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Abstract

Synthetic cannabinoid receptor agonists (SCRAs) continue to show high prevalence on
the new psychoactive substances drug market. Around 2019-2020, new SCRAs bear-
ing a cumyl moiety emerged: Cumyl-CBMEGACLONE and Cumyl-NBMEGACLONE,
carrying a cyclobutyl methyl (CBM) and a norbornyl methyl moiety (NBM) attached to
the y-carbolinone core. These were followed by Cumyl-NBMINACA, the indazole car-
boxamide analog of Cumyl-NBMEGACLONE. The study aimed at evaluating the
human phase-l metabolism of these compounds and at identifying suitable urinary
markers to prove their consumption. After enzymatic hydrolysis, 14 authentic urine
samples (eight for Cumyl-CBMEGACLONE, four for Cumyl-NBMEGACLONE, and two
for Cumyl-NBMINACA) were analyzed by liquid chromatography-quadrupole time-
of-flight mass spectrometry. Results were compared with in vitro metabolites gener-
ated by pooled human liver microsomes incubation. Fifteen human phase-lI metabolites
were identified for Cumyl-CBMEGACLONE, nine for Cumyl-NBMEGACLONE, and
thirteen for Cumyl-NBMINACA. The main in vivo metabolites were built by monohy-
droxylation, dihydroxylation, or trihydroxylation. The following urinary biomarkers are
suggested for detecting the consumption of the investigated SCRAs: products of
monohydroxylation at the CBM and at the core for Cumyl-CBMEGACLONE; two
products of monohydroxylation at the norbonyl methyl tail for Cumyl-NBMEGA-
CLONE; and metabolites built by dihydroxylation at the NBM substructure and by an
additional hydroxylation at the cumyl moiety for Cumyl-NBMINACA.
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1 | INTRODUCTION

Synthetic cannabinoid receptor agonists (SCRAs) represent one of the
largest and continuously growing groups among the new psychoactive
substances (NPS). According to the European Monitoring Centre for
Drugs and Drug Addiction, recently renamed as the European Union
Drugs Agency, more than 245 SCRAs have been monitored so far.
SCRAs were first detected in herbal material around 2008,% and since
then, several new compounds with structural modifications have been
introduced on the NPS market.

The dynamic market of SCRAs reflects a cat-and-mouse game
between NPS manufacturers and legislation that strives to include
novel compounds, either on a substance-by-substance basis or by
generic definitions. The scheduling of compounds inevitably fuels the
production of new, legal molecules and leads to the invention of novel
structures and substructures.® Prompted by national and international
regulations, indeed, clandestine laboratories began synthetizing
SCRAs characterized by entirely new chemical substructures, some of
which include a cumyl moiety. This cumyl substituent was described

»# where it was attached

in a patent application for “SGT compounds,
to an indole, indazole, or azaindole core structure.

The first cumyl-containing SCRA bearing a y-carbolinone core
structure (5-pentyl-2-(2-phenylpropan-2-yl)-2,5-dihydro-1H-pyrido[4,
3-blindol-1-one, with the semisystematic name Cumyl-PEGACLONE
or SGT-151) emerged on the NPS market and was first analytically
characterized around 2016.°~7 The compound soon dominated the
German SCRA market, being detected in about 25% of the herbal
blends monitored at the University of Freiburg and was also con-
nected to a high number of allegedly “benign” intoxications.®® In
2018, the Cumyl-PEGACLONE, the

5-fluoropentyl analog 5-(5-fluoropentyl)-2-(1-methyl-1-phenylethyl)-

following success of

1H-pyrido[4,3-blindol-1-one (semisystematic name: Cumyl-5F-PEGA-
CLONE) emerged and was linked to several death cases.”1©

In September 2018, a new y-carbolinone-derived SCRA bearing a
cyclohexyl methyl group at the core structure was named

Cumyl-CHMEGACLONE (5-cyclohexylmethyl-2-(2-phenylpropan-

\
N
R

2-yl)-2,5-dihydro-1H-pyrido[4,3-b]indol-1-one).}* Due to the growing
number of compounds featuring this substructure and the health risks
associated with the use of the corresponding SCRAs, in 2019, the
German generic law for controlling groups of NPS based on their
chemical structures (NpSG) was updated to include the y-carbolinone
core in the structural definitions for SCRAs.*?

Around 2019-2020, the amendment of the NpSG likely resulted in
a shift toward the production of SCRAs containing a new tail group,
namely, the cyclobutyl methyl (CBM) moiety. This led to the emergence
of Cumyl-CBMICA, rapidly followed by its indazole counterpart Cumyl-
CBMINACA and by Cumyl-CBMEGACLONE (5-(cyclobutylmethyl)-
2-(1-methyl-1-phenyl-ethyl)pyrido[4,3-blindole-1-one), the CBM ana-
log of Cumyl-PEGACLONE.*314

The latest generation of SCRAs with the cumyl moiety appeared
on the market more recently, featuring a structural modification of
the side chain. Specifically, a bicyclic, saturated hydrocarbon side
chain was introduced and used to synthesize compounds with varying
core structures.’®> This norbornyl methyl (NBM) tail structure is
carried by 5-(bicyclo[2.2.1]hept-2-yl)methyl)-2-(2-phenylpropan-2-yl)-
2,5-dihydro-1H-pyrido[4,3-blindol-1-one  (semisystematic
Cumyl-NBMEGACLONE or Cumyl-BC[2.2.1]HpMeGaClone), a y-
carbolinone SCRA, and by 1-(bicyclo[2.2.1]heptan-2-yl)methyl)-N-
(2-phenylpropan-2-yl)-1H-indazole-3-carboxamide
name: Cumyl-NBMINACA).* So far, the metabolism of these com-
pounds has not yet been elucidated.

name:

(semisystematic

In Figure 1, some of the SCRAs bearing a cumyl, a CBM, and/or a
NBM moiety are shown.

All these compounds have been recently characterized for their
affinity and potency at the human cannabinoid receptor 1, showing
full agonist properties with varying potencies. Particularly, Cumyl-
CBMEGACLONE exhibited higher affinity and potency compared with
Cumyl-CBMICA and Cumyl-CBMINACA. Moreover, the NBM side
chain seems to further increase affinities and potencies.'®

Because the metabolism of these compounds has not yet been
elucidated, the present study aimed to investigate the human phase-I
metabolism of Cumyl-CBMEGACLONE, Cumyl-NBMEGACLONE, and

norbornyl methyl (NBM) tail

FIGURE 1  Chemical structures and
semisystematic names of Cumyl-CBMEGACLONE,
Cumyl-NBMEGACLONE, and Cumyl-NBMINACA
and some of the structurally related mentioned
synthetic cannabinoid receptor agonists.
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Cumyl-NBMINACA and to compare the metabolites detected with
those generated in vitro, in order to identify urinary biomarkers useful

as unequivocal proof of their consumption.

2 | MATERIAL AND METHODS

21 | Chemicals and reagents

Formic acid (Rotipuran® = 98%, p.a.), sodium hydroxide (299%, p.a.,
pellets), and potassium hydrogen phosphate (299%, p.a.) were
obtained from Carl Roth (Karlsruhe, Germany). Acetonitrile (ACN)
(LC-MS grade) and ammonium formate 10 M (99.995%) were bought
from Sigma Aldrich (Steinheim, Germany). Isopropanol (Prepsolv®)
was obtained from Merck (Darmstadt, Germany). Acetic acid glacial
(USP, EP, and JP grades) was purchased from VWR (Darmstadt,
Germany). Pooled human liver microsomes (pHLMs; 50 donors,
20 mg/mL protein in 250 mM sucrose), NADPH-regenerating Solu-
tions A and B (reductase activity 0.43 umol/min * ml), and potassium
phosphate buffer 0.5 M (pH 7.4) were purchased from Corning (New
York, USA). NADPH-regenerating Solution A consisted of 26 mM
NADP*, 66 mM glucose-6-phosphate, and 66 mM MgCl, in water.
NADPH-regenerating Solution B consisted of 40 U/mL glucose-
6-phosphate dehydrogenase in 5 mM sodium citrate. Roche Diagnos-
tics (Mannheim, Germany) produced the p-glucuronidase (Escherichia
coli K12) used for conjugate cleavage.

The reference standard for Cumyl-CBMEGACLONE was pur-
chased from Cayman Chemical (Ann Arbor, MI, USA), while Cumyl-
NBMEGACLONE and Cumyl-NBMINACA were provided as purified
standards isolated from herbal blend material, as described
elsewhere,'” within the framework of the EU-project ADEBAR plus.'®
Analytical data on the latter two can be found in Figures S1 and S2
and Tables S1 and S2.

Deionized water was prepared using a Medica® Pro deionizer
from ELGA (Celle, Germany). Blank urine samples were donated by a
volunteer and tested for the absence of SCRAs' metabolites prior to
its use. Mobile phase A (1% ACN, 0.1% HCOOH, and 2 mM NH,"
HCOO™ in water) and mobile phase B (0.1% HCOOH and 2 mM
NH,* HCOO™ in ACN) were freshly prepared prior to analysis. The
sodium formate/acetate clusters solution used for external and inter-
nal mass calibration of the qToF-MS instrument was prepared by mix-
ing 250 mL deionized water, 250 mL isopropanol, 750 pL acetic acid,
250 pL formic acid, and 500 uL sodium hydroxide 1 M.

2.2 | Authentic human urine samples and
preparation

For identification of the in vivo phase-l main metabolites of Cumyl-
CBMEGACLONE, Cumyl-NBMEGACLONE, and Cumyl-NBMINACA,
the liquid chromatography-quadrupole time-of-flight mass spectrom-
etry (LC-qToF-MS) analysis was performed with eight, four, and two
urine samples, obtained from 14 different individuals. Urine samples
were sent around 2020-2021 for SCRAs testing to the Forensic

Toxicology department in Freiburg, Germany, and were mostly pro-
vided by forensic psychiatric hospitals from various regions in
Germany or by German prisons. All analyses were conducted in accor-
dance with the inquiry of the respective client (abstinence control):
urine samples were screened by an LC-MS/MS method that monitors
the metabolites of the most prevalent SCRAs. Urine samples were then
selected for the present study when tested positive for the anticipated
metabolites of Cumyl-CBMEGACLONE, Cumyl-NBMEGACLONE, or
Cumyl-NBMINACA, based on typical metabolic reactions observed for
structurally similar compounds.

Preparation of specimens was performed as in previously pub-
lished methods.*” Briefly, a volume of 0.5 mL of phosphate buffer and
30 pL B-glucuronidase were added to 0.5 mL of urine. A 1 h incuba-
tion at 45°C was performed and quenched by addition of 1.5 mL ice-
cold ACN; then, 0.5 mL of a 10 M ammonium formate solution were
added. The mixture was shaken (overhead mixing) for 5 min and cen-
trifuged for 10 min at 2900g (Heraeus Megafuge 1.0, Thermo Scien-
tific, Schwerte, Germany). Then, 1 mL of the organic layer was
transferred into a separate vial and evaporated to dryness under a
stream of nitrogen. Finally, the samples were reconstituted in 25 uL
mobile phase A/B (50/50, v/v) prior to LC-qToF-MS analysis
(Section 2.4). Negative control samples (blank urine) were prepared

accordingly.

23 | pHLM assay

In vitro phase-l metabolites of Cumyl-CBMEGACLONE, Cumyl-
NBMEGACLONE, and Cumyl-NBMINACA were generated by apply-
ing a pHLM assay. The in vitro assay was performed by adding 0.5 pL
of an ACN-based 1 mg/mL reference standard solution (final concen-
tration of 10 pg/mL in incubation mixture) to 49.5 pL of a reaction
mixture consisting of 2.5 puL pHLM, 2.5 uL NADPH-regenerating
Solution A, 0.5 uL NADPH-regenerating Solution B, 10 uL phosphate
buffer 0.5 M (pH 7.4), and 34 pL deionized water. The reaction was
performed during a 30 min incubation at 37°C and was terminated by
the addition of 150 pL ice-cold ACN. After the addition of 25 uL of a
10 M ammonium formate solution, the sample was centrifuged for
4 min at 13,000 rpm (16,060g). Then, the organic layer was trans-
ferred into a separate vial. For LC-qToF-MS analysis (parameters
described in Section 2.4), 30 uL of the extracts were evaporated to
dryness under a stream of nitrogen and reconstituted in 30 uL mobile
phase A/B (50/50, v/v). Two blank pHLM samples, one containing no
reference standard (zero control) and the other one containing
no pHLM enzymes (blank control), were processed accordingly and
served as negative controls. The experiments were performed in

triplicates.

2.4 | Instrumentation and identification of
tentative main metabolites (LC-qToF-MS)

To identify the main in vivo and in vivo metabolites, LC-qToF-MS
analysis of urine samples and pHLM incubates was performed on an
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Impact Il QToF instrument coupled with an Elute HPLC system
(Bruker Daltonik, Bremen, Germany). Chromatographic separation
was performed on a Kinetex® C18 column (2.6 pm, 100 A,
100 x 2.1 mm; Phenomenex, Aschaffenburg, Germany) applying gra-
dient elution as follows: starting condition of mobile phase B was
20%, linearly increased to 50% in 8.0 min, further increased to 60% in
2.0 min, further increased to 95% in 2.0 min, held for 1.0 min,
decreased to starting conditions of 20% in 0.1 min, and held for
2.9 min for re-equilibration, resulting in a total run time of 15 min.
The flow rate was set to 0.5 mL/min. Autosampler and column oven
temperatures were set to 10°C and 40°C, respectively. The injection
volume was 5 pL. HyStarTM ver. 3.2 and DataAnalysis ver. 4.2
(Bruker Daltonik, Bremen, Germany) were used for data acquisition
and processing, respectively. The MS was operated in positive electro-
spray ionization mode acquiring spectra in the m/z range of 50 to
650 for each scan and mode. The dry gas temperature was set to
200°C with a dry gas flow of 8.0 L/min. The nebulizer gas pressure
was 2 bar. Nitrogen was used as collision gas. The voltages for the
capillary and end plate offset were 2500 and 500 V, respectively.
External and internal mass calibrations were performed using sodium
formate/acetate clusters and high-precision calibration mode.

In a first run, full scan and broadband collision-induced dissocia-
tion data (collision energy 35 + 7 eV) were acquired to screen for
metabolites at an acquisition rate of 2.0 Hz. The resulting spectra
were compared with a list of hypothetical metabolites, based on the
known biotransformations of structurally similar SCRAs, for example,
monohydroxylation, dihydroxylation, and trihydroxylation; ketone for-
mation; dehydrogenation; N-dealkylation (tail); N-decumylation; and
dihydrodiol formation, as well as combinations thereof.

The resulting hits for the molecular ions of anticipated metabo-
lites were further analyzed by auto-MS/MS for pHLM (with a maxi-
mum of three MS-MS cycles performed on each precursor ion) to
record product ion spectra.

Furthermore, precursor ion analysis of the data obtained from full
scan and broadband collision-induced dissociation data mode was per-
formed with characteristic fragment ions (particularly m/z 185.0709
for Cumyl-CBMEGACLONE and Cumyl-NBMEGACLONE and m/z
145.0396 for Cumyl-NBMINACA) to detect unexpected metabolites
not covered by the inclusion list.

The following criteria were applied for metabolite identification:
mass error of the precursor ion <5 ppm, a signal-to-noise ratio >3:1,
and a mass tolerance for fragment ions of +10 ppm.

In vitro metabolites generated by pHLM incubation were used for
confirmation in the sense of plausibility control. For this purpose,
for each metabolite detected in an authentic human urine sample,
retention times (+0.1) and protonated masses as well as masses of at
least two fragment ions were compared with the values obtained from
analysis of the pHLM incubates.

For comparison of the relative metabolic profiles, the following
procedure was applied. () For each detected metabolite in a urine
sample, peak area ratios were calculated by dividing the peak area of

the metabolite by the peak area of the most abundant metabolite

within the sample, which was further set to 100%. (Il) Then, for each
metabolite, a mean area ratio (MAR%) was calculated as the average
of the peak area ratio across all analyzed authentic urine samples. (lIl)
Lastly, metabolites were assigned a ranking position on the basis of
the MAR%, with upper ranking for the bigger MAR% values and lower
ranking for the smaller MAR% values.

Target urinary biomarkers for screening SCRA consumption were
selected on the basis of the specificity, that is, metabolites not pro-
duced by structurally related SCRAs, and abundancy, selecting those
with higher MAR%.

3 | RESULTS AND DISCUSSION

3.1 | Cumyl-CBMEGACLONE

The unchanged Cumyl-CBMEGACLONE ([M + H]* at m/z 371.2118)
was not detected in any authentic urine specimens, not even in highly
concentrated ones, in contrast to the structurally similar Cumyl-
CHMEGACLONE.! Under the used chromatographic conditions,
Cumyl-CBMEGACLONE eluted at 10.5 min and was detected in the
blank control as well as in the pHLM assays. Characteristic ion frag-
ments were seen at m/z 253.1335, corresponding to the CBM
attached to the core, further fragmented to m/z 225.1022 (opening of
the cyclobutane ring), at m/z 185.0709 and at m/z 167.0604, both
corresponding to the y-carbolinone core, and at m/z 119.0855
(dimethylbenzyl cation). A fragment corresponding to the tail, at m/z
69.0699, could also be detected, though with lower intensity.

Fifteen metabolites were detected by the analysis of authentic
urine specimens after enzymatic cleavage of glucuronides. These were
assigned to the following biotransformations: monohydroxylation and
dihydroxylation, as well as N-dealkylation and N-decumylation com-
bined with monohydroxylation or dihydroxylation (Table 1). In
Table 1, the MAR% of the metabolites is also shown. In Figure 2, the
fragmentation pattern of Cumyl-CBMEGACLONE and of its metabo-
lites, as detected in authentic urine samples, is shown.

The most abundant product was M13, detected with [M + H]' at
m/z 387.2067. Diagnostic product ions were seen at m/z 185.0709,
corresponding to the intact y-carbolinone core, coupled to a fragment
ion at m/z 269.1285 (+15.9950 u) with respect to the fragment at
m/z 253.1335, suggesting that a monohydroxylation took place at the
CBM tail. In the case of M13, further fragments were detected at m/z
167.0604, m/z 251.1179, and m/z 233.1073, which could be formed
by the loss of water molecules from the core and/or from the CBM.
Similar fragments were also seen in the corresponding in vitro-
generated metabolites and suggest that monohydroxylation did not
occur at an aromatic structure, confirming the hypothesis of hydroxyl-
ation at the CBM tail.

Moreover, the sodium adduct at m/z 409.1886 and the fragment
corresponding to the cumyl moiety at m/z 119.0855 were identified.
M12 shared the same protonated mass and fragments, but with far

less abundance.
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M14 and M15 were characterized by a protonated mass at m/z
387.2067 and by fragment ions at m/z 269.1285 and at
m/z 201.0659, pointing toward a monohydroxylation occurring at the
y-carbolinone core. A further fragment was seen at m/z 183.05583,
which could correspond to the loss of water from the monohydroxy-
lated y-carbolinone core.®

Further hydroxylation could lead to M8-M11, identified by [M
+ H]* at m/z 403.2016. M8 and M9 were probably formed by dihy-
droxylation, both occurring at the CBM residue, yielding in diagnostic
fragment ions at m/z 285.1234 and m/z 185.0709, corresponding to
the unaltered core. Furthermore, the sodium adduct at m/z 425.1836
was noted. The corresponding in vitro metabolites also showed a frag-
ment ion at m/z 269.1285 and at m/z 267.1128, the latter explained
by loss of water from the fragment at m/z 285.1234.

M10 and M11 were characterized by a fragment ion at m/z
285.1234, at m/z 267.1128, due to the loss of water, and at
m/z 201.0659, indicating a dihydroxylation involving once the core
and once the CBM residue. Dihydroxylated products ranked from the
sixth position to lower ranking scores.

At the second position among all authentic urine samples, with a
MAR% of 58.9%, M4 was detected, which showed [M + H]" at m/z
319.1441, identical to M5 and Mé6. M4-Mé were characterized by
fragment ions detected at m/z 201.0659, at m/z 183.0553 (loss of
water), at m/z 119.0855 (loss of the cumyl moiety), and at m/z
341.1260 (the sodium adduct). This pattern is consistent with an N-
dealkylation involving the CBM coupled to monohydroxylation at
the core.

M3 and M7 shared the fragment ions at m/z 201.0659 and at m/z
183.0553 (due to the loss of water) but were also characterized by a
fragment at m/z 291.1104 (sodium adduct) and showed a [M + H]* at
m/z 269.1285, pointing toward an N-decumylation plus monohydrox-
ylation of the core. Both were quite low in the ranking (9th and 15th
positions, MAR% around 4.4% and 0.6%).

Lastly, at the 7th and 12th ranking positions, M1 and M2 were
detected with a protonated mass (M + H]") at m/z 285.1234, and
characteristic fragment ions at m/z 201.0659, at m/z 183.0553, and at
m/z 307.1053 (sodium adduct), allowing to hypothesize an
N-decumylation plus a dihydroxylation, one occurring at the y-
carbolinone core and one at the CBM residue. However, these metab-
olites eluted in the front of the chromatograms only of highly concen-
trated samples, and in the absence of a pHLM-generated plausibility
control, their structure can only be hypothesized.

In Supporting Information S1, the extracted ion chromatograms
of one authentic urine sample (Figure S3) and of a pHLM assay
(Figure S4) as well as the spectra of Cumyl-CBMEGACLONE metabo-
lites as obtained from in vitro analysis are shown (Figure S5).

A product of N-dealkylation, not coupled to other reactions, could
not be identified in vivo but only in vitro (Figure S5).

In vitro analysis confirmed 8 out of 15 in vivo detected metabo-
lites. Particularly, none of the metabolites built by multiple biotrans-
formations, for example, N-dealkylation or N-decumylation combined
with monohydroxylation or dihydroxylation (M1-M7), could be con-
firmed by means of pHLM assay.

3.2 | Cumyl-NBMEGACLONE

As shown by the blank control and the pHLM assay, Cumyl-
NBMEGACLONE (M + H]* at m/z 411.2447) (MO0O) eluted at
11.7 min under the applied chromatographic conditions.

As already seen for Cumyl-CBMEGACLONE, characteristic frag-
ments of Cumyl-NBMEGACLONE were detected at m/z 185.0709 (y-
carbolinone core), at m/z 167.0604 (loss of water), and at m/z
119.0855 (cumyl moiety). The most abundant fragment was, after
cleavage of the cumyl moiety, at m/z 293.1648, corresponding to the
NBM side chain attached to the y-carbolinone core. The cleavage of
the NBM produced the fragment at m/z 197.1648, and the NBM tail
structure was detected at m/z 109.1012. This fragmentation pattern
is consistent with the analytical data provided elsewhere.'*

The analysis of the four authentic urine samples did not detect
the unchanged parent compound, as seen for the majority of SCRAs.

In total, nine phase-l metabolites were detected in the investi-
gated set of authentic urine samples. After cleavage of glucoronides,
the metabolic reactions consisted of monohydroxylation, dihydroxyla-
tion, N-decumylation, and N-dealkylation combined with monohy-
droxylation (Table 2, also showing MAR% for each metabolite).

In  Figure 3, the fragmentation patterns of
NBMEGACLONE and its metabolites are shown.

With [M + H]" at m/z 427.2380 (+15.9949 u compared with the
parent compound), M8 and M9 were detected, being the most abun-

Cumyl-

dant metabolites in the authentic urine samples. However, compared
with M9, which was chosen as the most abundant (MAR% 100%), M8
showed an MAR% of only 35.1%. Both were identified with character-
istic fragment ions at m/z 119.0855, at m/z 185.0709, and at m/z
197.0709, identical to the parent compound, and by a fragment at
m/z 309.1598. Given the shift of both this latter fragment and the
protonated mass, M8 and M9 were deemed products of a monohy-
droxylation occurring at the NBM group. Additionally, a fragment at
m/z 449.2199, corresponding to the sodium adduct, and one at m/z
291.1492, likely due to the loss of water from the fragment at
m/z 309.1598, were detected. With minor intensity, further fragments
at m/z 125.0961 and at m/z 107.0855, likely corresponding to the
monohydroxylated NBM tail and to the loss of water, were seen
in vivo and confirmed by corresponding in vitro metabolites.

M4-Mé6 presented a molecular ion ([M + H]") at m/z 443.2329
(+31.9898 u compared with the parent compound). The three metab-
olites were all detected with fragment ions at m/z 185.0709 (the unal-
tered core) and at m/z 119.0855 (the cumyl moiety), coupled to the
fragment at m/z 309.1598, which suggests a monohydroxylation at
the NBM group. Additionally, fragments at m/z 325.1547 and at m/z
307.1441, likely due to loss of water, were noted, so that M4-Mé
were deemed products of dihydroxylation, with both biotransforma-
tions involving the NBM tail. This was confirmed by the analysis of
pHLM, additionally showing a fragment at m/z 289.1335, explained
by another loss of a water molecule. The sodium adduct ion, at m/z
465.2147, was additionally detected in the spectrum of M4-Mé.

M1-M3 had a protonated mass at m/z 319.1441. The fragmenta-
tion pattern for all three metabolites consists of a fragment at m/z
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Liquid chromatography-quadrupole time-of-flight mass spectrometry spectra of Cumyl-CBMEGACLONE (MO0, taken from

analysis of the reference standard) and of its urinary metabolites, as observed in authentic urine specimens (broadband collision-induced
dissociation data analysis, with background subtraction for minor metabolites). m/z is shown as theoretical, colored and in italic, and experimental,

bolded in black, just below.

119.0855 and fragments detected at m/z 201.0659 and
m/z 183.0553. The fragment ion at m/z 201.0659 (+15.9950 u with
respect to the unaltered core at m/z 185.0709) indicated a monohy-
droxylation occurring at the y-carbolinone core, and the fragment ion
at m/z 183.0553 can be attributed to the loss of water, as already
seen for Cumyl-CBMEGACLONE metabolites. Together, characteristic
ions, including one at m/z 341.1260 (the sodium adduct), and the pro-
tonated mass pointed toward a reaction of N-dealkylation coupled to
monohydroxylation at the y-carbolinone core. M1 was third in the
ranking position, with an MAR% of 27.8% among all authentic urine
samples.

Products of monohydroxylation at the cumyl moiety and at the
core structure, without N-dealkylation, were not detected in vivo but
only by pHLM assay.

Lastly, M7 showed a [M + H]" at m/z 293.1648 and characteris-
tic fragments at m/z 185.0709 and m/z 167.0604, both suggesting an
intact core, and at m/z 315.1468. Thus, M7 is considered a product of
N-decumylation.

An extracted ion chromatogram obtained from one authentic
urine sample is shown in Figure Sé.

In the pHLM assays, six out of nine in vivo detected metabolites
could be confirmed, with the exclusion, as already seen for
Cumyl-CBMEGACLONE, of the products of N-dealkylation coupled to
monohydroxylation. M7, the product of N-decumylation, could be
confirmed by in vitro analysis. An extracted ion chromatogram from a
pHLM assay and spectra of Cumyl-NBMEGACLONE metabolites as
obtained from in vitro analysis are shown in Figures S7 and S8,

respectively.

3.3 | Cumyl-NBMINACA

Cumyl-NBMINACA ([M + H]* at m/z 388.2383) was not detected in
the two authentic urine samples analyzed. By pHLM and blank con-
trol, under the applied LC-qToF-MS conditions, Cumyl-NBMINACA
eluted at 12.0 min. The fragmentation pattern of the parent com-
pound allowed to detect fragments corresponding to the cumyl moi-
ety, particularly at m/z 119.0855 and at m/z 91.0542 (loss of water).
The indazole core (at m/z 145.0396) was identified and, when coupled
to the NBM tail structure, was detected at m/z 253.1335. The cleav-
age of the cumyl moiety was further associated to a fragment at m/z
270.1601, while the NBM tail
m/z 109.1012. The fragmentation pattern is shown in Figure 4.

structure was detected at

In authentic urine samples, a total of 13 metabolites were
detected, and human in vivo metabolic reactions included monohy-
droxylation, dihydroxylation, and trihydroxylation. Results are shown
in Figures 4 and 5 and Table 3.

M8-M13, with [M + H]* at m/z 404.2333, were built by oxida-
(shift
+15.9950 u compared with the parent compound). They seem to be

tive biotransformation within phase-l metabolism of
monohydroxylated at the NBM tail structure, as suggested by their
characteristic product ions, which were detected at m/z 286.1550
(+15.9949 u compared with the ion at m/z 270.1601), at m/z
268.1444, likely due to loss of water, at m/z 269.1285 (+15.9950 u
compared with the fragment at m/z 253.1335), and at m/z 145.0396
as well as at m/z 119.0855, corresponding to the unaltered core and
cumyl moiety. Additional fragments were seen at m/z 426.2152, con-

sistent with the sodium adduct, and with very low intensity at m/z
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FIGURE 3

Liquid chromatography-quadrupole time-of-flight mass spectrometry spectra of Cumyl-NBMEGACLONE (MO0, taken from

analysis of the reference standard) and of its urinary metabolites as observed in authentic urine specimens. m/z is shown as theoretical, colored

and in italic, and experimental, bolded in black, just below.

125.0961, as well as m/z 107.0855, corresponding to the monohy-
droxylated NBM tail and loss of water. The loss of water molecules,
better highlighted in the corresponding in vitro-generated metabo-
lites, allowed to confirm the position of monohydroxylation at the tail.
M8-M13 did not rank among the highest abundant metabolites.

No monohydroxylated metabolite at the core or at the cumyl
group was detected in vivo.

M5-M7 were detected with [M + H]* at m/z 420.2282 and were
probably formed by dihydroxylation, as demonstrated by the shift of
+31.9899 u from the parent compound, as well as by the fragmenta-
tion pattern. These metabolites, indeed, showed characteristic frag-
ment ions at the unaltered core and at the unaltered cumyl moiety
coupled with those at m/z 285.1234, m/z 267.1128 due to loss of
water, at m/z 302.1499, after cleavage of the cumyl moiety, and at
m/z 442.2101, the sodium adduct. The fragmentation pattern sug-
gested that both hydroxylations should be located at the NBM moi-
ety. Among the metabolites detected in vivo, M7 appeared as the
most abundant.

M1-M4 were probably built by trihydroxylation, as shown by the
protonated mass ([M + H]") at m/z 436.2231. M1-M4 shared with
M5-M7 the fragment ions at m/z 285.1234, m/z 267.1128 due to loss
of water, m/z 302.1499, after cleavage of the cumyl moiety, and at
m/z 145.0396, which both pointed toward a dihydroxylation at the
tail. Moreover, the characteristic ion at m/z 135.0804 could be
detected, proving a further hydroxylation of the cumyl moiety, as well
as low-intensity fragment ions at m/z 141.0910 and at m/z 123.0804,
corresponding to the dihydroxylated NBM tail and loss of water. Fur-
thermore, the sodium adduct was detected at m/z 458.2050. Consid-
ering the products of trihydroxylation, M3 and M4 ranked at the
second and third places among the authentic urine samples analyzed
in this study.

A total of 22 metabolites were identified by analysis of pHLM,
providing a confirmation of 9 out of 13 in vivo detected metabolites.
Particularly, the in vivo detected metabolites M5-M13, built by
monohydroxylation and dihydroxylation, were confirmed in vitro. In
these cases, minor fragment ions are not always identified in vivo. In
the case of M5-M7, particularly, the in vitro metabolite additionally
showed fragment ions at m/z 141.0910, at m/z 123.0804, and at m/z
105.0699 (likely due to loss of water molecules), which is not typical
of N-oxides but supports dihydroxylation at a nonaromatic substruc-
ture, like the tail. The same applies to M8 and M9. Trihydroxylated
metabolites M1-M4, on the contrary, were not built by the in vitro
assay. In vitro-generated metabolites included further products of
monohydroxylation and dihydroxylation, as well as metabolites built
by N-dealkylation and ketone formation, not confirmed in vivo. M8
and M9, detected in vivo and confirmed in vitro, showed the highest
abundance in the pHLM assay but presented an MAR% of 12.6% and
44% in authentic urine samples. The most abundant in vivo

metabolite, M7, was low in the pHLM ranking, and M3 (second in the
in vivo score) was not confirmed in vitro at all.

In Supporting Information S1, the extracted ion chromatograms
of one authentic urine sample (Figure S9) and one pHLM assay
(Figure S10), as well as the spectra of the CUmyl-NBMINACA metab-
olites generated via pHLM (Figure S11), are reported.

3.4 | Urinary biomarkers

The human phase-l metabolism of several SCRAs bearing a cumyl
moiety, linked to a y-carbolinone, indole, or indazole core, has been
already reported, possibly leading to metabolites identical to the
SCRAs herein analyzed.?11:1320-23

In our study, the most abundant in vivo detected metabolite of
Cumyl-CBMEGACLONE was M13, which was characterized by a
monohydroxylation at the CBM residue. This is congruent with previ-
ous results for SCRAs bearing a CBM tail, particularly with Cumyl-
CBMINACA.*® Notably, M13 was also the most abundant in vitro
metabolite, and this finding is again congruent with the indazole ana-
log of Cumyl-CBMEGACLONE.*®

By maintaining the CBM tail, M13 allowed a distinction of the
consumption of structurally related SCRAs like Cumyl-CHMEGA-
CLONE! and Cumyl-NBMEGACLONE. M13 is thus considered a
specific urinary biomarker.

M4 ranked second among the analyzed authentic urine samples.
However, metabolites built by N-dealkylation plus monohydroxylation
of Cumyl-CBMEGACLONE, M4-Mé, were identical to the products
of structurally related SCRAs like Cumyl-CHMEGACLONE, Cumyl-
PEGACLONE, and Cumyl-5F-PEGACLONE.”**%° Such overlap was
expected for products of N-decumylation and N-dealkylation, which
remove the cumyl moiety and/or the CBM residue and, thus, elimi-
nate characteristic features of the corresponding SCRA. M1-M3 and
M7 have not been detected so far in vivo for Cumyl-
CHMEGACLONE,* but their formation could not be excluded.

Metabolites dihydroxylated at the tail of Cumyl-CBMEGACLONE,
like M8 and M9, could be isomeric to the pentanoic acid metabolite
formed by human transformation of Cumyl-PEGACLONE and Cumyl-
5F-PEGACLONE.>?°

A second specific marker is represented by M14, built by mono-
hydroxylation at the core, and the monitoring of this metabolite can
be strongly suggested, although it ranked only at the fourth position.

Considering the human phase-l metabolites of Cumyl-
NBMEGACLONE, the highest in vivo detected metabolites were
represented by M8 and M9, both formed by monohydroxylation at
the NBM moiety. Given the fact that these metabolites were charac-
terized by the intact structure of the parent drug, including linked

group and tail, M8 and M9 can be considered not only abundant but
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also highly specific markers to unambiguously detect the consumption
of Cumyl-NBMEGACLONE.

Cumyl-NBMINACA is structurally related to a number of further
compounds, including Cumyl-CBMINACA, Cumyl-PINACA, and its
analogs (e.g., Cumyl-4CI-PINACA).23?122 Theoretically, the products
of N-dealkylation of Cumyl-CBMINACA, coupled or not to monohy-
droxylation, would be identical to the metabolites of Cumyl-
NBMINACA,*® but this was not seen in the analyzed samples.

In contrast to other structurally related SCRAs carrying a cumyl
moiety, for example, Cumyl-PINACA, Cumyl-5F-PINACA** Cumyl-
4CN-BINACA,Z or Cumyl-CBMINACA,*® none of the metabolites of
Cumyl-NBMINACA detected in vivo showed monohydroxylation at
the cumyl moiety, and no product of dihydrodiol formation could be
detected.

The absence of metabolites formed by monohydroxylation at the
indazole core of Cumyl-NBMINACA is consistent with past metabo-
lism studies.32*

Despite the limited number of authentic urine samples explored
in this study, all the metabolites detected in vivo retained both the
NBM tail and the cumyl moiety, supporting their use as specific
markers of Cumyl-NBMINACA consumption.

Given their high abundance, the monitoring of M7 and M3,
formed by dihydroxylation at the NBM structure and by an additional
hydroxylation at the cumyl moiety, can be suggested, although the
analysis of a greater number of authentic urine samples would be
needed for confirmation.

Regarding comparisons with the pHLM assays, metabolites of
Cumyl-CBMEGACLONE or Cumyl-NBMEGACLONE built by N-

dealkylation plus monohydroxylation or dihydroxylation and products
of trihydroxylation of Cumyl-NBMINACA could not be confirmed by
in vitro assays, as expected given the fact that the pHLM has a weak
tendency to form metabolites by multiple, complex biotransformation
pathways.?> Past in vitro studies on Cumyl-CHMEGACLONE,** but
also on structurally unrelated SCRAs, like ADB-BINACA?® also did
not mention such multiple metabolic reactions products, underlining
that in vivo data are essential in order to prevent missing relevant

human metabolites.

3.5 | Limitations

Several isomeric metabolites with identical fragment ions but different
retention times were detected for the investigated SCRAs.221317 |n
order to identify the exact chemical structure of these metabolites,
that is, the position of the functional groups introduced, the synthesis
of reference material,?” or the structure elucidation of the isolated
metabolites of interest, for example, by NMR spectroscopy, would be
required. This was beyond the scope of our study.

As a second limitation, the in vivo MAR% here described was
based on the chromatographic peak areas. It might not accurately
reflect absolute concentrations, given possible differences in ioniza-
tion efficiency and matrix effects.*®

Another major drawback is represented by the fact that it was
not always possible to obtain clear spectra from data-independent
acquisition, due to limited sample material and the need to concen-

trate samples.
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The urine sample preparation with p-glucuronidase likely resulted
in a lower number of discovered metabolites, in particular regarding
phase-1l metabolites. However, as routine analysis usually involves a
hydrolysis step, we chose by design to detect phase-l metabolites as
specific biomarkers to prove the uptake of Cumyl-CBMEGACLONE,
Cumyl-NBMEGACLONE, and Cumyl-NBMINACA.

The number of authentic urine samples is rather a strength for
Cumyl-CBMEGACLONE and Cumyl-NBMEGACLONE. On the con-
trary, only two urine samples were available for Cumyl-NBMINACA.
This was likely due to the limited prevalence of the compound in
Germany (or at least in the samples collected at the University of Frei-
burg). We are aware that this limited number of samples does not suf-
ficiently account for potential interindividual variability in hepatic drug
metabolizing enzyme activity and that these results should be con-

firmed on a wider casuistry.

4 | CONCLUSIONS

In the present study, the human phase-l metabolism of three SCRAs
bearing a cumyl moiety and a CBM or NBM tail is reported, based on
LC-qToF-MS data of authentic urine specimens, confirmed by analysis
of in vitro pHLM assays. Products of monohydroxylation, dihydroxyla-
tion, and trihydroxylation were found to be specific markers of con-
sumption. Particularly, the products of monohydroxylation at the
CBM group (M13) and at the core (M14) can be suggested as urinary
biomarkers for detecting and monitoring the consumption of Cumyl-
CBMEGACLONE. For the forensic diagnosis of the consumption of
Cumyl-NBMEGACLONE, M8 and M9, both products of monohydrox-
ylation occurring at the NBM tail, are recommended, as they proved
to be highly specific and highly abundant. Urinary biomarkers for the
unequivocal documentation of Cumyl-NBMINACA consumption were
identified in M7, built by dihydroxylation at the NBM structure, and
M3, formed by an additional hydroxylation at the cumyl moiety,
although only a limited number of authentic urine samples were avail-
able for this compound. The pHLM assay proved to be a valuable tool
for metabolite prediction. However, to receive the full picture and
identify the most suitable biomarkers, the analysis of authentic sam-

ples remains inevitable.
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