character-
ized generating metabolite. Demethylenation, followed by 
O-methylation of either a 3- or 4-OH group on the benzene 
ring to produce 4-hydroxy-3-methoxymethcathinone, took 
place, and the isomer 3-hydroxy-4-methoxymethcathinone 
were also observed in free and conjugated forms. None of 
these metabolites was previously reported in the literature 
observed through the ZWT experiment. Indeed, despite the 
use of very sensitive analytical approaches, no other molecu-
lar entity similarly related to methylone could be detected in 
the tanks, indicating that all metabolite process was inhib-
ited. The whole of methylone is considered as inhibitor of 
CYP isoforms.

Reference standard collection

N-Ethylpentylone was chosen as a model substance to the 
reference standard collection experiment considering the 
extensive metabolism data available in the literature and 
apparently, in Brazil, but no metabolites of N-ethylpentylone 
are not commercially available at this time; we may have the 
high prevalence of this synthetic cathinone. SPE was chosen 
as a concentration strategy considering its practicality and 
availability in toxicology laboratories. Moreover, SPE can 
provide additional clean up, eliminating undesirable parti-
cles such as animal excrement and feed scraps. Thus, the 
metabolites were biosynthesized by 18 fish, and after 72 h, 
20 aliquots of 200 mL of water were eluted in 10 precondi-
tioned SPE cartridges. The metabolites were recovered with 
methanol/formic acid (95:5, v/v) solution. A rough estima-
tion of concentration was performed by the ratio between 
the chromatographic peak area of each metabolite and 
that of the internal standard 7-propyltheophylline. Thus, it 
could be observed that metabolite concentrations increased 
approximately 100-folds, when compared with the original 
aquarium water sample.

Such a procedure allowed the detection of all metabo-
lites in the previously scale down experiment. The metha-
nolic solution was shared with the Brazilian Police Forces 
(DGPTC/PCERJ and SEPLAB) to support their own toxi-
cologic laboratories. The reference standard collection was 
also distributed to the WADA Laboratories community 
allowing the implementation of N-ethylpentylone in their 
own routines. This reference standard collection pilot study 
showed that this kind of material can be produced very fast 
and with low cost, becoming a very straightforward tool for 
forensic toxicology laboratories.

Table 3   Putative identification of in vivo metabolites of 4-CDC using the ZWT model in the presence of 5 ng mL−1 of 4-chloro-N,N-dimethyl-
cathinone (4-CDC) after 8 h analyzed by LC–HR-MS/MS

4-CDC
Metabolite

Metabolic reaction Formula Measured
m/z

Mass 
error 
(ppm)

NCE (eV) Product ion formu-
lae

Product ions (m/z) Mass 
errors 
(ppm)

tR (min)

4-CDC – C11H15NOCl 212.08369 0.14 40 C9H8ClO+ 167.02591 0.54 4.22
C7H4ClO+ 139.03096 0.40

M1 β-Ketone reduction C11H17NOCl 214.09920 0.55 35 C11H15NCl+ 198.08875 0.49 4.04
C10H12NCl+ 181.06537 0.50

M2 N-Dealkylation C10H13NOCl 198.06807 0.11 40 C10H11NCl+ 180.05745 0.02 4.06
C9H8OCl+ 167.02589 0.42
C10H11N+ 145.08859 0.07

M3 N-Bis-dealkylation C9H11NOCl 184.05257 1.10 35 C9H9NCl+ 166.04193 0.76 3.98
C9H9N+ 131.07317 1.67
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Discussion

All five cathinones used in the metabolic studies were the 
result of apprehension by the Brazilian security forces. As 
typically observed in South American countries, the most 
common substances available on the drug market in Brazil 

were those from plant-based sources, e.g., cocaine and can-
nabis. This may be justified by the intense production of 
these drugs in the continent, especially in the neighboring 
countries [8, 28]. Nevertheless, considering that all materials 
used in this study came from the Brazilian illegal market, 

Fig. 2   a Proposed in  vivo metabolic pathways for α-PVP based on 
metabolites observed in zebrafish water tank (ZWT); unclear position 
of the hydroxy group represented by special marks; metabolic reac-

tions highlighted in grey in each structure. b High-resolution tandem 
mass (HR-MS/MS) spectra with electrospray ionization (ESI(+)) of 
α-PVP, M2 M4 and M5 obtained from the water in ZWT
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this is an evidence of the degree of dissemination of syn-
thetic drugs around the world.

In addition to the lack of traceability of drugs produc-
tion, the possibility of adulteration or dilution with other 
substances (e.g, caffeine, ketamine, talcum) to mimic or 

modify the drugs’ effect, cheapening its cost needed to be 
considered [29]. Thus, considering the composition of this 
illicit material can vary significantly, with clear impact in 
the metabolism results, a comprehensive characterization, 
e.g., GC–MS, 1H NMR and IR was conducted to verify the 

Fig. 3   a Proposed in  vivo metabolic pathways for substituted cathi-
nones (ethylone R1: CH3, R2:C2H5; N-ethylpentylone R1: C3H8 R2: 
C2H5) in zebrafish; metabolic reaction highlighted in grey in each 

structure. b HR-MS/MS spectra (ESI(+)) of ethylone and its metabo-
lite in the right column and N-ethylpentylone and its metabolites in 
the left column
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molecular identification of the substances. All cathinones 
involved that were properly characterized presented high lev-
els of purity. In other words, it was not observed any interfer-
ents and adulterants considering these methods’ sensitivity.

The putative metabolites were initially inferred by the 
knowledge of the classical CYP-mediated metabolic path-
ways for xenobiotics. Then, the exact masses of these metab-
olite candidates were obtained using the software Xcalibur 
3.0 (Thermo Fisher Scientific). Multiple MS experiments 

Fig. 4   a HR-MS/MS spectra of 
4-CDC and its metabolites. b 
Isotopic patterns
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ran in parallel, allowing the acquisition of a huge amount 
of data. The exact mass ion chromatograms from full-scan 
mode were extracted evidencing the presence, or not, of 
each putative metabolite. Comparison of the chromato-
grams obtained from the test tanks and the positive and 
negative control tanks were used for this goal. The HR-MS/
MS spectra were useful to obtain the fragment elemental 
composition and thus to infer structures by comparing with 
data from the literature. The HR-MS/MS (full-scan/MS2) 
fragmentation experiments were conducted through the crea-
tion of an inclusion list with the expected [M + H]+ of its 
supposed metabolites. These data-independent acquisition 
experiments already demonstrated the improvement of the 
method sensibility [2]. This total MS acquisition strategy 
enables the detection of the predicted m/z relative to the 
metabolites inferred based on the classical metabolism infor-
mation, meanwhile it allows the acquisition of all analytical 
information, creating the perspective of a comprehensive 

non-target method. If an unpredicted metabolite is not imme-
diately observed, the raw file data can be reevaluated a pos-
teriori to find a new metabolic pathway. In this way, chemi-
cal structures of the putative metabolites were postulated by 
interpretation of the mass shifts in the HR-MS/MS spectrum 
in relation of the parent compound and in accordance with 
previously published data.

All metabolites described herein were observed in the 
three replicates and not observed either in the positive or 
negative control (data not shown).

The study of the N-pyrrolidine cathinone, α-PVP, in ZWT 
yielded five metabolites. N,N-bis-dealkylation (M1), hydrox-
ylation in the pyrrolidine ring (M2), β-keto moiety reduction 
(M4), β-keto reduction plus hydroxylation in the pyrrolidine 
ring (M3) and oxidation product at the 2-position of the pyr-
rolidine ring (M5) were the main metabolic pathways found 
in ZWT (Table 1, Fig. 2). However, in the present study only 
one chromatography peak was observed for 1-hydroxy-α-
PVP (M4), although this metabolite was reported a mixture 
of diastereomers in human urine [21]. The authors found 
huge discrepancies among these isomers’ concentrations, 
which were attributed to stereospecific affinities of R- and 
S- α-PVP for the enzyme responsible for the metabolization. 
Thus, the chromatographic conditions employed in our study 
may have to be optimized to figure them out if the ZWT is 
able to produce both isomers.

Considering that the metabolites are continually elimi-
nated by the fish in the water, it is reasonable to expect a 
cumulative profile in the water tank. Of course, given that 
the newly formed metabolites are available to interact con-
tinually with the zebrafish enzymatic machinery, i.e., being 
reabsorbed, metabolized and excreted, different metabolites 
could show a less/more significant concentration increase 
in the tank. This behavior is commonly observed in in vitro 
systems, where the excretion step, using the human model 
analogy, could not be reproduced [30]. Hence, kinetic infer-
ences using the ZWT should be carefully made, being hard 
to extrapolate the data to perform comparisons with other 
in vivo models. Anyway, the metabolite concentration incre-
ment over time is an important complementary tool to evalu-
ate the ability of the zebrafish to metabolize xenobiotics.

For N-ethylpentylone and ethylone, 6 metabolites 
were found in ZWT (Table 2, Fig. 3a). Reduction of the 
keto moiety (M1), hydroxylation (M2) and demethylena-
tion (M3) were also observed in the human biological flu-
ids studied [31, 32]. Although phase II glucoconjugated 
metabolites were already described for α-PVP and ethyl-
one in humans [21, 33], such conjugated metabolites were 
not observed in this study. It is due to the incubation step 
with β-glucuronidase from E. coli adopted in the experi-
mental design. In theory, if formed by the model, the phase 
II metabolites could be detected based on the 10 µL of in 
nature aquarium water was added to the final extract just 
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before the injection in LC–HR-MS system [1]. Neverthe-
less, in this study, the lack of detection of such metabolites 
could be associated to the small amounts in the samples. A 
dedicated study must be conducted with ZWT to evaluate 
the phase II metabolites for synthetic cathinones.

The metabolism of 4-CDC in humans or other in vivo 
or even in in vitro models have not yet been reported to our 
knowledge. Therefore, considering the structural similarity 
with other cathinones already studied [34], the metabolites 
were hypothesized, and dealkylation, β-ketone-reduction 
and hydroxylation could be demonstrated as metabolic 
pathways of 4-CDC. Based on the findings for 4-chloro-
N,N-diethylcathinone, which suggested that the product of 
carbonyl reduction was the most intense metabolite observed 
in human biosamples (plasma and urine) and S9 fraction 
incubation experiments (unpublished observation), it is rea-
sonable to suggest the keto reduction metabolite (M1), the 
main metabolite observed in ZWT, as a target metabolite for 
forensic analysis of 4-CDC also in humans.

Pedersen et al. [27] reported that CYP2D6 was shown 
to be the primary enzyme that metabolizes methylone, 
with minor contributions from CYP1A2, CYP2B6, and 
CYP2C19. The authors also showed a time-dependent loss 
of CYP2D6 activity when the enzyme was preincubated 
with methylone. Indeed, the loss of activity reached a maxi-
mum rate of inactivation at high methylone concentrations, 
suggesting that methylone is a mechanism-based inhibitor 
of CYP2D6. Methylone showed inhibitory potential similar 
to clinically important inhibitors such as quinidine [27]. In 
fact, CYP enzymes oxidize aryl and alkyl methylenedioxy 
compounds to species that coordinate tightly to their heme 
iron atom. This is likely via the interaction of a carbene 
formed from the methylene group and the iron atom of the 
heme moiety (Fig. 6). Paroxetine is an example of a drug that 
inhibits P450 by this mechanism [35].

According to Goldstone et al. [36], the zebrafish would 
not have CYP orthologous to human CYP 2D6. Although 
no ortholog of human CYP2D6 has been found in the fish, 
which could initially explain why we did not observe the 
metabolism in this model, zebrafish has been described 
to metabolize dextromethorphan, a substrate of human 

CYP2D6, to dextrorphan in addition to 3-methoxymorphi-
nan [37]. This indicates that not having a human CYP 
ortholog in zebrafish does not necessarily mean that there 
will be no biotransformation of drugs. Considering differ-
ent β-keto designed drugs metabolites (e.g., ethylone and 
N-ethylpentylone), it is possible that methylone exhibits a 
behavior on CYP isoenzymes for zebrafish, which is similar 
to the action of methylone on human CYP2D6 [37, 38]. Our 
findings for α-PVP metabolism corroborate our hypothesis 
because CYP2D6 has been described as the only responsible 
for the formation of M3 and M4 metabolites of α-PVP. In 
addition, this CYP is the majorly responsible for the for-
mation of α-PVP M1. As mentioned earlier, despite that 
this enzyme has no direct ortholog in zebrafish [26], it is 
reasonable that other CYP enzymes presented in zebrafish 
liver have a similar functionality to CYP2D6 in carrying out 
the oxidative metabolism of this molecule. However, fur-
ther studies should be performed to evaluate which zebrafish 
CYPs are involved in metabolism of this substance.

The reference standards of cathinone metabolites col-
lected from ZWT experiment seem very promising, because 
many of them are not commercially available. The outcome 
of ZWT, basically water, is a much cleaner matrix than any 
biological one, which can help in the identification of new 
metabolites. In addition, there is no limit on the outcome 
of the experiment. Theoretically, it is possible to scale up 
the experiment, working with liters of water. The outcome 
material replete with metabolites could be concentrated 
and used in analytical batches as positive quality controls. 
Finally, it is possible to run a validation protocol to evalu-
ate classical analytical merits such as selectivity/specificity 
and inter/intra-assay precision since blank samples from a 
biologic fluid of choice could be spiked with a concentrated 
solution of the reference standards collected via the ZWT 
experiments.

Fig. 6   Cytochrome P450 inhibi-
tion mechanism proposed for 
methylone
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Conclusions

In the present study, the utility of ZWT approach for the 
phase I metabolism assessment was demonstrated using 
N-ethylpentylone, ethylone, methylone, α-PVP and 4-CDC 
as model drugs. The main metabolites described in the lit-
erature for N-ethylpentylone, ethylone, α-PVP and 4-CDC 
were observed through the ZWT model reinforcing its 
capacity to produce the same metabolites as observed in 
the human model. Especially for 4-CDC, the metabolism 
of which has not yet been investigated in humans, three 
metabolites were detected, and the reduction on the keto 
moiety product was suggested as the main metabolic path-
way. Methylone seems to be a potent CYP inhibitor in 
zebrafish, although more experiments are needed to bet-
ter evaluate this issue. N-Ethylpentylone was used as a 
pilot experiment for reference standard collection of its 
metabolites, demonstrating the viability of the zebrafish 
model to produce such material with high throughput, low 
cost, without exposing human volunteers to drugs. Based 
on the results here presented, zebrafish have been indicated 
as an excellent model to study the metabolism of synthetic 
cathinones.
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