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Abstract: New Psychoactive Substances (NPSs) are defined as a group of substances produced from
molecular modifications of traditional drugs. These molecules represent a public health problem
since information about their metabolites and toxicity is poorly understood. N-ethyl pentedrone
(NEP) is an NPS that was identified in the illicit market for the first time in the mid-2010s, with four
intoxication cases later described in the literature. This study aims to evaluate the metabolic stability
of NEP as well as to identify its metabolites using three liver microsomes models. To investigate
metabolic stability, NEP was incubated with rat (RLM), mouse (MLM) and human (HLM) liver
microsomes and its concentration over time evaluated by liquid chromatography–mass spectrometry.
For metabolite identification, the same procedure was employed, but the samples were analyzed
by liquid chromatography–high resolution mass spectrometry. Different metabolism profiles were
observed depending on the model employed and kinetic parameters were determined. The in vitro
NEP elimination half-lives (t1/2) were 12.1, 187 and 770 min for the rat, mouse and human models,
respectively. Additionally, in vitro intrinsic clearances (Cl int, in vitro) were 229 for rat, 14.8 for mouse,
and 3.6 µL/min/mg in the human model, and in vivo intrinsic clearances (Cl int, in vivo) 128, 58.3, and
3.7 mL/min/kg, respectively. The HLM model had the lowest rate of metabolism when compared to
RLM and MLM. Also, twelve NEP metabolites were identified from all models, but at different rates
of production.

Keywords: new psychoactive substances; N-ethyl pentedrone; NEP; metabolic stability; metabolites;
liver microsomes; in vitro evaluation

1. Introduction

The emergence of New Psychoactive Substances (NPSs) has challenged and alarmed
health care systems, toxicologists and drug control authorities [1]. These substances, syn-
thetic drugs produced by structural modifications of well-known drugs of abuse, are
produced with the aim of evading the legislation of chemical substance control [2]. Thus,
the new structures are a toxicological challenge, since their physicochemical and pharmaco-
logical properties are altered, potentially leading to severe cases of intoxication [3].

Due to the large number of NPSs described in recent years, these substances are
organized into classes based on their molecular structures [4]. Synthetic cathinones are
among the most prevalent NPS worldwide, with a high toxicity potential. Synthetic
cathinones can significantly increase excitatory synaptic activity, mainly through dopamine,
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serotonin and noradrenaline neurotransmitters [5]. N-ethyl pentedrone (NEP) is a synthetic
cathinone first identified in the mid-2010s, with reports about its toxic effects in subsequent
years. Recently, four NEP intoxication cases have been published, all with renal and heart
failure, diffuse alveolar hemorrhage and death [6–9]. These publications stated that NEP
is commonly ingested by inhalation, but there is no information on ingested doses. The
website The Drug Classroom describes user reports of 20–50 mg NEP doses [10]. The
Center for Forensic Science Research and Education (CFSRE) reported NEP seizures by
police and its presence in biological materials in the United States [11], and the substance
was detected by police in the Northeast region of Brazil [12]. Despite knowledge of NEP for
almost 10 years and case reports of important neurological, renal, cardiac and pulmonary
toxic effects, limited toxicological studies have been conducted.

In vitro studies can establish important pharmacokinetic parameters such as elim-
ination half-life (t1/2) and intrinsic clearance (Cl int, in vivo), and predict in vivo kinetic
behaviors through enzymes contained in the liver microsomes, including P450 cytochrome
(CYP450), carboxyl esterases and UDP glucuronyltransferases (UGT) [13]. Furthermore,
identifying phase I and II metabolites and their formation rates following the drug’s
biotransformation also provides essential information for understanding its toxicity [14].
However, in vitro studies with interspecies comparison are crucial to drug characterization,
allowing a suitable evaluation of the best animal model for complementary toxicokinetic
and toxicodynamic studies [15].

This study aims to demonstrate, for the first time, in vitro interspecies NEP metabolism
by rat (RLM), mouse (MLM) and human (HLM) liver microsomes.

2. Materials and Methods
2.1. Chemical and Reagents

Methanol, acetonitrile, ammonium formate, glucose-6-phosphate, β-nicotinamide
adenine dinucleotide phosphate hydrate (NADP+), uridine 5′-diphosphoglucuronic acid
trisodium salt (UDPGA), adenosine 3′-phosphate 5′-phosphosulfate triethylammonium salt
(PAPS), S-(5′-adenosyl)-L-methionine p-toluenesulfonate salt (SAM), magnesium chloride
hexahydrate and sodium citrate tribasic dihydrate were purchased from Sigma-Aldrich
(St. Louis, MI, USA). Formic acid was acquired from Scharlab (Sentmenat, Barcelona, Spain)
and Gentest™ 0.5 M phosphate buffer pH 7.4 and glucose-6-phosphate dehydrogenase
from Corning (Woburn, MA, USA). Ultrapure water was obtained using a Mili-Q RG system
from the company Milipore (Burlington, MA, USA). NEP hydrochloride reference material
(98% purity) was purchased from Cayman Chemical (Ann Arbor, MI, USA) and a stock
solution prepared at 1 mg/mL (4.1 mM free base) in methanol. NEP working solutions
of 40 and 732 µM were also prepared by appropriate dilution of NEP stock solution in
methanol. Dapaconazole, the positive control for the experiment, was supplied by Biolab
Farmacêutica Ltda. (São Paulo, Brazil) and a stock solution prepared at 1 mg/mL (2.4 mM)
in methanol. A dapaconazole working solution of 40 µM was prepared from a dapaconazol
stock solution in methanol.

2.2. Microsome Preparation and Incubation

Pooled HLM containing 20 mg/mL microsomal proteins and 270 pmol CYP450/mg
protein was obtained from Sigma-Aldrich. RLM and MLM liver microsomes were prepared
from 5-pooled animal liver by differential ultracentrifugation [16,17]. Healthy animals
were sacrificed to perform other experiments and their livers were removed and placed in
0.05 mol/L Tris-HCl buffer (pH 7.4), containing 0.15 mol/L KCl. The livers were minced
with scissors and washed three times with the buffer. The slices added with 20 mL of the
buffer were ground in a Potter-type homogenizer in three cycles, each cycle comprising
3 grindings of 1 min at 1000 rpm. The homogenate was centrifuged at 10,000× g for 15 min
at 4 ◦C. The supernatant was ultracentrifuged at 100,000× g for 60 min at 4 ◦C to obtain the
microsomal pellet, which was then resuspended in HEPES-HCl buffer (pH 7.4; 0.05 mol/L)
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containing 20% glycerol and 0.001 mol/L EDTA and stored at −80 ◦C until use. Protein
concentration was determined by the Bradford method [18,19].

For the determination of metabolic stability, incubations followed the good practices
guideline for metabolism studies [20]. Ten microliters of 40 µM NEP was added to 1.5 mL
propylene tubes and dried under nitrogen. Then, 100 µL of a NADPH-regenerating system,
containing 1.1 mM NADP+, 10 mM glucose-6-phosphate, 1 U/mL glucose-6-phosphate
dehydrogenase, 5 mM sodium citrate and 66 mM magnesium chloride in 100 mM phosphate
buffer, pH 7.4 was added to the tubes. The solutions were then pre-incubated for 5 min
in a MTC 100 thermo shaker incubator (Miulab, Hangzhou, ZJ China) at 300 rpm and
37 ◦C. To start the reactions, aliquots of 100 µL of RLM, MLM and HLM at 1 mg/mL of
protein were added to the pre-incubated shaking tubes, yielding NEP and protein final
concentrations of 2 µM and 0.5 mg/mL, respectively. After 0, 3, 5, 15, 30 and 60 min,
the reactions were stopped by adding 400 µL ice-cold acetonitrile to the medium. Then,
the samples were vortexed for 5 min in a BenchMixer™ XL (Benchmark, NJ, USA) and
centrifuged at 12,000× g for 15 min at 4 ◦C (Hettich® Universal 320 R, Tuttlingen, BW,
Germany). The supernatants were diluted 1:9 (v/v) in ultrapure water and 200 µL was
transferred to a 96-well plate. Aliquots (2 µL) were injected into a liquid chromatograph
in tandem with a mass spectrometer (LC-MS/MS). Positive controls were prepared by
incubating dapaconazole under the same condition as NEP (incubation concentration
2 µM). Negative controls were prepared by incubating NEP in buffer solution, in the
absence of microsome and cofactor solutions. The metabolism rate was measured by
analyzing the decreasing areas of the chromatographic peaks of the analytes at different
incubation times.

For phase I metabolite elucidation, incubations were achieved in just one replicate,
employing the same method described above. Ten microliters of 732 µM NEP was added to
1.5 mL propylene tubes and dried under nitrogen. Then, 100 µL of a NADPH-regenerating
system, containing 1.1 mM NADP+, 10 mM glucose-6-phosphate, 1 U/mL glucose-6-
phosphate dehydrogenase, 5 mM sodium citrate and 66 mM magnesium chloride in
100 mM phosphate buffer, pH 7.4, was added to the tubes. The tubes were pre-incubated
for 5 min in an MTC 100 thermo shaker incubator at 300 rpm and 37 ◦C. In order to start
the reactions, aliquots of 100 µL of RLM, MLM and HLM at 5 mg/mL were added into
the pre-incubated shaking tubes, achieving NEP and protein final concentrations of 37 µM
and 2.5 mg/mL, respectively. The metabolism reactions were stopped after 0, 15, 30, and
60 min by adding 400 µL ice-cold acetonitrile to the medium. The samples were mixed for
5 min and centrifuged at 12,000× g for 15 min at 4 ◦C. Supernatants were transferred to vials
(200 µL) and 4 µL was injected into a liquid chromatograph in tandem with a high-
resolution mass spectrometer (LC-HRMS).

For phase II metabolite elucidation, incubations were prepared following the condi-
tions mentioned previously. Ten microliters of 732 µM NEP was added to 1.5 mL propylene
tubes and dried under nitrogen. Then, 100 µL of 13.70 mM UDPGA, 0.49 mM PAPS, and
3.79 mM SAM in 100 mM phosphate buffer, pH 7.4, were added to the tubes in the presence
(phase I followed by phase II) and absence (only phase II) of phase I cofactors, in order to
access the phase II dependency of phase I metabolism. The tubes were pre-incubated for
5 min in an MTC 100 thermo shaker incubator at 300 rpm and 37 ◦C. In order to start the
reactions, aliquots of 100 µL of RLM, MLM and HLM at 5 mg/mL of protein were added
in the pre-incubated shaking tubes, achieving an NEP and protein final concentration of
37 µM and 2.5 mg/mL, respectively. The metabolism reactions were stopped after 0, 15, 30,
60 min by adding 400 µL ice-cold acetonitrile to the medium. The samples were mixed for
5 min and centrifuged at 12,000× g for 15 min at 4 ◦C. The supernatants were transferred
to vials (200 µL) and 4 µL was injected into an LC-HRMS.

2.3. Detection of NEP by LC-MS/MS

Detection of NEP was performed in a Nexera HPLC chromatographic system coupled
to a LCMS8045 triple quadrupole mass spectrometer (Shimadzu, Kyoto, Japan). Chromato-
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graphic separation was performed with a Raptor™ Biphenyl (2.1 × 100 mm, 2.7 µm) at
40 ◦C. The run was conducted with a flow rate of 0.4 mL/min, employing mobile phases
constituted by water (A) and methanol (B) both added to 2 mM ammonium formate and
0.1% (v/v) formic acid. The applied gradient program started at 20% B up to 0.2 min, ramp-
ing to 95% B up to 2 min, maintaining this proportion for 1 min, and finally returning to the
initial condition of 20% B up to 3.2 min, keeping this proportion until 5 min. The ionization
source employed was electrospray (ESI) operating in positive mode. The analysis was
performed in multiple reaction monitoring (MRM) mode. For NEP, a quantifying transition
(206.1 > 130.0 m/z, using a collision energy (CE) of 32 eV) and a second confirmatory
transition (206.1 > 188.0 m/z, using a CE of 15 eV) were monitored. For dapaconazole, only
one transition was monitored (415.0 > 159.0 m/z, using a CE of 32 eV). Data acquisition
was executed using the LabSolutions software version 5.114 (Shimadzu, Kyoto, Japan).

2.4. Identification of NEP and Its Metabolites by LC-HRMS

Determination of NEP and its metabolites was performed on a Nexera HPLC chro-
matographic system coupled to a LCMS9030 quadrupole-time-of-flight (QToF) analyzer
(Shimadzu, Kyoto, Japan) with a ESI ionization source, operating in positive mode. Separa-
tion was executed in a gradient program using a Cortecs T3 C18 column (2.1 × 150 mm,
2.7 µm) at 40 ◦C. Mobile phases consisted of water (A) and methanol (B) added to 0.1%
formic acid with a flow rate of 0.3 mL/min. Chromatography began with 20% B for 1 min,
ramping to 95% B by 18 min, holding for 3 min and finally returning to initial conditions by
21.1 min, and maintained until 26 min. Spectra were obtained in data-dependent acquisi-
tion (DDA) mode with a full-scan MS mass range from 80 to 400 m/z and for the dependent
events (MS/MS) from 60 to 300 m/z with a CE in spread mode of 25 ± 15 eV. Before all
data acquisition, the mass spectrometer was calibrated to guarantee mass resolution and
accuracy. For such, sodium iodide (Na-(NaI)5) was employed as a reference standard,
monitoring m/z of 1971.614356, considering a maximum mass error of 1 ppm.

2.5. Data Analysis

Kinetic enzymatic determination of NEP was calculated using version 9.0 GraphPad
Prism software (GraphPad Software, San Diego, CA, USA). Through the decay curves
along the times of incubation in the different microsomal medium tested, it was possible to
deduct t1/2 using the following equation [21]:

t1/2 =
ln 2

slope(k)

where k is the slope of the log-linear regression graph of the drug remaining percentage as
a function of time.

Furthermore, it was possible to calculate Cl int, in vitro through the following equation [22]:

Cl int, in vitro =
0.693
t1/2

× Vincubation
mmicrosomes

where Vincubation is the volume of the incubation medium in µL and mmicrosomes is the mass
of microsomal proteins added to the incubation solution in mg.

Applying the determined Cl int, in vitro, it was also possible to calculate the in vivo
intrinsic clearance (Cl int, in vivo) as follows:

Cl int, in vivo = Cl int, in vitro ×
mmicrosomes

gliver
× mliver

kgper body weight

where mmicrosomes is 61, 45 and 40 mg, and represents the mass of the microsome per grams of
liver (gliver) for rat, mouse and human, respectively [23–27]. The mliver is 40, 87.5 and 25.7 g/kg
and represents the mass of liver contained in each kg of body weight (kgper body weight) for rat,
mouse and human, respectively [23,28].
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The acquired chromatograms and mass spectra were analyzed using the Insight
Explore software version 1.0.0.0 (Shimadzu, Kyoto, Japan). Ions with m/z corresponding
to compounds with theoretical structures compatible with the main phase I metabolism
reactions were investigated. In order to identify NEP and its metabolites, ions with a
maximum mass error of 5 ppm for precursor ions and 10 ppm for their products were
considered. To characterize the possible structures of the metabolites, only spectra with at
least two ions consistent with their fragmentation mechanisms were considered, in addition
to the identification of the precursor itself. Furthermore, peaks with spectra that did not
meet these acceptance criteria were excluded from characterizing a metabolite.

3. Results
3.1. Metabolic Stability of NEP in RLM, MLM and HLM

NEP metabolic stability was assessed by incubating 2 µM NEP and 0.5 mg/mL
RLM, MLM and HLM. Calculation of the in vitro NEP metabolic stability was achieved
by plotting the remaining percentage of NEP on the y-axis and the incubation time on
the x-axis, (Figure 1a). Additionally, the slope of the linear portion of the natural loga-
rithm (ln) of the remaining percentage of NEP (y-axis) versus the incubation time (x-axis)
(Figure 1b) is the NEP metabolism rate constant (k) (Table 1). The linear regression equation
and the coefficient of determination (r2) of the linear portion of this graph also provide
important information.
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Figure 1. (a) Metabolic stability of N-ethyl pentedrone (NEP) in rat (RLM), mouse (MLM) and human
(HLM), (b) and the linear plot using the natural logarithm (ln) of the remaining percentage of NEP.

Table 1. N-ethyl pentedrone (NEP) metabolic stability in rat (blue), mouse (orange) and human
(green) liver microsomes.

RLM Time (min) Average Area RSD (%) Z (%) ln Z Linear Regression Equation
and Analytical Parameters

0 1,094,637 13.7 100 4.605
3 700,048 1.1 64 4.158
5 667,338 7.2 61 4.110 y = −0.0573 + 4.4068
15 377,918 4.3 35 3.542
30 164,819 15.4 15 2.712 r2 = 1.000
60 28,459 9.9 3 0.955 Slope (k) = 0.0573
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Table 1. Cont.

MLM Time (min) Average Area RSD (%) Z (%) ln Z Linear Regression Equation
and Analytical Parameters

0 1,398,338 2.8 100 4.605
3 1,170,931 8.9 84 4.428
5 1,137,263 1.4 81 4.399 y = −0.0037 + 4.2284
15 905,606 3.9 65 4.171
30 862,389 1.0 62 4.122 r2 = 1.000
60 768,422 2.5 55 4.006 Slope (k) = 0.0037

HLM Time (min) Average Area RSD (%) Z (%) ln Z Linear Regression Equation
and Analytical Parameters

0 1,247,875 1.1 100 4.605
3 1,215,356 1.0 97 4.579
5 1,142,124 0.8 92 4.517 y = −0.0009 + 4.5367
15 1,149,615 0.6 92 4.523
30 1,135,939 1.1 91 4.511 r2 = 1.000
60 1,105,557 0.7 89 4.484 Slope (k) = 0.0009

Areas displayed are the average of two replicates and the linear range of the decay curve plotted (ln Z within
time) in bold. RSD, the relative standard deviation; Z, the remaining NEP percentage.

Through the equations described in Section 2.5, parameters such as the in vitro elimina-
tion half-life (t1/2), in vitro intrinsic clearance (Cl int, in vitro) and in vivo intrinsic clearance
(Cl int, in vivo) were calculated for all the microsomal models and are displayed in Table 2.

Table 2. Stability parameters of N-ethyl pentedrone in rat, mouse and human liver microsomes.

Parameter
Species

Rat Mouse Human

In vitro elimination half-life (min) 12.1 187 770
In vitro intrinsic clearance (µL/min/mg) 229 14.8 3.6
In vitro intrinsic clearance (mL/min/kg) 128 58.3 3.7

3.2. Identification of NEP Metabolites in RLM, MLM and HLM

NEP and twelve metabolites were identified (Figures 2–4 and Table 3), with eight
produced by phase I reactions and four by phase II reactions. All the metabolites were
identified following the criteria described in Methods 4.5, except for metabolites 6, 9 and
12. Metabolite 6 had one fragment with a mass error greater than 10 ppm (−15.5 ppm),
while metabolites 9 (24.7 and 12.1 ppm) and 12 (11.9 and 25.5 ppm) had two fragments
with larger mass errors.

Phase I metabolites were produced by (1) N-dealkylation, (2) beta-ketone reduction,
(3) aromatic hydroxylation and (4) aliphatic hydroxylation. Metabolite 1 (M1) was gener-
ated by N-dealkylation and primarily identified in the RLM and MLM models, in contrast
to a reduced relative abundance in HLM. M2 was created by a beta-ketone reduction and
was prominent in RLM and HLM. In fact, it was the major metabolite in HLM, increasing
from 6% at 15 min, 13% at 30 min, and almost 20% after 60 min incubation. In contrast,
M2’s abundance in MLM demonstrated a lower production rate, with 0.4%, 0.9% and
7% after 15, 30 and 60 min, respectively, demonstrating an interspecies difference in its
formation. M3 resulted from aromatic ring hydroxylation and was only found following
RLM and MLM incubations. Interestingly, the M3-extracted chromatogram peak potentially
suggested the presence of two other coeluting substances, possibly position isomers for
aromatic hydroxylation. Considering this hydroxylation reaction, the formation of 3,4 or
2,3 arene oxides could result in 2′-, 3′- and 4′-hydroxy-NEP, even though 4′-hydroxylation
is usually favored [29]. M6 was produced by an aliphatic chain hydroxylation reaction,
but although identified in all liver microsome models, its formation was less than 4% in
all. The following are considered secondary metabolites, because they are produced by
two succeeding enzymatic reactions. M4 was formed following N-dealkylation plus a beta-
ketone reduction, and M5 after N-dealkylation plus an aromatic hydroxylation. M4 was
identified in substantial amounts only following RLM incubation, while M5 was only found
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in the RLM and MLM models. M7 and M8 were generated by an N-dealkylation plus an
aliphatic hydroxylation, and a beta-ketone reduction added to an aromatic hydroxylation,
respectively. Both only occurred in RLM.

Four glucuronide metabolites were identified through a sequential phase I and phase II
approach. M9 was generated by an aromatic hydroxylation followed by O-glucuronidation
on the newly added phenolic hydroxyl. M10 was created by hydroxylation in the aliphatic
side chain followed by O-glucuronidation. M11 was synthesized by N-dealkylation, aro-
matic hydroxylation and O-glucuronidation of the phenolic hydroxyl and M12 by N-
dealkylation, hydroxylation in the aliphatic side chain and O-glucuronidation. When
evaluating only phase II metabolism, none of the metabolites but only the parent NEP
was identified.

Based on the structures of the metabolites identified in this study, it was possible to
devise a metabolic pathway (Figure 5). The metabolites’ production in all the microsomal
models considered only phase I, and phase I followed by phase II reactions, as seen in
Figure 6.
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Table 3. N-ethyl pentedrone and metabolite data after incubation in rat (RLM), mouse (MLM) and
human (HLM) liver microsomes.

Microsomal
Model Molecule Metabolism

Reaction Fragment Molecular
Formula

Theoretical
Exact Mass
[M + H]+

Measured
Exact Mass
[M + H]+

Mass Error
(ppm)

Retention
Time (min)

RLM, HLM
and MLM NEP - - C13H20NO 206.15449 206.15429 0.97 8.55

F1 C13H18N 188.14392 188.14363 1.56
F2 C11H13O 161.09664 161.09628 2.23
F3 C10H12N 146.09697 146.09657 2.77
F4 C9H8N 130.06567 130.06525 3.26
F5 C8H8N 118.06567 118.06515 4.44
F6 C7H5O 105.03404 105.03336 6.47
F7 C7H7 91.05478 91.05425 5.77

RLM, HLM
and MLM M1 N-

dealkylation - C11H16NO 178.12319 178.12263 3.14 8.15

F8 C11H14N 160.11262 160.11196 4.14
F4 C9H8N 130.06567 130.06503 4.95
F5 C8H8N 118.06567 118.06500 5.71
F6 C7H5O 105.03404 105.03319 8.09
F7 C7H7 91.05478 91.05404 8.07

RLM, HLM
and MLM M2 Beta-ketone

reduction - C13H22NO 208.17014 208.16982 1.53 8.79

F9 C13H20N 190.15957 190.15893 3.39
F10 C10H14N 148.11262 148.11277 −0.99
F11 C9H10N 132.08132 132.08014 8.96
F7 C7H7 91.05478 91.05457 2.25

RLM and
MLM M3 Aromatic hy-

droxylation - C13H20NO2 222.14940 222.14854 3.89 7.06

F12 C13H18NO 204.13884 204.13824 2.93
F13 C11H13O2 177.09156 177.09080 4.26
F14 C10H12NO 162.09189 162.09189 −0.01
F15 C7H5O2 121.02896 121.02817 6.49
F16 C7H7O 107.04969 107.04881 8.22
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Table 3. Cont.

Microsomal
Model Molecule Metabolism

Reaction Fragment Molecular
Formula

Theoretical
Exact Mass
[M + H]+

Measured
Exact Mass
[M + H]+

Mass Error
(ppm)

Retention
Time (min)

RLM, HLM
and MLM M4

N-
dealkylation

+ Beta-ketone
reduction

- C11H18NO 180.13884 180.13841 2.38 7.70

F17 C11H16N 162.12827 162.12773 3.36
F7 C7H7 91.05478 91.05394 9.17

RLM and
MLM M5

N-
dealkylation
+ Aromatic
hydroxyla-

tion

- C11H16NO2 194.11810 194.11856 −2.35 6.31

F18 C11H14NO 176.10754 176.10685 3.91
F19 C9H8NO 146.06059 146.05918 9.65
F20 C8H8NO 134.06059 134.06046 0.96
F15 C7H5O2 121.02896 121.02789 8.80
F16 C7H7O 107.04969 107.04886 7.75

RLM, HLM
and MLM M6 Aliphatic hy-

droxylation - C13H20NO2 222.14940 222.15042 −4.57 11.98

F14 C10H12NO 162.09189 162.09322 −8.21
F5 C8H8N 118.06567 118.06479 7.49
F6 C7H5O 105.03404 105.03329 7.14
F7 C7H7 91.05478 91.05619 −15.54

RLM and
MLM M7

N-
dealkylation
+ Aliphatic
hydroxyla-

tion

- C11H16NO2 194.11810 194.11857 −2.40 9.65

F18 C11H14NO 176.10754 176.10668 4.88
F10 C10H14N 148.11262 148.11315 −3.56
F4 C9H8N 130.06567 130.06496 5.49
F5 C8H8N 118.06567 118.06475 7.83
F6 C7H5O 105.03404 105.03343 5.81
F7 C7H7 91.05478 91.05443 3.79

RLM and
MLM M8

Beta-ketone
reduction +

Aromatic hy-
droxylation

- C13H22NO2 224.16505 224.16401 4.66 6.41

F21 C13H20NO 206.15449 206.15402 2.27
F16 C7H7O 107.04969 107.04985 −1.49

RLM M9

Aromatic hy-
droxylation +

O-
glucuronidation

- C19H28NO8 398.18149 398.18273 −3.10 4.52

F22 C13H20NO2 222.14940 222.14979 −1.74
F12 C13H18NO 204.13884 204.13965 −3.97
F13 C11H13O2 177.09156 177.09296 −7.93
F14 C10H12NO 162.09189 162.09055 8.26
F15 C7H5O2 121.02896 121.02597 24.66
F16 C7H7O 107.04969 107.04839 12.14

RLM M10

Aliphatic hy-
droxylation +

O-
glucuronidation

- C19H28NO8 398.18149 398.18242 −2.33 13.24

F23 C13H20NO2 222.14940 222.14962 −0.97
F14 C10H12NO 162.09189 162.09204 −0.93
F5 C8H8N 118.06567 118.06545 1.90
F6 C7H5O 105.03404 105.03371 3.14

RLM M11

N-
dealkylation
+ Aromatic
hydroxyla-

tion +
O-

glucuronidation

- C17H24NO8 370.15019 370.15092 −1.96 3.84

F24 C11H16NO2 194.11810 194.11769 2.13
F18 C11H14NO 176.10754 176.10760 −0.35
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Table 3. Cont.

Microsomal
Model Molecule Metabolism

Reaction Fragment Molecular
Formula

Theoretical
Exact Mass
[M + H]+

Measured
Exact Mass
[M + H]+

Mass Error
(ppm)

Retention
Time (min)

F19 C9H8NO 146.06059 146.06104 −3.09
F20 C8H8NO 134.06059 134.06069 −0.75
F15 C7H5O2 121.02896 121.02880 1.28
F16 C7H7O 107.04969 107.04995 −2.43

RLM M12

N-
dealkylation
+ Aliphatic
hydroxyla-

tion +
O-

glucuronidation

- C17H24NO8 370.15019 370.15112 −2.50 11.49

F25 C11H16NO2 194.11810 194.11793 0.90
F18 C11H14NO 176.10754 176.10682 4.08
F10 C10H14N 148.11262 148.11320 −3.90
F4 C9H8N 130.06567 130.06455 8.64
F5 C8H8N 118.06567 118.06563 0.37
F6 C7H5O 105.03404 105.03279 11.90
F7 C7H7 91.05478 91.05245 25.53
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Figure 5. Metabolic pathway of NEP. (1) N-dealkylation, (2) beta-ketone reduction, (3) aromatic
hydroxylation, (4) aliphatic hydroxylation, and (5) O-glucuronidation.
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Figure 6. Formation of NEP metabolites in RLM, MLM and HLM considering (a) only phase I
metabolism and (b) phase I metabolism followed by phase II reactions.

4. Discussion

A comparison of the experimentally determined kinetic parameters allows us to
infer differences in metabolic stability in each microsomal model. The t1/2 reflects the
time in which 50% of the initial amount of the drug is metabolized, and the intrin-
sic clearance describes the rate of elimination of the substance. A t1/2 = 12.1 min and
Cl int, in vitro = 229 µL/min/mg for NEP in the RLM model demonstrates rapid metabolism.
Slower metabolism rates were observed for the MLM and HLM models, with t1/2 = 187 and
770 min, respectively, and Cl int, in vitro = 14.8 and 3.6 µL/min/mg, respectively. Cl int, in vivo
was estimated utilizing allometric scaling for the three species [30,31]. Similar to the in vitro
calculations, we found higher Cl int, in vivo for the RLM model (128 mL/min/kg), showing a
two-fold increase when compared to MLM (58.3 mL/min/kg) and almost 40-fold compared
to HLM (3.7 mL/min/kg).

The metabolic profile described by the HLM model demonstrates that NEP is slowly
metabolized by the human microsomal enzymatic system. These results are in agreement
with an intoxication case related to NEP in Belgium, where 17 h after the patient’s admission,
plasma concentrations had not substantially decreased [6]. The present findings corroborate
this case report, but also other studies showing synthetic cathinones with a lateral alkyl
chain moiety had increased metabolic stability [32].

NEP metabolism rates varied by species, but metabolites were also produced in
different proportions in the different liver microsomes, as shown in Figure 6. Considering
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only phase I metabolism, N-dealkylation was the primary metabolic reaction in the RLM
model producing M1 in large quantities. M3 was produced by aromatic hydroxylation after
15 min incubation, as well as metabolites created by the beta-ketone reduction reaction (M2)
and N-dealkylation associated with a reduction in beta-ketone (M4) from 30 min onwards.
The metabolites formed by phase I reactions became substrates for conjugation enzymes
responsible for phase II metabolism, mainly after aromatic and aliphatic hydroxylations. In
RLM, three glucuronide-conjugated metabolites were detected within 15 min (M9, M10
and M12); however, M11 was only identified after 60 min.

In HLM phase I metabolism, few metabolites formed by aliphatic and aromatic hy-
droxylation were observed, as was seen in RLM. N-dealkylation products achieved only
about 6% abundance after 60 min. As demonstrated in the metabolic stability experiment,
NEP metabolism in HLM occurs at a low rate because reactions contributing greatly to
NEP decreases in RLM (N-dealkylation and aromatic hydroxylation) do not occur exten-
sively in the HLM model. The main metabolite in HLM is M2, followed by M1; however,
the rates of production were much lower than those observed in the RLM model. No
conjugated metabolites were found in HLM when evaluating phase I followed by phase
II reactions and only phase II metabolism. The absence of these metabolites may be due
to the poor generation of hydroxylated products by phase I metabolism. In fact, other
publications regarding the phase II metabolism of synthetic cathinones already reported a
limited formation of such conjugated metabolites in HLM and rat hepatocytes [33,34].

The rates of metabolite production in the MLM model regarding only phase I metabolism
were similar to the RLM pattern, with a remarkable importance of M1, M2 and M3. Dif-
ferences between these two models included the lower formation of M4 and a higher
proportion of M5 in the MLM model. One phase II metabolite (M11) was identified in
low amounts just after 15 min incubation. The lower diversity of the conjugated metabo-
lites found during MLM phase I followed by phase II metabolism could be explained by
the minimal formation of NEP phase I-derivatives capable of phase II conjugation. The
presence of M11 in this model occurred by an O-glucuronidation of M5.

Interspecies differences in the rates of metabolite production could be explained by
differential CYP450 isoform compositions, expression and catalytic activities. Alterations
in subfamilies such as CYP1A2, -2C and -3A are mainly associated with variability in the
metabolic stability of drugs, as there are substantial differences within the species evaluated
in this study [35]. These data show that rat and mouse are not good animal models for the
prediction of human in vivo NEP metabolism. Thus, studies using other liver microsomal
species, such as dog or pig, and/or additional in vivo experiments, should be performed
to provide a better correlation with human NEP metabolism. Furthermore, as many a
posteriori toxicological studies employ in vivo assays, choosing the best correlate model to
humans can provide a more confident comparability.

We infer that phase II metabolites of NEP can only be generated after phase I metabolism.
The set of phase I reactions act as functionalization steps, providing reactive moieties that
can conjugate with UDGPA biomolecules. For NEP, aromatic and aliphatic hydroxylation
preceded the formation of glucuronide metabolites. Sulfate and methyl NEP conjugates
were not observed.

5. Conclusions

We presented an evaluation of metabolic stability through three different microsomal
models of an NPS seized and detected worldwide. Lower t1/2, associated with higher Cl
int, in vitro and Cl int, in vivo in HLM, demonstrated a lasting stability of NEP in this model
when compared to RLM and MLM. These data provide important data for clinicians receiv-
ing NEP-related intoxications. Furthermore, twelve metabolites were identified following
phase I and phase II reactions. The identification of NEP metabolites provides critical
information for the detection and consumption control of this substance. Interestingly,
our study also demonstrated the importance of choosing the suitable model for assessing
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metabolic parameters of drugs, in which we observed important differences among the
evaluated models.

Author Contributions: Conceptualization, A.B.G., N.d.J.A., K.F.C., A.F.M. and J.L.C.; methodology,
A.B.G., N.d.J.A., K.F.C. and A.F.M.; validation, N.d.J.A. and M.A.H.; formal analysis, A.B.G. and N.d.J.A.;
investigation, A.B.G.; resources, A.B.G., N.d.J.A. and J.L.C.; data curation, A.B.G.; writing—original
draft preparation, A.B.G. and N.d.J.A.; writing—review and editing, A.B.G., N.d.J.A., M.A.H. and
J.L.C.; visualization, A.B.G. and N.d.J.A.; supervision, N.d.J.A. and J.L.C.; project administration, A.B.G.;
funding acquisition, A.B.G. and J.L.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior (INSPEQT Project—Grant number: 16/2020), Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq), Brazil (Grant number: 315640/2021-9). A.B.G. received a fellowship
from FAPESP (Grant number: 2021/15172-8).

Institutional Review Board Statement: The project was approved by the ethics committee on the use
of animals (CEUA-UNICAMP), file numbers 5987-1/2022 and 5865-1/2022.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Zawilska, J.B.; Andrzejczak, D. Next Generation of Novel Psychoactive Substances on the Horizon—A Complex Problem to Face.

Drug Alcohol Depend. 2015, 157, 1–17. [CrossRef]
2. UNODC. New Psychoactive Substances. Available online: https://www.unodc.org/documents/drugs/printmaterials2013/

NPS_leaflet/WDC13_NPS_leaflet_EN_LORES.pdf (accessed on 10 September 2023).
3. Weinstein, A.M.; Rosca, P.; Fattore, L.; London, E.D. Synthetic Cathinone and Cannabinoid Designer Drugs Pose a Major Risk for

Public Health. Front. Psychiatry 2017, 8, 156. [CrossRef]
4. Zapata, F.; Matey, J.M.; Montalvo, G.; García-Ruiz, C. Chemical Classification of New Psychoactive Substances (NPS). Microchem.

J. 2021, 163, 105877. [CrossRef]
5. Archer, T.; Kostrzewa, R.M. Synthetic cathinones: Neurotoxic health hazards and potential abuse. In Synthetic Cathinones: Current

Topics in Neurotoxicity; Springer International Publishing: Cham, Switzerland, 2018; Volume 12, pp. 1–10, ISBN 978-3-319-78706-0.
6. Deville, M.; Fedorowicz, R.; Grandjean, F.; Simon, M. Charlier Synthetic Cathinones in Belgium: Two Case Reports with Different

Outcomes Observed in the Emergency Room. J. Anal. Toxicol. 2022, 46, 957–964. [CrossRef]
7. Pieprzyca, E.; Skowronek, R.; Czekaj, P. Toxicological Analysis of Intoxications with Synthetic Cathinones. J. Anal. Toxicol. 2022,

46, 705–711. [CrossRef] [PubMed]
8. Fujita, Y.; Koeda, A.; Fujino, Y.; Onodera, M.; Kikuchi, S.; Niitsu, H.; Iwasaki, Y.; Usui, K.; Inoue, Y. Clinical and Toxicological

Findings of Acute Intoxication with Synthetic Cannabinoids and Cathinones: Synthetic Cannabinoids and Cathinone Toxicity.
Acute Med. Surg. 2016, 3, 230–236. [CrossRef] [PubMed]

9. Nitta, M.; Tamakawa, T.; Kamimura, N.; Honda, T.; Endoh, H. A Case of Diffuse Alveolar Hemorrhage Following Synthetic
Cathinone Inhalation. World J. Emerg. Med. 2020, 11, 182. [CrossRef]

10. The Drug Classroom. Available online: https://thedrugclassroom.com/ (accessed on 3 January 2024).
11. Espinosa-Velasco, M.; Reguilón, M.D.; Bellot, M.; Nadal-Gratacós, N.; Berzosa, X.; Gómez-Canela, C.; Rodríguez-Arias, M.;

Camarasa, J.; Escubedo, E.; Pubill, D.; et al. Repeated Administration of N-Ethyl-Pentedrone Induces Increased Aggression and
Impairs Social Exploration after Withdrawal in Mice. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2022, 117, 110562. [CrossRef]
[PubMed]

12. Cunha, R.L.; Oliveira, C.D.S.L.; De Oliveira, A.L.; Maldaner, A.O.; Do Desterro Cunha, S.; Pereira, P.A.P. An Overview of New
Psychoactive Substances (NPS) in Northeast Brazil: NMR-Based Identification and Analysis of Ecstasy Tablets by GC-MS. Forensic
Sci. Int. 2023, 344, 111597. [CrossRef]

13. Seibert, E.; Tracy, T.S. Fundamentals of Enzyme Kinetics. In Enzyme Kinetics in Drug Metabolism; Nagar, S., Argikar, U.A., Tweedie,
D.J., Eds.; Methods in Molecular Biology; Humana Press: Totowa, NJ, USA, 2014; Volume 1113, pp. 9–22, ISBN 978-1-62703-757-0.

14. Asha, S.; Vidyavathi, M. Role of Human Liver Microsomes in In Vitro Metabolism of Drugs—A Review. Appl. Biochem. Biotechnol.
2010, 160, 1699–1722. [CrossRef]

15. FDA (Food and Drug Administraion). Guidance for Industry Drug Metabolism/Drug Interaction Studies in the Drug Develop-
ment Process: Studies In Vitro Guidance for Industry Drug Metabolism/drug Interaction Studies in the Drug_Development
Process: Studies in V. Available online: https://www.washingtonlifescience.com/patient/drug_develop/pdfs/clin3.pdf (ac-
cessed on 10 December 2023).

https://doi.org/10.1016/j.drugalcdep.2015.09.030
https://www.unodc.org/documents/drugs/printmaterials2013/NPS_leaflet/WDC13_NPS_leaflet_EN_LORES.pdf
https://www.unodc.org/documents/drugs/printmaterials2013/NPS_leaflet/WDC13_NPS_leaflet_EN_LORES.pdf
https://doi.org/10.3389/fpsyt.2017.00156
https://doi.org/10.1016/j.microc.2020.105877
https://doi.org/10.1093/jat/bkac064
https://doi.org/10.1093/jat/bkab102
https://www.ncbi.nlm.nih.gov/pubmed/34592764
https://doi.org/10.1002/ams2.182
https://www.ncbi.nlm.nih.gov/pubmed/29123790
https://doi.org/10.5847/wjem.j.1920-8642.2020.03.009
https://thedrugclassroom.com/
https://doi.org/10.1016/j.pnpbp.2022.110562
https://www.ncbi.nlm.nih.gov/pubmed/35500841
https://doi.org/10.1016/j.forsciint.2023.111597
https://doi.org/10.1007/s12010-009-8689-6
https://www.washingtonlifescience.com/patient/drug_develop/pdfs/clin3.pdf


Pharmaceutics 2024, 16, 257 16 of 16

16. Jia, L.; Linnik, M.D.; Jack, R.M.; Yu, L. Biostability and Pharmacokinetics of LJP 920, an Octameric Gal (A1–3) Gal Conjugate for
the Inhibition of Xenotransplantation Rejection. J. Pharm. Pharmacol. 2010, 53, 999–1005. [CrossRef]

17. Pearce, R.E.; McIntyre, C.J.; Madan, A.; Sanzgiri, U.; Draper, A.J.; Bullock, P.L.; Cook, D.C.; Burton, L.A.; Latham, J.; Nevins, C.;
et al. Effects of Freezing, Thawing, and Storing Human Liver Microsomes on Cytochrome P450 Activity. Arch. Biochem. Biophys.
1996, 331, 145–169. [CrossRef]

18. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

19. Macart, M.; Gerbaut, L. An Improvement of the Coomassie Blue Dye Binding Method Allowing an Equal Sensitivity to Various
Proteins: Application to Cerebrospinal Fluid. Clin. Chim. Acta 1982, 122, 93–101. [CrossRef] [PubMed]

20. Jia, L.; Liu, X. The Conduct of Drug Metabolism Studies Considered Good Practice (II): In Vitro Experiments. Curr. Drug Metab.
2007, 8, 822–829. [CrossRef] [PubMed]

21. Caldwell, G.W.; Yan, Z. (Eds.) Optimization in Drug Discovery: In Vitro Methods; Methods in Pharmacology and Toxicol-
ogy; Chapter 6—Metabolic stability assessed by liver microsomes and hepatocytes; Humana Press: Totowa, NJ, USA, 2014;
ISBN 978-1-62703-741-9.

22. Stañczak, A.; Sundberg, K. Introduction to in Vitro Estimation of Metabolic Stability and Drug Interactions of New Chemical
Entities in Drug Discovery and Development. Pharmacol. Rep. 2006, 58, 453–472.

23. Davies, B.; Morris, T. Physiological Parameters in Laboratory Animals and Humans. Pharm. Res. 1993, 10, 1093–1095. [CrossRef]
24. Brian Houston, J.; Carlile, D.J. Prediction of Hepatic Clearance from Microsomes, Hepatocytes, and Liver Slices. Drug Metab. Rev.

1997, 29, 891–922. [CrossRef] [PubMed]
25. Riley, R.J.; McGinnity, D.F.; Austin, R.P. A Unified Model for Predicting Human Hepatic, Metabolic Clearance from in Vitro

Intrinsic Clearance Data in Hepatocytes and Microsomes. Drug Metab. Dispos. 2005, 33, 1304–1311. [CrossRef]
26. Hakooz, N.; Ito, K.; Rawden, H.; Gill, H.; Lemmers, L.; Boobis, A.R.; Edwards, R.J.; Carlile, D.J.; Lake, B.G.; Houston, J.B.

Determination of a Human Hepatic Microsomal Scaling Factor for Predicting in Vivo Drug Clearance. Pharm. Res. 2006, 23,
533–539. [CrossRef]

27. Smith, R.; Jones, R.D.O.; Ballard, P.G.; Griffiths, H.H. Determination of Microsome and Hepatocyte Scaling Factors for in Vitro/in
Vivo Extrapolation in the Rat and Dog. Xenobiotica 2008, 38, 1386–1398. [CrossRef]

28. Ring, B.J.; Chien, J.Y.; Adkison, K.K.; Jones, H.M.; Rowland, M.; Jones, R.D.; Yates, J.W.T.; Ku, M.S.; Gibson, C.R.; He, H.; et al.
PhRMA CPCDC Initiative on Predictive Models of Human Pharmacokinetics, Part 3: Comparative Assessement of Prediction
Methods of Human Clearance. J. Pharm. Sci. 2011, 100, 4090–4110. [CrossRef] [PubMed]

29. Lemke, T.L.; Williams, D.A.; Roche, V.F.; Zito, S.W. Chapter 4: Drug metabolism. In Foye’s Principles of Medicinal Chemistry, 7th ed.;
Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2012; pp. 106–190.

30. Lautz, L.S.; Hendriks, A.J.; Dorne, J.L.C.M.; Louisse, J.; Kramer, N.I. Establishing Allometric Relationships between Microsomal
Protein and Cytochrome P450 Content with Body Weight in Vertebrate Species. Toxicology 2023, 486, 153429. [CrossRef] [PubMed]

31. Mahmood, I. Prediction of Clearance in Humans from in Vitro Human Liver Microsomes and Allometric Scaling. A Comparative
Study of the Two Approaches. Drug Metab. Drug Interact. 2002, 19, 49–64. [CrossRef] [PubMed]

32. Fujita, Y.; Mita, T.; Usui, K.; Kamijo, Y.; Kikuchi, S.; Onodera, M.; Fujino, Y.; Inoue, Y. Toxicokinetics of the Synthetic Cathinone
α-Pyrrolidinohexanophenone. J. Anal. Toxicol. 2018, 42, e1–e5. [CrossRef]

33. Khreit, O.I.G.; Grant, M.H.; Zhang, T.; Henderson, C.; Watson, D.G.; Sutcliffe, O.B. Elucidation of the Phase I and Phase II
Metabolic Pathways of (±)-4′-Methylmethcathinone (4-MMC) and (±)-4′-(Trifluoromethyl)Methcathinone (4-TFMMC) in Rat
Liver Hepatocytes Using LC–MS and LC–MS2. J. Pharm. Biomed. Anal. 2013, 72, 177–185. [CrossRef]

34. Negreira, N.; Erratico, C.; Kosjek, T.; van Nuijs, A.L.N.; Heath, E.; Neels, H.; Covaci, A. In Vitro Phase I and Phase II Metabolism
of α-Pyrrolidinovalerophenone (α-PVP), Methylenedioxypyrovalerone (MDPV) and Methedrone by Human Liver Microsomes
and Human Liver Cytosol. Anal. Bioanal. Chem. 2015, 407, 5803–5816. [CrossRef]

35. Martignoni, M.; Groothuis, G.M.M.; De Kanter, R. Species Differences between Mouse, Rat, Dog, Monkey and Human CYP-
Mediated Drug Metabolism, Inhibition and Induction. Expert Opin. Drug Metab. Toxicol. 2006, 2, 875–894. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1211/0022357011776243
https://doi.org/10.1006/abbi.1996.0294
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0009-8981(82)90100-0
https://www.ncbi.nlm.nih.gov/pubmed/7094350
https://doi.org/10.2174/138920007782798207
https://www.ncbi.nlm.nih.gov/pubmed/18220563
https://doi.org/10.1023/A:1018943613122
https://doi.org/10.3109/03602539709002237
https://www.ncbi.nlm.nih.gov/pubmed/9421679
https://doi.org/10.1124/dmd.105.004259
https://doi.org/10.1007/s11095-006-9531-2
https://doi.org/10.1080/00498250802491662
https://doi.org/10.1002/jps.22552
https://www.ncbi.nlm.nih.gov/pubmed/21541938
https://doi.org/10.1016/j.tox.2023.153429
https://www.ncbi.nlm.nih.gov/pubmed/36641055
https://doi.org/10.1515/DMDI.2002.19.1.49
https://www.ncbi.nlm.nih.gov/pubmed/12222754
https://doi.org/10.1093/jat/bkx080
https://doi.org/10.1016/j.jpba.2012.08.015
https://doi.org/10.1007/s00216-015-8763-6
https://doi.org/10.1517/17425255.2.6.875

	Introduction 
	Materials and Methods 
	Chemical and Reagents 
	Microsome Preparation and Incubation 
	Detection of NEP by LC-MS/MS 
	Identification of NEP and Its Metabolites by LC-HRMS 
	Data Analysis 

	Results 
	Metabolic Stability of NEP in RLM, MLM and HLM 
	Identification of NEP Metabolites in RLM, MLM and HLM 

	Discussion 
	Conclusions 
	References

