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Abstract

The use of synthetic cannabinoids causes similar effects as A’-tetrahydrocannabinol
and long-term (ab)use can lead to health hazards and fatal intoxications. As most
investigated synthetic cannabinoids undergo extensive biotransformation, almost no
parent compound can be detected in urine, which hampers forensic investigations.
Limited information about the biotransformation products of new synthetic cannabi-
noids makes the detection of these drugs in various biological matrices challenging.
This study aimed to identify the main in vitro biotransformation pathways of 5Cl-
THJ-018 and to compare these findings with an authentic urine sample of a 5CI-
THJ-018 user. The synthetic cannabinoid was incubated with pooled human liver
microsomes and cytosol to simulate phase | and phase Il biotransformations. Resulting
extracts were analyzed with liquid chromatography coupled to quadrupole time-of-
flight mass spectrometry (LC-QTOF-MS). Three different data analysis workflows
were applied to identify biotransformation products. A suspect screening workflow
used an in-house database built from literature data and in silico biotransformation
predictions. Two non-target screening workflows used a commercially available soft-
ware and an open-source software for mass spectrometry data processing. A total of
23 in vitro biotransformation products were identified, with hydroxylation, oxidative
dechlorination, and dihydrodiol formation pathways as the main phase | reactions.
Additionally, five glucuronidated and three sulfated phase Il conjugates were identi-
fied. The predominant in vivo pathway was through oxidative dechlorination and in
total six metabolites of 5CI-THJ-018 were identified. Biotransformation products
both in vitro and in vivo were successfully identified using complementary suspect

and non-target screening workflows.
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1 | INTRODUCTION

In recent years, new psychoactive substances (NPS) have been
increasingly released into the drug market and are often easily acces-
sible via the Internet. One of the most important NPS classes is the
group of the synthetic cannabinoids (SCs), which contains mostly sub-
stances of high potency and seems to be establishing a foothold in the
drug market since their first appearance in the early to mid-2000s.*™*
SCs and some of their metabolites mimic the effects of A’-tetrahydro-
cannabinol (the major psychoactive component found in cannabis) by
a high affinity interaction with the cannabinoid type 1 (CB1) and type
2 (CB2) receptors.?>® Consumption of SCs has increased and led to
the implementation of control measures across the European Union
regarding an increasing number of new SCs.*?

As most investigated SCs are prone to extensive biotransforma-
tion, parent compounds are rarely detected in urine. Without knowl-
edge of their biotransformation products, forensic investigations on
the use of these substances can be impeded. Since information about
biotransformation products of novel SCs is very limited to unavailable,
the detection of these illicit drugs in various biological matrices can be
challenging.>7:8:10-12

The SC 5CI-THJ-018 [(1-(5-chloropentyl)-1H-indazol-3-yl)
(naphthalen-1-yl)methanone] is a new SC with a napthoylindazole
structure, derived from THJ-018 by addition of a chlorine on the
pentyl side chain. Human metabolism of a number of structurally
related SCs has been evaluated in different settings, but to our best
knowledge, this information is missing for 5CI-THJ-018.10:11:13-17

Pooled human liver microsomes (HLMs) are a suitable source of
enzymes for examining in vitro human metabolism as they contain the
major drug-metabolizing enzymes: The cytochrome P450 isoenzymes
(CYPs) and UDP-glucuronosyltransferases (UGTs).2821 Complemen-
tary to HLMs, human liver cytosol (HLCYT) contains sulfotransferase
(SULT) and can be used to study in vitro sulfation reactions.

The aims of this study were to identify the main phase | and phase
Il in vitro biotransformation products of 5CI-THJ-018, and to compare
these in vitro findings with an urine sample of a 5CI-THJ-018 user in
order to propose potential, reliable and specific biomarkers for the
detection of this SC. To do so, 5CI-THJ-018 was incubated with

HLMs, HLCYT, and suitable cofactors to simulate phase 172

and phase
I1”® biotransformation reactions. Liquid chromatography coupled to
high-resolution accurate-mass quadrupole-time-of-flight mass spec-
trometry (LC-QTOF-MS) and three complementary data analysis
workflows were used to screen, identify and elucidate biotransforma-
tion products formed in the in vitro assay and metabolites present in

the urine sample.

2 | MATERIALS AND METHODS

21 |

5CI-THJ-018 was acquired from Cayman Chemical (Ann Arbor, M,
USA). HLMs (mixed gender, n = 50) were acquired from Tebu-Bio
(Boechout, Belgium). HLCYT (mixed gender, n = 150), theophylline
(anhydrous, > 99 %), 2,5-uridinediphosphate glucuronic acid (UDPGA),

Chemicals and reagents

adenosine-3'-phosphate 5'-phosphosulfate (PAPS, > 60 %) lithium salt
hydrate, alamethicin (neat, > 98 %), dimethyl sulfoxide (DMSQ), and 4-
nitrophenol (4-NP) were obtained from Sigma-Aldrich (St Louis, MO,
USA). NADPH tetrasodium salt hydrate (> 96 %) was purchased from
Acros (Geel, Belgium). Acetonitrile (ACN, HPLC-grade) and methanol
(MeOH, > 99.9 % LC-MS grade) were acquired from Fisher Chemical
(Loughborough, UK), formic acid (> 98 %) and hydrochloric acid (37 %)
from Merck KGaA (Darmstadt, Germany). A 100 mM TRIS-buffer was
prepared by dissolving 12.11 g Trizma base (Janssen Chimica, Beerse,
Belgium) and 1.02 g MgCl, (Merck KGaA, Darmstadt, Germany) in 1 L
ultrapure water. The pH was adjusted to 7.4 by adding 1 M HClI solu-
tion. Ultra-pure water was produced in-house with a PURELAB-puri-

fier system of Elga Labwater (Tienen, Belgium).

2.2 | In vitro metabolism assay

This study employed the in vitro assay optimized and used in previous
studies.?>?” An overview of the experimental setup can be found in
the Supporting Information (Figure SI-1). All tested sample sets

contained three replicates.

221 |

Phase | biotransformation products were generated using pooled
HLMs. A reaction mixture containing 945 uL of TRIS-buffer (pH 7.4,
100 mM), 25 pL of HLMs (20 mg/mL in 250 mM sucrose in water)
and 10 pL of 5CI-THJ-018 stock solution (0.5 mM in MeOH) was incu-
bated in a 1.5 mL Eppendorf tube at 37 °C. 10 uL of NADPH (0.1 M in
TRIS-buffer) was added after 5, 60 and 120 minutes. During incuba-

tion the total volume of organic solvent did not exceed 1 % in order

Phase | incubations

to avoid any effects on the microsomal activity.?? Three negative con-
trol samples (without 5CI-THJ-018, HLMs or NADPH) were prepared
in parallel. The reaction was stopped after 1 h or 3 hours by the addi-
tion of 250 pL ice-cold ACN containing 1 % formic acid (phase | exper-
iments) or by putting the samples on ice for 3 minutes (samples for
further phase Il experiments). The internal standard, theophylline,
was prepared in the ice-cold ACN with 1 % formic acid at 5 pg/mL.
A positive control for phase | experiments was included by incubating
10 pL phenacetin (5 pug/mL in ultrapure water). The formation of two

phase | biotransformation products - N-(4-hydroxyphenyl)-acetamide

(P1) and  N-(4-ethoxy-2-hydroxyphenyl)-acetamide (P2) was
monitored.
2.2.2 | Phase Il incubations

Following the phase | experiments, samples were exposed to phase Il
conjugation through glucuronidation (GLU) and sulfation (SUL). For
the GLU samples, 935 L of the supernatant originating from the
phase | samples was incubated with 25 puL of HLMs and 10 pL of
alamethicin (1 mg/mL in DMSO). Ten pL of UDPGA (100 mM in
TRIS-buffer) was added after 5, 60, and 120 minutes. SUL samples
consisted of a mixture of 965 pL supernatant and 25 pL cytosol
(20 mg/mL in buffer containing 150 mM potassium chloride and
50 mM Tris, pH 7.5, with 2mM EDTA), with addition of 10 uL PAPs
(10 mM in TRIS-buffer) after 5, 60, and 120 minutes of incubation.
Negative control samples were prepared by omitting 5CI-THJ-018 or
the cofactor (UDPGA and PAPs) in order to exclude false-positive
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results. A positive control was included by incubating 4-NP (10 uL of
10 mM in TRIS-buffer) and monitoring the formation of 4-NP glucuro-
nide and 4-NP sulfate. Reactions were stopped as described earlier for
the phase | incubations.

All samples were centrifuged for 5 minutes at 8000 rpm (5900 g).
The supernatant was transferred to a clean glass tube, evaporated
under nitrogen at 38 °C, and reconstituted in 200 uL of a 10 % (v/v)
ACN in ultrapure water solution for LC-QTOF-MS analysis.

2.3 | In vivo urine sample

In early 2017, a 46-year-old man was brought to the emergency
department of the hospital. His symptoms included hallucinations,
depersonalization, auditory hallucinations, and pronounced disorienta-
tion, as well as constricted pupils. The patient was known for his drug
addiction and had been using the cathinone 3-methylmethcathinon (3-
MMC) daily up until three weeks before admission. On the day of
admission, the patient had sniffed an unknown quantity of a powder
bought on the Internet and believed to be methiopropamine. A urine
sample was collected and screened negative for methiopropamine
and its metabolites. Gas chromatography-mass spectrometry (GC-
MS) screening using an extensive liquid-liquid extraction (LLE) clean-
up (resulting in a 50-fold concentration increase) showed the presence
of 5CI-THJ-018, which was confirmed using the Cayman mass spectral
library (v10312016). A description of the screening can be found in
the Supporting Information.

To compare the identified in vitro biotransformation products with
the in vivo metabolites, 50 uL of acetonitrile was added to 50 uL of the
collected urine, vortexed for 30 seconds and transferred to a 0.2 um
nylon centrifugal filter (5 minutes at 8000 rpm (5900 g)) and analyzed
with LC-QTOF-MS.

2.4 | LC-QTOF-MS analytical method

Extracts were analyzed using an Agilent 1290 Infinity UPLC hyphenated
to an Agilent 6530 QTOF (Agilent, Santa Clara, CA, USA). Chromato-
graphic separation was performed on a Kinetex C8 column (150 x
2.1 mm; 1.7 um particle size, Phenomenex, Utrecht, Netherlands) using
a mobile phase composed of ultra-pure water with 0.04 % (v/v) formic
acid (A) and 80/20 (v/v) acetonitrile/ultrapure water with 0.04 % formic
acid (v/v on total volume) (B) with a flow of 0.3 mL/min. The injection
volume was 5 uL. All samples were analyzed in positive and negative
ionization mode. The eluent was directed to the waste during the first
minute of each run to protect the ion source from extensive contamina-
tion. The chromatographic run started with 2 minutes isocratic at 10 %
B, after which a gradient was used to increase the percentage of B to
95 % at 20 minutes. The column was rinsed with 95 % B for 4 minutes
and re-equilibrated at 10 % B for 5 minutes before the next injection.
The column temperature was kept constant at 40 °C.

The QTOF-MS instrument was operated in the 2 GHz (extended
dynamic range) mode, providing a Full Width at Half Maximum (FWHM)
resolution of approximately 5100 at m/z 118.0862 and 10000 at m/z
922.0098. The ions m/z 112.0508 and 922.0097 for positive mode
and m/z 112.9855 and 966.0007 for negative mode were selected for

constant recalibration throughout the chromatographic run to ensure

high mass accuracy. The eluting compounds were ionized using Agilent
Jet-Stream electrospray ionization (ESI) in both positive and negative
ionization mode. Drying gas temperature and flow were at 300 °C and
8 L/min, respectively. The sheath gas temperature was 350 °C at a flow
of 11 L/min. Nebulizer pressure was set at 25 psig. Capillary, nozzle and
fragmentor voltages were at 3500 V, 500 V and 120 V, respectively.
The acquisition parameters were set for an m/z range from 75 to 1000
at a scan rate of 2.5 scans/s and 6.67 scans/s for MS and MS/MS spec-
tra, respectively. Collision energies were applied at 10 and 20 V. Signals
were detected using a data-dependent acquisition method. An active
exclusion of 0.2 minutes was applied to prevent repetitive acquisition
of MS/MS spectra for the same ion. All data were stored in centroid

mode and exported for analysis.

2.5 | Workflows and data analysis

This study employed three different workflows for processing the
acquired in vitro data (Figure SI-2). Next to a suspect screening based
on in silico metabolite prediction, two different non-target screening

workflows were conducted.

251 |

The suspect screening workflow was based on an in-house developed

Suspect screening workflow

workflow, which has been published previously.24282? First, a list of
possible biotransformation products was generated using the Meteor
Nexus (v2.1, Lhasa Limited, Leeds, UK) software. For phase | metabo-
lism, all redox and non-redox biotransformations were selected. For
phase Il metabolism, O- and N-glucuronidation, O- and N-sulfation,
acetylation and conjugation with amino acids were selected. The
metabolite prediction was processed with human CYP enzymes, the
maximum depth set on 3 and the maximum number of biotransforma-
tion products set at 1000. The generated list of possible biotransfor-
mation products with the molecular formula, exact mass, structure
and related enzyme for the corresponding metabolism was stored as
a csv-database. Furthermore, the metabolites of other similar cannabi-
noids, described in the literature and not predicted by the software,

were added to the list.*®

252 |

A non-target screening approach was conducted with the metabolo-

MzMine + R workflow

mics software MZmine 2.29%° after converting the acquired raw data
files to an mzXML data format using MSConvert (ProteoWizard).
First, m/z features were detected using the centroid algorithm
followed by a chromatogram building step. Resulting chromatograms
were deconvoluted using the noise amplitude algorithm. Further sim-
plification occurred by deisotoping, keeping the lowest m/z value as
the representative isotope. During the deisotoping, chromatographic
peaks were also filtered according to peak width: only peaks with a
width between 0.05 and 1 minute were retained. Next, peaks were
aligned across samples using the random sample consensus (RANSAC)
alignment algorithm. Finally, using the same RT and m/z range gap
filler algorithm, any missing peaks were re-iteratively extracted. The
obtained m/z features were then imported in R and processed using
an in-house developed script.3? In short, fold changes between sam-

ples and negative controls were calculated. Secondly, a volcano plot
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was created to plot the p-value from a student t-test as a function of
the calculated fold change for each of the m/z features; an example
can be found in Figure 1. Features with a p-value <0.05 and a log
10-fold change >10 were selected for further identification using
the same criteria as described in subsection 2.5.5. The Generate For-
mulas algorithm in the MassHunter Qualitative Analysis software
(version B.07.00, Agilent Technologies, Santa Clara, CA, USA) was

used to predict the corresponding molecular formulas.

253 |

Features were extracted using the Find by Molecular Feature algo-

Mass profiler professional workflow

rithm in MassHunter Qualitative Analysis software (version B.07.00,
Agilent Technologies, Santa Clara, CA, USA). Restrictions for m/z and
retention time were set to m/z 50-700 and 1-16.5 minutes, respec-
tively. The resulting data were imported in Mass Profiler Professional
(version 12.5, Agilent Technologies, Santa Clara, CA, USA). Samples
were grouped per type (positive/negative control, replicate), incuba-
tion time (1 or 3 hours) for phase | experiments, and reaction type
(Gluc or Sulf) for phase Il experiments.

After alignment, features were filtered by frequency to eliminate
all entities that were present in one or more of the negative controls.
Remaining features were selected for further identification using the
same criteria as described in subsection 2.5.5 and molecular formulas
were generated using the Generate Formulas algorithm in the
MassHunter Qualitative Analysis software (version B.07.00, Agilent
Technologies, Santa Clara, CA, USA).

254 |

The urine sample was analyzed using a suspect screening workflow as

In vivo sample data analysis

described in subsection 2.5.1. The database of possible biotransforma-

tion products was updated with the biotransformation products

-Log10 p-value

identified via the in vitro metabolism experiments using the non-target

screening workflows.

255 |
products

Identification of the biotransformation

For all workflows, identification of the biotransformation products
was based on the accurate mass and isotopic profile obtained in the
MS mode and on the fragmentation pattern of product ions and their
accurate mass, with the following criteria: (a) a maximal mass variation
of £10 ppm between the measured and theoretical parent ions; (b) a
maximal mass variation of +25 ppm for product ions; (c) the measured
isotope pattern matched with the predicted ones with an isotope
abundance score of at least 70; (d) the identified biotransformation
products were not present in any of the negative control samples;
and (e) the detected biotransformation products were present in at
least two out of three replicates.

3 | RESULTS AND DISCUSSION

3.1 | Experimental quality controls

MS and MS/MS spectra of the identified biotransformation products
of phenacetin and 4-NP were found as expected and are showed in

the supporting information (Figures Sl - 3 to SI - 7).

3.2 | 5CI-THJ-018 (parent drug)

The parent compound was detected in positive ionization mode
(IM + HI*, m/z 377.1417). Figure 2 shows the MS/MS spectrum and
fragmentation pattern of 5CI-THJ-018. Loss of the naphthalene group
resulted in a product ion at m/z 249.0789. Further loss of hydrogen

Log10 Fold Change
p < 0.05, log10FC < 1@ p < 0.05, log10FC > 1 ® p > 0.05, log10FC < 1@ p > 0.05, log10FC > 1

FIGURE 1 Volcano plot of m/z values in samples of phase | metabolism after 3 hours of incubation. Features are colored in function of the
combination of their respective p-value and fold change. Features of interest were colored in green (p > 0.05 and absolute log; fold change

>10) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 MS/MS spectrum with product ions of 5CI-THJ-018 [Colour figure can be viewed at wileyonlinelibrary.com]

chloride suggested the formation of the product ion at m/z 213.1022.
The production ion m/z 145.0396 was explained by the loss of the
naphthalene moiety and pentyl chain. Product ions at m/z 155.0491
and m/z 69.0699 corresponded to the naphthalene structure with
the carbonyl residue and the pentyl chain. A chlorine rearrangement
of the structure, similar to the fluorine rearrangement described by
Diao et al,*® led to m/z 193.0169. Injection of an analytical standard
confirmed the identification of 5CI-THJ-018.

3.3 | Phase | biotransformation products

An overview of all identified in vitro biotransformation products can be
found in Table 1. Figure 3 shows the time profiles of the biotransfor-
mation products while Figure 4 presents an overview of the elucidated
potential metabolic pathway.

3.3.1 | Oxidative dechlorination and further
oxidation

M16 corresponded to the oxidative dechlorination of 5CI-THJ-018.
Product ions at m/z 145.0406 and m/z 155.0489 were common prod-
uct ions with the parent compound, excluding hydroxylation on the
naphthalene or indazole moiety. Subsequent loss of the naphthalene
and water resulted in product ions at m/z 231.1100 and 213.1025.
Three different pathways were further promoted from M16: hydroxyl-
ation of the naphthalene residue (M4), aldehyde formation (M18) and
a naphthalene dihydrodiol (M5) formation.

M4  consisted of four isomers, eluting between 8.50 and
10.86 minutes in positive ionization mode. Product ions at m/z
213.0986 and 145.0413 were already described for the parent com-
pound. The absence of a product ion with m/z 155.0489 and the
presence of m/z 171.0424 confirmed the hydroxylation of M16 on
the naphthalene structure. Further hydroxylation of M4 on the naph-
thalene resulted in M9. Loss of water and dihydroxynaphthalene
resulted in the product ions at m/z 373.1564 and 231.1128,

respectively. M3 was formed due to oxidative dechlorination,
hydroxylation of the naphthalene and three hydroxylations on the
pentyl-chain. M3 was identified in positive ionization mode and
consisted of two isomers. Product ions at m/z 389.1485 and
371.1347 corresponded to the loss of one and two water molecules,
respectively.

Oxidation of M16 led to the formation of the corresponding alde-
hyde M18. The double bound equivalent (DBE) of 15 corresponded
with the proposed formula (Co3H20N>0,). Loss of the naphthalene
structure resulted in the product ion m/z 229.0897. The carboxylic
acid (M15) derived from M18. Identification was confirmed based on
the presence of m/z 355.1485 after loss of water as also observed
by Diao et al.,*®> m/z 245.0932 due to loss of the naphthalene struc-
ture and m/z 217.0978 which corresponds to the indazole and carbox-
ylated pentyl side chain. The product ion at m/z 155.0511
corresponded to the naphthalene. Hydroxylation of M15 led to four
isomers of M2 eluting between 8.43 and 10.73 minutes. The lack of
product ion m/z 155.0511 and the presence of m/z 171.0452 con-
firmed the hydroxylation on the naphthalene moiety.

The two isomers of M5 eluted at 8.50 and 8.56 minutes. The
product ion at m/z 231.1111 corresponded to the formation of a
dihydrodiol structure on the naphthalene structure. M5 also shared
product ions m/z 213.1000 and 145.0403 with M16.

332 |

Similarly to the above described biotransformation of M16, consecu-

Chlorinated biotransformation products

tive hydroxylation of the parent compound led to several chlorinated
phase | biotransformation products. One set of biotransformation
products originated from the formation of a naphthalene dihydrodiol
(M13), eluting at 11.50 minutes. Loss of water resulted in m/z
393.1371. Product ions m/z 213.1006 and m/z 145.0385 were shared
with the parent compound. A product ion at m/z 249.0772 (also
shared with the parent compound) confirmed the presence of the
dihydrodiol naphthalene Further

function on the moiety.
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FIGURE 3 Overview of the relative areas (with standard deviation) of all in vitro biotransformation products of 5CI-THJ-018 identified in the

phase | metabolism using the in vitro HLM assay

hydroxylation resulted in M23, which was detected in negative ioniza-
tion mode only. Product ions were not acquired for this compound but
the molecule was tentatively identified based on the exact mass and

the isotope pattern. Although the obtained data could not confirm

the position of the hydroxylation on the pentyl chain, Diao et al previ-
ously described for fluorinated SCs that the hydroxylation in
monohydroxylated biotransformation products (with retention of the

halogen) occurs primarily at w-1-fluoropentyl.*?
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FIGURE 4 Proposed in vitro metabolic pathways of 5CI-THJ-018. In vitro biotransformation products found in the in vivo sample are marked in

green [Colour figure can be viewed at wileyonlinelibrary.com]

Also in the negative ionization mode only, the chromatographic
peak at 6.57 minutes could be tentatively attributed to M19, based
on the exact mass and corresponding isotope pattern. As M19 origi-
nates from the hydroxylation of M23, this further strengthens the
positive identification of the latter. Where M5 represents a
dechlorinated analogue of M23, no such analogue for M19 has been
identified in this study.

Hydroxylation of the parent compound suggested a second set of
biotransformation products, starting from the intermediate metabolite
M12, the chlorinated analogue of M16. Two isomers of this compound
could be chromatographically distinguished, suggesting the hydroxyl-
ation occurred on either the naphthalene or the alkyl chain. This was
confirmed by the presence of product ions at m/z 249.0835 and m/z
265.0825. The former represents the loss of the naphthalene carrying
the hydroxyl group. The latter originates from the loss of the naphtha-
lene, with the oxygen on the alkyl chain as indicated by the added
weight of 16. The indazole-3-carboxaldehyde core showed the com-
mon product ion m/z 145.0504. Further hydroxylation on the naphtha-
lene or the alkyl chain resulted in the formation of M17. Based on the
tentative identification of phase Il metabolite M11 (see further) and
the presence of product ion at m/z 249.0765 (consistent with the loss
of C1oH;0,), it is deemed more likely that both hydroxyl functions are
located on the naphthalene. It should however be noted that analogy
with M4 would suggest a hydroxylation on both the naphthalene moi-
ety and the alkyl chain. A third consecutive hydroxylation led to the for-
mation of M10. Loss of the double hydroxylated naphthalene explains
the occurrence of the production at m/z 265.0726, the chlorinated ana-
logue of M9 product ion at m/z 231.1128.

3.3.3 | N-dealkylation

M14 was detected as the protonated molecule at m/z 273.1040.
Product ion at m/z 145.0361 corresponded with the indazole struc-
ture. Based on the MS/MS fragmentation pattern and DBE, M14
was identified as the N-dealkylated product of 5CI-THJ-018.

3.4 | Phase Il biotransformation products

Five glucuronidated and three sulfated conjugates were identified. M1
was identified as the glucuronidated product of M5 and consisted of
two isomers. Product ions at m/z 375.1772 and 357.1599
corresponded to the loss of O-Gluc and the subsequent loss of water
respectively. M9 was metabolized to the glucuronidated-(Mé) and sul-
fated-(M22) during phase Il metabolism. Mé showed the product ion
at m/z 391.1603, which corresponds with the loss of the glucuronide.
M22 was detected in negative ionization mode as the deprotonated
molecule ([M-H]", m/z 469.1079). Product ions at m/z 80.9679 and
389.1483 corresponded to the sulfate and the loss of the conjugated
sulfate. The product ion at m/z 203.1140 corresponds with the
indazole and hydroxylated pentyl chain. The dihydroxylated naphtha-
lene fragment gave rise to m/z 159.0447. Thus, no definite structural
position of the sulfate could be identified.

M7 was formed after the conjugation of M15 with a glucuronide
at the carboxylic acid and suggested two glucuronidated isomers, a
carboxylic acid conjugate and a N*-glucuronide of the aromatic ter-
tiary amine group.3? Product ions at m/z 355.1600, 245.1058 and
155.0472 were already observed for M15. Loss of the naphthalene
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resulted in m/z 421.2307. Loss of the glucuronide and O-glucuronide
resulted in product ions at m/z 373.1783 and 355.1600.

Sulfo-conjugation of M3 led to metabolite M21 ([M-H]", m/z
485.1026). The product ions at m/z 405.1448 was formed after loss
of the sulfate.

Similar to M9, the chlorinated metabolite M10 was further
biotransformed through glucuronidation to M8. Once more the
common product ion at m/z 145.0340 representing the indazole-
3-carboxaldehyde core was present. The position of the glucuro-
nide could not be determined as the product ion at m/z
265.0687 represents the loss of the naphthalene either carrying
the glucuronide or following previous deglucuronidation (product
ion at m/z 425.1166).

M11 was found to be the glucuronidated phase Il metabolite of
M17. However, this compound could only be tentatively identified
as MS/MS spectra were not acquired. Neither had an analogous
dechlorinated phase Il metabolite been found.

3.5 | Time trends of the biotransformation products

Figure 3 shows the relative area of the biotransformation products
after 1 hour and 3 hours of phase | incubation. The relative area
was calculated by dividing the peak area of the metabolite by the
peak area of the internal standard. These data were used to help
elucidating the biotransformation pathway shown in Figure 4. Bio-
transformation products that showed an increase in signal after
1 hour and a decrease in signal after 3 hours of incubation were
considered as intermediate products. M12, M13, and M18 are exam-
ples of biotransformation products with this specific time trend and
could be explained by further metabolization of these compounds to
M17, M23, and M15 respectively. M2, M3, M9, and M10 showed

Number of
biotransformation products.

Suspect

MZmine MPP Suspect/

MZmine
Workflow

an increase in relative area over time, which could be explained by
terminal biotransformation products. After 3 hours of incubation,
M15, M17, M9, and M10 were the major phase | biotransformation
products based on their relative area.

3.6 | Comparison of in vitro and in vivo data

A new database was compiled for the suspect screening of the urine
sample based on the prediction by Meteor Software and updated
with the biotransformation products identified using the non-target
screening workflows applied in the in vitro metabolism experiment.
The urine sample was analyzed using a suspect screening workflow
and the same criteria as used for the analysis of the in vitro experi-
ments (subsection 2.5.5). This resulted in the detection and identifi-
cation of six metabolites. The favored in vivo metabolic pathway
appeared to be the oxidative dechlorination (leading to the formation
of M16). Consecutive carboxylation and hydroxylation led to the
identification of M15 and M2, respectively. The intermediate alde-
hyde (M18) could not be identified in the urine sample. Detected
phase |l biotransformation products included M7 (glucuronidation
of M15) and M20 (sulfation of M2). Evidence for the presence of
M3, a dechlorinated tetrahydroxylated analogue of the parent com-
pound and downstream metabolite of M16, was found as well. How-
ever, its precursor M4 has not been detected and neither were the
other biotransformation products originating from M4 (M6, M9, or
M22). Based on the areas M3, M2, and M15 appeared to be major
in vivo biotransformation products.

None of the chlorinated biotransformation products were found
in the in vivo sample. Several studies have reported oxidative
dehalogenation as the major metabolism pathway in vivo of SCs halo-

genated at the 5-pentyl position.}>3334 Diao et al previously reviewed

20
15
ISulfales
IGIucuronides
Phase |
10 biotransformations
5
0

Suspect/ MZmine/ Al
MPP MPP

FIGURE 5 Comparison of biotransformation products identified using a combination of different workflows for data analysis. Per workflow
identified phase | biotransformations are colored in green, glucuronides in grey, and sulfates in yellow [Colour figure can be viewed at

wileyonlinelibrary.com]
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studies concerning authentic human urine specimens for the synthetic
cannabinoids AM-2201 and 5F-AKB-48."2 HLMs are rich in some
oxidases (CYP450 and flavin-containing monooxygenases) but lack
non-CYP450 oxidases present in cytosolic fractions such as alterna-
tive oxidase (AOX). As the predominant defluorination is catalyzed
by non-CYP450 enzymes, the results from HLM incubation are
biased.?? A similar outcome was observed in our study for the oxida-
tive dechlorination. It should also be mentioned that this study was
limited to only one urine sample without knowing the interval
between 5CI-THJ-018 intake and urine collection. During this interval,
possible intermediate in vivo biotransformation products could have
already been further metabolized leading to the apparent absence of
these products in the urine sample. Secondly, no deconjugation step
was included before LC-QTOF-MS analysis in order to detect the
conjugated metabolites. This could however bias the detection of
phase | biotransformation products as they could be conjugated.

3.7 | Comparison of 5CI-THJ-018 to other synthetic
cannabinoids

Oxidative dehalogenation of SCs appears to be one of the major path-
ways and was also present in our study as M15, M16, and M9 were
the major identified biotransformation products. Previous studies
investigated the metabolism of other synthetic cannabinoids haloge-
nated at the 5-position of the pentyl chain and have also identified
metabolites resulting from oxidative dehalogenation, suggesting this
pathway to be major for this group of SCs.1317:35-37

Diao et al investigated the metabolism of THJ-018 and the 5-
fluoro analogue THJ-2201.2° Other described pathways such as N-
dealkylation, hydroxylation of the naphthalene group and dihydrodiol
formation, as well as their resulting biotransformation products, were
also found in our study. However, the N-oxide biotransformation
product previously reported by Diao et al was not detected in this
experiment. This study further identified nine biotransformation prod-
ucts (M1, M7, M8, M9, M10, M15, M17, M20, and M22) which were
not reported by Diao et al.2®

Indole-hydroxylated biotransformation products were previously
described for JWH-018 (the indole-analogue of THJ-018); however
no indazole-hydroxylated products of 5CI-THJ-018 were identified.®
These findings confirm the results of the study by Diao et al.1®

Although this study identified several biotransformation products
resulting from the phase Il sulfation, UGT-mediated conjugation with
glucuronic acid seemed to be of higher importance given the higher
number of glucuronides identified in vitro. These results are in line
with earlier studies regarding the phase Il metabolism of synthetic

cannabinoids,11:13:17:35:38:39

3.8 | Workflow evaluations

As described in the Method section, three different data analysis
workflows were combined for the identification of the biotransforma-
tion products. In total, 23 biotransformation products were identified
combining the results from all workflows. Seven biotransformation
products were unique for the MZmine + R workflow, five were identi-

fied by the suspect-screening workflow only and only two were unique

for the Mass Profiler Professional-workflow. An overview of the results
can be found in Figure 5. If only the suspect screening workflow had
been used, only 13 out of 23 biotransformation products would have
been identified, phase | reaction products and glucuronides but no sul-
fates. Using only the MZmine + R workflow, two out of three sulfates
would have been detected but a total of seven biotransformation prod-
ucts would not have been identified. The Mass Profiler Professional
workflow was the only workflow capable of detecting all sulfates, but
if only this workflow would have been applied the number of detected
phase | reaction products and glucuronides would have been lower
resulting in the lowest number of identified products. Only by combin-
ing the results from all workflows all four major metabolites (M15,
M17, M9, and M10) could be identified. M15 was only identified by sus-
pect screening although the signal intensity was above the threshold for
non-target screening. M10 could only be identified using non-target
screening as the Meteor Software did not predict this metabolite. Com-
bining suspect screening with the MZMine + R workflow resulted in the
highest amount of identified biotransformation products when combin-
ing two different workflows. Adding the MPP workflow to this combi-
nation added one more phase | reaction product and one more sulfate
to the biotransformation product list. These data clearly show the added
value of combining suspect analysis with non-targeted screening

workflows.

4 | CONCLUSIONS

This study identified 23 biotransformation products of the synthetic
cannabinoid 5CI-THJ-018, of which 15 were phase | and 8 were phase
Il products formed through hydroxylation, oxidative dechlorination,
dihydrodiol formation, and conjugation pathways. To the best of our
knowledge, this is the first study identifying the in vitro and in vivo
metabolites of 5CI-THJ-018. The combination of suspect and non-
target screening workflows improved the number of identified
biotransformation products. Suspect screening of an authentic urine
sample showed that the predominant in vivo pathway is through oxi-
dative dechlorination with subsequent hydroxylation and conjugation

with glucuronic acid.
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