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Abstract

The recent emergence of new synthetic opioids (NSOs) compounds in the illicit market is increasingly
related to fatal cases. Identification and medical care of NSO intoxication cases are challenging,
particularly due to high frequency of new products and extensive metabolism. As the study of NSO
metabolism is crucial for the identification of these drugs in cases of intoxication, we aimed to
investigate the metabolism of the piperazine NSO AP-237 (=bucinnazine). Two complementary
approaches (in silico and in vitro) were used to identify putative AP-237 metabolites which could be
used as consumption markers. /n silico metabolism studies were realized by combining four open access
softwares (MetaTrans, SyGMa, Glory X, Biotransformer 3.0). In vitro experiments were performed by
incubating AP-237 (20uM) in differentiated HepaRG cells during Oh, 8h, 24h or 48h. Cell supernatant
were extracted and analyzed by liquid chromatography coupled to high-resolution mass spectrometry
and data were reprocessed using three strategies (MetGem, GNPS or Compound Discoverer®). A total
of 28 phase I and six phase Il metabolites was predicted in silico. Molecular networking identified seven
putative phase I metabolites (m/z 203.154, m/z 247.180, m/z 271.180, two m/z 289.191 isomers, m/z
305.186, m/z 329.222) including four previously unknown metabolites. Overall, this cross-disciplinary
approach with molecular networking on data acquired in vitro and in silico prediction enabled to propose
relevant candidate as AP-237 consumption markers that could be added to mass spectrometry libraries

to help diagnose intoxication.
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INTRODUCTION

The opioid overdose crisis is a major public health issue. According to WHO estimates, more than
100,000 deaths are attributed to opioid overdoses each year worldwide (1). At the same time, the recent
emergence of new synthetic opioids (NSOs) compounds, often more potent than morphine and mainly
illegal, is increasingly related to fatal cases. Since 2009, 57 NSOs (fentanyl derivatives or others) have
been detected on Europe’s illegal drug market posing concerns regarding their toxicity (2,3). More
recently throughout the COVID-19 pandemic, NSOs were the new psychoactive substances (NPS) class
most involved in intoxications and fatalities. The total number of single and mixed synthetic opioid

cases reported during COVID-19 was 114, with 3 intoxications and 111 fatalities (4).

AP-237 (1-[4-(3-phenyl-2-propen-1-yl)-1-piperazinyl]-1-butanone), also called bucinnazine is a
synthetic opioid originally developed as an analgesic drug for which a patent was filled in 1968 (5).
While analgesic effect of AP-237 is thought to be approximately 1/3 compared to morphine (6),
intravenous administration experiments in rats highlighted a notable reinforcing effect, indicating its
dependence potential (7). AP-237 is not currently scheduled in France, but has been detected in the US
in the recreational drug supply as well as notified to the EU EWS in May 2019 (8-10). This might be in
response to the Chinese inclusion of all fentanyl-related drugs within the list of controlled narcotics (11)
leading to a shift towards more varied chemical structures of synthetic opioids. The scientific knowledge
regarding AP-237 and its effects in humans is still very limited (8,12). In particular, the lack of metabolic
data hinders the identification of consumption markers and thus the obtaining of a representative

epidemiological view of consumption data.

The study of NSO metabolism is not always straightforward, due to the scarcity of biological samples
and the low availability of standards. As a result, in vitro models able to metabolize drugs can be used
to study metabolism, including cell-based models such as the HepaRG cell line or human hepatocytes
(13-15). Differentiated HepaRG cells (a bipotent cell line capable of differentiating into either
cholangiocyte- or hepatocyte-like cells under specific culture conditions) have been described as a
robust model for studying both xenobiotics metabolism and toxicity (14,16—18). In particular, this model
expresses the majority of the drug processing enzymes including relevant phase I (CYPs (19)) as well
as phase II (SULTs (20), and UGTs (20,21)) enzymes and exhibits long-term functional stability
whereas human hepatocytes in primary culture lose their drug metabolism ability over time. Because
opioid metabolism is predominantly mediated by CYP1A2, CYP2B6, CYP2CS8, CYP2C19, CYP2D6
and CYP3A4, the differentiated HepaRG model is a relevant model for studying NSO metabolism (22—
24).

Beyond the use of these models to produce metabolites, a powerful analytical apparatus must
allow their detection. Thus, innovative bioinformatics approaches have recently been developed to

reprocess the complex analytical data acquired during analysis. This includes molecular networking
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(MN) which allows untargeted tandem mass spectrometry (MS/MS) data to be organized and
represented in a graphical form (25). By analyzing fragmentation spectra, MN makes it possible to gather
structurally close molecules in the same sample into a cluster, providing valuable insights into drug
biotransformation process (26). MN has already proven its value in the analysis of drug metabolism
either in vitro or in vivo in both clinical or forensic purposes (14,26-28).

Interestingly, the use of in silico metabolism prediction software has recently emerged as an
interesting alternative to assist metabolite identification (13,29,30). These softwares are mostly
convenient, open access, time-saving, and inexpensive tool that help to broaden the metabolite search
and confirm data found in vivo or in vitro (31). In the field of NPS metabolism study, the use of a
workflow including i silico and in vitro studies coupled to LC-HRMS/MS detection tends to be a robust
methodology of reference allowing to characterize at best the fate of these substances in the body

(13,30,32).

The objective of this study is to assess the AP-237 metabolism using a cross-sectional approach coupling

in silico and in vitro analyses with bioinformatic tools.
2. Material and methods

2.1. In silico metabolite prediction

AP-237 putative metabolites were predicted according to pipeline shown in Figure 1 using AP-237
SMILES string (CCCC(=O)N1CCN(C\C=C\C2=CC=CC=C2)CC1) through the free softwares :
GLORYx (33), Biotransformer 3.0 (34), MetaTrans (35) and SyGMa (Systematic Generation of
potential Metabolites) (36).

Chemical drawing of parent compound (ChemDraw®) Metabolism prediction
O/\AO Other name: Bucinnazine ‘ N S & PR O e TN
\/\f“ Formula: C;;H,,4N,0 A R P | PO o
Molar mass: 272.392 g/mol LR A A T

AP-237 53 U S

o o

Step 1 Step2 Step3| - a- -

Upload to in silico softwares A N &

In silico BioTransformer 3.0 GLORYx Lo U DG ST 05 G SN SSRGS o

m . e
Q 3 S U A
MetaTrans SyGMa ST R o SO S U 3

Figure 1. In silico methodology to predict AP-237 metabolism using Open access softwares.
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Briefly, GLORYX integrates machine learning-based site of metabolism prediction with reaction rule
sets to predict and classify the putative structures of metabolites that could be formed by phase I and/or
phase II metabolism (33). Biotransformer 3.0 is an open-access software tool that supports the rapid,
accurate, and comprehensive prediction of the metabolism of small molecules in both mammals and
environmental microorganisms (34). MetaTrans is a rule-free, end-to-end learning-based method for
predicting possible human metabolites of small molecules including drugs. The metabolite prediction
task is approached as a sequence translation problem with chemical compounds represented using the
SMILES notation, and predict metabolites through phase I and phase II drug metabolism as well as other
enzymes (35). Sygma is a rule-based method able to predict the potential metabolites of a given parent
structure covering a broad range of phase I and phase II metabolism reaction that occur in humans. An
empirical probability score is assigned to each rule representing the fraction of correctly predicted
metabolites in the training database and covers around 70% of biotransformation reactions (36).

All metabolite structures were generated using ChemDraw software (PerkinElmer, Inc., Waltham, MA,

USA) (Figure 1).

2.2. In Vitro metabolism studies

Material. AP-237 was purchased from Cayman chemical company (Ann Arbor, MI, USA). William’s
E medium (ref: 12551032) was purchased from Gibco (ThermoFischer Scientific, San Jose, CA, USA).
Penicillin-streptomycin and glutamine were obtained from Life Technologies (Grand Island, NY, USA).
Fetal Bovine Serum (FBS) was purchased from Eurobio (Courtaboeuf, France) and from Hyclone GE
Healthcare Life Sciences (Logan, UT, USA). Hydrocortisone hemisuccinate was purchased from Serb
(Paris, France). Dimethyl sulfoxide (DMSO), formic acid, and insulin were obtained from Sigma-

Aldrich (Saint Louis, GMO, USA).

Cell culture and treatment. Progenitor HepaRG cells were cultured as already described (19). Briefly,
HepaRG cells were seeded at a density of 10° cells/well in 96-well plates and cultured in culture medium
for two weeks (William’s E medium (1X) supplemented with 10% FBS, 50 U/mL penicillin, 50 pg/mL
streptomycin, 5 pg/mL insulin, 2 mM glutamine, 50 uM sodium hydrocortisone hemisuccinate and 2%
DMSO). Cells were cultured for two more weeks in the same medium supplemented with 2% DMSO

to induce cell differentiation into cholangiocyte- and hepatocyte-like cells (19).

Differentiated HepaRG cells were incubated in triplicate with 100 uL of AP-237 (20 uM) during Oh, 8h,
24h or 48h. The detection of AP-237 and its metabolites was performed using this model as already
described (14,29).

2.3. LC-HRMS/MS analysis

Samples extraction. Cell culture media samples (200 pL) were extracted as previously described (30).

Briefly, samples were supplemented with 500 uL of methanol containing a mix of internal standards at
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1 ng/mL (ketamine-D4, promethazine-D8, olanzapine-D§, chlorpromazine-D3, clozapine-D4,
flurazepam, risperidone-D4) and then extracted with 300 puL of 0.1 M zinc sulfate solution. After
supernatant evaporation, the residue was dissolved in 200 uL of LC-MS grade water and transferred into

chromatographic vials for LC-HR-MS analysis.
LC-MS settings

Analyses were performed on a Thermo Scientific Q Exactive™ (San Jose, USA) mass spectrometer
including an Ultimate 3000 RS pump (Thermo Scientific, San Jose, CA, USA). An heated electrospray
ionisation-I1I (HESI-II) ion source was used for the ionization of target compounds. Data acquisition was

performed using the Xcalibur® 4.3. software (Thermo Scientific).

Non-targeted screening LC-HRMS/MS method used for MN building was performed as already
described (29,30). Briefly, liquid chromatography was performed on an Accucore Phenyl Hexyl (100 x
2.1 mm, 2.6 um) (Thermo Scientific, San Jose, CA, USA) at 40 °C using an elution gradient at a flow

rate of 500 uL/min during 15 min with 10 pL as injection volume.

The orbitrap mass spectrometer was operated in positive ESI mode and the acquisition range was 100—
700 m/z. Full scan (MS1) data were acquired for each ionization mode at a resolution of 35,000 FWHM,
with an AGC target of 1e6 and a maximum injection time of 120 ms. Ionic precursor selection was
performed in a “data-dependent” mode of operation, where the 5 most intense ions from the previous
scan were selected for fragmentation (Top N of 5). MS/MS (MS2) data were acquired at a resolution of
17,500 FWHM with an AGC target of 1e5, maximum injection time was 50 ms and isolation window
was 2.0 m/z. The normalized collision energy (NCE) was stepped at 17.5, 35 and 52.5, and the dynamic

exclusion time set at 3 s.

2.4. Molecular network generation

Spectral data allowed us to generate MN using a semi-quantitative approach. Data acquisition,
processing (i.e., MS data conversion, preprocessing, MS1 annotation, and generation of molecular
networks), visualization, and network analysis have already been described elsewhere [19]. Briefly, raw
data were converted to an open MS format (.mzXML) with ProteoWizard’s MSConvert module (37,38).

The mzXML files were then preprocessed using MZmine 3 software (39).

Several steps (deconvolution, deisotoping, FTMS shoulder, alignment, gap-filling) are required to
generate MN. The MS1 threshold was chosen at 10ES in order to find all of our internal standards. The
single mgf output file was (i) loaded on the Global Natural Products Social networking (GNPS) web-
based platform in order to generate the multi-matrix MN (GNPS) or (ii) open with MetGem 1.3.6
software (40).

In GNPS parameters, mass tolerance of precursor and fragment ions used for MS/MS spectral library

searching as well as mass tolerance of fragment ions used for MN were set to m/z 0.02. A cosine >0.7
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was used for linkage between nodes and the minimum number of common fragment ions shared by two
MS/MS spectra was 6. Links between two nodes were kept in the network if each node was in the top

10 most similar nodes.

In MetGem, the minimum cosine score was set to 0.7, the minimum matched peaks was set to 4 and the
mass tolerance of fragment ions used for MN was set to m/z 0.02 to allow comparison with data from
GNPS. The maximum neighbor number was set to 10 and the maximum connected component size was
set to 1000. In t-SNE parameters, the number of iterations, perplexity, learning rate and early
exaggeration parameters were respectively set 1000, 6, 200 and 12 according to Olivon et al. (2018)

(40).

Molecular networks were visualized using Cytoscape 3.8.0 software (41). SIRIUS software was used to
analyzed fragmentation patterns (42). The different steps of the in vitro metabolism study approaches

are presented in Figure 2.

Incubation at different time on LC-HRM/MR acquisition Processing by MS-Cluster algorithm
differentiated HepaRG cells (Q-Exactive®) o
@
) — - @
OO | | [ GNPS o @S,
<Brewe T
AP-237 MetGem
Step 1 Step2 Step3 Step4 Step5 Step 6
-----n------:f--‘:----nnl-uf’”‘-----t----l_._-;-------,4.-7.\’1----------...‘1------------_:/_“l------l-t-----
» -~ % Supernatant samples Post-analytical treatment Molecular networking visualization ‘-L,HCyto
. collection and extraction v
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Figure 2. Pipeline of the methodology to explore in vitro AP-237 metabolism.
2.5. Metabolite exploration using Compound Discoverer®

Raw mass spectrometry data were also analyzed using Thermo Scientific Compound Discoverer®
(version 3.3.1) to identify metabolites. Phase I and phase II metabolites were generated in silico using
the .mol file corresponding to AP-237 from Chemspider website. Metabolites were then searched within
the four data files based on accurate mass matching (<Sppm) and secondary spectral matching search
algorithm. The FISh coverage score was calculated and fragments were auto-annotated with structure,
molecular weight, and elemental composition on MS/MS spectra. All features with FISh coverage score
> 50% were filter out to reduce the number of poorly repeatable and unrobust features as already

described (43).
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3. RESULTS
3.1. In silico metabolism study of AP-237

In silico prediction of AP-237 metabolism was performed on four different softwares: GloryX,
Biotransformer 3.0, MetaTrans and SyGMa. Predicted AP-237 metabolites are synthetized in Table 1
and named P1 to P34. Biotransformation reactions are proposed by SyGMa and Biotransformer 3.0, and
the potential enzymes involved are proposed by Biotransformer 3.0. Prediction scores are proposed by

GloryX and SyGMa.

Phase I metabolites included dealkylated (P2 to 4 and P7), desaturated (P10) and oxydated/hydroxylated
(P11 to P23, P25 to 27, P30) derivatives mainly produced by CYP1A2, CYP2A6, CYP2B6, CYP2CS,
CYP2C9, CYP2C19, CYP2D6 and CYP3A4. Phase II metabolites included sulfoconjugated (P31) and
glucuronoconjugated (P8, P29, P32 to P34) derivatives. SyGMa was found to predict the most
metabolites (n=23) followed by GloryX (n=21), Biotransformer 3.0 (n=13) and MetaTrans (n=9). In

particular, SyGMa emerged as the only software predicting Phase 11 metabolites.

Numerous isomers were proposed by these programs, such as the 14 phase I metabolites with m/z
289.1916, corresponding to the addition of an oxygen atom to the parent molecule. Similarly, 3
glucuroconjugated metabolites are proposed with m/z 465.2237. Taken together, these results show that,

excluding isomers, 16 metabolites were proposed.
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Table 1. Predicted AP-237 metabolites using four in silico metabolism softwares: GloryX (GX), Biotransformer 3.0 (BT3), MetaTrans (MT) and SyGMa
(SM). Using SM, only metabolites with a predicted score > 0.005 are presented. Using GX, only metabolites with a predicted score > 0.1 are presented. "X"
indicates that the software has predicted the corresponding metabolite, associated with a probability score (SM and GX) and the biotransformation enzyme

(BT3) when available. Chemical structures were generated according to predicted SMILES in softwares.

Predicted

. + . .
metabolites Chemical structure Formula m/z [IM+H] Biotransformation Enzyme BT3 MT SM GX
Score | Score
K\N F
Parent N\) CiHaNaO | 273.1967
(AP-237) \/\ﬂ/ :
OH
X X
P1 /ﬁ( C4H;30, 89.0602 0.096 0.34
0
S CYP2B6, CYPCS, x
P2 CoHzO 133.0653 CYP2C9, CYP2C19, X X 0.44
CYP2D6, CYP3A4
/
HO X
P3 CoH100 135.0810 0.119
K\NH CYP1A2, CYP2A6,
. CYP2B6, CYP2C8 X X
N _ s ]
P4 W Q CsHisN2O 157.1341 N-dealkylation CYP2C9, CYP2C19, X X 0119 0.44
I CYP2D6, CYP3A4
K\N/\/ X X
P5 HNQ Ci3HisNy 203.1548 Deacylation 0.09 | 034
o
MOH
P6 K\N CiHaN:0; | 213.1603 X
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. . X X
P7 /\)}\ /\/ \/\ CisHoN:O | 247.1810 di-de-alkylation 0033 | o4s
OH
P8 CioH160 265.0923 X
/\)L 10HHeLs : 0.014
OH
/
P9 \/\”/ \) C17H22N20 271.1810 Desaturation
N /
CYP1A2, CYP2AG,
P10 N N C17H22N>O 271.1810 Terminal desaturation CYP2C9, CYP2De6,
\/\”/ CYP3A4
[e]
//\ /
N
PIl ”v}\ CiHuN:0; | 287.1759 |  Oxidation (2 steps) X X
\/\( o : 0.048 | 0.16
o]
’/\ /
N
P12 N CiHaN0, | 287.1759 |  Oxidation (2 steps) X X
\/\( : 0.048 | 0.12
[e] [e]
K\N /
P13 WNQ C17H22N20; 287.1759 Oxidation
o] [e]
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Hydroxylation of

CYP1A2, CYP2AG,
CYP2B6, CYP2CS,

K\N /
. L X X
P14 N\) C17H24N>0, 289.1916 penultimate aliphatic CYP2C9, CYP2C19, 0.106 0.44
W secondary carbon CYP2D6, CYP2EI, ' ’
OH 0 CYP3A4
K\N P CYP1A2, CYP2A6,
. CYP2B6, CYP2CS,
P15 NQ /\/\Q CrlN:0; | 2801916 | drowiation of - cypyco ‘cypacis, ones | oa
”°/\/\[( Y CYP2D6, CYP2EI, ' '
0 CYP3A4
K\ " /
N S L CYP1A2, CYP2C8
O _ s s
P16 NQ CrbN:0; | 2801916 | NONdation ofalieyelic | cypycig cypaps, ove | ona
\/\( ertiary amine CYP3A4 : :
o
OH
//\ P Aliphatic hydroxylation
N
of carbon alpha to CYP2B6, CYP2C19, X
P17 N\) Ci7H24N0; 289.1916 secondary or tertiary CYP2D6 0.44
\/\( alkyl-N
0
OH K\ N 7 Hydroxylation of
P18 N\) C17Ha4N20 289.1916 antepenultimate CYPIA2, CYP2EI X X
17 ' aliphatic secondary ’ 0.012 0.34
carbon
o
//\N /
0; Sy L
P19 \N \) Ci-HauN>Os 289.1916 N-Ox1da.t10n of e.lhcychc X
\/\[( tertiary amine 0.34
o
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CYP1A2, CYP2B6,
N CYP2B6, CYP2CS, X
P20 C17H24N20, 289.1916 Epoxidation of alkene | CYP2C9, CYP2CI19, 019
NJ o CYP2D6, CYP2EI, :
\/\H/ CYP3A4
o
NS
K\ Hydroxylation of CYP1A2, CYP2CS, X X
P21 NJ CrHuN:0; | 2891916 | SV OV E PO | CYP2C9, CYP2CIY, 006l | o017
\/\”/ o g Pard | Cypap6, CYP3A4 : :
[e]
K\N/\/\Q/OH
Hydroxylation of X X
- \/ﬁI/NJ CirHhN02 2891916 1 henzene on carbon meta 0.016 | 0.17
oH
P H . CYP1A2, CYP2AG6,
N ydroxylation of
. . CYP2C9, CYP2De6, X X
p23 N\) CitlNoQ; | 289.1916 s;lcez)tflii(zhcc};crll;gn CYP3A4, CYP2B6, 0.046 | 0.16
\/\’( y CYP2C19
o
I
H Oxidation in ring of the
piperazine giving an X
P24 ENGZ N F CirHuN:0; 289.1916 aminal that hydrolyses 0.16
W H/\/\@ to aldehyde and amine
o
K\N /
P25 N C17H24N>0, 289.1916 Hydroxylation X X
W ' 0.046 | 0.12
o OH
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Hydroxylation of CYPIA2, CYP2CS,
P26 ~ N C17H24N;0, 289.1916 benzefle Onycarbon S ho | CYP2C9, CYP2CIY,
( HO CYP3A4
[¢]
HO\K\ P
N
o N\) /\/\O Hydroxylation of CYP1A2, CYP2AG,
P27 C17H2N> 05 289.1916 heteroalicyclic CYP2C9, CYP2D6,
secondary carbon CYP3A4
OH K\N 7
P28 NQ CiHaNo0s | 303.1709 Carboxylation PR
o : 0.030 | 0.44
P29 CisHy50 311.1131 Glucuronidation X
1sH1807 . ucuro 0 0.0120
K\N - ’ Hydroxylation + O- X X
P30 WN\) CisagN20; | 319.2022 methylation 0021 | 017
OH
(o]
K\N/\/\Q\
NQ Hydroxylation + X
ydroxylation
P31 W i CrHuN,0sS | 369.1484 R, 0.007
[e] 0=—8S=—0
y
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P32 C3H35N»0g 465.2237 Glucuronidation 0 3(1 5
c X

P33 C23H33N20g 465.2237 Glucuronidation 0.010
. X

P34 C23H35N»0g 465.2237 Glucuronidation 0.006
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3.2. In vitro metabolism study of AP-237 using molecular networking

Comparison of molecular networking algorithms. To assess in vitro AP-237 metabolite production,
differentiated human HepaRG cells were incubated with AP-237 (20uM) for 48h. The cytotoxicity of
AP-237 was evaluated and showed no cytotoxic effects (data not shown). Molecular networks using
either GNPS or MetGem (classic or t-distributed stochastic neighbor embedding (t-SNE)) were
generated from analysis of culture media by LC-HRMS/MS (Table 2, Figure 3). Here, as the t-SNE
approach allows nearby spectral features to be grouped together by showing them visually overlapped,
it has limitations in terms of data visualization compared to conventional networks created by MetGem
or GNPS. To ensure detection of molecules in this data-dependant screening, a mix of 10 internal
standards was added before sample extraction. In the entire network, the detection of all internal

standards was checked before further analysis.

We showed that GNPS and MetGem found the same number of nodes, but a different number of links,
objectifying a different pairing between the compounds. The cosine score was set > 0.7 for cluster
matching using GNPS and MetGem. This finding was similar within the AP-237 cluster, where GNPS
allowed the inclusion of more compounds within the cluster, associated with a greater number of links
between compounds (Table 2).

Table 2: Comparison of molecular networking procedure after LC-HRMS/MS analysis of culture
medium of differentiated HepaRG incubated with AP-237.

GNPS MetGem
Classic t-SNE
Total number of nodes in the molecular network 775 775 775
Total number of links in the molecular network 1419 1167
Number of nodes in the AP-237 cluster 18 10 10
Number of links in the AP-237 cluster 66 37

Using GNPS or MetGem classical approach, nodes were labelled in AP-237 clusters with the exact
protonated mass (m/z) and the links were labelled with the exact mass shift. Nodes were linked together
in cluster according to their MS/MS spectral similarities (Figures 3A, C). Using a MetGem t-SNE
approach (Figure 3B), the same nodes as MetGem classical approach were identified and pooled

together but without visualizing spectral similarities using links.

In terms of analytical data, the GNPS algorithm was able to identify additional compounds in AP-237
cluster (compared with the MetGem algorithm), including in-source fragments (Figure 3C). The cosine
scores between compounds were different depending on whether the data were reprocessed by GNPS
or MetGem, showing that the 2 tools use different pairing algorithms. However, both tools clustered

essentially the same compounds of interest. Only one additional compound (m/z 597.31) was found in
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the AP-237 cluster generated by the MetGem algorithm (Figure 3A, B) compared with the GNPS
algorithm (Figure 3A). Since MetGem did not provide any superiority over the classic GNPS algorithm,

all further post-analytical processing was carried out using the classic GNPS approach.
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Figure 3. AP-237 molecular networks after 48h of incubation on differentiated HepaRG cells obtained
from A) MetGem generated network, B) t-SNE mode in MetGem and C) GNPS generated molecular
network. The thickness of the links has been set according to the cosine score. Links betwenn AP-237 and
"additional AP-237 cluster nodes" have been removed for greater clarity. RT : retention time.

In vitro AP-237 metabolism kinetic. In order to explore AP-237 metabolism kinetic, we incubated AP-
237 (20 pM) in differentiated HepaRG cells during Oh, 8h, 24h or 48h. Culture media analysis at
different time allowed us to generate a multi-matrix molecular network which displayed all the MS/MS
data acquired during analysis (Figure 4). A specific color was assigned to each time (Oh in white, 8h in
yellow, 24h in orange and 48h in red). The area of different color in each node represent semi-
quantitative concentrations of the corresponding compound in each condition. Visual analysis of the
multi-matrix molecular network showed a cluster containing AP-237 linked to other nodes (Figure 4A).
First, we found that AP-237 amount decreased over incubation time on the differentiated HepaRG cells.
Second, AP-237 was clustered with eight structurally related molecules (m/z 289.191 [RT: 4.8 min and
5.8 min]; m/z 305.186 [RT: 5.1 min]; m/z 247.180 [RT: 5.6 min]; m/z 329.222 [RT: 6.0 min]; m/z
271.180 [RT: 5.4 min]; m/z 203.154 [RT: 3.2 min]; m/z 577.375 [RT: 5.8 min]). Immediately after AP-
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237 incubation (Oh), none of these latter molecules was detectable. Taken together, these results suggest

that these spectrally related molecules are putative AP-237 metabolites.

In this AP-237-containing cluster (Figure 4A), the related putative metabolites could be classified in
two subgroups, namely the early metabolites present from 8h of incubation (m/z 289.191 [RT: 4.8 min
and 5.8 min]; m/z 247.180 [RT: 5.6 min]; m/z 329.222 [RT: 6.0 min]; m/z 271.180 [RT: 5.4 min]; m/z
203.154 [RT: 3.2 min]; m/z 577.375 [RT: 5.8 min]) and the late metabolite present from 24h of
incubation (m/z 305.186 [RT: 5.1 min]).
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Figure 4: A) Molecular network and molecule identification. Kinetics study of (B) AP-237 and (C)
its main metabolites M1 to M4b in differentiated HepaRG cells supernatants. (D) Reconstituted
chromatogram of main metabolites found in one representative in vitro experiment after 48h of
incubation. Percentage are expressed according to AP-237 peak intensity at Oh (set arbitrary at 100%).
The data are quoted as the mean + SEM from experiments performed in triplicate.

Accepted manuscript




Identification step. Information propagation within a molecular network (which consists in determining
the structure of an unknown molecule using the structural information of the neighboring nodes) allowed
us to propose metabolite identification throughout the AP-237-containing cluster. In particular, mass
shifts between spectrally related compounds that could correspond to well-established biotransformation
reactions helped us to propose identification as previously described (14,27) (Table S1). The AP-237
fragmentation pattern is displayed is Figure 5, and fragmentation pattern of putative metabolites are
presented in supplementary data (Figure S1). Here, m/z 115.054, 117.070 and 91.054 correspond to the

main fragments of AP-237 and its metabolites.

10—

o &)/\V(j
m/z =117.070
0.7
i / O Ppiperazi
g @ /\/@ ’, . Plpe_razme .
o %7 ® ’ ! oring |
8 Y I Cinnamyl
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Figure 5: AP-237 fragmentation pattern in LC-HRMS/MS using SIRIUS Software. The 91.055 ion
(corresponding to the phenyl group of AP-237) is probably rearranged into the more stable tropilium

ion.

Our data showed two compounds with the same exact mass (m/z 289.191) but with two different
retention time (RT: 4.8 and 5.8 min) (Figure 4A). These nodes were linked to AP-237 (m/z 273.196)
with a mass shift of +15.995, corresponding to oxidation/hydroxylation reaction. In the AP-237 cluster,
compound m/z 305.186 could correspond to a double oxidation/hydroxylation of AP-237. We also
observed mass shifts which could correspond to desaturation (-2.016 Da), giving rise to m/z 271.180.
Lastly, a -26.016 Da mass shift which could correspond to N-dealkylation gave rise to m/z 247.180
compound, itself linked to m/z 203.155 compound with a mass shifts of -44.026 Da which could
correspond to deacetylation + dehydrogenation. Fragmentation pattern of m/z 577.375 contained a m/z
289.191 fragment suggesting that it could be a dimer of oxidated metabolite ([2M+H]") (Figure S1). In
addition, the same retention time of m/z 577.375 (5.8 min) supported the hypothesis and suggest that it
could be a dimer of M4b produced in mass spectrometer. While compound m/z 329.222 was linked to
AP-237 with a mass shift of +56.026 which could correspond to the addition of C4Hg, we were not able

to precisely identify the biotransformation reaction due to a lack of specific fragmentation pattern.
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The use of SIRIUS software allowed us to elucidate the fragmentation spectrum of AP-237 and its
metabolites, and to propose the m/z 115.0545 and m/z 117.0702 fragments as the most relevant ones for
metabolite identification. However, as the fragmentation spectra were not sufficiently rich to deduce
where biotransformation reactions took place, the information propagation data were analyzed together
with the results of in silico analyses to propose the most likely chemical structures of AP-237 metabolites
(Figure 4A). These experiments were carried out in triplicate in order to visualize AP-237 metabolism

kinetics in conjunction with the appearance of the 5 most intense metabolites identified (Figure 4C).
3.3 Comparison to Compound Discoverer®

In this study, Compound Discoverer® was used to identify AP-237 metabolites and compare the results
with metabolites found using open-source software. The metabolites identified by Compound
Discoverer® are shown in Table 3 and corresponding mass spectra are presented in supplementary data
(Figure S1). Compound Discoverer® identified seven metabolites, three of which were not identified
using the molecular networking approach (m/z 307.201, m/z 271.180 (RT 4.7 min) and m/z 369.148).
Conversely, the molecular networking approach identified three metabolites not identified by

Compound Discoverer® (m/z 203.154, m/z 247.180 and m/z 329.222).
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Table 3: AP-237 metabolites identified by Compound Discoverer® after incubation of AP-237 on HepaRG cells for 8h, 24h and 48h. To reduce the

number of poorly repeatable and unrobust features, compounds with FISh coverage score > 50% were filter out.

1 Formula RT Transformations Composition Change FISh 8h 24h 48h
(min) Coverage (%)
271.180 C17H22N20 59 Desaturation -(H») 71.05 X X X
271.180 Ci7H22N,O 4.7 Desaturation -(H2) 73.68 X X X
289.191 Ci7H24N>0» 5.8 Oxidation +(0) 63.64 X X X
289.191 Ci7H24N20» 4.7 Oxidation +(0) 58.14 X X X
305.186 Ci7H24N>03 5.1 Oxidation, Oxidation +O») 100 X
307.201 Ci17H26N203 4.4 Hydration, Oxidation +(H,0») 67.74 X X
369.148 Ci17H24N>05S 4.5 Oxidation, Sulfation +(04S) 71.43 X

Accepted manuscript



On the basis of in vitro and in silico analyses, Table 4 summarizes the characteristics of the metabolites
proposed as the most relevant to add to mass spectrometry databases. This aims to increase the

probability of detecting intoxication in humans.
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Table 4: Synthesis List of AP-237 relevant metabolites obtained in in vitro experiments. RT: retention time

Main Delta m/z

Name Formula RT | [M+H]" | [M+H]* Appm observed | compared | Biotransformation

(min) | observed | expected fragment | with AP- reactions

ions 237

AP-237 117.0702

(Parent) Ci7H24N,O | 5.5 | 273.1960 | 273.1967 | -2.56 | 115.0545 NA NA
91.0548
117.0702

Ml Ci3HisN; 3.1 | 203.1542 | 203.1548 | -2.95 | 115.0545 | -70.042 Deacylation
91.0548
117.0702

M2 CisHxoN,O | 5.6 | 247.1803 | 247.1810 | -2.83 | 115.0545 | -26.016 N-deethylation
91.0548
117.0702

M3 Ci7H»oN,O | 5.3 | 271.1803 | 271.1810 | -2.58 | 115.0545 -2.016 Desaturation
91.0548
117.0702

Md4a | Ci7HuaN2O, | 4.8 | 289.1909 | 289.1916 | -2.58 | 115.0545 15.995 oy
91 0548 Ox1datloq /
117.0702 hydroxylation

M4b | Ci7HuN2O, | 5.8 | 289.1910 | 289.1916 | -2.07 | 115.0545 15.995
91.0548
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4. DISCUSSION

In this study, we aimed to investigate the AP-237 metabolism using a cross-sectional approach coupling
in silico and in vitro analyses coupled to bioinformatic tools. In the absence of in vivo intoxication cases,
exploring metabolism using these approaches can provide potentially useful consumption markers for

the future identification of intoxication in humans.

The in silico metabolism study approach makes it possible to propose metabolite structures associated
with biotransformation reactions, and potentially the enzymes involved, as well as a prediction score.
By cross-referencing the information obtained by different prediction software programs, we increase
the probability of obtaining reliable, predictive information on phenomena that can be observed in vitro
or in vivo. This approach has already been used to explore the metabolism of new drug candidates (29)
or NPS (13,30,32). Here we have combined four in silico software packages to predict the metabolism

of the NSO AP-237.

The GloryX and SygMA software packages are interesting by adding a prediction score to the results,
enabling the relevance of the proposed metabolites to be stratified (33,36). Biotransformer 3.0 also
proposed numerous potential enzymes involved in biotransformation reactions. Here, AP-237
metabolism was predicted to be predominantly carried out by phase I enzymes, which is consistent with
the overall results reported by the four software packages. Although MetaTrans doesn't offer metabolic
pathway prediction features superior to the other software tested in this study, it has enabled us to cross-
reference information with the aim of gaining a better understanding of their reliability. Interestingly,
the predicted m/z data can be incremented in the LC-HRMS/MS inclusion list for the purpose of semi-
targeted screening as previously described (32,44,45).

In terms of limitations, the predicted metabolites do not always seem relevant (as exemplified by P26
which is very unlikely since most often less hindered carbons are more accessible), sometimes with
redundancies. In addition, obvious metabolites were not predicted such as aldehyde or alcohol
metabolites. Concerning the predicted metabolite P24, it can be assumed that it is preceded by the
formation of an iminium metabolite as described by Kalgutkar et al. (2020) (46). Although this reactive
intermediary metabolite can be trapped by cyanide to form stable adducts, we can't rule out their
involvement in toxicity phenomena through the formation of protein and DNA adducts (46).
Consequently, in silico solution interest seems to remain restricted for now on assisting metabolite
predictions using in vitro models, and in silico results should be treated with caution. Also, in the case
of isomer prediction, these approaches cannot predict chromatographic retention times, which limits the
use of results in comparison with in vitro or in vivo analytical data. Since fragmentation patterns of AP-
237 and its metabolites lack of specificity, chromatographic separation would appear to be an important

additional criterion for their identification. Overall, in the absence of reliable NPS-specific software, the
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combination of several in silico approaches seems interesting. These conclusions need to be confirmed

with other molecules, in particular NSOs, and compared with analytical data to assess their relevance.

In vitro, the differentiated HepaRG model has already shown its relevance in the study of xenobiotic
metabolism, including NPS (30,47,48). In this study, we confirm its relevance to the study of NSO

metabolism.

A total of nine putative phase I metabolites were proposed in vitro, including six previously unknown
metabolites (m/z 305.186 [RT: 5.1 min]; m/z 247.180 [RT: 5.6 min]; m/z 329.222 [RT: 6.0 min]; m/z
271.180 [RT: 5.4 min]; m/z 271.180 [RT 4.7 min]: m/z 307.201 [RT: 4.4 min]). Only one phase Il
metabolites (m/z 369.148) was found after 48h incubation using Compound Discoverer, despite SyGMa
Software prediction. Given that the differentiated HepaRG model is capable of producing phase II
metabolites, these data need to be confirmed in vivo, in particular in urine or bile samples. The kinetic
study of metabolism provides us with valuable data on the nodes linked to AP-237. Indeed, by
visualizing the clearance of AP-237, correlated with the appearance of spectrally related molecules, we
present strong evidence that these are metabolites. As their early and late metabolite profiles could be
distinguished, a better understanding of the metabolic dynamics can be proposed. The AP-237
fragmentation pattern displayed characteristic fragments at m/z 115.0545 and 117.0702 corresponding
to the cinnamyl moiety. In the literature, studies on AP-237 metabolism in rats, rabbits and guinea pigs
identified seven metabolites, namely hydroxylated AP-237 (m/z 289.1916), 1-cinnamylpiperazine (m/z
203.1548), 1-(4-hydroxycinnamyl)piperazine (m/z 219.1497), benzoic acid (m/z 123.0446), 4-
hydroxybenzoic acid (m/z 139.0395), hippuric acid (m/z 180.0660) and 4-hydroxyhippuric acid (m/z
196.0609) (12,49,50).

These results are also consistent with most piperazine metabolism data which display extensive phase I
metabolism including CYP3A4-dependent N-dealkylation and CYP2D6-dependent oxidation to
hydroxylates (51). These two cytochromes were proposed be Biotransformer 3 software. In particular,
metabolism studies on 2-methyl-AP-237 identified 4 hydroxylated metabolites in which hydroxylation
occurred mainly on the piperazine moiety and to a lesser extent on the cinnamyl moiety (52-54).
Similarly on AP-238 compound, 27 phase I metabolites and five phase II metabolites were identified
through liquid chromatography-quadrupole time-of-flight mass spectrometry in in vitro and in vivo
(human urine sample) assay. The main in vivo metabolites were built by hydroxylation combined with
further metabolic reactions such as O-methylation or N-deacylation (55). Lastly, MT-45 metabolism
study (another piperazine derivative synthetic opioid sharing same structural similarities with AP-237)
found low proportion of phase II metabolites, supporting the idea of a rather weak phase II metabolism

for these compounds (56).

The commercial Compound Discoverer® software proved as effective as the open access software in

identifying the main metabolites of AP-237. However, its use proved less flexible than open access
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solutions, due to the impossibility of modifying all data filter parameters and license fees may also be
an obstacle to its use by some laboratories. In terms of the open source algorithm used for molecular
networking, MetGem and GNPS proved equivalent for the identification of the main metabolites of AP-
237, although the t-SNE representation was difficult to read. Consequently, both approaches can be used
according to researcher’s expertise. The main limitation in identifying metabolites was knowing the
location of biotransformation reactions due to poor fragmentation spectra. For this reason, we feel it
would be useful to obtain metabolite standards when available, or to have them synthesized in order to
increase confidence in the structure of the proposed metabolites. This would enable to compare retention

times and MS2 spectra.

Overall, the combined use of different in silico and in vitro models coupled with the molecular network

approach allows us to gain confidence in our proposals for potential consumption markers.

5. CONCLUSION

In vitro AP-237 metabolism study on differentiated HepaRG cells supported by in silico prediction using
four complementary software allowed to identified seven AP-237 metabolites among which four were
previously unknown. Biotransformation reactions seem to occur mainly by oxidation/hydroxylation on
the acyl/piperazine moiety. Given their detection intensity in in vitro samples, we propose compounds
m/z 203.1548, m/z 247.1810, m/z271.1810 and m/z 289.1916 as markers of AP-237 consumption. These
compounds can therefore reasonably be added to mass spectrometry libraries to help diagnose

intoxication, notably by increasing the detection window.
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SUPPLEMENTARY FIGURE AND TABLES LEGENDS

Figure S1: (A-E) Fragmentation spectrum of the most likely AP-237 metabolites. The spectra on
the left were visualized using SIRIUS software, while the spectra on the right were visualized and
annotated automatically using Compound Discoverer® software. (F-H) Fragmentation spectrum
of compounds present in the molecular network but not proposed by Compound Discoverer®.

Table S1: Main biotransformation reactions found in AP-237 in vitro experiments with associated
loss of mass or gain of mass for the parent molecule.
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