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“What is important in life is life and not the result of life.”
- Johann Wolfgang von Goethe (1749-1832)
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I welcome my future passionately post my five years of PhD in Germany.
Let me move forward with another challenge.
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Summary

Drug metabolism studies are an integral part of the drug discovery and development
process and preclinical testing. Likewise, drug metabolism is broadly investigated in clinical
toxicology, particularly for screening purposes, since new emerging illicit drugs and drug-
induced deaths are steadily increasing. More recently, zebrafish larvae became particularly
popular as a non-animal in vivo model for predicting human metabolism. This work was
dedicated to further refining zebrafish larvae models by applying and optimizing state-of-
the-art technologies using three tool drugs. The direct administration of drugs using mi-
croinjection was found to be beneficial compared to conventional waterborne exposure since
the fast circulation of the drug inside the larval bodies, and in turn, indicated a high con-
cordance with human metabolism. With morpholino oligonucleotides as an antisense gene-
knockdown tool, the onset of drug metabolism related to liver function and cannabinoid
receptor function was investigated to understand complex biological processes contributing
to drug metabolism. Having established protocols, the in vivo distribution of drugs and their
metabolites inside zebrafish larvae was visualized using mass spectrometry imaging (MSI).
In conclusion, by establishing novel approaches and new methods in zebrafish larvae, the
potential of the model for predicting human drug metabolism was consolidated, and this

will contribute to its expansion into conventional ADMET studies.
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Zusammenfassung

Studien zum Arzneimittelstoffwechsel sind ein wesentlicher Bestandteil in der
Entwicklung sowie in der praklinischen Testung neuer Arzneimittel. Da die Zahl neuer
besorgniserregender illegaler Drogen und drogeninduzierte Todesfille stetig zunehmen,
wird der Arzneimittelmetabolismus ebenfalls in der klinischen Toxikologie, im Rahmen von
Drogen-Screenings, umfassend untersucht. In jiingster Zeit haben sich Zebrafischlarven als
ein beliebtes in vivo Testsystem fiir die Vorhersage des menschlichen Stoffwechsels erwiesen.
Diese Arbeit widmet sich der weiteren Verfeinerung von Zebrafischlarvenmodellen durch
Anwendung  und Optimierung  modernster ~ Technologien. Die entwickelten
Protokolle wurden mit Hilfe von drei Molekiilen etabliert. Die direkte Verabreichung von
Arzneistoffen mittels Mikroinjektion erwies sich als vorteilhaft im Vergleich zur
herkémmlichen Verabreichung iiber das Wasser, da es eine schnelle Zirkulation des
Arzneistoffs in den Larvenkdrpern und damit einen effizienten Stoffwechsel ermdglicht, der
eine hohe Ubereinstimmung mit dem menschlichen Stoffwechsel aufweist. Mit Hilfe von
Morpholino-Oligonukleotiden  als  Antisense-Gen-Knockdown-Tool =~ wurde  der
Arzneimittelstoffwechsel im  Zusammenhang mit der Leberfunktion wund der
Cannabinoidrezeptorfunktion untersucht, um die komplexen biologische Prozesse zu
verstehen, die zum Metabolismus beitragen. Nach der Etablierung geeigneter Protokolle
wurde die in vivo Verteilung von Arzneistoffen und ihren Metaboliten in Zebrafischlarven
mithilfe von bildgebender Massenspektrometrie (MSI) visualisiert. Zusammenfassend lasst
sich sagen, dass durch die erfolgreiche Etablierung neuer Ansatze und neuer Methoden in
Zebrafischlarven das Potenzial des Modells zur Vorhersage des menschlichen
Arzneimittelstoffwechsels konsolidiert wurde, was zu seiner Ausweitung auf

konventionelle ADMET-Studien beitragen wird.
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Zebrafish

In vivo model Drug metabolism in human o3’ /1 vitro model

Transgenic larvae Embryos and Larvae

r 30‘ . S 2N
: e %xg.v—
O 009" fs
s &

CB-deflcuent larvae ':04

”’o - —
28 Toxicology
@ « i Morphology
iia Cardiology
'E’ » Hepatology

Mass Spectrometry Imaging P I\[m (P

Embryocells Liver cells

HO. O
o <

HepaRG cells

Microinjection

VIIl |[Page



Vorveroffentlichungen aus dieser Dissertation

Teile dieser Arbeit wurden vorab mit Genehmigung der Naturwissenschaftlich-
Technischen Fakultdten, vertreten durch den Mentor der Arbeit, in folgenden Beitragen

veroffentlicht oder sind derzeit in Vorbereitung der Veroffentlichung,.

Publications

Bereits veroffentlichte Publikationen (mit offenem Zugang):

Yu Mi Park, Markus R. Meyer, Rolf Miiller, and Jennifer Herrmann: Drug Administration
Route Impact the Metabolism of a Synthetic Cannabinoid in the Zebrafish Larvae Model,
Molecules 2020 Sep 29;25(19):4474, doi: 10.3390/molecules25194474.

Yu Mi Park, Charlotte Dahlem, Markus R. Meyer, Alexandra K. Kiemer, Rolf Miiller,
and Jennifer Herrmann: Induction of Liver Size Reduction in Zebrafish Larvae by the
Emerging Synthetic Cannabinoid 4F-MDMB-BINACA and Its Impact on Drug Metabolism,
Molecules 2022 Feb 15;27(4):1290, doi: 10.3390/molecules27041290.

Publikationen in Vorbereitung der Veroffentlichung;:

Yu Mi Park, Markus R. Meyer, Rolf Miiller, and Jennifer Herrmann: Optimization of mass
spectrometry imaging for drug metabolism and distribution studies in the zebrafish larvae

model: A case study with the opioid antagonist naloxone.

Weitere Publikationen, die nicht Teil dieser Arbeit sind:

Lilian H J Richter, Jennifer Herrmann, Anastasia Andreas, Yu Mi Park, Lea Wagmann, Veit
Flockerzi, Rolf Miiller, and Markus R. Meyer: Tools for studying the metabolism of new psy-
choactive substances for toxicological screening purposes - A comparative study using
pooled human liver S9, HepaRG cells, and zebrafish larvae, Toxicol Lett., 2019 May 1;305:73-
80, doi: 10.1016/j.toxlet.2019.01.010.

Tanja M Gampfer,Lea Wagmann, Yu Mi Park, Annelies Cannaert, Jennifer
Herrmann, Svenja Fischmann, Folker Westphal, Rolf Miiller, Christophe P Stove, Markus R.
Meyer: Toxicokinetics and toxicodynamics of the fentanyl homologs cyclopropanoyl-1-ben-
zyl-4"-fluoro-4-anilinopiperidine and furanoyl-1-benzyl-4-anilinopiperidine, Arch Toxicol.
2020 Jun;94(6):2009-2025, doi: 10.1007/s00204-020-02726-1.

IX|Page


https://pubmed.ncbi.nlm.nih.gov/?term=Park+YM&cauthor_id=35209079
https://pubmed.ncbi.nlm.nih.gov/?term=Dahlem+C&cauthor_id=35209079
https://pubmed.ncbi.nlm.nih.gov/?term=Meyer+MR&cauthor_id=35209079
https://pubmed.ncbi.nlm.nih.gov/?term=Kiemer+AK&cauthor_id=35209079
https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%BCller+R&cauthor_id=35209079
https://pubmed.ncbi.nlm.nih.gov/?term=Herrmann+J&cauthor_id=35209079
https://pubmed.ncbi.nlm.nih.gov/?term=Richter+LHJ&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=Herrmann+J&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=Andreas+A&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=Park+YM&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=Wagmann+L&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=Flockerzi+V&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=Flockerzi+V&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%BCller+R&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=Meyer+MR&cauthor_id=30682400
https://pubmed.ncbi.nlm.nih.gov/?term=Gampfer+TM&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Wagmann+L&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Park+YM&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Cannaert+A&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Herrmann+J&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Herrmann+J&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Fischmann+S&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Westphal+F&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%BCller+R&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Stove+CP&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Meyer+MR&cauthor_id=32249346
https://pubmed.ncbi.nlm.nih.gov/?term=Meyer+MR&cauthor_id=32249346

Lea Wagmann, Fabian Frankenfeld, Yu Mi Park, Jennifer Herrmann, Svenja Fisch-
mann, Folker Westphal, Rolf Miiller, Veit Flockerzi, and Markus R. Meyer: How to Study
the Metabolism of New Psychoactive Substances for the Purpose of Toxicological Screen-
ings-A Follow-Up Study Comparing Pooled Human Liver S9, HepaRG Cells, and Zebrafish
Larvae, Front Chem. 2020 Jul 17;8:539, doi: 10.3389/fchem.2020.00539.

X|Page


https://pubmed.ncbi.nlm.nih.gov/?term=Wagmann+L&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=Frankenfeld+F&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=Park+YM&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=Herrmann+J&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=Fischmann+S&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=Fischmann+S&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=Westphal+F&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%BCller+R&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=Flockerzi+V&cauthor_id=32766204
https://pubmed.ncbi.nlm.nih.gov/?term=Meyer+MR&cauthor_id=32766204

Conference Contributions (Posters and Oral Presentations)

Anastasia Andreas, Yu Mi Park, Jennifer Herrmann, Markus R. Meyer, Rolf Miiller (2018),
Zebrafish models for early in vivo evaluation of novel drug candidates and their metabolites.
Poster presentation, 7t Summer School on Infection Research, 27-31 May 2018: Wernigerode,

Germany.

Sari S. Rasheed, Yu Mi Park, Anastasia Andreas, Jennifer Herrmann, Rolf Miiller (2019),
Zebrafish as a model in anti-infective drug discovery at HIPS. Poster presentation, HIPS

Symposium 2019 June 27-28, 2019: Saarbriicken, Germany

Yu Mi Park (2020), Drug metabolism and pharmacokinetics. Oral presentation, Bruker An-
wendertreffen Massenspektrometrie 2020, February 17-18, 2020; Mainz, Germany.

Lukas Junk, Yu Mi Park, Sari Rasheed, Laura Stief, Alexander Kiefer, Jennifer Herrmann,
Rolf Miiller, Uli Kazmaier (2020), Synthesis of simplified Cyclomarin Derivatives and Phar-
makokinetic Studies in Zebrafish. Poster presentation, 32" Irseer Naturstofftage, February

19-21, 2020: Kloster Irsee, Germany.

Yu Mi Park, Jennifer Herrmann, Daniel Krug, Aiko Barsch, Nikolas Kessler, Alice Ly, Jan H.
Kobarg, Rolf Miiller (2020), A study of drug metabolism in zebrafish larvae using MALDI-
MS imaging. Poster presentation, 68" Conference on Mass Spectrometry and Allied Topics,

June 1-12, 2020: Online virtual, USA.

Yu Mi Park (2020), Drug metabolism studies in zebrafish larvae. Oral presentation, HIPS

paper, September 15, Saarbriicken, Germany.

XI|Page



Table of Contents

ACKNOWIEAZGMENLS .....ucouriririiniiiitiiiniiiiiiiininncncirnenesesessesessessssssessesessssssens A%
SUINIMALY .couvriiiiiiiiiniiniinieiienienienieneieeiessessessesssessssssesssesssessssssssssssssesssssssssssssness VI
ZuSamMMENTASSUNG c...cuvevverririiriisrinininiisiisisisiesessessesssessessesssssssssessessssssessessessesssons VII
Graphical ADSEract ......ocoiiiiiiiniininiiiintininiciersseees s sas VIII
Vorveroffentlichungen aus dieser Dissertation.............cceeeevececnnenensensecsncnnennens IX

Chapter 1. Introduction

1.1 Drug Discovery and Development...........ccccecieviiiiininiiiineniniiicieeseeeeeeeene 16
1.2 Drug Metabolism and PharmacoKinetics ...........ccoccoervieieiieniniiiinicnininicienn 21
1.3 Zebrafish Model ..........cccooiiiiiiiiiiiiiiii 28
1.4 Drug Of ADUSE....c.eeiuiiiiiiiiiiieieiceeee e 34
1.5 Enabling Methodologies for Drug Metabolism Studies..............ccccoovniniinnn. 41
1.6 Outline of This WOTK.........cccccoiiiiiiiiiiiiiiiiii e, 47
1.7 BibIOGIaphy.....ccccviiiiiiiiiiiiiiiiiic 48

Chapter 2. 77N-5F-ADB

Drug Administration Routes Impact the Metabolism of a Synthetic Cannabinoid
in the Zebrafish Larvae Model

ContribUIONS......eoiiiiiiiiii 64
2.1 ADSEIACE .o 65
2.2 Graphical AbStract.........ccocooiiiiiiiiiiiii 66
2.3 INtroduction ........coviiiiiiiiiiiiiii 67
2.4 Results and DiSCUSSION ........c.ccuevuiiiiiiiiiiiiiiiiiiiic s 69
2.5 Materials and Methods ..........cccciiiiiiiiiiii 82
2.6 Summary and ConcluSiONS...........ccociiiiiiiiiiiiiii 87
2.7 Acknowledgments............cccooiiiiiiiiii 89
2.8 BiblioGraphy.......cccoiiiiiiiiiiiiicc 90
2.9 Supporting Information ..........cccccevviiiiiiiiiiii 94

Xll |page



Chapter 3. 4F-MDMB-BINACA

Induction of Liver Size Reduction in Zebrafish Larvae by the Emerging Synthetic
Cannabinoid 4F-MDMB-BINACA and its Impact on Drug Metabolism

CONETIDULIONS ...ttt et e sre e s s saeens 112
[Additional Paper] .......cccccooiiiiiiiiiiiiiiiciiiecccc e 113
[Additional Paper] Contributions...........ccccceviiiiiiiiiiniiiiiiiiicnicccciceeeeeeee 114
3.1 ADSETACE c.eeeeiieiteteeee et s 115
3.2 Graphical ADStract........ccociiiiiiiiiiiiiiiiiiic e 116
3.3 INETOAUCHION ..ottt 117
3.4 Results and DiSCUSSION .....ccueerueeiiriirieniieieeieeie ettt sttt saeens 119
3.5 Materials and Methods .........ccccoviiiiiiiniiiiiceece e 134
3.6 Summary and COonClUSIONS........cc.cecveiiiiriiriiiiiiiiecece e 139
3.7 BIbIOGraphy.....cccooiiiiiiiiiiiiiiiiiiii 141
3.8 Supporting INformation............cccceiiiiiiiiiiiiiiiiii 147

Chapter 4. Naloxone

Optimization of Mass Spectrometry Imaging for Drug Metabolism and Distribu-
tion Studies in the Zebrafish Larvae Model: A Case Study with the Opioid An-
tagonist Naloxone

ContribUIONS ..o 162
4.1 ADSEIACE ..o 163
4.2 Graphical ADStract..........coooiiiiiiiiiii 164
4.3 INtroduCtion ......ccoiviiiiiiiiiiii 165
4.4 Results and DiSCUSSION ........ccceeuiiuiiiiiiiiiiiiiiiiiiic e 167
4.5. Materials and Methods ............ccccoiiiiiiiiiiii 183
4.6 Summary and ConclusioNS.........c.ccocvviiiiiiiiiii 187
4.7 BiblioGraphy......cccooiviiiiiiiiiiiiici 189
4.8 Supporting Information...........cccovieiiiiiiiiii 195

Xlll |[page



Chapter 5. Discussion

5.1 SUMMATY ..vviiiiiiiiiiiiiic i s 218
5.2 Challenges in the Use of Zebrafish Larvae for Drug Metabolism Studies ...... 221
5.3 CONCIUSION ....oviiiiiiiiiiciic s 236
5.4 BibLIOGTaPhY.....coiiiiiiiiiiiiiiiiiic e 237

XIV|Page



Chapter 1. Introduction

Chapter 1.

Introduction

15 |Page



1.1 Drug Discovery and Development

1.1 Drug Discovery and Development

Since the last century, humans have been in a continuous tug-of-war with diseases, and
efforts to contain plagues and treat diseases have been mostly successful. The steady success
of the drug discovery process can be partly attributed to a significant jump in the scientific
disciplines of biology and organic chemistry [1-3]. Furthermore, unanticipated drug discov-
ery also had a profound impact on society, as exemplified by the discovery of penicillin in
1928, which led to the introduction of antibiotics that greatly reduced the number of deaths
associated with bacterial infections [3,4]. In the example at the top, the so-called golden era
of antibiotics began in the 1940s, which led to the discovery of streptomycin in 1943, the first
antibiotic used to treat tuberculosis [5,6]. Since then, several other classes of antibiotics have
been discovered with investments from the pharmaceutical industry for antibiotic drug dis-
covery continuously increased [7]. However, despite years of success, the current develop-
ment of new drugs is suffering from some difficulties, such as the low success rate of drug
candidates in the preclinical stage and in clinical trials and various regulatory requirements
during preclinical testing [7]. Crucially, drug development costs have risen sharply, com-
bined with increasing pressure on drug prices since the 1950s [8]. Although Research and
Development (R&D) costs per newly approved drug have been inclined over time, its effi-
ciency has declined [9]. These circumstances put some challenges in the current business
model of the pharmaceutical industry [8,9]. On the basis of all these efforts in the past, the
second golden era may have just begun in the twenty-first century due to the recent corona-
virus disease, COVID-19 pandemic declared in 2020. The pandemic brought much needed
attention to the importance and need for novel drug discovery and development.

Drug discovery and development is multifaceted and complicated because it involves
the identification and validation of drug candidates, their synthesis and further modification,
characterization, screening, and assays for therapeutic efficacy in early phases [3,10-14].
Later stages include regulatory affairs, pharmaceutical management, and clinical studies, as
shown in Figure 1. The average expenditure on drug discovery and development is high
since it needs a large budget for drug research and development (R&D), clinical trials, and
the cost of numerous failures [12,15]. Also, in addition to the high cost of drug discovery
and development, the timeline is another difficult hurdle to overcome. A single novel drug
molecule takes around 10-15 years from the time it is discovered to when it is available on
the market for treating patients [10,12]. However, recent improvements of technologies such
as analytics, screening platforms, genome mining, genome engineering, modeling, and arti-

ficial intelligence aid in accelerating drug discovery and development [3,12,16,17].
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Figure 1. Drug discovery and development process. *ADME: Absorption, distribution, metabo-

lism, and excretion; ADR: Adverse drug reaction; HTS: High-throughput screening; IND: Inves-
tigational new drug; PK-PD: Pharmacokinetics and pharmacodynamics; NDA: New drug appli-
cation; PMS: Post-marketing surveillance [13,18].

Despite globale challenges due to the COVID-19 pandemic that affected research in
most areas, the United States Food and Drug Administration (FDA) approved 53 and 44
novel therapeutics in 2020 and 2021, respectively [19,20]. The rich harvest of new drugs ap-

proved raises the 5-year average to 50 approvals per year, which is twice the approvals from

the period 2007 to 2011 (Figure 2). The number of drug approvals was exceptionally low in

2016. In addition to the lower number of drug submissions and higher number of rejections

and delays from the FDA, some delayed drugs won approval in 2017, such as Roche’s ocrel-

izumab (Ocrevus) and Sanofi and Regeneron’s biologic drug sarilumab. Five drugs expect-

ing the approval in 2016 received early approval in 2015, which both lowered 2016’s approv-

als and increased 2015’s

[21,22].
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Number of drugs approved
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Figure 2. The status of novel FDA approvals from 2000 to November 2021. *Source: The United
States Food and Drug Administration (FDA) [20].

Recent data from the Center for Medical Research (CMR) International consortium in-
dicates that success rates in the late-stage development from phase III through to launch
have increased from around a one in two chance of successfully getting to the market to
almost two in three in 2015-2017 (Figure 3) [23]. Meanwhile, phase I and phase II success
rates for launching have remained statically at relatively low rates of probability of success,
and only approximately a quarter of projects transitioned successfully from phaseIl to phase
III trials (Figure 3). These data could be interpreted that the full support of progressing can-
didates should start from increasing success rate inclination in early-stage development.
Also, the first promising outcomes at the initial steps will hopefully induce the success rates

from the following step until the late stage.
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Figure 3. Trends in the probability of launch from the start of phase I, phase II, and phase III for
new drug approvals by the FDA at intervals of three years from 2010. *Source: The Center for
Medical Research (CMR) R&D Performance Metrics [23].

Swinney et al. [24] analyzed the distribution of new medicines in terms of the discovery
strategy in the 10-year period between 1999 and 2008, which included a total of 232 agents
approved by the FDA, and classified them into four approaches, such as phenotypic and
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target-based screening, modified natural substances, and biologics (Figure 4). In this period,
most small molecule first-in-class drugs comprising new molecular entities (NMEs) were
discovered using phenotypic assays. With sorting out all the drugs found in this study by
discovery approach, 100 NMEs were found using target-based screening approaches and 58
NMEs by phenotypic screening approaches [24]. Interestingly, 48% (28 new medicines) of
the total 58 NMEs from phenotypic screening approaches were developed into first-in-class
drugs, compared to only 17 new drugs out of 100 NMEs from target-based screening ap-
proaches. On the contrary, in the case of follower drugs, 53% of the total follower drugs were
revealed by target-based screening approaches (Figure 4) [24-26]. Concerning the discovery
of follower drugs, that trend reversal could be caused by a detailed understanding of previ-
ously identified molecular mechanism of action (MMOA) making the use of target-based
tools very efficient. The appropriate timing of the usage of these tools may also be crucial
for drug discovery [24,25]. Also, the report by DiMasi et al. [25] indicates that research on a

big percentage of follower drugs was launched before first-in-class approval.

B Phenotypic screening M Target-based screening M Modified natural substances i Biologics
60

53%

40 37%
33%

30 25

20

Percentage of NMEs

10

First-in-class drug Follower drug

Figure 4. The distribution of 232 new drugs discovered between 1999 and 2008 according to the
discovery strategy: 75 drug candidates for first-in-class drug status and 157 drug candidates for
follower drugs. The number inside an individual bar graph represents the number of new mo-
lecular entities (NMEs) revealed by the individual screening approach, and its composition rate
within the respective drug discovery strategy is displayed above the bar graph [24].

The end product(s) of these distinct screening approaches is regarded as one candidate
drug, which then goes into pre-clinical studies. This stage of drug development focuses on
efficacy, safety, dosing, and tolerability of the drug candidate before it can be tested on hu-
mans [27]. For the period of 2013-2015, the most common reasons for failure at this stage
were either poor efficacy (52%), or lack of safety (24%) (Figure 5) [3,28,29]. These major rea-
sons for clinical failure remain mostly unchanged over the following 3-year time period
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(2016-2018) [23]. Thus, various strategic approaches from the target identification and vali-
dation process to the pre-clinical stage should be implemented before reaching the clinical

stage to improve success rates.

Operational
0,
3 A:_\

Strategic
15% A\

Commercial Efficacy
6%
Safety
24%

Figure 5. The analysis of the reasons for the failures of 174 drug candidates in clinical trials re-
ported from 2013 to 2015 [28].
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1.2 Drug Metabolism and Pharmacokinetics

In general, pharmacology is the study of drugs and their interaction with the body, rep-
resenting biochemical and physiological effects of drugs [30,31]. Pharmacology comprises
two main branches, pharmacodynamics (PD) and pharmacokinetics (PK) [30-32]. In partic-
ular, PD is a drug’s effect on the human body or organism; whereas, PK focuses on under-
standing how a drug is delivered all over the body, i.e. absorption, distribution, metabolism,
and excretion (ADME). Initial PK studies are, in general, conducted to determine the plasma
concentration-time curve (Figure 6a). Subsequently, PD studies are accomplished by meas-
uring the effect of a drug according to concentration, which is based on the drug’'s ADME

properties and other components of the pharmacokinetic profile (Figure 6b).

Pharmacokinetics (PK) Pharmacodynamics (PD)
concentration vs. time concentration vs. effect
g
E 5
E 2
b =
g
o
Time Concentration (log)

(a) (b)
Figure 6. The concept of (a) pharmacokinetics (PK) and (b) pharmacodynamics (PD) [31].

In drug discovery and development, drug metabolism and pharmacokinetics (DMPK)
is a fundamental discipline that considers the biotransformation of drug candidates and as-
sessment of their safety, thereby helping to confirm which drug candidates warrant further
investigation and development [32-35].

DMPK typically comprises the following studies; protein binding (including blood-
plasma partitioning and plasma stability), hepatocyte stability, metabolic enzyme pheno-
typing, human CYP inhibition, mechanism-based inactivation, ADME studies in animals (as
well as oral and i.v. PK studies), mass balance, drug distribution (by quantitative whole-
body autoradiography), drug elimination pathways (bile duct cannulated animals), ex vivo
induction, metabolite identification, transporter substrate (using Caco-2 and other cell lines)
and/or inhibitor evaluation, drug-drug interaction evaluation, and DMPK modeling (in-
cluding scaling up from in vitro to in vivo and from preclinical animals to humans), and hu-
mans dosing projection [30,32,33].

For the basic understanding of DMPK, its schematic process in human blood, including
variously possible absorption routes, is shown in Figure 7 [11]. Moreover, the practical roles
of DMPK at each stage of drug discovery are summarized in Table 1 [30], and the major
model systems used for ADME studies are listed in Table 2 [33].
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Figure 7. (a) Schematic representations of DMPK of a drug via blood and (b) Absorption routes
of a drug after administration. *Parenteral administration routes; IV: intravenous; IM: intramus-

Metabolites
Drug absorption
Absorption
Site .
Urine
distribution
Other
Other ] Excretory
Distribution [« Tissues Fluids
Fluids
(a)
Oral > Intestines
Topical > Skin
v = Blood

IM, SC,IP —— Membranes

Inhalation ———— > Lung

(b)

cular; SC: subcutaneous; IP: intraperitoneal [11].

Table 1. The significant role of drug metabolism and pharmacokinetics (DMPK) models at the

various stages of drug discovery [30].

Discovery phase Role of DMPK models
Target o Selection and characterization of tool compounds
Identification o Partner with in vivo pharmacology and toxicology in target
validation and safety assessment activities
Hit o In silico and in vitro DMPK profiling to help prioritize hit se-
Identification ries
Lead o Identify DMPK liabilities of lead series
Identification o Determine whether DMPK properties in lead series are opti-
mizable (DMPK liabilities not linked to pharmacophore)
o Develop structure property relationship (SPR)
o Develop ‘in vitro in vivo’ correlation IVIVC)
o Guide selection of lead series
o Contribute to the development of PD assays and develop
early PK/PD understanding
Lead o Guide optimization of DMPK properties toward target profile
Optimization o Comprehensive DMPK characterization of candidate com-

pounds
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o Develop biomarker-based and/or efficacy/disease-related
PK/PD models

o Prediction of human PK

o DPrediction of efficacious human dose

o Integration of predicted profile to calculate critical margins
against side effects

Table 2. Experimental ADME model systems primarily used in drug discovery and development
[33].

Category Models

In vitro metabolic models Expressed enzymes
Sub-cellular fractions

Whole cell system

In vitro transporter models Immortalized cell lines
Transfected cell lines
Hepatocytes

Membrane vesicles

In situ and ex vivo models In situ models (perfusion)

Ex vivo models for induction and toxicity studies

Pharmacokinetic studies
Preclinical ADME models

In vivo model

Engineered mouse models Mouse models

O 0|0 O|0O OO O O O|O O O

Utility of engineered mouse models

With comprehensive DMPK studies at hand, the intrinsic properties of a drug candidate
and how it will be cleared from the body when administrated to humans can be understand
at a high level of confidence. Extended DMPK studies evaluate the drug’s metabolites, tox-
icity, and adverse side effects. DMPK in vivo and in vitro studies have been utilized primarily
to facilitate target validation and safety assessment and to convert early screening hits and
leads into drug candidates throughout the whole discovery process [30,32]. Notably, the
potential risk of a drug candidate assessed in DMPK studies can predict the potential for
drug-drug interactions (DDIs), causing side effects in a patient taking multiple medications.
The proper investigation of DDI with metabolizing enzymes and drug transporters in vitro
enables us to identify the risks before starting clinical trials.

To compare the reasons for the failure of drug discovery related to DMPK and PD stud-
ies between the past and the present, a more comprehensive analysis of the failures of drug
candidates from 1997 to 2004 [36-38] was shown in Figure 8. Overall, half of all failure cases
in these references were due to lack of sufficient human ADME and unexpected toxicity. In
particular, Kennedy T. [38] reported in 1997 that 39% of 198 new chemical compounds in
clinical development failed due to poor PK/ADME, 30% by lack of efficacy, and 11% by the
deficiency of animal toxicity. Although it passed 18 years with the advanced technologies
for DMPK studies, such as various alternative animal models and recently developed ana-
lytical instruments and modeling systems, the primary reasons for the failure of drug dis-
covery and development have remained in poor DMPK and PD studies with ca. 70% (Figure
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5 and 8). These data underpin the importance of DMPK studies in the drug design process,
and therefore, the continuing trend in drug discovery has been to access ADME information
early on in drug discovery and development process [39]. Strategies for well-organized
ADME assessment of drug candidates in pre-clinical development during the drug discov-
ery process have been crucial, and the dependence on such information has been rising [39].
Along the same lines, the global ADMET testing market is expected to increase by 5-fold
from 2020 to 2027 [40].

Adverse effects in man

w% /

Poor PK/ADME

39%

Commercial
reasons

5%

Animal toxicity/
11%

Lack of efficacy

30% T~

Miscellaneous
5%

Figure 8. Detailed practical analysis of the failure of 198 new drug candidates, focusing on DMPK
and PD, in clinical development from 1997 to 2004 [36-38].

In DMPXK, establishing an in vitro-in vivo correlation for an ADME parameter in multi-
parametric models, pre-clinical studies are the most common step in finding models that
correlate to humans. In other words, selecting an appropriate model, followed by applying
the specific model(s), and correct data interpretation, are critical [33,41]. The results from in
vivo models reflect the combinational effect of multi-factorial mechanisms associated with
an organism’s biological systems, and, based on these results; we can generate PK parame-
ters and toxicological endpoints similar to humans. However, in vitro assays have unique
advantages, although in vitro models generally return one specific parameter of the global
DMPK properties of a drug. They can provide a fast and convenient way to test the potency
and drug-like properties of chemical entities with small amounts of test compound, and
such assays can serve as a predictor for human pharmacology. In conclusion, animal studies
like mammalian models are required for PK/PD studies in the pre-clinical stages. Rodent
models (i.p. mouse) are the most popular and widely used for testing e.g. drug exposure
and efficacy. For these models, anatomical and physiological aspects as well as genetic
(dis-)similarity to humans have been studied extensively [42]. Besides mouse, rat, guinea
pig, dog, miniature pig (also called minipig), monkey, and rabbit are also commonly used

models for drug testing.
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For the year 2020, the Federal Institue for Risk Assessment (BfR) reported on the usage
of animals experiments in Germany, and the main species used in 2020 were mice (73%),
fish (11%), rats (8%), and rabbits (3%) (Figure 9a) in comparison to mice (69%), fish (14%),
rats (9%), and rabbits (3%) in 2019 [43-45]. However, mandatory tests with non-human pri-
mates conducted by law, such as toxicology or other safety tests, took up to 90%, and only
10% of the models were used for science and basic research (Figure 9b). On taking a closer
look at the actual number of animal experiments by research field, the rodent model is by

far the most widely applied model (96%). (Figure 9c).
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Figure 9. Continued.
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Figure 9. (a) Comparison to the portion of experimental animals used in Germany in 2020, (b)
animal research with non-human primates divided by intended purpose, and (c) the percentage
distribution of animal numbers for science or research. *Source: The Federal Ministry of Food
and Agriculture in Germany [44,45].

Once again, drug discovery involves complicated biochemical and cellular assays, fol-
lowed by validation (proof-of-concept) in animal models and eventually in humans. In the
late pre-clinical stage, mammalian models for DMPK are expensive, laborious, and require
large quantities of the valuable compound. There is also a high pressure to minimize the use
of animals in research and development in line with the 3Rs (Replacement, Reduction, Re-
finement) philosophy [46—49].

The 3Rs principle was first introduced in the book ‘The principles of humane experi-
mental technique” written by W.M.S. Russell and R.L. Burch in 1959 [50]. This book first used
the term ‘inhumanity” to explain the negative mental states of animals caused by experi-
mental procedures [48,50-52]. They emphasized eliminating inhumanity towards animals,
and their goals were to prohibit the use of animals wherever possible and enhance signifi-
cantly the treatment of the animals still considered inevitable to improve the quality of sci-
entific and medical research or testing [48,50-54]. Despite their remarkable principles of hu-
mane experimental techniques, the 3Rs principle did not receive attention until the early
1980s. However, in the 1980s, some progress was made by regulators, industry, and scien-
tists in finding alternatives to regulatory toxicology tests as legislative changes took place in
Switzerland and the Federal Republic of Germany demanding consideration of alternatives
[53,55]. Eventually, the movement was stimulated in the 2000s, and for instance, the Euro-
pean consensus platform ECOPA for 3Rs alternatives to animal experimentation was estab-
lished in December 2000. Also, the first government-funded national center in the United
Kingdom (UK) to focus on the 3Rs, the National Centre for the Replacement Refinement &
Reduction of Animals in Research (NC3Rs), was set up in 2004 which inspired foundation
of the Danish 3R-center in 2013 [53]. By now, legislation controlling the use of animals in
research has adopted the 3Rs. In 2010, as a radical change, the 1986 European Directive was
updated and replaced by European Directive 2010/63/EU. In order to protect the animal
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welfare used for scientific purposes, it came into effect in 2013, thereby requiring all Euro-
pean union (EU) member states to fully implement the 3Rs [48,52,56]. Until now, most of the
scientific fields using animal models have accepted 3Rs activities. However, the 3Rs imple-
mentation still varies worldwide, even though its perception has changed significantly over
the last ten years.

In future, there will be unprecedented challenges to advance 3Rs with many cross-sec-
tor and cross-discipline collaborations supported by new technology, scientific discovery,
and many commercial opportunities [57]. Thus, more desirable experimental design, devel-
opment of alternative animal models, and statistical approaches to minimize animal use in
research are required to comply with the 3Rs. Some platforms have been considered alter-
natives to the use of animals in line with the 3Rs philosophy, such as studies with human
induced pluripotent stem cells [58], 3D tissue models [59-61], organs on chips [62], in silico
prediction or computer modeling [63,64], machine learning [65], and humanized chimeric
mouse models for more translatable data [66], as well as non-mammalian animal testing in
animals like Caenorhabditis elegans [67] and teleost fish Danio rerio (Zebrafish) [47,68-70].
However, there are still many challenges, such as developing sophisticated human-relevant
models and integrated approaches using the aboved mentioned models complying with the

3Rs principle.
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1.3 Zebrafish Model

Many animal models are applied to improve consistency and validity of research results
with the aim to predict drug effects on humans, and these are typically done prior to exten-
sive in vitro profiling. However, even though cell-based assay systems using monolayer cul-
tures or 3D cultures have been widely used in drug discovery, there are still some difficulties
in mimicking complex mechanisms as found in whole organisms having multiple organs
and various types of tissues. This lack of reproducibility causes a large gap between human
pharmacological effect and the results from in vitro assays, despite obvious advantages of in
vitro studies, such as reduced cost, higher throughput, and reduced animal use. Conse-
quently, many efforts to develop and implement alternative assays have beenm undertaken
since the paradigm shift of the ethics for animal welfare in research in terms of the 3Rs prin-
ciple, starting in earnest in the early 2000s. The primary focus is on improving preclinical
testing with high predictivity for clinical safety issues and therapeutic outcomes [68]. There-
fore, developing simple, whole organism based assay systems is required in particular in
the early stages of drug discovery [69].

In particular, fish models were utilized by scientists for more than 200 years due to high
reproduction rates, fast maturation, and more recently the possibility to apply genetic ma-
nipulations [71]. The most common fish model species in different research areas are
zebrafish (Danio rerio), medaka (Oryzias aculeatus), roach (Rutilus rutilus), three-spined stick-
leback (Gasterosteus aculeatus), pufferfish (Takifugu rubripes), and swordtail (Xiphophorus
hellerii), with each fish species having unique advantages and disadvantages [72].

For instance, medaka fish were the most popular species used for the studies of genetics,
reproduction, and development, the goldfish for growth, stress, immunology, and repro-
duction [71,73], and recently, the zebrafish has gained popularity and it is utilized to study
human diseases [70,71,74-76]. In fact, the number of publications of studies using zebrafish
dramatically increased from 1998 to 2020 by a factor of ca. 13-fold (460 — 6213), followed by
an increased use of medaka (ca. 7-fold higher: 106 — 741), pufferfish (ca. 5-fold higher: 40 —
202), and stickleback (ca. 5-fold higher: 33 —142) (Figure 10). Interestingly, the turning point
of the number of scientific publications applying the zebrafish model is in the period 2000-
2004, and it seems to be affected by the increasing application of the 3Rs in animal welfare.
Furthermore, the current high demand for the zebrafish model is expected to continue for a

while given the continuous increase of usage, in particular in the period 2018 to 2020 [72].
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Figure 10. Publication trends of fish models from 1998 to 2020. The cumulative number of studies
using the zebrafish model has represented a three-fold increase in ca. eight years (between March
2013 and May 2021). These analyses were carried out by the bibliographic search for fish models
as a keyword on the ScienceDirect website, displaying in chronological order.

The zebrafish (Danio rerio) is a small vertebrate tropical fish (3-5 cm in length and 0.5-
0.9 g in body weight, and an average lifespan of three years; Figure 11) originating from the
Ganges River and its tributaries in northern India [69,70,72,73]. It was first discovered in the
northern Himalayan rivers of India, and George Streisinger pioneered work on zebrafish
and first introduced it as a potential biological model organism in 1972 [70,77]. The zebrafish
model has a high reproduction rate, in which one pair of adult fish is able to lay several
hundred eggs per mating, reaching ten thousand eggs per year. Moreover, it is also possible
to mate again already after ten days, thereby further increasing the number of eggs available
for research. Due to these advantages, zebrafish housing facilities can be maintained at low
costs and in less space than facilities for other popular animal models such as mice and dogs
[78-80].

Furthermore, early embryonic and larval stages of zebrafish are optically transparent
with rapid development. This characteristic enables non-invasive in vivo optical experiments
for monitoring their development and morphological changes throughout the entire devel-
opmental stages in multi-well plates [47,69,80,81]. The modification of zebrafish embryos
and larvae for studying gene mutation is incredibly straightforward because external ferti-

lization allows simple injections into the single-cell zygote [49,69,80,82,83].
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Adult zebrafish

(a) (b)

Figure 11. (a) Zebrafish facility at HIPs operating for reproducing zebrafish embryos and larvae
and (b) The pictures of adult zebrafish and embryos of two different fish lines. Tg (fli1:EGFP)
represents a transgenic line with a green fluorescent protein under the control of the promotor
of the Flil gene. *hpf; hour post-fertilization.

One of the major advantages of the zebrafish model are its high genomic similarity to
human genes (= 70%), which is even higher when looking at human disease-related genes
(82%) (Figure 12a) [47,69,81,84]. The high-quality genome of zebrafish has shown that
orthologous proteins are similar to human counterparts, particularly within functional do-
mains. For instance, the protein targets of the ten most-prescribed drugs have zebrafish
orthologues with sequence identity; 54% for glucocorticoid receptor and 91% for thyroid
receptor [47]. Howe et al. [84] generated a high-quality sequence assembly of the zebrafish
genome and performed a four-way comparison between the proteome of two mammals (hu-
man and mouse), a bird (chicken), and zebrafish. The fraction of shared and species-specific
genes is quantified in each genome and then represented in a Venn diagram (Figure 12b).
Given the sequence divergence between zebrafish and human proteins, zebrafish model
conservatively has the high possibility of anticipating close to the pharmacological effect in
humans. In practice, several compounds discovered in zebrafish (adult fish, embryos, and
larvae) screens rapidly went through to in vivo mammalian models with minimal optimiza-
tion of pharmacological properties required because similar effects were found in rodent
models and humans [47,84,85].
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Figure 12. (a) The descriptive image to explain how relevant zebrafish are for discovering hu-
mans drugs [47] (Reprinted from Ref. [47] with permission from Springer Nature) and (b) Orthol-
ogous gene comparisons among zebrafish, human, mouse, and chicken genomes using orthology
relationships from Ensembl Compara 63 [84]. Zebrafish share 82% of disease-associated targets
and a large number of drug metabolism pathways, and zebrafish physiology is well conserved
and exhibits similar effects discovered in rodent models and humans to several compounds.

A survey performed by Zhang et al. in 2020 revealed 114 studies using the zebrafish
model comprising eleven major research fields (Figure 13a) [82]. In particular, 56 tissue-spe-
cific studies have commonly used specific tissues of zebrafish to study modulators of organ-
ogenesis or rescuers of tissue-specific pathologies being focused on heart, angiogenesis, and
hair cells/lateral line of zebrafish (Figure 13b). Moreover, twelve metabolism studies were
designed to investigate the role of pancreatic 3-cells, metal homeostasis, and glucose metab-
olism (Figure 13c), and in ten signaling pathway studies were published (Figure 13d). Re-
markably, 55 studies, out of 114 studies, rely on wild-type fish, compared to 50 and nine
studies using transgenic lines and mutant models, respectively. In detail, five out of the six
inflammation screens use neutrophil-specific reporter lines with Iyz- or mpx-driven fluores-
cence (Figure 13a) [79,82]. Most transgenic zebrafish encode fluorescent proteins, e.g. green
fluorescent protein (GFP) and its variants, as the most common technique for cell type-spe-
cific visualization. For example, all of the nine angiogenesis screens only use a flil- or flik1
reporter line for fluorescence imaging of the entire vasculature (Figure 13b), and all of these
mutant zebrafish lines used in screening were identified from forward genetic screens. Also,
forward genetics in these studies contributed significantly to the availability of zebrafish
mutants for chemical screening, whereas recent advancements in genome editing technolo-
gies, such as transcription activator-like effector nucleases (TALENS) and clustered regu-
larly interspaced short palindromic repeats-CRISPR associated protein 9 (CRISPR-Cas9),
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moved toward a growing tendency in a targeted model generation. Such genetic tools also
accelerated the generation of various zebrafish mutant lines for diverse applications [86-88].
Interestingly, most studies employed zebrafish larvae at life stages earlier than eight days-
post fertilization (dpf), and only four studies used adult zebrafish.
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Figure 13. (a) A total of 114 studies were found and categorized into 11 research fields based on
the survey result for the availability of zebrafish model in literature from 2000 to 2017. In addition,
based on the values in panel a, three main research fields were detailed in (b) 56 tissue-specific
studies, (c) 12 metabolism studies, and (c) 10 signaling pathways [82].

Notably, the European legislation categorizes the self-feeding zebrafish embryos and
larvae younger than 120 h post-fertilization (hpf) as a non-animal model (EU directive
2010/63/EU). Thus, experiments with zebrafish larvae at < 120 hpf is in compliance with the
3Rs principle (see Section 1.2) as it contributes to the reduction of animal experiments. Taken
together, zebrafish models are very useful and attractive tools for scientists and researchers
bridging the gap between in vitro screening and animal models (Figure 10 and 13). Eight
small molecules initially discovered in zebrafish model have proceeded into clinical trials
during the past decade [89-95], demonstrating that the use of the zebrafish model can in-
deed contribute to successful translation [68,96]. Moreover, zebrafish assays have been ac-
cepted by the United States Food and Drug Administration (FDA) for toxicity and safety
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assessments of investigative new drugs [97]. Over the past few years, the zebrafish model
has been increasingly used in functional and safety studies, and drug metabolism studies,
wherby its reproducibility and high coverage of human metabolites have been demon-
strated [66,98-101].

However, despite many advantages of the zebrafish model in various research fields,
there are some biological limitations: some missing organs (i.e., lungs, prostate, and mam-
mary glands), the embryological difference [i.e., kidney (single nephron in larvae, free of
Henle loops), heart (one atrium/ventricle)], and its fast regeneration unlikely to those of
mammals (i.e., retinas, spinal cord, kidney, heart, and liver). In addition, it is impossible to
proceed with multi-endpoint assays in a single animal for PK and PD in the zebrafish model.
Furthermore, due to its small body size and consequently the limited amount of tissue/organ,
technical skills for experimental operations such as administration and blood/tissue sam-
pling are required to handle it [59]. Above all, understanding the capabilities and limitations
of each animal model as an alternative for humans is most crucial. Thus, despite many ef-
forts to improve and replace some of the traditional animal models, these models have reli-
ably predicted drug efficacy and toxicity in humans. However, zebrafish can contribute to

mimicking human effects in studies on human disease and toxicity [47,49,81,102].
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1.4 Drug of Abuse

1.4.1 Origin and Characterization of Psychoactive Substances

Throughout history, the usage of drugs was primarily focused on medicinal applica-
tions and religious aspects (e.g. fermented fruits and substances from nature such as opium,
hemp, ergot, blue lotus, mad honey, henbane, deadly nightshade, and dreamfish), and an
international drug trade occurred as early as 1000 BC [103]. However, it is unclear at what
point psychobiological factors took over, and drug abuse or dependence occurred [104].
Moreover, the definition of abuse and misuse vary, and both terms generally include the use
of illegal substances such as cocaine and heroin, the misuse of legal substances such as sol-
vents, over-the-counter drugs, and prescription drugs, the abuse of tobacco and alcohol, and
also, containing the case of underage children [104,105]. Generally speaken, most of these
substances are misused to produce psychoactive effects without the supervision of medical
professionals.

The United Nations Office for Drugs and Crime (UNODC) has defined new psychoac-
tive substances (NPSs) as ‘substances of abuse, either in a pure form or a preparation, that
are not controlled by the 1961 Single Convention on Narcotic Drugs or the 1971 Convention
on Psychotropic Substances, but which may pose a public health threat’. The term ‘new’
indicates that these substances have recently become available on the black market. These
substances have been prominent in illicit drug market under labels such as ‘legal highs’,
‘herbal highs’, ‘research chemicals’, or “spice’.

NPSs are a complex and inhomogeneous group of substances known as either designer
or synthetic drugs [106-110] and are generally categorized into four classes, synthetic opi-
oids, synthetic cannabinoids, synthetic cathinones, and stimulants [107]. Importantly, as
these substances pose severe health risks, their use cannot be prevented without an in-depth
understanding of their PK and PD properties [107]. The rapid growth at which new NPSs
have emerged on the global market is unparalleled, as shown in Figure 14a, and UNODC
estimated that at the peak in 2015, new NPSs appeared at a rate of at least one new substance
per week [110,111]. Moreover, of all the NPSs detected up to December 2021 by UNODC,
stimulants and synthetic cannabinoids can account for the most commonly abused NPSs
(63%) (Figure 14b).
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Figure 14. (a) The number of new psychoactive substances (NPSs) reported by the United Na-
tions Office on Drugs and Crime (UNODC) from 2008 to 2019 and (b) The portion of synthetic
NPSs categorized by seven effect groups. For data analysis in panel b, a total of 1,124 substances
has been used, which were reported to the UNODC Early warning advisory (EWA) on NPSs by
governments, laboratories, and partner organization up to December 2021. *Source: UNODC
EWA on NPSs, 2020.

The number of seizures in the EU has been increasing since 2009, and approximately
1.1 million seizures were reported in 2019 alone, with misuse of cannabis products being the
most common cause (Figure 15). [112]. Also, the European Drug Emergencies Network
(Euro-DEN Plus network) in 2019 reported that cannabis presented in 26 % of all acute drug
toxicity cases, usually with other psychoactive substances, in the network’s 23 hospitals in
17 countries [112].
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Figure 15. Percentage of drugs of abuse related to drug seizures and breakdowns (around 1.1
million cases) reported by the European Union (EU) in 2019 [112].

Furthermore, cannabis resin is, in general, more potent than before with a tetrahydro-
cannabinol content [THC; (-)-trans-A’>-THC as principal psychoactive constituent among
multiple isomers of THC], almost twice as high as that of herbal cannabis (20-28%). Hence,
the new forms of cannabis, including cannabis resin, should be carefully monitored to detect
changes in cannabis problems and understand the influence of shits in their drug markets
because the cases of first-time cannabis treatment entrants [112] .

With the increase in NPSs emergence and consumption, associated health risks liekwise
increased. Most deaths directly linked to drug abuse involve intake of opioids, mainly her-
oin in conjunction with other drugs. However, stimulants like cocaine and amphetamines
and, more recently, synthetic cannabinoids are now also becoming a major concern [110,112].
Based on data surveyed in the EU between 2015 and 2018 by the European Monitoring Cen-
tre for Drugs and Drug Addiction (EMCDDA), last year’s prevalence of NPSs use among
adults (aged 15-64) was ranged from 0.1% to 1.4%, with an average of 0.6% across the 15
countries monitored [112]. Furthermore, around 83 million (28.9%) of adults have used illicit
drugs at least once in their lifetime. Importantly, the EMCDDA reported the latest data on
European’s drug situation that drug abuse occurred mainly among young adults since it
was calculated that around 17.4 million young adults (aged 15-34) used drugs in the last
year (16.9%) with about twice as many males (21.6%) as females (12.1%) [112,113].

The COVID-19 pandemic has been considered the worst global economic and social
crisis since its first confirmation in early 2020. The world has experienced an unprecedented
public health emergency affecting all aspects of daily life due to the introduction of mobility
restrictions and social distancing measures [114]. Inevitably, COVID-19 related measures
also affected the illegal drug markets from production, trafficking, and marketing to avail-
ability and demand [114,115]. However, drug markets have been resilient to the changes
due to COVID-19 as crime groups quickly adopted to initial disruptions early in the pan-
demic. By early 2021, drug trafficking continuously showed the same pace as before the
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pandemic or even at a higher pace [112,114]. Nonetheless, the global demand for synthetic
drugs used in recreational settings appears to have decreased due to the closure of bars and
nightclubs and the cancellation of music festivals, leading to a drop in wholesale prices of
more than 20 percent [113,116]. On the other hand, COVID-19 has accelerated some drug
trafficking patterns, such as larger shipment sizes and increasing use of private aircraft and
waterway routes as a new contactless method for delivering drugs to end consumers, and it
is of deep concern that these routes are likely to contribute to rising accessibility of NPSs in
future [114].

1.4.2 Drug Control for Emerging Drugs of Concern

For the international classification and control of illegal drugs, all aspects of illegal drug
classification and control are governed by three international drug control conventions: the
Single Convention on Narcotic Drugs 1961, focusing on the control of cannabis, cocaine, and
opioids; the Convention on Psychotropic Substances 1971 for the control of synthetic drugs
such as 3,4-methylenedioxymethamphetamine (MDMA, ecstasy) and lysergic acid diethyl-
amide (LSD); the Convention against Illicit Traffic in Narcotic Drugs and Psychotropic Sub-
stances 1988, targeting police suppression of illicit markets and control of drug precursor
chemicals [108].

As an intimate connecting process of these three conventions, in a controlled substance
under the 1961 and 1971 Conventions, its abuse potential and risks need to be reviewed by
the World Health Organization (WHO) Experts Committee on Drug Dependence (ECDD).
In genenral, if the Committee recommends control, the report is referred via the WHO Di-
rector-General to the UN Secretary-General and then to the Commission on Narcotic Drugs
(CND). In the CND annual meeting, its voting member states determine whether a sub-
stance should be scheduled. Although the decision of the ECDD is determinative of scientific
matters, the CND can take economic and other matters into consideration. Finally, once a
substance is scheduled on the annex, each member state must regulate the substance at a
minimum or higher level. Recommendations on control of precursor chemicals under the
1988 Convention are prepared by the International Narcotics Control Board and decided by
a vote in the CND [108].

The Psychoactive Substances Act 2013 (NZ PSA 2013) in New Zealand is the most cited
example of the establishment of a legal and regulated market. It proposed a pre-market ap-
proval regulatory regime in which product sponsors could legally manufacture and sell
their products if they provided evidence that their products were low risk. However, a later
amendment to the PSA finally forbade the approval of any new products, with some mem-
bers arguing that the amended regulatory regime has become corresponding to a blanket
ban [117,118].

Although some previous NPSs have been subordinate to international control under
the UN Conventions (e.g., mephedrone in 2015; the synthetic cannabinoid ADB-FUBINACA
in 2019), different access methods have been embraced by legal authority to control at the
national level [110,119]. As an additional control channel, the national and regional drug
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control have also adopted to be more flexible and immediate legislative after scheduling of
specific substances. For instance, in the EU, a three-step legal framework of early warning,
risk assessment, and fast track control measures have a tendancy to quickly detect, assess,
and respond to public health threats caused by NPSs. The EMCDDA is in charge of the first
two steps in the European-wide control measures [108], and at the end of 2020, it announced
that it monitored around 830 NPSs with the Early warning system (EWS), 46 of which were
first reported in 2020 [113].

1.4.3 Monitoring and Surveillance of Psychoactive Substances

Implementation of international and national regulations for drugs of abuse (DOA) con-
trol as described in Section 1.4.2 should be fulfilled by monitoring the scheduled substances
and screening NPSs simultaneously in different matrices, which include blood, urine, hair,
saliva, bile, and the products (powder, pill, or weed types) used in drug dealings. For drug
identification aimed to control drug usage, a blood sample is mostly of choice to quantify
and interpret the parent drug and its metabolites. In the analytical toxicology field, urine
has been the preferred matrix as it is collected noninvasively in large volumes, normally has
greater drug concentrations, and a longer detection window without any ethical and practi-
cal problems compared to the collection of a blood sample. Also, hair samples present par-
ticularities and some specific advantages in different judicial investigations, such as a more
remarkable temporal window of drug detection, where the abuse that happened in previous
months or even years can be detected [120]. Overall, the continually increasing number of
NPSs with diversely effective forms has created many challenges for forensic and clinical
toxicology research and its related fields, such as doping control [121,122].

In general, psychoactive substances lead to a high volume of distribution due to exten-
sive accumulation in tissues, whose primary characteristic could be determined by the phys-
icochemical properties of a drug (log P and pKa), the type of tissue associated with the dis-
tribution (phospholipid pattern and lysosomal density), and the presence of functional
groups in the molecular structure of a drug. Therefore, these factors are of critical im-
portance in understanding drug mechanisms [123,124]. Accordingly, NPSs have lipophilic
and highly protein-bound properties, which can help improve their efficacy and toxicity
with accumulation and varying blood levels of a drug. In other words, their impact on hu-
mans could be exacerbated by their passage across cellular barriers, increasing with lipo-
philicity and following a high absorption rate through the stomach and intestines after the
dosage.

Metabolism studies with the parent drug are compulsory since a drug is often metabo-
lized. However, PK data for NPSs are mostly insufficient due to their fast circulation and
rapid disappearance in illegal drug trafficking [122,125,126]. Ideally, a drug and its metabo-
lites should be analyzed in various biosamples together so that the metabolic profile can be
identified in human biosamples obtained from authentic cases. However, this case hardly

occurrs and faces some ethical concerns. Instead, in vitro or non-human in vivo models have
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been widely used to gain this information, but still, many projects aim at finding an appro-
priate model to precisely predict human drug metabolism [101,122].

A main concern in the analytical screening is the rapid, sensitive, and specific identifi-
cation of NPSs in diverse biological samples without any previous knowledge and the need
for these studies to be conducted as fast as possible. However, the chemical variety of NPSs,
ranging from synthetic analogs of known illicit drugs or newly synthesized molecules to
natural products with psychotropic activity, makes their identification extremely difficult in
routine toxicological screening setups. As an alternative, immunoassays applicable to NPS
detection were developed and provided an indication of the presence of a limited set of
drugs [125,127]. Favretto et al. reported that only one manufacturer of immunoassays had
developed commercial kit for NPSs, namely synthetic cannabinoids and bath salts (synthetic
cathinones) [128]. In particular, newly developed NPSs are either difficult to detect via ex-
isting immunoassay methods or evade detection completely [121]. In addition, for post-mor-
tem and human drug testing, broad selectivity is required, further limiting the utility of these
assays [127].

Hyphenated mass spectrometry techniques have been utilized widely, particularly gas
chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass spectrom-
etry (LC-MS). High-resolution and high-accuracy mass spectrometry (HRMS), a more recent
MS technology, offers multi-target screening enabling the precise mass determination of a
drug and its metabolites without references and with an accuracy of at least four decimal
digits [128]. With HRMS, the accurate mass and structural details of an unknown drug can
be studied, allowing determining the elemental composition of the molecule and then con-
firming the base of the specific fragmentation pathway through MS/MS [121,128]. Up to now,
different types of technological solutions are available for HRMS namely, Sector mass spec-
trometer (mostly coupled to GC), Time-of-flight (TOF), Fourier transform ion cyclotron res-
onance (FT-ICR), Fourier transform orbitrap (FT Orbitrap), and Electrostatic traps. Recently,
TOF and FT Orbitrap mass analyzers are the most widely used, especially for multi-screen-
ing of NPSs. Studies applying HRMS are frequently reported in various fields, including
doping [129-132], metabolism studies [133,134], veterinary drug residues in food and
wastewater [135], hair drug test [120,136], non-target analysis in groundwater [137], and or-
ganochlorine pesticides in multi-environmental matrices [138].

Alternatively, with the conventional approaches mentioned above, wastewater-based
epidemiology (WBE), based on these precise analytical techniques, has been demonstrated
as an additional tool for monitoring illicit drug use [139,140]. In 2022, the EMCDDA pub-
lished the wastewater analysis of drugs — a European multi-city study that provided the
mass loads of tfive stimulant drugs in wastewater samples at the population level (mg/1,000
head of population/day; daily, weekday, or weekend mean unit) [139]. Indeed, 37 cities in
the EU have participated in at least five of the annual wastewater monitoring campaigns
since 2011, and currently (2021), 75 cities in 17 countries participated. This project proceeds
with the analysis of municipal wastewaters for drugs and their metabolic byproducts for
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estimating the current local consumption, and the findings reveal geographical and tem-
poral profiles of illicit drug use across European cities. In addition, some research investi-
gated various substances more specified in the local or national perspective, such as canna-
bis in Canada and Washington State, USA [141], synthetic cathinones in different EU coun-
tries [142], and antibiotics [143] as well as COVID-19 [144] based on the concept of WBE.
This information contributed to a better understanding of illicit drugs and their consumers.
With these multi-purged approaches to control drugs of abuse, the actual spectrum of these

illegal drugs consumed can be identified under hidden and complex circumstances.

40| Page



Chapter 1. Introduction

1.5 Enabling Methodologies for Drug Metabolism Studies
This chapter describes some of the key technologies applied in this work.

1.5.1 Mass Spectrometry Imaging

Mass spectrometry imaging (MSI, also referred to as imaging mass spectrometry; IMS)
has its origin in laser desorption/ionization approaches (laser microprobe), which provided
the ability to focus a laser at a specific location and acquire a mass spectrum from the ions
in the resulting plume [145]. In 1973, Franz Hillenkamp developed a high-performance laser
microprobe mass spectrometer with 0.5 um resolution [146], which was commercialized as
one of the first laser desorption mass spectrometer, the LAMMA 500 being the initial model
for the LAMMA 1000 in 1985 [147]. Based on this, matrix-assisted laser desorption (MALDI)
was introduced as an ionization method for large molecules in 1988 by Franz Hillenkamp
and Michael Karas using nicotinic acid as matrix agent and a frequency-quadrupled Neo-
dymium-doped Yttrium aluminum garnet laser (Nd*:YAG) in their original work. Since
then, it has become a popular analytical instrument for peptide and protein analysis [148].
Caprioli et al. [149] performed the first successful demonstration of MADLI imaging in 1997,
and both, the pituitary gland and pancreas of rats were imagined using MALDI-MS
[150,151]. Up to date, MSI technologies can be distinguished by the ionization methods [e.g.
secondary ion mass spectrometry (SIMS), desorption electrospray ionization (DESI), MALDI,
laser ablation electrospray ionization (LAESI); Figure 16] and HRMS detectors (e.g., FT-ICR,
FT Orbitrap, TOF MS, tandem MS; described in Section 1.4.3) [145,152,153].
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Figure 16. Three ionization techniques for mass spectrometry imaging (MSI); (a) matrix-assisted
laser desorption ionization (MALDI), (b) desorption electrospray ionization (DESI), and (c) sec-
ondary ion mass spectrometry [152] (Reprinted from Ref. [152] with permission from CCC, inc.
on behalf of the rightsholder Royal Society of Chemistry).

MSI has been proven to be a remarkable technique to visualize the distribution of di-
verse molecular species in a variety of sample matrices (e.g. human biological organs such
as liver, brain, pancreas, and bones, zebrafish, and plant species with tissues such as leaves,

stems, roots, flowers, or fruits, et cetera) [154-160]. It can simultaneously visualize various
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molecule images such as metabolites, lipids, peptides, proteins, and glycans in a single ex-
periment with no need for labeling and identify the analyte accurately based on its molecu-
lar mass and MS? fragmentation pattern without other measuring steps [161-163]. Therefore,
MSI has received much attention from research related to drug discovery and development
and PK studies since it can provide spatial information about a drug’s localization via pen-
etration or absorption inside the target organ. In particular, this distributional information
is crucial in organs such as the brain or tumors where the plasma level does not precisely
reflect the tissue concentration [162,164]. Furthermore, the MSI information of a drug plays
a critical role in linking the metabolites to potential functionality [158]. As a possible exam-
ple, considering the convincing analytical perspectives of MSI (e.g., high spatial resolution
(20-100 um) and high-resolution and accurate mass (<5 ppm)), its application could discover
novel metabolites and reveal a new metabolite identification, its localizations, and metabolic
compartmentalization in human tissues at a glance [158,162].

One of the most important steps for analytical success is to develop optimal procedures
of sample preparation, and especially for mass spectrometry, even subtle differences in sam-
ple integrity or molecular density can induce significant effects on the signal intensity and
types of molecules being ionized, detected, and localized [163]. One of the most critical chal-
lenges is ensuring that the spatial distribution of molecules in measured MSI datasets is con-
sistent with the actual distribution in in vivo conditions. For this, MSI is closely bound up
with proper sample preparation strategies [163], and its exemplary workflow for the

zebrafish larvae model is depicted in Figure 17.
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Figure 17. General workflow of sample preparation of zebrafish larvae for MSI applications.

With further advancements of crucial challenges such as ion suppression, sample
throughput, homogeneity of matrix application, spatial resolution, analyte delocalization,
and the availability of validated and standardized protocols [165], MSI has attained high-
throughput capability, flexibility, and streamlined data analysis for the molecular species of
interest and can be used even for a single cell as a matrix [163,166]. Furthermore, 3-dimen-
sional visualization of MS images (3D-MSI) depicts the biological variability in entire tissue
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samples beyond conventional 2D-MSI, and it can provide rich molecular contextual infor-
mation about the investigated biological tissues [166-170]. Despite these improvments, MSI
still has some unique challenges that need to be solved, e.g. improving the accuracy and
precision of MSI quantification equivalent to LC-HRMSMS, an extension of MSI to other
models/organisms, and overcoming the so-called ‘batch effects’ (occurring due todifferent

experiment times, handlers, reagents, and instruments) [165,171,172].

1.5.2 Microinjection

In molecular biology and drug discovery, molecular screening at the single-cell level is
crucial, which requires introducing target molecules into single cells, enabling cellular-func-
tion-targeted molecules to directly regulate cell development and their functions. For this,
several technologies were developed, e.g., electroporation, viral vectors, gene gun, ultra-
sound, and micro-electromechanical system (MEMS)-based injection, as summarized in Ta-
ble 3 [173-177]. Biological methods have been mostly used to transfer living carriers, usually
viruses, which often cause side effects on cells without controling the number of substances
transported. Also, the chemical method, especially when applied to large molecules, suffers
from a penetration issue through cell membranes. Until now, physical methods have been
commonly used, including microinjection, electroporation, ultrasound, and gene gun [173—
177].

Table 3. The three principal approaches used for introducing chemical and biological agents into
cells [173-177].

Type Methods
Biological

Viral vector

Non-viral vector

Diethylaminoethyl (DEAE)-dextran
Artificial lipids

Proteins

Other compounds (natural and synthetic)

Chemical

Physical Microinjection
Electroporation
Ultrasound
Gene gun

Other physical methods

O 0O 0O 0O 0|0 0O O 0|0 O

Notably, microinjection is the most widely used physical method as it is most efficient
in causing the least cell damage, and it is effective in delivering molecules freely from con-
cerns about cell damage and cell viability in biomedicine, gene therapy, reproductive re-
search, and other fields (Figure 18) [173,174]. In general, microinjection is described as the
direct introduction of material with a micro/nano-volume into a cell using a small glass nee-
dle or micropipette [178]. It has been carried out for over 100 years since it was developed
in conjunction with microscopy of microorganisms, embryos, plants, and animal cells at the

beginning of the twentieth century [178-180].
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Figure 18. Comparison of the delivery efficiency and toxicity of leading technologies commonly
used for delivering substances into cells [174].

Furthermore, microinjection has been intensively applied in the production of trans-
genic animals and for in vitro fertilization to engineer their genomes. In the most common
application for these animal experiments, exogenous DNA or chemical/biological agent (e.g.,
sperm, protein, drug compounds, and viruses) is directly injected into the pronucleus of a
fertilized egg using a microinjector system, and they are transmitted by its integration into
the host cell genome [174,178,181]. Among various biological models, zebrafish has emerged
as a promising model organism for developmental genetic studies as well as drug discovery,
as mentioned in Section 1.3. In particular, molecular and genetic analysis of zebrafish em-
bryogenesis mainly depend on the injection of xenobiotics into early zebrafish embryos
[173,182] because microinjection technique could eliminate the problems of administration
routes and natural barriers (i.e., chorion and embryonic envelope), which were caused by
its physicochemical properties, such as solubility, volatility, and hydrophilic/lipophilic
property [181]. Remarkably, a high-throughput robotic cell injection system has been devel-
oped in 2007 greatly enhancing the throughput of manipulation of zebrafish embryos
[173,183,184]. Most recently, Chi et al. reviewed the recent advances in automated cell mi-
croinjection technologies, including the advantages and disadvantages of currently seven

popular actuators [174,185].

1.5.3 Morpholino Oligonucleotide

Due to the lack of diverse tools for efficient and targeted mutagenesis in the early 2000s,
morpholino antisense oligonucleotides (MOs) became the most popular tool for gene knock-
down in various models, including frog, zebrafish, sea urchin, and chick [186-189]. Phillips
et al. analyzed that the number of published studies using zebrafish for modelling genetic
disease has been steadily growing (9% -> 19%) at three-yearly intervals between September
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2017 to April 2019, based on the data samples provided by the Zebrafish Information Net-
work (ZFIN) [190]. Outstandingly, MOs for reverse genetic approaches were mainly em-
ployed in this survey, and the utilization of TALENS and targeting induced local lesions in
genomes (TILLINGs) have been significantly arising likewise. Significantly, the number of
published reverse genetic approaches used for zebrafish genetic disease models grew 4-fold
higher than forward metagenesis screen approaches from 2017 to 2019 in total zebrafish ge-
netic disease models [190].

MOs are synthesized short oligonucleotides (generally oligomers of around 25 morpho-
line bases) that are typically injected into embryos at the 1-cell stage, bind complementary
target mRNAs, and prevent their translation or splicing. In principle, antisense MOs inhibit
the interactions of macromolecules with mRNA by base-pairing with the targeted mRNA in
a complementary fashion, thus preventing initiation of complex read-through or modifying
splicing in cells ranging from bacterial species to human, as described in Figure 19 [189,191-
193]. The most significant advantage of this technique is that it can be used easily and rapidly
to assess the function of a specific gene during the early Jenni [68]development of both in

vitro and in vivo models [189].
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Figure 19. (a) Two mechanisms of gene knockdown by Morpholino antisense nucleotides (MOs)
injection and (b) A general overview of the generation of knockdown phenotypes in zebrafish by
MO injection. *Translation blocking is designed for mRNA or in the coding region close to anti-
thymocyte globulin (ATG); Splice blocking is designed to splice site (SS) junction [189] (Reprinted
from [189] with permission from Springer Nature).

With their ability to phenocopy well-characterized mutants, MOs have become a stand-
ard and efficient tool for developmental biologists to manipulate gene expression in em-
bryos like zebrafish and Xenopus sp. [186,188,191,194]. However, as concerns arose about the
off-target effects of MOs, Eisen et al. first published guidelines in 2008 in order to assist sci-
entists in designing and interpreting MOs-related experiments. These guidelines cover the
design of controls, the effectiveness of gene knockdown, off-target effects of MOs, and ap-
propriate controls [195]. The guidelines were improved in 2017 by Stainier et al. [186,195].

For studying human disease, many studies with gene-targeting tools have been accom-
plished for screening potential therapies for common genetic diseases such as cancer, cardi-
ovascular disorders, kidney disorders, and cystic fibrosis in zebrafish models [190,196-198].
The ease with which zebrafish can be subject to enhancing an underlying genetic condition
is directly reflected in the fundamental research performed indispensably before clinical tri-
als [190].
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1.6 Outline of This Work

In this work, the zebrafish larvae model is used to study the metabolism of three dif-
ferent drugs. The applications of the three crucial methodologies are performed for drug
metabolism studies in the zebrafish larvae model. These applied methodologies include mi-
croinjection, morpholino oligonucleotides, and mass spectrometry imaging. To date, these
applications pose still a challenge in the zebrafish larvae model despite many practical uses.
Therefore, these techniques were intensively optimized in the zebrafish larvae model for
predicting human drug metabolism. Two emerging new synthetic cannabinoids (SCs), 7’N-
5F-ADB and 4F-MDMB-BINACA, and the opioid antagonist naloxone being widely used to
reverse the effects of an opoid overdose, were studied as tools to obtain a first proof-of-
concept for the applicability of zebrafish larvae in such studies being part of DMPK.

The first part investigates a new approach employing various administration routes for
drug exposure to zebrafish larvae to enhance metabolite identification, which can be per-
formed through direct microinjection of the studied drug into three individual vital organs,
such as the caudal vein, heart ventricle, and hindbrain. In particular, the distribution of the
parent drug 7’N-5F-ADB and its metabolites are visualized inside the zebrafish larval body
using matrix-assisted laser desorption/ionization (MALDI)-MSI as a state-of-the-art technol-
ogy allowing us to localize the spatial distributions of untargeted multiple molecules in bi-
ological tissues with a labeling free procedure. For the metabolic comparison to human and
zebrafish larvae, the in vitro HepaRG model is also explored due to its characteristic activities
of cytochrome P450 biotransformation enzymes, phase II enzymes, and several transporters
similarly to human.

The second part focuses on the metabolism of 4F-MDMB-BINACA in zebrafish larvae
and spatial distribution inside the larval body relying on the protocol optimized in the first
part. Notably, for understanding the role of two endocannabinoid receptors (type 1 and type
2; CB1 and CB2) on the metabolism of two SCs (7”N-5F-ADB and 4F-MDMB-BINACA), the
genetic modification of these receptors via morpholino oligonucleotides as an antisense
gene-knockdown is introduced. The metabolic profiles of these two drugs using mi-
croinjected wild-type zebrafish larvae and each receptor-deficient mutant larvae are ex-
plored, and these findings are compared to data from human biosamples and previous met-
abolic study results of the larvae treated by direct microinjections studied in the first part.

The final part is devoted to investigating the optimization of mass spectrometry imag-
ing for zebrafish larvae to characterize the distribution of the opioid antagonist naloxone
and its metabolites. Moreover, with this improved methodology, quantification of naloxone
using a calibration curve of naloxone-spikedin zebrafish larvae homogenates is undertaken.
The generated spatial distributional images are examined to evaluate the consistency with
data from liquid chromatography-high resolution tandem mass spectrometry as a well-es-
tablished analytical system for the quantification and qualification of molecules.
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2.1 Abstract

Zebrafish (Danio rerio) larvae have gained attention as a valid model to study in vivo drug
metabolism and to predict human metabolism. The microinjection of compounds, oligonucleo-
tides, or pathogens into zebrafish embryos at an early developmental stage is a well-established
technique. Here, we investigated the metabolism of zebrafish larvae after microinjection of me-
thyl  2-(1-(5-fluoropentyl)-1H-pyrrolo[2,3-b]pyridine-3-carboxamido)-3,3-dimethylbutanoate
(7'N-5F-ADB) as a representative of recently introduced synthetic cannabinoids. Results were
compared to human urine data and data from the in vitro HepaRG model and the metabolic
pathway of 7'N-5F-ADB were reconstructed. Out of 27 metabolites detected in human urine

samples, 19 and 15 metabolites were present in zebrafish larvae and HepaRG cells, respectively.
The route of administration to zebrafish larvae had a major impact and we found a high number
of metabolites in when 7'N-5F-ADB was microinjected into the caudal vein, heart ventricle, or
hindbrain. We further studied the spatial distribution of the parent compound and its metabo-
lites by mass spectrometry imaging (MSI) of treated zebrafish larvae to demonstrate the dis-
crepancy in metabolite profiles among larvae exposed through different administration routes.
In conclusion, zebrafish larvae represent a superb model for studying drug metabolism, and
when combined with MS]I, the optimal administration route can be determined based on in vivo

drug distribution.
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2.3 Introduction

Zebrafish (Danio rerio; ZF) has become a very prominent in vivo model organism in various
research fields, such as toxicology, drug discovery, disease models, and neurobiology [1-5]. This
has several reasons, such as ease of handling, predictivity of ZF assays, and their link to effects
observed in humans. Importantly, the ZF genome shares 70% similarity to human genes and
the similarity of potential human disease-related genes is even higher (82%) [6-8].

The use of self-feeding ZF embryos and larvae that are younger than 120 h post-fertilization
(hpf) is particularly popular because such experiments are not considered as animal experi-
ments according to European legislation (EU directive 2010/63/EU). Thus, experiments with lar-
vae at < 120 hpf are in compliance with the 3R principle (Replacement, Reduction, Refinement)
as they contribute to the reduction of animal experiments. Consequently, ZF embryos and lar-
vae have been widely applied in studies of e.g., human disease [9,10], infection [11,12], antibi-
otics [13,14], and human metabolism [15-17], to name just a few.

Microinjection has been used already for decades as a way of administering compounds to
fish in early life stages, and this technique is still widely used in cellular microbiological research
[18-20]. However, most laboratories use aquatic exposure in screening campaigns with ZF lar-
vae, thus neglecting the potentially hindered uptake and absorption of lipophilic compounds
which, in turn, can lead to a rather high rate of false negatives. More recently, some groups
proposed to administer lipophilic compounds via microinjection into yolk sac due to easy and
straightforward microinjection protocols that can be automated if required [21-23].

In an earlier study [24], we detected only one metabolite in ZF larvae after microinjection
of a new psychoactive substance (NPS) into the yolk sac. In contrast, 18 metabolites were de-
tected when we administered the compound to the ZF larvae through conventional aquatic ex-
posure. This unexpected result prompted us to refine our protocols for metabolite identification
in ZF larvae as part of our preclinical DMPK (drug metabolism and pharmacokinetics) assay
pipeline.

The common sites for ZF microinjection are yolk sac, caudal vein, heart ventricle, and hind-
brain. The corresponding techniques require different levels of expertise, with yolk sac injec-
tions being the simplest technique. However, more advanced microinjection techniques, such
as caudal vein injections, provide the advantage of ensuring proper systemic distribution of a
drug or other microinjected agents. For studying drug metabolism in ZF larvae, this appears to
be crucial as test compounds need to reach the liver compartment where most metabolic reac-
tions take place. Metabolic processing is mainly performed by cytochrome P450 (CYP) enzymes,
and ZF larvae possess a full complement of CYP genes, which display functional similarity to
the human orthologs. This similarity makes ZF a very promising model as its predictive value
in comparison to human metabolism is thought to be high [25,26].

The spatial distribution of a drug can be checked by mass spectrometry imaging (MSI) as
an outstanding visualization tool that enables label-free imaging in biological tissues. Here, we

applied MSI in order to understand the distribution of a drug and its metabolites in ZF larval
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bodies, which, in turn, enables an informed choice on the optimal administration route. How-
ever, sample preparation of ZF larvae sections is still challenging.

In this study, we present a new approach of employing various administration routes for
drug exposure to ZF larvae to further improve metabolite identification resulting in a spectrum,
which is widely in concordance with human metabolism. A new synthetic cannabinoid (5C),
methyl 2-(1-(5-fluoropentyl)-1H-pyrrolo[2,3-b]pyridine-3-carboxamido)-3,3-dimethylbuta-
noate (7'N-5F-ADB, Figure 1), was chosen for this study because it appeared recently on the
illicit drug market [27] as one of the most dangerous SCs with high potency and serious adverse
effects resulting in hospitalizations and fatalities [28-31]. To characterize the circulation of 7'N-
5F-ADB and its metabolites in the ZF larval body, the spatial distribution was visualized by
matrix-assisted laser desorption/ionization (MALDI)-MSI as an emerging technique enabling

the imaging of molecular species [32-34].
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Figure 1. Chemical structure of 7’N-5F-ADB.
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2.4 Results and Discussion

2.4.1. Zebrafish Larvae Metabolite Spectra of 7’ N-5F-ADB Differ Depending on the
Route of Administration

In a previous study [24], we investigated metabolites of 7'N-5F-ADB after addition of the
compound to ZF larvae either through the larvae-surrounding water or through microinjection
into yolk sac resulting in a reduction from 18 to only one detected metabolite when the yolk sac
administration route was chosen. It is also worth mentioning that ZF larvae produced an au-
thentic spectrum of metabolites as found in human biosamples after intake of 7'N-5F-ADB [27].
We initially expected that the lipophilic NPS would only be insufficiently taken up by the larvae
when added to the water and that administration by microinjection should result in a larger
number of detectable metabolites. This prompted us to investigate other injection sites and to
compare ZF metabolism as part of the current study. Table 1 summarizes phase I and phase II

metabolite data from microinjected larvae and HepaRG cells, the latter being used for compar-

ison, along with data from previously published studies with 7'N-5F-ADB [24,27].
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Table 1. Summary of 7’ N-5F-ADB and its phase I and Il metabolites and their detection in the differ-
ent models.

Zebrafish Larvae,

Human Screen- Zebrafish Larvae,

ing Data [27] Published Data Data from This Study HepaRG
Compound [24] — In Vitro
. Aquatic Microinjection Model
Plasma Urine Exposure Yolk Caudal Heart Hindbrain
Sac Vein Ventricle
Parent 7'N-5F-
+++ + +++ ++ ++ ++ ++ +++
compound ADB
M1 + + + + +
M2 + +
M3 + + + + +
M4 + + + + + +
M5 ++ +++ ++ + + + ++
M6 + + + +
M7 + + + + +
M8 + +nq +nq +nq
M9 +nq +nq +nq
M10 + + + + +
Mi1 + ++ + +nq +
M12 + + + +nq + +
Phase [ M13 + + +++ +++ +++ +++ +
M14
M15
Mil6
M17
M18
M19
M20 a
M21 + + + + +
M22 +
M23 +c
M24 +e +b +b +b
M25 +c
M26
Total number of
Phase I metabolites 4 17 14 1 7 17 17 15
M27 + + + + +
M28 + + +nq +
M29 + + +
M30 + + + +
Phase II M3l h i h
M32 +
M33 +
M34 + + + +
M35 +e + +b +b +b +b
M36 + +¢
Total number of
Phase II metabolites ) 10 4 ) 7 6 7 5
Total number of detected 4 27 18 1 2 23 2 20

Phase I/II metabolites

2 Precursor metabolite of M26 that was not detected in this study. ?Peaks of structural isomers were not sepa-
rated in the chromatograms due to co-elution from the LC-HRMS/MS system used in this study, and accord-
ingly, isomers were counted and quantified as one metabolite. < Isomers of the metabolite eluted as individual
peaks using LC-HRMS/MS conditions utilized applied in the previous studies [24,27]. " Confirmed mass, but
not quantified due to peak detection below signal-to-noise ratio of 3. +: Peak detected, ++: second most abundant
peak among metabolites, +++: most abundant peak among metabolites.
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Among the different models used (human, cells, zebrafish), a total number of up to 27, 20,
and 24 metabolites was found in human urine, HepaRG cells, and microinjected (caudal vein,
heart ventricle, hindbrain) ZF larvae, respectively (Table 1 and Supplementary Table S1). In
contrast, the microinjection of 7’ N-5F-ADB into the yolk sac of ZF larvae or addition of the com-
pound to the water resulted in fewer detected metabolites (Figure 2). Importantly, out of the 24
metabolites from ZF larvae, 19 metabolites represent human metabolites from urine samples,
three were also detected in HepaRG cells, and only two were exclusively found in the larvae
(Figure 3). Reviewing the comparability of the three models, metabolite data of ZF larvae treated
through microinjection showed high similarity to human urine samples, with a 70% match rate,
and to HepaRG cells with a 90% match rate.

The most abundant metabolites of 7' N-5F-ADB in human urine samples [27] were M5 (ester

hydrolysis), M11 (ester hydrolysis in combination with hydroxylation of the tertiary butyl part),
and M30 (ester hydrolysis in combination with glucuronidation). In the ZF larvae model, M5,

M13 (oxidative defluorination in combination with oxidation to carboxylic acid), and
M23/M24/M25/M26 (four isomers; dihydroxylation of 7'N-5F-ADB) were the main metabolites
(Table 2), and M13 was the fifth most abundant in human urine as well. Moreover, to study
potential differences in metabolite patterns after microinjection of 7'N-5F-ADB into different

organs of ZF larvae, we compared the five most abundant metabolites (Figure 4) and 17 minor
metabolites (Supplementary Figure S1) detected in microinjected ZF larvae. Regarding the ma-
jor metabolite M13, caudal vein injections were most successful as the respective peaks were
detected at significantly higher abundance than in the other samples (heart ventricle and hind-
brain injections). For the other major and minor metabolites, we did not observe specific pat-
terns depending on the route of administration, but overall, metabolite peak detection was most
feasible from samples where the compound was injected into the caudal vein. Yolk sac data

could not be considered for the comparison due to only one metabolite (M13) being detected.

Caudal vein (MI) 24
Heart ventricle (M) 23
Hindbrain (MI) 24

Yolk sac* (MI) 1

Exposure via medium* 18

0 5 10 15 20 25 30
Total number of detected 7'N-5F-ADB metabolites

Figure 2. Comparison of the total number of metabolites produced depending on different admin-
istration routes in ZF larvae. Results for the samples investigated in this study are represented by
the mean value of peak numbers of triplicates of 36 pooled larvae. (MI: microinjection, *these results
were quoted from the previous study of 7’N-5F-ADB [24]).
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Human urine (Phase | metabolism)
M1, M4, M5, M6, M10, M11, Human urine HepaRG cells
M12, M13, M17, M24/M25

-~ (Phase |l metabolism)

M27, M29, M30, M31,

M35/M36

Zebrafish larvae (MI) HepaRG cells

Human urine Zebrafish larvae (MI)

Zebrafish larvae (MI) HepaRG cells

(a) (b)

Figure 3. Comparison of the metabolites observed from the three models [human urine samples,
zebrafish larvae (exposed via microinjection; MI), and HepaRG cells] using Venn diagrams. (a) Com-

mon metabolites detected among all models and (b) their mutual comparability.

Table 2. Comparison of the major metabolites detected in the investigated models using LC-
HRMS/MS.

Human Screening Zebrafish Larvae, Zebrafish Larvae,

Data [27] Published Data [24] Data from this Study HepefRG
. PR In Vitro
Aquatic Microinjectiontt Model
Plasma Urine  Exposuret Yolk Caudal Heart . .
. . Hindbrain
Sac Vein Ventricle
most abundant peak P M5 P Mi13 M13 P M13 P
second most abundant peak M5 Mi11 M5 P P M5 P M5
third most abundant peak M16 M30 M13 -* M5 M13 M5 M4

P: Parent compound (7'N-5F-ADB). *Only one metabolite was produced from zebrafish larvae injected into yolk
sac. ' ZF larvae were treated via aquatic exposure from 4 day post-fertilization (dpf) to 5 dpf (1-day exposure)
at 28 °C. ** ZF larvae after microinjection of 7’N-5F-ADB were incubated at 28 °C for 1 h.

Caudal vein = Heart ventricle m Hindbrain
o 1400

00

T 1200

0

1000 -

800 -

Peak area

600 -
400
200

0 ™ - - - m

7'N 5F-ADB M5 M7 M13 M16 M23/M24/M25/M26

Figure 4. Detection profile of 7’N-5F-ADB and five major metabolites in microinjected ZF larvae (cau-
dal vein, heart ventricle, and hindbrain). The most abundant metabolite, M13, was formed by
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defluorination in combination with oxidation of the formed primary alcohol (M7) to a carboxylic
acid moiety. The clustered columns are displayed as mean + SD (n = 3). The four structural isomers
(M23, M24, M25, and M26) at m/z 410.2075 are represented as one metabolite due to co-elution from
the LC-HRMS/MS system.

ZF larvae exposed to 7'N-5F-ADB via microinjection into different organs also produced
three metabolites [M3 (N-dealkylation), M7 (defluorination), M15 (defluorination in combina-
tion with oxidation to carboxylic acid)] that were not detected in human biosamples (Table 1).
In addition, M9 (ester hydrolysis with combination with defluorination and hydroxylation of
the pentyl chain) was found only in all microinjected ZF larvae except yolk sac compartment,
and its detection was reported in rat urine of a published study [27]. M2 was uniquely observed
in only ZF larvae treated by exposure medium, and seven out of 10 phase II glucuronidated
metabolites detected in human urine were produced in ZF larvae microinjected into three inter-
nal organs excluding yolk sac.

The metabolic pathway of 7’"N-5F-ADB was reconstructed with complementing the metab-
olites detected in all ZF larvae applied to different administration routes, including human
urine samples [27] and HepaRG cells. The main pathways are displayed for phase I metabolism
and phase II metabolism, which are centered on two abundant metabolites (M5, M13) found in
the ZF larvae model (Table 2). Overall, we were able to construct the principal parts of the hu-
man metabolic pathway, as shown in Figure 5 based on the ZF larvae model.

Taken together, microinjection of 7'N-5F-ADB into caudal vein, heart ventricle, or hind-
brain of ZF larvae resulted in a large number (24) of phase I and phase Il metabolites that already
formed as early as 1 h after compound administration with relatively high abundance. In con-
trast, detection of 18 metabolites after aquatic exposure with 7'N-5F-ADB required a much
longer incubation period of 24 h. Microinjection into the yolk sac was not suitable for studying
7'N-5F-ADB metabolism in ZF larvae as demonstrated in a previous study [24]. Thus, direct
injection into an internal organ of ZF larvae results in fast metabolism probably due to the fact
that the NPS was able to reach functional metabolic organs, such as a liver and pancreas,

through fast circulation inside of the larval body [35].
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Figure 5. Overview of the reconstructed metabolic pathway of 7’N-5F-ADB based on the results from
all investigated models. The progress of phase I metabolism is represented and the two major me-
tabolites detected in all ZF larvae exposed to 7’N-5F-ADB, which were M5 and M13, are highlighted
by a green and yellow box, respectively. Resulting phase Il metabolites are displayed in blue. 2Major
metabolites in human samples; ®major metabolites in microinjected ZF larvae; cmajor metabolites in
HepaRG cells. A schematic representation of the reconstructed pathway from all three models can
be found in Supplementary Figure S5.

2.4.2. The Spatial Distribution of 7’ N-5F-ADB in ZF Larva is Visualized by MALDI-MSI
Mass spectrometry imaging (MSI) combined with MALDI enables coupling of high mass

resolution data with visualized images of sample sections. Due to the results from metabolite
detection following different administration routes for 7’N-5F-ADB into ZF larvae, we con-
cluded that the drug distribution differs significantly if the NPS is given through the water,

microinjected into yolk sac, or microinjected into caudal vein, heart ventricle, and hindbrain.
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Thus, MALDI-MSI was used to study the distribution of the parent compound 7'N-5F-ADB in
the ZF larval bodies. To our knowledge, this is the first concise study of drug distribution in ZF
larvae following different routes of compound microinjection.

After 1-day exposure through medium, only 7’N-5F-ADB could be detected via MSI of sec-
tions of ZF larvae, and the parent compound exclusively accumulated inside the yolk sac. There-
fore, we prepared ZF larvae that were treated for an extended period, from two days post-fer-
tilization (dpf) to five dpf. In sections from these ZF larvae, we found the parent compound to
be better distributed than in sections of one-day treated ZF larvae (Figure 6a, b). In summary,
7'N-5F-ADB and two major metabolites (M5 and M13; Figure 6¢, d) appeared in dorsal and ven-
tral regions at high abundances after 3 d treatment through aquatic exposure, but corresponding
masses could not be detected in the tail end area of ZF larva.

In contrast, it was not possible to generate distribution images of the parent compound and
M13 in ZF larvae that were treated by microinjecting into caudal vein, heart ventricle, and hind-
brain (Table 3), and M5 was identified in only one section among heart ventricle samples. This
might be indicative of a fast distribution and an accordingly fast metabolism. We thus analyzed
the spatial distribution of other major metabolites and compared their distribution to MSI data
from ZF larvae that were exposed to 7'N-5F-ADB through water. We were able to image five
metabolites from microinjected ZF larvae, all of which were structural isomers as determined
by LC-HRMS/MS: M8/M9 (two isomers at m/z 378.2013), M10/M11/M12 (three isomers at m/z
380.1970), M16/M17 (two isomers at m/z 394.2126), M18/M19/M20 (three isomers at m/z
396.1919), and M23/M24/M25/M26 (four isomers at m/z 410.2075). The main metabolites that we
could visualize by MSI are also listed in Table 3, and exemplary images of the isomers
M23/M24/M25/M26 from larvae that were exposed through microinjection into different organs
are depicted in Figure 7. Interestingly, depending on the route of administration, the images
show distinct distribution patterns inside the larval bodies. In the caudal vein slices, the metab-
olite was detected along the dorsal aorta and concentrated in the veins and arteries of ZF larva.
ZF larva microinjected into heart ventricle showed full spread of M23/M24/M25/M26 from head
region to tail region, and high concentrations were found throughout the larval body. In con-
trast, hindbrain slices indicated the best distribution of this metabolite at intermediate concen-
trations. Images of these isomeric metabolites visualized by MALDI-MSI are represented as the
summed distribution of the multiple isomers, as these constitutional and isobaric isomers can-
not be distinguished due to lack of chromatographic separation in MSI. However, the presence
of several isomers probably improved mass detection and imaging above the method detection
limit (MDL).

Table 3. Comparison of the major metabolites visualized in ZF larva by MALDI-FT-ICR.

Aquatic Exposure Microinjection®
1-Day Exposure 3-Day Exposure . Heart . .
(from 4 dpfto 5 dpf)  (from 2 dpf to 5 dpf) Caudal Vein Ventricle Hindbrain
M23/M24/ M23/M24/ M23/M24/
t abundant peak P P
fost abundant pe M25/M26  M25/M26  M25/M26
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M18/M1
second most abundant peak M13* M13 M16/M17 320 o M16/M17
M18/M19/M2
third most abundant peak M5* M5 8/ 0 o M16/M17  M18/M19/M20

P: Parent compound (7'N-5F-ADB) * Metabolites were detected at very low abundance and could not be visu-
alized in the sections of ZF larvae. * Microinjected ZF larvae were incubated at 28 °C for 1 h.
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Figure 6. MALDI-MS images of the parent compound (7'N-5F-ADB, m/z 378.2177) in ZF larvae that were treated by aquatic exposure with 50 uM 7'N-
5F-ADB for 1 d from 4 dpf to 5 dpf (a) or for 3 d from 2 dpf to 5 dpf (b). The MS images of two metabolites [M5, m/z 364.2021 (c) and M13, m/z 390.2013
(d)] visualized in the slices of B specimen. These metabolites were detected as the most abundant masses in all ZF larvae exposed via various administra-
tion routes. The presented sections originate from one representative larva per condition. The images were generated by preparing a colormap from blue
(no detection) to yellow (high local concentration), and images were further processed by weak denoising in 96 dpi resolution with 24-bit color.
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Figure 7. MALDI-MS images of the metabolite M23/M24/M25/M26 (four isomers, m/z 410.2075) in ZF larvae, which were exposed to 7'N-5F-ADB via
microinjection into caudal vein (a), heart ventricle (b), and hindbrain (c) and then incubated at 28 °C for 1 h. These isomeric metabolites were the third
most abundant in microinjected ZF larvae except ZF larvae treated through the yolk sac compartment. However, they cannot be differentiated in MSI
due to lack of chromatographic separation. The presented sections originate from one representative larva per condition. The images were generated by
preparing a colormap from blue (no detection) to yellow (high local concentration), and images were further processed by weak denoising in 96 dpi
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In the MSI study, we observed a certain discrepancy when we compared the detection
of metabolites from LC-HRMS/MS and MSI. Although MSI is a highly sensitive method at
trace level, it could not detect the masses in some cases that were clearly detected by LC-
HRMS/MS in pooled larvae samples. This effect was caused by the spatial distribution of
lower abundant metabolites in the ZF larva and their further dilution due to the preparation
of on average more than ten cryosectioned slices per larva. In particular, several metabolites,
including M5 and M13, from microinjected ZF larvae were confirmed by LC-HRMS/MS, but
it was not possible to generate MS images displaying a specific pattern. Further studies to
improve the MDL of MALDI-MSI for the analysis of ZF larvae are ongoing. In summary, the
treatment of ZF larvae with 7"N-5F-ADB through aquatic exposure resulted in a strong ac-
cumulation of the lipophilic NPS in the yolk sac, thus, protecting the compound from being
metabolized in metabolically active organs. In contrast, when 7'N-5F-ADB was mi-
croinjected into vital organs of the ZF larvae, this resulted in the fast distribution and me-
tabolism of the drug, as demonstrated by LC-HRMS/MS and MSI measurements. Further-
more, the finding was confirmed by the spatial distribution analysis of 7"N-5F-ADB and its
metabolites in ZF larvae treated via microinjection.

We could demonstrate the importance of choosing the right administration route when
studying drug metabolism in ZF larvae, also taking the chemical properties of the investi-
gated compound into consideration. Here, the lipophilic nature of 7"N-5F-ADB hindered its
proper distribution inside the larval bodies when given through water or when mi-
croinjected into the yolk sac. Intriguingly, we could observe a large number of (human)
phase I and phase II metabolites at relatively high abundance when we microinjected the
NPS into organs that support faster distribution, such as the heart ventricle. Moreover, the
MS images showed distinct distribution patterns of its metabolites throughout the ZF larva
body, which might be linked in future studies to potential toxic effects of compounds and
their in vivo metabolites. Further studies are in progress to refine protocols for the cryosec-
tioning of ZF larva and subsequent MSI experiments as it appears to be crucial to initially
investigate compound distribution before proceeding to metabolite identification and to

general pharmacological studies.

2.4.3. Comparison of Metabolite Identification in the In Vitro HepaRG Model and
from ZF Larvae

The hepatic stem cell line HepaRG expresses cytochrome P450 biotransformation en-
zymes, phase II enzymes, and several transporters, which make it a prominent screening
tool in toxicology and drug discovery studies. Due to the easy handling of the HepaRG cell
line, it is a good alternative to primary human hepatocytes which are also often used as
predictive in vitro model [36,37].

The metabolism of 7"N-5F-ADB in HepaRG cells was investigated referring to a previ-
ous study [24], and compared to the zebrafish larvae model. Furthermore, the time-depend-
ent metabolism of 7’N-5F-ADB and formation of its metabolites was studied by analyzing
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cells after 0.1, 15, 60, 120, 240, 360, and 1,440 min of incubation. These time points were cho-
sen based on waterborne exposure duration of ZF larvae (24 h) in order to study time-re-
solved metabolite formation within this period. HepaRG cells treated with 50 uM of 7'N-5F-
ADB produced a total of twenty metabolites (Table 1). M5 formed by ester hydrolysis was
the most abundant metabolite, which is in accordance to results from microinjected ZF lar-
vae. M4 (ester hydrolysis in combination with oxidative defluorination), M10 and M11 (two
isomers formed by ester hydrolysis in combination with hydroxylation of the tertiary butyl),
and M30 (ester hydrolysis in combination with glucuronidation) were detected as the sec-
ond-most abundant metabolites. However, M13, which was detected as a major metabolite
in ZF larvae samples, was only found in minor amounts in HepaRG cells.

The concentration of 7’"N-5F-ADB steadily increased up to 60 min and then declined
significantly (Figure 8 and Supplementary Figure S2). Its metabolites had started to form
markedly at this time point. Amounts of M5, M10, M11, and M30 were dramatically in-
creased between 360 min and 1440 min, whereas M4 was increasing only slowly (Supple-

mentary Figure S3).
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Figure 8. Internal amount-time profile of five main metabolites (M4, M5, M10, M11, and M30) in
HepaRG cells incubated with 50 pM 7'"N-5F-ADB (1 = 2).

Twenty metabolites could be produced in HepaRG cells with M5 and M4 being the most
abundant metabolites. Interestingly, M22 (oxidative defluorination in combination with di-
hydroxylation of the pentyl chain) was found only in HepaRG cells, which was not detected
in the human biosamples and ZF larvae samples. However, the detection of M22 was re-
ported in rat urine samples of a published study [27]. In contrast, M23/M24/M25/M26, M28
(ester hydrolysis in combination with N-dealkylation and glucuronidation), and M34 (oxi-
dative defluorination in combination with oxidation to carboxylic acid and glucuronidation)
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were not detected in HepaRG cells. The main metabolic pathway in HepaRG cells was con-
structed (Supplementary Figure S3) and 18 metabolites observed in HepaRG cells were also
found in microinjected ZF larvae, corresponding to a 75% match rate. Fifteen metabolites
from HepaRG were also detected in human urine samples, which corresponds to a 55%
match rate (Table 1 and Figure 3). In conclusion, HepaRG cells constitute a valid in vitro

model that can complement the in vivo ZF larvae model in drug metabolism studies.
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2.5 Materials and Methods

2.5.1. Chemicals and Other Materials

7'N-5F-ADB was obtained from www .buyresearchchemicals.de tagged as 4'N-5F-ADB.
However, NMR (nuclear magnetic resonance) studies confirmed it to be 7’ N-5F-ADB. Dime-
thyl sulfoxide (DMSO), methylene blue, phenol red, tricaine (3-amino-benzoic acid ethyl es-
ter), mineral oil, trifluoroacetic acid, gelatin from cold water fish skin, and 2,5-dihy-
droxybenzoic acid were obtained from Sigma-Aldrich (Taufkirchen, Germany). Methanol
(LC-MS grade), acetonitrile (LC-MS grade), formic acid (LC-MS grade) were from VWR
(Darmstadt, Germany). NaCl, KCl, MgSOs, Ca(NOs)2, and HEPES were obtained from Carl
Roth (Karlsruhe, Germany). The 10 mM stock solution of 7'N-5F-ADB was prepared in
DMSO and it was stored for a maximum of one month at -20°C. The working solutions of
7'N-5F-ADB were freshly prepared prior to each experiment. Cell culture flasks, 24-well
plates, and 6-well plates were purchased from Sarstedt (Niimbrecht, Germany). Basal he-
patic cell medium MIL 700C and differentiation medium supplement with antibiotics ADD
720C were from Biopredic International (Saint-Grégoire, France). Glass capillaries TW100F-
4 [4 inch (100 mm), 1/0.75 OD/ID (mm), Filament] were obtained from World Precision In-
struments Germany GmbH (Friedberg, Germany). Undifferentiated HepaRG cells (HPR101)
were purchased from Biopredic International (under MTA agreement No: 10528 AHR10,
Saint-Grégoire, France). Conductive indium-tin-oxide (ITO) coated glass slides were ob-
tained from Bruker Daltonics (Bremen, Germany). ZF embryos of the AB wild-type line were
initially obtained from the Luxembourg Center for Systems Biomedicine (Belvaux, Luxem-
bourg). Dry small granulate food was purchased from SDS Deutschland (Limburgerhof,
Germany), and Artemia cysts (> 230,000 nauplii per gram) were obtained from Coralsands

(Wiesbaden, Germany).

2.5.2. Zebrafish Maintenance and Embryo Collection

ZF husbandry and all experiments with ZF larvae were carried out in accordance with
EU Directive 2010/63/EU and the German Animal Welfare Act (§11 Abs. 1 TierSchG). All
works were performed following internal standard-operating procedures (SOPs) based on
published standard methods [38].

Adult zebrafish for breeding were kept in an automated aquatic eco-system (PENTAIR,
Apopka, UK). The following parameters are continuously monitored: Temperature (27 + 0.5
°C), pH (7.0 £ 0.1), conductivity (800 + 50 uS), and light-dark cycle (14 h/10 h). Fish were fed
twice a day with dry small granulate food and additionally once a day with freshly hatched
live Artemia cysts. The ZF embryo medium (0.3x Danieau’s solution) consisted of 17 mM
NaCl, 2 mM KCJ, 0.12 mM MgSOs, 1.8 mM Ca(NOs)2, 1.5 mM HEPES, pH 7.1-7.3, and 1.2
uM methylene blue. For ZF embryo production, AB wild-type line pairs were kept overnight
in standard mating cages, separated by gender. In the following morning, the separators
were removed, and the zebrafish spawned immediately. Fertilized eggs of zebrafish were
selected using a LEICA M205 FA stereo microscope (Leica Mikrosysteme Vertrieb GmbH,
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Wetzlar, Germany), and embryos were raised in an incubator at 28 °C with daily medium
change and cleaning of embryo cultures. ZF larvae at 4 dpf were used for drug metabolism

studies.

2.5.3. Drug Treatment of ZF Larvae via Aquatic Exposure

The sample preparation following aquatic drug exposure is described in detail in a
study by Richter et al. [24]. A non-toxic exposure concentration was chosen based on the
survival rate as determined in in vivo maximum-tolerated concentration (MTC) experiments
with 4 dpf ZF larvae. For metabolite studies, ten ZF larvae at 4 dpf were transferred to one
well of a 6-well plate containing 3 mL of Danieau’s medium with 50 uM 7'"N-5F-ADB and a
final concentration of 1% (v/v) DMSO, and ZF larvae were treated for 24 h in an incubator at
28 °C. Additional ten larvae were incubated in compound-free medium containing 1% (v/v)
DMSO that served as negative control (background masses). Prior to sample extraction, ten
larvae were pooled, and sample extractions were performed as described below (Section

2.5.5). All samples were prepared in six replicates.

2.5.4. Drug Treatment of ZF Larvae via Microinjection into Different Compartments

The glass microneedle for microinjection was prepared by a Flaming/Brown type mi-
cropipette puller (Model P-100, Sutter Instrument, Novato, CA, USA) using the following
settings: heat: ramp value + 10, pull: 80, velocity: 60, delay time: 90 ms, and pressure: 13.8
bar. For injections, a 5 mM solution of 7'"N-5F-ADB was prepared in 50% (v/v) DMSO and
50% (v/v) of a 0.5% phenol red solution. The injection needle was filled with 10 uL of 5 mM
7'N-5F-ADB without air bubbles by a microloader pipette tip and it was placed in a M-152
manipulator (Narishige Group, Tokyo, Japan) connected to a Femto]et 4x Microinjector (Ep-
pendorf, Hamburg, Germany). Before microinjection, all microinjection needles were cali-
brated by single droplet injections onto mineral oil on a micrometer slide. The injection vol-
ume (nL) was calculated according to the sphere volume equation (V = 1ty?® 4/3) based on the
diameter (mm) of the droplet [39,40]. We have chosen to microinject 4.19 nL of 5 mM 7'N-
5F-ADB per larvae, which corresponds to a total amount of 284.4 ng in a pool of 36 larvae.

ZF larvae at 4 dpf were anaesthetized by tricaine and then they were lined up on an
agarose plate prepared using Z-MOLD (World Precision Instruments, Sarasota, USA). Ex-
cess medium was removed with a pipette. Microinjections were done into three different
compartments of ZF larvae (caudal vein, heart ventricle, and hindbrain; Figure 9) under a
stereo microscope (LEICA M205 FA stereo microscope). Larvae were directly transferred to
fresh Danieau’s medium and they were incubated at 28 °C for 1 h. Prior to sample extraction,
36 larvae were pooled. Sample extractions were performed as described below (Section
2.5.5). All samples were prepared in triplicates. The mortality rate of ZF larvae after mi-

croinjection was below 10% in all cases.
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Figure 9. Microinjection sites used to administer 7’N-5F-ADB to 4 dpf ZF larvae in (a) lateral and

(b) dorsal view.

2.5.5. ZF Sample Preparation and Metabolite Analysis by LC-HRMS/MS

After exposure (see Sections 2.5.3 and 2.5.4), all larvae were transferred into a tube using
a pipette and then washed twice with 1 mL of Danieau’s solution. The cleaned larvae were
euthanized by placing the tubes in ice water for 15 min. Samples were snap-frozen in liquid
nitrogen, followed by lyophilization for 4 h. The lyophilized larvae were stored for a maxi-
mum of one week at -20 °C until extraction. For metabolite identification, frozen larvae were
thawed at room temperature for at least 30 min and extracted by vigorous vortexing for 2
min with 50 pL methanol. The sample was centrifuged at 10,000x g for 2 min at room tem-
perature. All of the supernatant was transferred to an autosampler vial, and 5 pL was in-
jected onto the LC-HRMS/MS system consisting of a Dionex Ultimate 3000 RSLC system
(Thermo Fisher Scientific, Germering, Germany) and maXis 4G HR-QTOF mass spectrome-
ter (Bremen, Germany) with the Apollo II ESI source. Separation was carried out on a Waters
ACQUITY BEH Cis column (100 x 2.1 mm, 1.7 pym) equipped with a Waters VanGuard BEH
Cis 1.7 um guard column at 45 °C using 0.1% formic acid in water (v/v, eluent A) and 0.1%
formic acid in acetonitrile (v/v, eluent B) at a flow rate of 600 pL/min. The linear gradient
mode was as follows; 0-0.5 min, 5% eluent B; 0.5-18.5 min, 5-95% eluent B; 18.5-20.5 min,
95% eluent B; 20.5-21 min, 95-5% eluent B; 21-22.5 min, 5% eluent B.

Mass spectra were acquired in centroid mode ranging from 150-2,500 m/z at a 2 Hz full
scan rate in the positive ion mode and MS/MS data were collected with automatic precursor
selection including the masses of the inclusion list, which was set up for 7’ N-5F-ADB and its
expected metabolite. The precursor ion mass and MS? data (Supplementary Figure 54) were
used to confirm the structures of the metabolites [24,27]. Mass spectrometry source param-
eters were set to 500 V as end plate offset; capillary voltage, 4000 V; nebulizer gas pressure,
1 bar; dry gas flow, 5 L/min, and dry temperature, 200 °C. Ion transfer and quadrupole set-
tings were set to funnel RF 350 Vpp; Multipole RF, 400 Vpp as transfer settings; ion energy,
5 eV as well as a low mass cut of 300 m/z as quadrupole settings. Collision cell was set to 5
eV; pre-pulse storage time, 5 us; spectra acquisition rate, 2 Hz. Calibration was carried out
automatically before every LC-HRMS/MS run by injection of sodium formate and calibra-
tion on the sodium formate clusters forming in the ESI source. All MS analyses were ac-
quired in the presence of the lock masses Ci2H19F12N3OeP3, CisH190sN3PsF2, and
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C24H19F36N306P3 which generate the [M + H]* ions of m/z 622.0290, 922.0098, and 1221.9906.
DataAnalysis software version 4.2 (Bruker Daltonics, Bremen, Germany) was used for qual-
itative analysis. All data were presented as the range of mean and standard deviation (SD)
using MS Excel 2016.

Analyzing metabolite data, structural isomers were numbered individually when their
corresponding peaks could be separated by chromatography. When isomers where co-elut-
ing, they were analyzed together as one peak as assigned in the tables of this study. In ad-
dition, the peak area of each metabolite was taken into consideration when constructing the
metabolic pathway of 7'N-5F-ADB. Due to the lack of reference standards that would be
needed for absolute quantification, our analyses of relative abundances of metabolites relies
on the quantification of peak areas, assuming similar ionization behaviors of the individual

metabolites.

2.5.6. In Vitro Metabolism Analyses Using HepaRG Cells

To compare the metabolism of an in vitro model to ZF larvae, HepaRG cells were inves-
tigated as already described by Richter et al. [24]. Undifferentiated cells frozen in a vial were
thawed and seeded into T-75 flasks with a dilution factor of 10 (v/v) at 37 °C in a humidified
incubator (95% air humidity, 5% COz). Cell medium was renewed every other day, and cells
were sub-cultured to 2 x 10° cells/cm? in T-75 flasks in a total of 15 mL growth medium. After
two weeks of proliferation, cells were seeded at a density of 1 x 105 cells/cm? with 2 mL
growth medium in 6-well cell culture plates. For the process of cell differentiation, growth
medium was replaced with differentiation medium for two more weeks and maintained
with medium renewal every second day. Cells for drug metabolism experiments were at
passage 18, and all the steps of cell preparation were performed under sterile conditions
according to the manufacturer’s instruction (Biopredic International).

Afterwards, the growth medium was composed of MIL 700C (basal hepatic cell me-
dium) supplemented with ADD 720C (differentiation medium supplement with antibiotics),
and it was pre-warmed to 37 °C before usage. 500 puL aliquots of medium were removed
from the 6-well cell culture plate, and treatment was started by adding 500 uL of 7'N-5F-
ADB solution. The solutions were prepared by the addition of compound to the growth me-
dium at final concentrations of 20 uM with 0.2% (v/v) DMSO and 50 uM with 0.5% (v/v)
DMSO.

Treatment was stopped after 0.1, 15, 60, 120, 240, 360, and 1,440 min (24 h), and 100 puL-
supernatants of medium were transferred into a tube. 100 uL of cold acetonitrile with 0.1%
formic acid was immediately added for extraction. Samples were vortexed and cooled in a
freezer for 30 min at —20 °C. The samples were centrifuged at 10,000x g for 2 min at 4 °C and
the supernatant was transferred to an autosampler vial. All samples were then dried in vacuo
and resuspended with 50 uL of acetonitrile containing 0.1% formic acid. 5 pL was injected
onto the LC-HRMS/MS system. All incubation conditions were done in duplicates. Data ac-
quisition and analysis were performed as described in Section 2.5.5.
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2.5.7. MSI Analysis of ZF Larva by MALDI-FT-ICR

Treated ZF larvae (see Sections 2.5.3 and 2.5.4) were directly frozen after embedding in
40% (w/v) gelatin solution and samples were stored at —20 °C until cryosectioning. Cuts with
10-um thickness from single larvae were prepared using a cryostat (MEV; SLEE, Mainz,
Germany) and they were put on a cold conductive indium-tin-oxide (ITO) coated glass slide.
After scanning slides under a microscope to align the optical image of the sample in MALDI,
the serial sections from one larva were deposited using TM-Sprayer (HTX M5; HTX Tech-
nologies, NC, USA) with 15 mg mL™ 2,5-dihydroxybenzoic acid (2,5-DHB) in acetoni-
trile:zwater (9:1, v/v) containing 0.1% of trifluoroacetic acid, and then dried in a vacuum des-
iccator for 2 h. The dried glass slide was stored at —20 °C before MSI measurement.

MSI analysis was performed using MALDI and 7.0T SolariX FT-ICR (Bruker Daltonics,
Bremen, Germany) in positive ion mode (1/z range 150-1,000), using 40 laser shots per pixel
with a raster width of 20 um. For auto-calibration of MALDI of each laser measurement,
lock mass was set to m/z 273.039364 (2,5-DHB matrix), and mass calibration of FT-ICR was
carried out using the calibration solution according to the manufacturer’s manual. All
MALDI-MSI data acquisitions and image analyses in two dimensions were processed using
ftmsControl version. 2.2, fleximaging version 5.0, and SCiLS Lab version 2019b Pro soft-

wares (Bruker Daltonics, Bremen, Germany).
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2.6 Summary and Conclusions

ZF larvae were exposed to 7'N-5F-ADB by different administration routes and the total
number of metabolites observed in these microinjected samples was higher than the number
of metabolites detected after conventional waterborne exposure (Table 1). The only excep-
tion was the ZF larvae sample, where the NPS was microinjected into yolk sac. Here, only
one metabolite was found [24], which we could later explain by the compound’s lack of
distribution in metabolically active organs of the larvae. Furthermore, the spatial distribu-
tion of 7’N-5F-ADB and its metabolites was investigated in detail by MSI and we found sig-
nificant differences following aquatic exposure and microinjection into different organs
(Figures 6 and 7).

Comparing the metabolite pattern from all investigated models (human [27], HepaRG
cells, ZF larvae) using LC-HRMS/MS, metabolite M5, formed by ester hydrolysis, was
among the most abundant peaks in human samples, HepaRG cells, and all ZF larvae sam-
ples prepared in this study. The parent compound was detected in high amounts in all sam-
ples except human urine samples, and the metabolites listed as next most abundant were
M4 (oxidative defluorination of M5), M30 (glucuronidation of M5), M11 (hydroxylation of
M5 in the tertiary butyl part), M13 (oxidation defluorination in combined with oxidation to
carboxylic acid), and M16 (hydroxylation of the fluoro pentyl chain isomer 1) (Table 2).
These results suggest that the major metabolites were produced sequentially from M5 and
the main metabolic reactions were oxidation and hydroxylation as part of phase I metabo-
lism. Interestingly, most of the glucuronidated conjugate metabolites found in human urine
were also detected in significant amounts in microinjected ZF larvae (Table 1, Figure 5, Sup-
plementary Figures S1 and S5). Fifteen phase I and phase II metabolites were commonly
observed in the three models, which were generated by amide hydrolysis, ester hydrolysis,
hydroxylation of the alkyl chains, and glucuronidation (Figure 3a and Table 1).

Remarkably, microinjected ZF larvae had a high concordance rate of 70% to human
urine samples, compared to only 55% concordance of HepaRG cell metabolites to human
metabolites (Figure 3b). While comparing the mutual similarity of metabolism among the
three investigated models, ZF larvae were able to generate four metabolites also found in
human urine, which were, however, not detected in HepaRG cells. Encouragingly, 18 out of
20 HepaRG metabolites were also found in ZF larvae, which included 15 compounds that
were detected in all three models. It is noteworthy that it could be shown again that ZF
larvae produce a metabolite spectrum which is highly similar to human in vitro and in vivo
metabolism. Furthermore, the metabolic pathway of 7'N-5F-ADB [24,27] was refined and
extended by addition of the results from ZF larvae and HepaRG cells (Figure 5).

Taken together, among the studied models, microinjected ZF larvae generated a high
number of metabolites and the most authentic spectrum of human metabolites of 7'N-5F-
ADB. Intriguingly, metabolic reactions could be observed already within one hour after mi-
croinjection. In contrast, at least 24 h waterborne treatment of ZF larvae was necessary to

identify most common metabolites.
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Due to its ease of handling and flexibility when it comes to the administration route of
compounds, and because of being in accordance with results from human metabolism stud-
ies, the ZF larvae model is an excellent in vivo tool for drug metabolism and distribution
studies. This is also owing to the fact that we could successfully prepare MS images of
treated larvae, which allows us to rationally choose an appropriate route for compound ad-
ministration. Although further optimization of MSI applied to ZF larvae [33] and the gener-
ation of metabolite images need to be done, it is already a unique tool to get a first impression
on the distribution of a drug and its metabolites depending on the route of administration.
Here, microinjection in vital organs, such as the heart ventricle, appeared to be most benefi-
cial to achieve fast distribution and metabolism of the highly lipophilic 7’"N-5F-ADB.
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Figure S1. Detection profile of seventeen minor metabolites of 7’ N-5F-ADB found in ZF larvae injected into three different organs (caudal vein, heart
ventricle, and hindbrain). M11, M12, and M28 in the heart ventricle samples were observed with a low peak detection below signal-to-noise (S/N) ratio
of 3, which resulted in no detectable peak area in this graph, but there was no detection of M27. Both, M8 and M9 in all microinjected ZF larvae were not
quantified due to the low detection below S/N ratio of 3. The clustered columns are displayed as mean + SD (n=3).
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Figure S2. Internal amount-time profile of five main metabolites (M4, M5, M10, M11, and M30) in HepaRG cells incubated with 20 uM 7’ N-5F-ADB (a)

(n=2). (b) and (c) are the internal amount-time profiles of metabolites M10, M11, and M30. Incubation with 20 uM 7’N-5F-ADB (b) resulted in overall
lower peak areas than incubation with 50 pM 7’N-5F-ADB (c).
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Figure S3. The effects of exposure time and concentration on the formation of five main metab-
olites (M4, M5, M10, M11, and M30; from (a) to (e)) in HepaRG cells. These graphs show the peak
area of each metabolite during the incubation time from 60 min to 1,440 min following treatment
with 20 uM (marked lines) and 50 pM (clustered columns) 7’N-5F-ADB. The main metabolic

pathway in HepaRG cells was identified (f).
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Figure S4. MS? spectra of 11 out of 24 metabolites detected in zebrafish larvae exposed to 7’ N-5F-ADB, arranged by mass. The tentative structures
of other metabolites, which are not displayed here, were confirmed by MS/MS? data in a published study [24, 27].
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Figure S5. Schematic representation of 7”N-5F-ADB phase I and phase Il metabolites in humans,
ZF larvae, and HepaRG cells. » Major metabolites in human samples; ® major metabolites in
microinjected ZF larvae; cmajor metabolites in HepaRG cells.
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Table S1. Detailed information of 7’ N-5F-ADB and its phase I and phase Il metabolites in all investigated models.

Human

. Zebrafish Larvae, Zebrafish Larvae,
Screening Data . "
Calculated 271 Published Data [24] Data from this Study HepaRG
exact . . In vitro
M 1 T
Compound masses etabolic reaction Aquatic Microinjection Model
(m/z) ; (50 uM)
Plasma Urine E);}(J)OSI\I./III'E Yolk Caudal Heart Hind-
(G0 1M) sac Vein Ventricle brain
Parent 7'N-5F- 3782177  Parent compound +H+ + -+ ++ + =+ + T
compound  ADB
M1 251.1184 Amide hydrolysis + + + + + +
M2 276.1335  Ester hydrolysis + N-dealkylation + + +
M3 290.1941 N-dealkylation + + + + +
M4 362.2064  Ester hydrolysis + oxidative defluorination + + + + + +
M5 364.2021 Ester hydrolysis ++ +++ ++ + + + ++
M6 376.1857 Ester 'hydr'olys1s + oxidative defluorination + oxidation to car- N N . . N .
boxylic acid
M7 376.2220 Oxidative defluorination + + + + +
M8 3780013 Ester h}/drolysm + oxu'iatlve defluorination + hydroxylation of N nq nq nq
the tertiary butyl part isomer 1
Phase I - o P -
Mo 3780013 Ester hydrolys',ls '+ oxidative defluorination + hydroxylation of nq nq -
the pentyl chain isomer 2
M10 380.1970 Ester hydrolysis + hydroxylation of the fluoro pentyl chain iso- N . N . . .
mer 1
Mi1 380.1970 Ester hydrolysis + hydroxylation of the tertiary butyl part iso- . - N nq N .
mer 2
M12 380.1970 Ester hydrolysis + hydroxylation of the fluoro pentyl chain iso- N . N nq . .
mer 3
M13 390.2013 Oxidative defluorination + oxidation to carboxylic acid + + 4+ 4+ -+ -+ +
M4 3921806 Ester .hydr.olysm + ox1dat.1ve defluorm;?tlon + oxidation to car- N
boxylic acid + hydroxylation of the tertiary butyl part
Mi15 3922169  Oxidative defluorination + hydroxylation of the pentyl chain + + + + +
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Mil6 394.2126 ~ Hydroxylation of the fluoro pentyl chain isomer 1 + + + + +
M17 3942126  Hydroxylation of the pyrrolo pyridine part isomer 2 + + + + +
M8 396.1919 Ester h}{drolysw + dlhydroxylatlon of the fluoro pentyl chain N
and tertiary butyl part isomer 1
M19 396.1919 Ester h}{drolysw + dlh}.ldroxylatlon of the fluoro pentyl chain N
and tertiary butyl part isomer 2
M20 396.1919 Fster hydrolysis + dihydroxylation of the fluoro pentyl chain
isomer 3
M21 406.1962 OXIdatIV.e defluorination + 0.x1dat10n to carboxylic acid + hy- . . . N N
droxylation of the pentyl chain
M22 408.2118  Oxidative defluorination + dihydroxylation of the pentyl chain +
M23 410.2075 Dlhy'droxylatlon of the fluoro pentyl chain and tertiary butyl e
part isomer 1
M24 410.2075 Dlhy'droxylatlon of the pyrrolo pyridine part and tertiary butyl »
part isomer 2 +b +b +b
M25 410.2075 Dllhydroxylatlon of the fluoro pentyl chain and pyrrolo pyri- e
dine part isomer 3
M26 410.2075  Dihydroxylation of the fluoro pentyl part isomer 4
Total number of phase I metabolites 17 14 17 17 17 15
M27 4271502  Amid hydrolysis + glucuronidation + + + + +
M28 4521653  Ester hydrolysis + N-dealkylation + glucuronidation + + +nq +
M29 538.2382  Ester hydrolysis + oxidative defluorination + glucuronidation + + + + +
M30 540.2339  Ester hydrolysis + glucuronidation + + + + + +
M31 5522175 Ester .hydx"olysm + 0x1d'at1v'e defluorination + oxidation to car- N . . . .
boxylic acid + glucuronidation
Phase II M32 5562288 Ester hycllrol}.lsis .+ hydroxylation of the fluoro pentyl chain + N
glucuronidation isomer 1
M33 5562288 Ester hycllrol}.lsm .+ hydroxylation of the fluoro pentyl chain + N
glucuronidation isomer 2
M34 566.2331 Ox1.dat1.ve defluorination + oxidation to carboxylic acid + glucu- N . . .
ronidation
M35 5702444 Hydroxylation of the fluoro pentyl chain + glucuronidation iso- e e
mer 1
d lation of the pyrrolo pyridine part + glucuronidation * * * *
M6 5702444 LAY PyIrolo pyricine part* & ,e "

isomer 2
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Total number of phase II metabolites - 10 4 - 7 6 7 5

Total number of detected phase I/II metabolites 4 27 18 1 24 23 24 20

a Precursor metabolite of M20 that was not detected in this study. » Peaks of structural isomers were not separated in the chromatograms due to co-elution from the LC-HRMS/MS
system used in this study, and accordingly, isomers were counted and quantified as one metabolite. < Isomers of the metabolite eluted as individual peaks using LC-HRMS/MS
conditions utilized applied in the previous studies [24, 27]. " Confirmed mass, but not quantified due to peak detection below signal-to-noise ratio of 3. +: Peak detected, ++:
second most abundant peak among metabolites, +++: most abundant peak among metabolites.
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3.1 Abstract

Zebrafish (Danio rerio) larvae have become a popular in vivo model in drug metabolism
studies. Here, we investigated the metabolism of methyl 2-[1-(4-fluorobutyl)-1H-indazole-3-car-
boxamido]-3,3-dimethylbutanoate (4F-MDMB-BINACA) in ZF larvae after direct administra-
tion of the cannabinoid via microinjection, and we visualized the spatial distributions of the
parent compound and its metabolites by mass spectrometry imaging (MSI). Furthermore, using
genetically modified ZF larvae, the role of cannabinoid receptor type 1 (CB1) and type 2 (CB2)
on drug metabolism was studied. Receptor-deficient ZF mutant larvae were created using mor-
pholino oligonucleotides (MOs), and CB2-deficiency had a critical impact on liver development
of ZF larva, leading to a significant reduction of liver size. A similar phenotype was observed
when treating wild-type ZF larvae with 4F-MDMB-BINACA. Thus, we reasoned that the can-
nabinoid-induced impaired liver development might also influence its metabolic function.
Studying the metabolism of two synthetic cannabinoids, 4F-MDMB-BINACA and methyl 2-(1-

(5-fluoropentyl)-1H-pyrrolo[2,3-b]pyridine-3-carboxamido)-3,3-dimethylbutanoate ~ (7'N-5F-
ADB), revealed important insights into the in vivo metabolism of these compounds and the role

of cannabinoid receptor binding.
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3.3 Introduction

In drug discovery and development, many non-clinical studies are performed using animal
models to investigate pharmacokinetics (PK) and bioavailability, non-clinical toxicology, and
efficacy of new drug candidates [1]. During these early phases, 40% to 80% of compounds fail,
and their further development is stopped mainly due to safety concerns and/or insufficient PK
properties [1-4]. In order to reduce the number of animal experiments in pre-clinical testing and
increase the rate of success in such models, many alternative models are being developed [1-3].
Zebrafish (Danio rerio; ZF) has become an important pre-clinical in vivo vertebrate model, which
is widely applied in drug discovery to study the pharmacology of new drug candidates [5-10].
Eight small molecules which were initially discovered in ZF models have proceeded into clinical
trials during the past decade [1,11-18], demonstrating that the use of ZF models can contribute
to successful translation [1,18]. Over the past few years, the ZF model has been increasingly
used not only in functional and safety studies but also in drug metabolism studies, and its re-
producibility and high coverage of human metabolites have been demonstrated [19]. Numerous
studies have been published on ZF xenobiotic metabolites [19-24], and importantly, several new
psychoactive substances (NPSs) and their phase I and phase II metabolites in ZF have been
evaluated and were found to well correlate with human metabolism [25-28].

In our previous study [28], we assessed various administration routes into ZF larvae, and

an authentic spectrum of metabolites of the synthetic cannabinoid (SC) methyl 2-(1-(5-fluoro-
pentyl)-1H-pyrrolo[2,3-b]pyridine-3-carboxamido)-3,3-dimethylbutanoate (7'N-5F-ADB; Fig-
ure la) was obtained in ZF larvae. Using mass spectrometry imaging (MSI), the spatial distri-
bution pattern in ZF larvae of 7'N-5F-ADB and its metabolites was studied and revealed the

impact of different administration routes on in vivo distribution and drug metabolism.
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Figure 1. Chemical structures of 7’N-5F-ADB (a) and 4F-MDMB-BINACA (b).

SCs are investigated as pharmacological probes to study the endocannabinoid system
(ECS), and they show some pharmaceutical potential, e.g., in the treatment of inflammatory dis-
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3.3 Introduction

eases and in cancer pain management [19,29,30]. However, new emerging SCs are also poten-
tially harmful psychoactive drugs of abuse, and they pose a severe threat to human health with
numerous reported associated fatalities [31]. Detailed information on their metabolic fate and a
mechanistic understanding is almost entirely lacking due to the rapid generation of new deriv-
atives and the illegal distribution of these new SCs.

In this study, we aimed to investigate the metabolism of a newly emerging SC, methyl 2-
[1-(4-fluorobutyl)-1H-indazole-3-carboxamido]-3,3-dimethylbutanoate  (4F-MDMB-BINACA,
Figure 1b). 4F-MDMB-BINACA was chosen for this study because it is an emerging and highly
potent new SC for which a high number of seizure cases were reported in 2019 by the European
Union Early Warning System [31,32]. Therefore, 4F--MDMB-BINACA has been controlled under
Schedule II of the Convention on Psychotropic Substances of 1971, designed as a United Nations
treaty, which came into force on 3 November 2020 [33,34].

Here, we relied on direct administration routes into the ZF larvae, basically following the
optimized protocol of our previous study [28]. The detected ZF metabolites were then compared
to recently published human metabolites [27,32,34,35]. In addition, we explored the circula-
tion/distribution of 4F-MDMB-BINACA inside the ZF larval body following microinjection of
the SCs into internal organs (caudal vein, heart ventricle, and hindbrain) and visualized molec-
ular spatial images obtained from MSI. Furthermore, 4F-MDMB-BINACA was described as a
potent agonist of cannabinoid receptor type 1 (CB1) [31,34,36]. In ZF larvae, it was shown that
loss of CB1 and cannabinoid receptor type 2 (CB2) lead to a significant reduction of liver size,
impaired hepatocyte proliferation, and reduced liver gene expression [37-39]. In turn, this liver
pathophysiologic effect could impact the ZF metabolism of SCs since phase I and phase II met-
abolic enzymes are expressed in this compartment. We then studied the correlation between
drug metabolism and non-functional CB1 and CB2. To achieve this, we utilized morpholino

oligonucleotides (MO) as an antisense gene-knockdown tool, which is widely and successfully

used for, e.g., modeling human diseases in ZF [40—42]. The metabolic profiles of 4F-MDMB-

BINACA and 7'N-5F-ADB (Figure 1) in ZF larvae mutants experiencing gene knock-down of
either CB1 or CB2 were explored and compared to findings from our earlier studies [25,27,28].
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3.4 Results and Discussion

3.4.1. Zebrafish Larvae Produce an Authentic Spectrum of 4F-MDMB-BINACA
Metabaolites

In our previous study, we optimized the administration route for 7’N-5F-ADB into ZF lar-
vae to study the SCs metabolism [28]. This was the first comprehensive evaluation of the impact
of compound administration (waterborne exposure vs. microinjection into different organs) on
the efficacy of drug metabolism. In the case of the studied SC, we could reveal that only one
metabolite can be detected when the drug was microinjected into the yolk sac of the ZF larvae.
In contrast, a significantly higher number of metabolites could be detected by adding 7'N-5F-
ADB into ZF larvae medium or microinjecting the SC into vital organs. Thus, owing to the pre-
sumed similar physico-chemical properties of 7"N-5F-ADB and 4F-MDMB-BINACA (cp. Section
3.4.3), we assessed ZF larvae metabolism of the latter following microinjection of the drug into
vital organs such as the caudal vein, heart ventricle, and hindbrain.

Wagmann et al. [27] studied the metabolism of five NPSs, including 4F-MDMB-BINACA,
and compared the metabolite spectra found in ZF larvae (waterborne exposure), in vitro models
(pooled human liver S9 fraction and HepaRG cells), and one authentic human plasma sample.
In total, 14 phase I and four phase II metabolites were detected in the ZF larvae, and ZF larvae
produced the highest number of 4F-MDMB-BINACA (and four other NPSs) metabolites among
all investigated models. Here, we further investigated the metabolism of 4F-MDMB-BINACA
in ZF larvae using direct administration routes, with the aim to deepen the knowledge on hu-
man metabolism of the NPS. For this, we also compared our findings to recently published
studies of human biosamples (blood and urine), which were screened for 4F-MDMB-BINACA
and its metabolites from 2019 to 2021 as part of routine toxicology [27,34,35] or forensic case-
work [32].

Table 1 summarizes phase I and phase II metabolite data from microinjected ZF larvae in-
vestigated in this study, and the integrated data of human screening results reported from other
studies were added along [27,32,34,35]. More detailed information on the human screening data
surveyed is provided in Supplementary Table S1, which also provides the metabolic reactions
and exact masses of the detected metabolites. The structure elucidations of these detected me-
tabolites based on their MS2 data are reported elsewhere [27].

While combining human data, we found that these studies show some deviations with re-
spect to metabolite detection, especially in urine samples, as the number of reported metabolites
varies from three to twelve detected, depending on the studied sample. This discrepancy is pos-
sibly caused by the lack of homogeneity and diversity in random sampling, where no medical
and personal information on the patients is available. Thus, the ‘integrated human samples’
data of Table 1 represent abundant metabolites of 4F-MDMB-BINACA, which were detected at
least twice in each of the samples. In short, out of the 26 metabolites identified from three dif-
ferent models in our previous study [27], nine metabolites were observed in human urine sam-

ples and three metabolites in blood samples (Table 1 and Supplementary Table S1).
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Table 1. Summary of 4F-MDMB-BINACA and its phase I and II metabolites and their detection in

human biosamples and microinjected zebrafish larvae.

Integrated Human Data from Zebrafish Larvae
Screening Data * Microinjection
Compounds Metabolite ID [27,32,34,35] Aquatic Exposure,
Blood Urine Published Data [27] C\e;l;idnal VeHnetE:ir;Ie Hindbrain
Parent 4F-MDMB-
compound BINACA e e e e
M1
M2 + +nq 4+ N
M3 W +Nd +Na + N4
M4 A + + + +
M5 +
M6 N W ++ + + +
M7 N +
M8 N N +
M9 +
Phase | M10 W T +nq +1nq +nd
metabolites
M11 W + + + +
M12 + + + +
M13 N +
M14 N
M15 W + + ++ +
M16 +
M17
M18 +
M19
Total number of phase | metabolites 3 9 14 8 7 8
M20 + ++ + +
M21
Phase _II mgg
metabolites M24 "
M25 + + g + +
M26 +
Total number of phase Il metabolites - - 4 2 2 2
Total number of detected 3 9 18 10 9 10

Phase I/11 metabolites
* All human data were taken from recently published studies; integrated blood data were quoted from [27,32],
integrated urine data from [27,32,34,35], and details are shown in Supplementary Table S1. V: detected at least
twice among the samples in each respective human matrix; \V: detected in both the microinjected ZF larvae and
human biosamples; nq: confirmed mass, but not quantified due to peak detection below signal-to-noise ratio of
3. +: Peak detected, ++: second most abundant peak among metabolites, +++ most abundant peak among me-
tabolites.

Upon microinjection of 4F-MDMB-BINACA into the caudal vein and hindbrain of ZF lar-
vae, ten metabolites were detected. Similarly, following microinjection into the heart ventricle,
nine metabolites were found, whereas the previously found M2 metabolite (lactone formation
in combination with N-dealkylation) was not detected (Table 1 and Figure 2). Two metabolites,
M20 (hydroxylation of the indazole part in combination with sulfation) and M25 (hydroxylation
of the tertiary butyl part in combination with glucuronidation isomer 1), out of seven phase II
metabolites, were produced in all microinjected ZF larvae. In human biosamples, there was no
detection of phase II metabolites except M22 (ester hydrolysis in combination with glucuroni-

dation) detected only once from urine samples [27].
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Caudal vein (MI) 10
Heart ventricle (MI) 9
Hindbrain (MI) 10
Human_Urine* | ©
0 3 6 9 12 15

Figure 2. Total number of detected 4F-MDMB-BINACA metabolites following administration of the
SC into ZF larvae through different microinjection routes. All results from ZF larvae in this study
are represented as the mean value of peak numbers from triplicates of 30 pooled larvae. * Human
urine data represent published integrated data of metabolites that were detected at least twice in all

studied urine samples [27,32,34,35]. (MI: microinjection).

M2 and M12 (lactone formation in combination with hydroxylation of the tertiary butyl
part), which originate from M6 (lactone formation), were uniquely detected in ZF larvae but not
in human samples (Table 1 and Supplementary Table S1). Conversely, M6 is the second most
abundant human metabolite, and it was also detected in all investigated ZF larvae samples. The
most abundant metabolite in human urine and blood samples, M8 (ester hydrolysis), was not
detected in the microinjected ZF larvae. M3 (ester hydrolysis in combination with N-dealkyla-
tion), M10 (ester hydrolysis in combination with oxidative defluorination and oxidation to car-
boxylic acid), M11 (oxidative defluorination), and M15 (oxidative defluorination in combination
with oxidation to carboxylic acid) were observed in both microinjected ZF larvae and integrated
urine samples. M8 is metabolized to M7 and then to M10, however, in the microinjected larvae,
only M10 as the latest metabolite was found. In contrast, M4 (N-dealkylation) was commonly
observed in the ZF larvae and integrated blood samples, but it was not found in human urine
samples (Table 1 and Supplementary Table S1). Based on the detection pattern of these four
metabolites (M2, M6, M10, and M12), we conclude that ZF larvae in the chosen setup display a
faster metabolism than found in humans.

Assessing the mutual comparability between ZF larvae and human biosamples, the metab-
olism of the NPS in microinjected ZF larvae displays a high similarity, with a 67% match rate to
integrated human blood samples and a 56% match rate to integrated human urine samples,
respectively. In the microinjected ZF larvae, the three most abundant metabolites of 4F-MDMB-
BINACA were M12, M15 (oxidative defluorination in combination with oxidation to carboxylic
acid), and M20 (hydroxylation of the indazole part in combination with sulfation). The parent
compound, 4F-MDMB-BINACA, still existed in the injected larvae, and it was the most abun-
dant peak (Table 1 and Figure 3).
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Figure 3. Detection profiles of the parent compound 4F-MDMB-BINACA and the three most abun-
dant metabolites in microinjected ZF larvae (caudal vein, heart ventricle, and hindbrain). The most
abundant metabolites (M12, M15, and M20) were formed by lactone formation, oxidative defluori-
nation, and hydroxylation, respectively. The line chart represents the relative abundance of the par-
ent compound, and three gray-colored clustered columns stand for its major metabolites. All data

are displayed as mean + standard deviation (SD) (n = 3).

Moreover, comparing the relative abundance of the three major ZF metabolites, their peak
intensities varied depending on the site of microinjection. M20 was most abundant after caudal
vein injection, M15 after heart ventricle injection, and M12 after injecting 4F-MDMB-BINACA
into the hindbrain (Figure 3). The peak area of M20 was similar in all three microinjected ZF
samples. However, the observed differences were mostly below statistical significance with p >
0.05. Overall, peak intensities of the parent compound and its three major metabolites were
lowest after injection into the ZF caudal vein, and this finding was also confirmed for the three
minor metabolites M4, M11, and M25 (Supplementary Figure S1). This result can possibly be
explained by the fast circulation of the parent compound as soon as it is injected into the caudal
vein. This, in turn, might cause fast metabolism and excretion. However, the overall metabolite
pattern seems to be barely influenced by the target organ of microinjection as direct administra-
tion routes for 4F-MDMB-BINACA (Table 1 and Figure 2). In contrast to the previously studied
cannabinoid 7'N-5F-ADB, direct injection of 4F-MDMB-BINACA into ZF larvae did not increase
the number of detected metabolites compared to waterborne exposure [28].

The main phase I metabolic pathways of 4F-MDMB-BINACA were reconstructed by com-
plementing the metabolites detected in ZF larvae to integrated human biosamples [27,32,34,35],
which contained M1 found by MALDI-MSI analysis (see Section 3.4.2). Conversely, the path-
ways for phase Il metabolism were not constructed because the overall experimental metabolite
detection in all investigated models was insufficient, with only two metabolites found in the
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microinjected ZF larvae (M20, M25) and one metabolite (M22) found in human biosamples. In
the microinjected ZF larvae, four minor metabolites (M7, M8, M13, and M14) in the left panel of
the phase I metabolic pathway were not produced (Figure 4a), whereas three other metabolites
(M1, M2, and M12) and the cross-connection between M3 and M4 in the right panel were absent
in human urine samples (Figure 4b). In human blood samples, only three primary metabolites
(M4, M6, and M8) were found at the center of the pathway.

M3 and M10 were detected in the microinjected ZF larvae despite the non-detection of two
intermediates (M7 and M8). Among all detected metabolites, M6, formed by lactone formation,
is a reliable metabolic biomarker as it was found with high abundance in the ZF larvae model
as well as in all previously investigated human biosamples (Table 1 and Supplementary Table
S1). M6 was previously recommended as a target for toxicological screening in two studies
[27,35], and we could confirm its high peak intensity detection in the ZF larva model. Further-
more, M8 also seems to be another metabolic biomarker in humans since it is predominant in
all human urine and blood samples (Supplementary Table S1). Taken together, we were able to
construct the human metabolic phase I pathway of 4F-MDMB-BINACA by combining phase I

metabolites from ZF larvae with already described human metabolites.
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Figure 4. The main phase I metabolic pathway of 4F-MDMB-BINACA based on findings in the ZF
larvae model (a) and from human screening (b). In panel (b), red arrows indicate results from human
blood samples, and blue arrows indicate results from human urine samples. Metabolites in blue rep-
resent molecules not detected in the respective model. Four metabolites (M7, M8, M13, and M14)
were not detected in the microinjected ZF larvae despite the detection of M3 and M10 as their fol-
lowing sequential metabolites. In contrast, terminal metabolites M1, M2, and M12 and a cross-con-

nection between M3 and M4 were not found in human samples.

3.4.2. Spatial Distribution of 4F-MDMB-BINACA ant Its Metabolites in ZF Larvae

MSI is a powerful tool and label-free technology that enables visualization of the spatial
distribution of molecules in biological specimens in a single experiment [43—47]. In combination
with a high-resolution mass spectrometer such as Fourier-transform ion cyclotron resonance
(FT-ICR), MSI can depict the localization of molecules, which can be identified with high confi-
dence. Moreover, MSI mapping of molecules of interest (e.g., drugs, metabolites, biomarkers) in
biological tissues is critical for understanding their pharmacology [44,45]. In recent years,
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MALDI-MSI is becoming a more established tool in clinical practice and the pharmaceutical
industry [45-47]. However, its application to ZF larvae is still limited, mainly due to challenging
and critical steps of sample preparation. Nevertheless, we were previously able to generate spa-
tial distribution images of 7'N-5F-ADB metabolites in ZF larvae by MALDI-FT-ICR [28].

In this study, we used MALDI-MSI to study the distribution of 4F-MDMB-BINACA in the
ZF larval bodies and investigated how spatial MS images of molecules can be utilized to provide
reliable metabolism information along with LC-HRMS/MS data.

One hour after microinjections into three internal organs, the parent compound (Figure 5)
and three metabolites (M1 (amide hydrolysis from M3; Figure 6), M3 (Supplementary Figure
S2), and M4 (Supplementary Figure S3)) could be visualized in the sections from these injected
ZF larvae. M1 was uniquely detected in the injected ZF larvae prepared for MALDI-MSI among
all samples. Moreover, M3 and M4 were observed in all injected ZF larvae analyzed by LC-
HRMS/MS and MALDI-MSI and these metabolites were also found in human urine samples
and blood samples, respectively (Table 1). However, corresponding masses of M12, M15, and
M20 as the major metabolites detected in LC-HRMS/MS were not found by MALDI-MSI.
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I‘ Figure 5. MALDI-MS images of the parent compound (4F-MDMB-BINACA, so-
dium adduct, m/z 386.1850) in zebrafish larvae at 4 days post-fertilization (dpf)
exposed for 1 h at 28 °C through direct administration routes via microinjection
into the caudal vein (a), heart ventricle (b), and hindbrain (c). The presented sec-
tions originate from one representative larva per condition. The images were
generated by preparing a colormap from blue (no detection) to yellow (high local

concentration), and images were further processed in 96 dpi resolution with 24
bit color under no denoising state. Each panel shows two different slices of the
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Figure 6. MALDI-MS images of the most abundant metabolite M1 (amide hydrolysis
form, sodium adduct, m/z 259.0853) in zebrafish larvae at 4 days post-fertilization
(dpf) exposed by 4F-MDMB-BINACA for 1 h at 28 °C through direct administration
routes via microinjection into the caudal vein (a), heart ventricle (b), and hindbrain
(c). The presented sections originated from one representative larva per condition.

Intensity (arb. unit) : i 1 -
I | 259.0853 m/z £ 2 mDa  E— “{ ") g0, Theimages were generated by preparing a colormap from blue (no detection) to yel
S00 o 0% 100 % low (high local concentration), and images were further processed in 96 dpi resolu-
tion with 24 bit color under no denoising state. Each panel shows two different slices
(© of the same specimen.
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The parent compound, 4F-MDMB-BINACA, was mainly located at the ZF larva’s pe-
ripheral region (Figure 5). In contrast, the most abundant metabolite in MSI, M1, was de-
tected throughout the larval body, and it was distributed in all compartments spreading
from the head to the tail region. ZF larva injected into the hindbrain showed the most prom-
inent spread of M1, and in sections from ZF larvae injected into the heart ventricle, M1 some-
how accumulated more in the dorsal section than in other sections (Figure 6). M3 and M4
were evenly distributed in the ZF larval bodies, showing some accumulation in the head
region with relatively minor intensity (Supplementary Figures 52 and S3). Overall, hind-
brain injection resulted in the best distribution of these metabolites, which is in line with the
findings from LC-HRMS/MS measurements (Figure 3). The widely distributional detection
of these metabolites inside the larvae, despite the local and low abundance detection of 4F-
MDMB-BINACA, leads to the assumption that the circulation of the parent compound pro-
ceeded sufficiently within 1 h after microinjection, allowing for fast and efficient metabolism.

When we compared the detection of metabolites from MALDI-MSI experiments and
LC-HRMS/MS studies, we observed a discrepancy with respect to the main ion adduct for-
mation of the detected metabolites. Furthermore, different metabolites were detected as
most abundant, and this dissimilarity could be explained by the use of entirely different
workup steps and analytical methodologies, e.g., sample preparation and separation, ioni-
zation techniques, and data collecting/processing, just to name a few.

Common adducts in MSI spectra are formed with protons, sodium, and calcium de-
rived from inorganic salts or residual water, naturally present in all biological samples. Re-
ducing the formation of inorganic salt adducts in MSI is therefore a crucial step for enhanc-
ing sensitivity [47,48]. For MALDI ionization preferably leading to [M+H]* ion species, a
matrix deposition step is required. Here, we used 2,5-dihydroxybenzoic acid (DHB) [2§],
which is widely used, especially for metabolites and peptides in positive ionization mode
[45,47,48]. As expected, in previous MALDI-MSI measurements of 7'N-5F-ADB, we mainly
found protonated adducts of its metabolites, including the parent compound [28]. In con-
trast, MSI with 4F-MDMB-BINACA resulted in [M+Na]* as predominant ion species; how-
ever, [M+H]" ions were detected with high abundance. Thus, 4F-MDMB-BINACA and its
metabolites were screened by MALDI-MSI, based on masses of their respective sodium ad-
duct ions generated from structures identified by LC-HRMS/MS/MS2 [27] (Supplementary
Table S2). In future studies, other matrices such as sinapinic acid (SA), a-cyano-4-hy-
droxycinnamic acid (CHCA), and commercial matrix mixtures (e.g., DHB:CHCA =1:1) could
be considered to improve the detection of 4F-MDMB-BINACA in ZF samples. Another rea-
son that MSI detection of metabolites was less successful than analyses based on LC-
HRMS/MS could be the different sample size; for MSI, one ZF larva was sectioned into on
average ten slices, whereas 30 ZF larvae were pooled for LC-HRMS/MS measurements. Fur-
ther studies will be needed to optimize MSI for the assessment of ZF larvae considering
various classes of drugs. We plan to further investigate MSI for ZF larvae by applying exist-
ing and optimized methods using ZF larvae homogenates [49-51] in order to account for
possible deviations based on different tissue types [49] and local interfering molecules [45].

128 | Page



Chapter 3. 4F-MDMB-BINACA

3.4.3. Differences in the Metabolism of 4F-MDMB-BINACA and 7'N-5F-ADB in
Zebrafish Larvae and Influence of Cannabinoid Receptor Function on Drug
Metabolism

While investigating the ZF larvae model employing various administration routes, we
confirmed the highest number of metabolites of 7'N-5F-ADB, 4F-MDMB-BINACA, and
other NPSs in the ZF larvae compared to other models [25-28]. The overall number of de-
tected metabolites of 4F-MDMB-BINACA was lower than for 7’N-5F-ADB (Supplementary
Table S3), despite their high structural similarity. Moreover, the calculated physicochemical
properties of both SCs (Table 2) are similar. In particular, they have a similar predicted log
p value (lipophilicity), which possibly could have influenced drug distribution and metab-
olism in the ZF larvae model. In detail, in human urine samples and the microinjected ZF
larvae, 27 and 24 metabolites out of 36 possible metabolites for 7’ N-5F-ADB, and nine and
11 out of 26 possible metabolites for 4F-MDMB-BINACA were observed, respectively.

Table 2. Comparison of calculated physicochemical properties 1 of 4F-MDMB-BINACA and 7'N-
5F-ADB.

4F-MDMB-BINACA 7'N-5F-ADB
Log P2 3.12 3.20
Strongest acidic pKa 3 14.65 15.05
Strongest basic pKa 3 -0.76 3.11
Log Intrinsic solubility (mol/L) ¢ -4.37 -4.50

1 All data were calculated online at https://chemicalize.com (accessed on 31.10.2019). 2 Log P value refers to
the logarithm of the partition coefficient of a compound in octanol and water. 3 pKa, the acid dissociation
constant at logarithmic scale, refers to a specific equilibrium constant to represent the ability of an acid to
dissociate protons from a heterocyclic core (acidic pKa) and the protonated tertiary base (basic pKa). 4 In-
trinsic solubility is the basic solubility of a drug when it is entirely unionized.

Due to the relatively small number of detected 4F-MDMB-BINACA metabolites in the
ZF larvae model, we investigated a possible correlation between (impaired) liver develop-
ment and metabolic function in ZF larvae. Thus, we evaluated the SCs hepatotoxic effect
along with 7’"N-5F-ADB. The ZF liver toxicity of these two SCs was determined indirectly by
measuring the liver size after treatment via conventional waterborne exposure using a trans-
genic ZF line (Tg(fabp10a:DsRed;elaA:EGFP)) (Figure 7). This transgenic line displays strong
constitutive expression of red fluorescent protein (DsRed) in the liver and enhanced green
fluorescent protein (EGFP) in the exocrine pancreas under the fabp10a promoter and the elaA
promoter, respectively, and it is commonly used for fluorescence-based in vivo hepatotoxi-
city assays [52-54]. In these ZF larvae treated for 1 d with 7’N-5F-ADB, the liver size in-
creased by 21%, whereas larvae treated with 4F-MDMB-BINACA displayed a 37% decrease
in liver size. These findings in ZF larvae treated with 4F-MDMB-BINACA resembled a phe-
notype that was previously described by Liu et al.,, which was caused by the loss of two
cannabinoid receptors (CB1 and CB2) in ZF larvae [38]. Despite a reduction of liver size, the
authors also reported impaired hepatocyte differentiation and proliferation in these larvae,
whereas the abnormal liver architecture influenced the development of ZF even up to the
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adult stage. Based on the acute effect of 4F-MDMB-BINACA on liver development in 4 dpf
larvae, we thought that this phenotype might explain the less efficient drug metabolism
compared to 7' N-5F-ADB. Although treatment with the latter also induced a phenotype in
ZF larvae the extent of the effect was less pronounced than observed in ZF larvae treated
with 4F-MDMB-BINACA. The generally contrary effects of both SCs that serve as CB recep-
tor agonists, with 4F-MDMB-BINACA reducing liver size and 7'N-5F-ADB increasing it can-
not be currently explained. In principle, it was expected that 4F-MDMB-BINACA, due to its
agonistic CB receptor activity, also increases the liver size in ZF larvae. However, complex
regulation following activation of CB1 and/or CB2 and the balance between activity of both
receptors might explain the differential phenotypes observed. For future studies, it would
be interesting to study the influence of CB receptor antagonists reducing the liver size on ZF
metabolism and to compare the results to our findings with 4F-MDMB-BINACA, for which
we found an atypical phenotype.
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Figure 7. Liver size assessment (a) and red fluorescent liver morphologies (b) of transgenic ZF
larvae (Tg(fabp10a:DsRed;elaA:EGFP)) treated by waterborne exposure with DMSO, 7'N-5F-ADB
(50 uM), or 4F-MDMB-BINACA (25 uM) from 4 dpf to 5 dpf (n =11-15). All data are represented
by the mean + standard error of the mean (s.e.m.) and p values were computed by one-way
ANOVA (*p<0.01, **p <0.001). Liver sizes were determined based on fluorescence microscopy
images using Image] 1.53a. Scale bars: 500 pm.

In order to study the possible impact of CB1/2 receptor function on drug metabolism in
more detail, we employed the morpholino (MO) technology to knock down cnrl and cnr2
in ZF larvae. For determining the optimal non-toxic conditions for the gene knockdown, the
survival rates of ZF larvae from 3 dpf to 4 dpf were examined after early-stage injection of
three different concentrations of MOs (Supplementary Figure S54). Simultaneously, morpho-
logical malformations of larvae were recorded (Supplementary Table S4). CB2-deficient
morphants showed morphological malformations, such as curved or vent spine, shortened
tail, and edemas in the pericardial and yolk sac more frequently than the CB1-deficient mor-
phants (Supplementary Figure S5). Considering these toxic effects of high MO dosage, we
used an MO concentration of 100 uM for all subsequent experiments. Furthermore, since the
random MO control 25-N still indicated some rare toxic effects on ZF larvae, control injec-
tions were performed with distilled water unless otherwise specified in the Supplementary
Table S5.

Following cnrl and cnr2 gene knockdown in embryos of the Tg(fabpl0a:DsRed;
elaA:EGFP) ZF line, we assessed the liver size of morphants from 3 to 5 dpf (Figure 8). We
observed small effects on the liver size already at 3 and 4 dpf, whereas the impact of CB1
and CB2 deficiency was most obvious at 5 dpf, and CB2-deficient morphants showed a sig-
nificantly reduced liver area compared to the control group (mock injection with distilled
water). The extent of liver size reduction in 5 dpf CB2-deficient morphants (26% reduction
compared to control) was similar to that observed in 5 dpf larvae treated for 1 d with 4F-
MDMB-BINACA (37% reduction compared to untreated control).
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Figure 8. Liver size assessment in the transgenic ZF line (Tg(fabp10a:DsRed;ela A:EGFP)) after MO
injection at one-cell stage to generate CB1- and CB2-deficient morphants (n =43 (at 3 dpf), 41 (at
4 dpf), 55 (at 5 dpf)). All data are represented by the mean + standard error of the mean (s.e.m.),
and p values were computed with one-way ANOVA (* p <0.05, * p <0.01, *** p < 0.001). Liver
sizes were determined based on fluorescence microscopy images using Image] 1.53a.

To demonstrate the effect of CB1- and CB2-deficiency on SC metabolism, we exposed
both morphants to 4F-MDMB-BINACA and 7'N-5F-ADB, respectively, from 4 to 5 dpf as
described in previous studies, and we determined the metabolite profile by LC-HRMS/MS
[25,27]. The direct administration route via injection was not considered in this study to
avoid the stress of an additional injection. Remarkably, the influence of these two canna-
binoid receptors on the overall number of detected metabolites of 4F-MDMB-BINACA and
7'N-5F-ADB compared to a control group (mock-injected MO control) was pronounced. We
observed only ca. 80% and ca. 45% of metabolites of both SCs in the CB1-deficient and CB2-
deficient morphants, respectively (Figure 9 and Supplementary Figure S56). SCs are generally
described to mainly act as agonists of CB1 and as partial agonists of CB2 [30,55]. However,
in the given example (Figure 9), dysfunctional CB2 seems to play a more critical role in liver
metabolic efficiency of ZF larvae than CB1. As NPSs exert their psychoactive effects mostly
via CB1, their activity on CB1 function was mainly investigated using in vitro assays
[30,55,56]. Cannaert et al. reported 4F-MDMB-BINACA as one of the most potent CB1 ago-
nists in recently detected twelve SCs with a half-maximal effective concentration (ECso) of
7.37 nM, compared to 5,475 nM for 7'N-5F-ADB [55]. In this respect, it seems plausible that
4F-MDMB-BINACA might also serve as a stronger CB2 agonist in ZF larvae than 7'N-5F-
ADB, and the strong activation of CB2 might have a similar effect on drug metabolism as
CB2 deficiency, both leading to a hepatotoxic phenotype.
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Figure 9. Comparison of the overall detection rates of phase I and phase Il metabolites produced
in CB1-deficient and CB2-deficient ZF larvae after waterborne exposure to 25 uM 4F-MDMB-
BINACA and 50 pM 7'N-5F-ADB, respectively (1 = 3). The detection rates were calculated based

on the number of metabolites found in the respective control population (set to 100%).
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3.5 Materials and Methods

3.5.1. Chemicals and Other Materials

4F-MDMB-BINACA was provided by the EU-funded project ADEBAR (I1Z25-5793-
2016-27) for research purposes. 7’N-5F-ADB was obtained from www.buyreserchchemi-
cals.de (accessed on 19 January 2022) tagged as 4'N-5F-ADB, which was confirmed to be 7'N-
5F-ADB by analysis of NMR (nuclear magnetic resonance) [25]. Dimethyl sulfoxide (DMSO),
methylene blue, phenol red, tricaine (3-amino-benzoic acid ethyl ester), mineral oil, tri-
fluoroacetic acid, gelatin from cold water fish skin, and 2,5-dihydroxybenzoic acid (2,5-
DHB) were obtained from Sigma-Aldrich (Taufkirchen, Germany). Methanol (LC-MS
grade), acetonitrile (LC-MS grade), formic acid (LC-MS grade) were from VWR (Darmstadt,
Germany). NaCl, KCl, MgSOs, Ca(NOs)2, and HEPES were obtained from Carl Roth (Karls-
ruhe, Germany). The 10 mM stock solutions for all standards were prepared in DMSO, and
solutions were stored for a maximum of one month at -20 °C. The working solutions were
freshly prepared prior to each experiment. Morpholino oligonucleotides (MOs) were pur-
chased from Gene Tools, LLC (Philomath, OR, USA). The working solution of MOs was
prepared at 1 mM in distilled water and stored according to the manufacturer’s protocol,
and the detailed information of MOs used in the present study is given in Section 3.5.5. 6-
well plates were obtained from Sarstedt (Niimbrecht, Germany). Glass capillaries TW100F-
4 (4 inches (100 mm), 1/0.75 OD/ID (mm), Filament) were from World Precision Instruments
Germany GmbH (Friedberg, Germany). Conductive indium-tin-oxide (ITO) coated glass
slides were purchased from Bruker Daltonics (Bremen, Germany). Zebrafish embryos of the
AB wild-type line were initially obtained from the Luxembourg Center for Systems Biomed-
icine (Belvaux, Luxembourg). The ZF line Tg(fabp10a:DsRed;elaA:EGFP) was provided by
the Goessling lab (Boston, MA, USA). Dry small granulate food was purchased from SDS
Deutschland (Limburgerhof, Germany), and Artemia cysts (>230,000 nauplii per gram) were

obtained from Coralsands (Wiesbaden, Germany).

3.5.2. Zebrafish Maintenance and Embryo Collection

Zebrafish husbandry and all experiments with ZF larvae were performed according to
EU Directive 2010/63/EU and the German Animal Welfare Act (§11 Abs. 1 TierSchG). All
works were accomplished following internal standard-operating procedures (SOPs) based
on published standard methods [57]. Adult ZF were kept in an automated aquatic eco-sys-
tem (PENTAIR, Apopka, UK) that is continuously monitored: Temperature (27 +0.5 °C), pH
(7.0 £0.1), conductivity (800 + 50 uS), and light—dark cycle (14 h/10 h). Fish were fed twice a
day with dry small granulate food and freshly hatched live Artemia cysts once a day. The
ZF embryo/larvae medium (0.3x Danieau’s solution) was composed of 17 mM NaCl, 2 mM
KC], 0.12 mM MgSOs, 1.8 mM Ca(NOs)z, 1.5 mM HEPES, pH 7.1-7.3, and 1.2 uM methylene
blue. For ZF embryo production, ZF pairs were kept overnight in standard mating cages,
separated by gender. The following morning, the adult ZF started spawning immediately
after removing the separators. All fertilized eggs of ZF were sorted using a Zeiss Stemi 508
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stereo microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). All embryos were raised
in an incubator at 28 °C with daily medium change to clean embryo cultures. ZF larvae at 4

dpf were used for drug metabolism studies.

3.5.3. Drug Treatment of Zebrafish Larvae via Medium Exposure

The sample preparation following aquatic drug exposure is described elsewhere
[25,27,28]. A non-toxic exposure concentration was chosen based on the survival rate as de-
termined by in vivo maximum-tolerated concentration (MTC) experiments with 4 dpf ZF
larvae. For the two drugs (4F-MDMB-BINACA, 7'N-5F-ADB) investigated in the current
study, the results of MTC are published in our previous papers [25,27]. For metabolite stud-
ies, 15 ZF larvae at 4 dpf were transferred to one well of a 6-well plate containing 3 mL of
0.3x Danieau’s medium with 25 uM 4F-MDMB-BINACA and 50 uM 7'N-5F-ADB, respec-
tively. All exposure media contained a final concentration of 1% (v/v) DMSO, and ZF larvae
were treated for 24 h in an incubator at 28 °C. An additional 15 larvae were incubated in a
compound-free medium containing only 1% DMSO (v/v) as negative control (background
masses). Before sample extraction, 30 larvae were pooled, and sample extractions were per-

formed as described below in Section 3.5.7. All pooled samples were prepared in triplicates.

3.5.4. Drug Treatment of Zebrafish Larvae via Microinjection into Different
Compartments

For microinjections, the glass microneedle was produced by a Flaming/Brown type mi-
cropipette puller (Model P-100, Sutter Instrument, Novato, CA, USA). The microneedle can
be fabricated to fit the purpose via changes of heating and pulling parameters. 4F-MDMB-
BINACA solution at 5 mM was prepared in 50% DMSO and 50% of a 0.5% phenol red solu-
tion, and the microneedle was filled with this solution without air bubbles by a microloader
pipette. The needle containing the solution was assembled in an M-152 manipulator
(Narishige Group, Tokyo, Japan) connected to a FemtoJet 4x Microinjector (Eppendorf,
Hamburg, Germany). Before starting injections, every microinjection needle was calibrated
by a single droplet injection onto mineral oil on a micrometer slide. We chose to microinject
4.19 nL of 5 mM 4F-MDMB-BINACA per one larva, which corresponds to a total amount of
228.4 ng in a pool of 30 larvae. The detailed conditions of making the glass microneedle and
needle calibration are given elsewhere [28].

Before starting the injection, ZF larvae at 4 dpf were anaesthetized by tricaine solution,
and promptly, they were aligned on an agarose plate prepared using Z-MOLD (World Pre-
cision Instruments, Sarasota, FL, USA). The excess medium was removed with a pipette as
much as possible to immobilize ZF larva during the injection. Microinjections were con-
ducted into three different compartments of ZF larvae (caudal vein, heart ventricle, and
hindbrain) under a stereo microscope (Zeiss Stemi 508 stereo microscope). The injected lar-
vae were immediately transferred to fresh 0.3x Danieau’s medium, and they were incubated
at28 °C for 1 h. Prior to sample extraction, all malformed larvae generated after the injection
were excluded by sorting using a microscope, and 30 healthy larvae were pooled into one
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tube. Sample extractions proceeded as described below (Section 3.5.7), and all pooled larvae
were prepared in triplicates. In general, the mortality rate of ZF larvae after microinjection

was below 10% in all cases.

3.5.5. Gene Knockdwon of Cannabinoid Receptor Type 1 and Type 2 via
Microinjection of Morpholino Oligonucleorides in Zebrafish Embryos

The morpholino oligonucleotides (MOs; synthesized by Gene Tools) against canna-
binoid receptor type 1 (CB1) and type 2 (CB2) were designed to target its splicing site (Sup-
plementary Table S5), and these MOs were validated in earlier studies [38,58]. Each MO
working solution, yielding final concentrations of 100, 200, and 500 uM, was freshly pre-
pared from a 1 mM stock solution according to the manufacturer’s recommendations and a
previously published protocol [59] and mixed with 0.5% phenol red solution as described in
Section 3.5.4. These MO solutions were injected into one-cell stage embryos with a volume

of 4.19 nL. Embryos were maintained as described above (Section 3.5.2).

3.5.6. Measurement of the Fluorescent Liver Size in a Transgenic Zebrafish Larva

A transgenic zebrafish line Tg(fabp10a:DsRed; elaA:EGFP) was used to determine the
liver size of ZF larva, which has been widely employed for liver studies [52-54]. This ZF line
expresses the red fluorescent protein (DsRed) under control of the fabp10a promoter in the
liver and the enhanced green protein (EGFP) under the elastase A (elaA) promoter in the
exocrine pancreas. For the fluorescent liver measurement of ZF larvae from 3 dpf to 5 dpf,
ZF larvae were anesthetized on ice. All ZF larvae were arranged directly in a manner to
minimize measuring variances, in which the head part was positioned on the left side and
the end tail on the right side. Images of ZF livers were taken using a Leica M205 FA stereo
microscope (Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) connected with an X-
Cite® 200DC illuminator (Excelitas technologies, Mississauga, ON, Canada) and appropri-
ate filter sets for red fluorescent protein detection. The liver size of ZF larva was then quan-

tified using ImageJ version 1.53a [60].

3.5.7. Zebrafish Sample Preparation and Metabolite Analysis by LC-HRMS/MS

All treated larvae (waterborne exposure and microinjection) were transferred into a
tube using a pipette and then rinsed twice with 1 mL of 0.3x Danieau’s solution. The washed
larvae were euthanized by placing the tubes in ice water for 15 min. These larvae were snap-
frozen in liquid nitrogen, followed by lyophilization for 4 h. The lyophilized larvae were
stored for a maximum of one week at —20 °C before extraction. For metabolite identification,
frozen larvae were thawed at room temperature for at least 30 min and extracted by vigorous
vortexing for 2 min with 50 uL methanol. The sample was centrifuged at 10,000x g for 2 min
at room temperature, and the supernatant was transferred to an autosampler vial. The ex-
tract from ZF larvae was kept in a freezer at —20 °C and analyzed within one week after

extraction.
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The LC-HRMS/MS system consisted of a Dionex Ultimate 3000 RSLC system (Thermo
Fisher Scientific, Germering, Germany) and maXis 4G HR-QTOF mass spectrometer (Bre-
men, Germany) with the Apollo II ESI source. Separation of 5 puL aliquot from all larvae
extracts was carried out by a linear gradient with 0.1% formic acid in water (v/v, eluent A)
and 0.1% formic acid in acetonitrile (v/v, eluent B) at a flow rate of 600 pL/min. As stationary
phase, a Waters ACQUITY BEH Cis column (100 x 2.1 mm, 1.7 um) equipped with a Waters
VanGuard BEH Cis 1.7 um guard column at 45 °C was used. The gradient mode was pro-
grammed into these steps as follows; 0-0.5 min, 5% eluent B; 0.5-18.5 min, 5-95% eluent B;
18.5-20.5 min, 95% eluent B; 20.5-21 min, 95-5% eluent B; 21-22.5 min, 5% eluent B. UV
spectra were recorded by a Diode array detector (DAD) in the range from 200 to 600 nm.
Mass spectra were recorded in centroid mode ranging from 150-2,500 m/z at a 2 Hz full scan
acquisition rate under auto MS/MS conditions in positive ionization mode. External calibra-
tion was automatically performed by injecting sodium formate and calibration on the re-
spective clusters formed in the ESI source before every LC-HRMS/MS run. All MS analyses
were acquired in the presence of the m/z 622.0290, 922.0098, and 1221.9906 ions as the lock
masses generated with the [M+H]" ions of Ci2Hi9F12N3OsPs, CisHi9OsNsPsF2, and
C2sH19F36N306Ps. DataAnalysis software version 4.4 (Bruker Daltonics, Bremen, Germany)
was used for qualitative analysis. All data were presented with the range of mean and stand-
ard deviation (SD) using MS Excel 2016.

All masses and MS2 data of four substrates, 4F-MDMB-BINACA, 7'N-5F-ADB, and its
expected metabolites, were confirmed in our previous studies [25,27,28,61]. Accordingly,
their structures and other detailed information were not included in the present study. With
the absence of reference standards for using absolute quantification, the comparisons of the
metabolites performed in this paper were executed by quantifying peak areas under the as-

sumption of similar ionization behaviors of the individual metabolites.

3.5.8. Mass Spectrometry Imaging Analysis of Zebrafish Larva by MALDI-FT-ICR

The ZF larvae treated by the procedures described in Sections 3.5.3 and 3.5.4 were em-
bedded in 40% (w/v) gelatin solution and were then frozen and stored at —20 °C until cryo-
sectioning. A single larva was cut with 10-um thickness at 20 °C using a cryostat (MEV;
SLEE, Mainz, Germany), and every section was placed on a cold conductive indium-tin-
oxide (ITO) coated glass slide. The slides were scanned under a microscope for alignment of
the optical image of the sample in MALDI. The serial sections from one larva in one glass
slide were deposited using TM-Sprayer (HTX M5; HTX Technologies, Chapel Hill, NC,
USA) with 15 mg mL 2,5-dihydroxybenzoic acid (2,5-DHB) in acetonitrile:water (9:1, v/v)
solution containing 0.1% of trifluoroacetic acid, and then dried in a vacuum desiccator for >
2 h. The dried glass slide was stored at —20 °C before MALDI measurement. Importantly, as
the detachment of the sections from the glass slide happened during the thawing step prior
to the MALDI analysis, it is recommended to analyze the samples within one week after
matrix deposition. This phenomenon occurred mainly from the arid part of the section em-
bedded in a 40% gelatin medium.
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For MSI measurement, the sections of ZF larvae were analyzed by MALDI and 7T So-
lariX FT-ICR (Bruker Daltonics, Bremen, Germany) in positive ionization mode (m/z range
150-1,000), using 40 laser shots per pixel with a raster width of 20 um. Before acquiring
MALDI images, the mass calibration of FT-ICR was carried out using the calibration stand-
ard according to the manufacturer manual, and for auto-calibration of MALDI of each laser
measurement, the lock mass was set to m/z 273.0394 (2,5-DHB matrix). ftmsControl version.
2.2.0, flexImaging version 5.0, and SCiLS Lab version 2021a Pro software (Bruker Daltonics,
Bremen, Germany) were used for MALDI-MSI data acquisitions and image data analyses in

two dimensions.
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3.6 Summary and Conclusions

Our study aimed to strengthen the understanding of the human metabolism of 4F-
MDMB-BINACA using the ZF larvae model as an alternative in vivo model. By predicting
human metabolism based on results in the ZF larvae model, several issues caused by vari-
ance in human biosamples due to the lack of homogeneity and diversity among samples in
random sampling could be overcome. ZF larvae were treated with the SC by direct injection
into vital organs, and in total, ten metabolites were observed (Figure 2). Encouragingly, we
found high matching rates of ZF metabolites of 67% for human blood samples and 56% for
human urine samples, respectively. In conclusion, metabolite data sets from the ZF model,
in combination with data from in vitro models such as HepaRG, can complement and extend
human metabolism data.

Moreover, the spatial distribution of 4F-MDMB-BINACA and its metabolites in ZF lar-
vae was analyzed by MALDI-MSI, and three metabolites were visualized inside ZF larval
bodies by MSI (Figure 6 and Supplementary Figures S2 and S3). In the context of our study,
this technology can be applied to analyze the biodistribution of drugs and their metabolites
and it can help to investigate, e.g., accumulation of compounds in specific organs. Here, we
did not detect unusual local concentrations of the studied SC, but we were able to identify
another metabolite (M1), which was not found in LC-HRMS-based screening of extracted
larvae.

The overall metabolite detection between 4F-MDMB-BINACA and another SC, 7’ N-5F-
ADB [28], were contrasting despite the similarity of their physicochemical properties (Table
2). Consequently, we performed additional experiments to shed light on the observed dif-
ferences in ZF metabolism with respect to the total number of detected metabolites for these
two SCs. The liver toxicity of the SCs was determined indirectly by measuring the liver size
of a transgenic ZF line, and 4F-MDMB-BINACA induced a pronounced liver size reduction
despite its strong agonistic activity on CB2 (Figure 7). Thus, we investigated the role of can-
nabinoid receptors on liver development and drug metabolism in ZF larvae. We could show
that CB2-deficient larvae showed a drastic decline in the overall number of detected metab-
olites of both SCs, which could be related to the simultaneously observed hepatotoxic effect
(Figure 9 and Supplementary Figure S6). The role of CB2 deficiency (and dysregulation) in
drug metabolism requires further research, and here, we provide first evidence that it might
play a major role in the overall efficacy of drug metabolism in the liver.

In summary, we applied established methodologies for studying drug metabolism in
ZF larvae. A concise evaluation in wild-type ZF allowed for refinement of the phase I meta-
bolic pathways of 4F-MDMB-BINACA. Additionally, we investigated the role of canna-
binoid receptor function in metabolism using genetically modified ZF larvae. We gained
important insights into the relationship between liver function, cannabinoid receptor func-
tion, and the onset of drug metabolism. Although many questions associated with various
biological systems for drug metabolism studies require further analyses, this study empha-
sizes the high potential of ZF larvae as a model to study complex human bioprocesses. We
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expect that ZF will play a more prominent role in translational research in future. Im-
portantly, applying state-the-art analytics contributes to a better understanding of drug
pharmaco- and toxicokinetics, which, in turn, is necessary to understand complex biological

processes in the in vivo model.
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Figure S1. Detection profiles of the three minor abundant metabolites of 4F-MDMB-BINACA in
microinjected zebrafish larvae (caudal vein, heart ventricle, and hindbrain). These three minor
metabolites, M4, M11, and M25, were formed by N-dealkylation, oxidative defluorination, hy-
droxylation of the tertiary butyl part in combination with glucuronidation isomer 1, respectively.
The clustered columns are displayed as mean + SD using the peak areas detected from 30 pooled
larvae (1=3). The p-values for M11 in the different groups were calculated by one-way ANOVA
(**p < 0.01, **p < 0.001). nq: Confirmed mass, but not quantified due to peak detection below

signal-to-noise ratio of 3.
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Figure S2. MALDI-MS images of the most abundant metabolites M3 (ester hydrolysis
in combination with N-dealkylation, sodium adduct, m/z 298.1162) in zebrafish larvae
at 4 days post-fertilization (dpf) exposed by 4F-MDMB-BINACA for 1 h at 28 °C
through direct administration routes via microinjection into caudal vein (a), heart ven-
tricle (b), and hindbrain (c). The presented sections originated from one representative
larva per condition. The images were generated by preparing a colormap from blue
(no detection) to yellow (high local concentration), and images were further processed
in 96 dpi resolution with 24-bit color under no denoising state. Each panel shows two
different slices of the same specimen.
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Figure S3. MALDI-MS images of the most abundant metabolite M4 (N-dealkylation
form, sodium adduct, m/z 312.1319) in zebrafish larvae at 4 days post-fertilization (dpf)
exposed by 4F-MDMB-BINACA for 1 h at 28 °C through direct administration routes
via microinjection into caudal vein (a), heart ventricle (b), and hindbrain (c). The pre-
sented sections originated from one representative larva per condition. The images
were generated by preparing a colormap from blue (no detection) to yellow (high local
concentration), and images were further processed in 96 dpi resolution with 24-bit
color under no denoising state. Each panel shows two different slices of the same spec-
imen.
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Figure S4. The survival rates of zebrafish mutant larvae at 4 days post-fertilization (dpf) accord-
ing to the different concentrations of each morpholino oligonucleotide (MO) at 100 pM, 200 uM,
and 500 pM with the fixed injection volume of 4.19 nL. All mutant larvae were prepared by 4.19
nL injections of MOs at a one-cell stage. Survival rates (%) were calculated based on the total
numbers of ZF mutant larvae measured per condition due to the variance of offspring quality
and quantity in parent fish. [n =126-205 (at 100 uM), 80-136 (at 200 uM), 83-101 (at 500 uM)]. The
p-values between the 100 uM group showing 100 % survival and the two other groups (200 uM,
500 uM) were computed by one-way ANOVA, and all p-values showed significance (*p < 0.05).
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() (d)

Figure S5. Representative images of morphological malformations and signs of toxicity (depicted
by black arrows) in zebrafish larvae at 5 days post-fertilization (dpf) as observed in CB knock-
down experiments (MO). The control group, which was left untreated (a), did not show any
malformation, whereas some ZF larvae injected with the random MO control 25-N (b) displayed
edema in the heart ventricle, an up-curved spine, and non-spherical yolk sac. Several CB1 knock-
down ZF larvae (c) showed edemas in the heart ventricle and an abnormally large size of the
yolk sac. Similarly, several CB2 knockdown ZF larvae (d) showed up-curved spines and heart
ventricle edema. The displayed larvae in panel (b)-(d) were created by 4.19 nL injection of each
MO (100 uM) at a one-cell stage. To study the impact of MO injection on larval development, all
ZF larvae were checked daily under a microscope, and deformed morphants were excluded from

the experiments for drug metabolisms studies. Scale bars: 1 mm.
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Figure S6. Mutual comparability of the overall metabolites detected in CB1-deficient and CB2-
deficient ZF larvae after waterborne exposure of 4F-MDMB-BINACA (at 25 uM) and 7'N-5F-
ADB (at 50 pM) using Venn diagrams (n=3).
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Table S1. Detailed information of 4F-MDMB-BINACA and its phase I and phase II metabolites and their detection in human biosamples from published

literature and microinjected zebrafish larvae. All metabolites were identified from three different models in our previous study [27].

Integrated Human Screening Data* [27,32,34,35]

Data from Zebrafish Larvae

Calculated Aquatic
Compound Metabolite exact Metabolic reaction Expo- Microinjection
ID masses, sure,
ml/z - - - - Pub-
Plasma Blood Integrated Urine Urine Urine Urine Integ'rated lished Caudal Heart Hind-
[27] [32] Blood [27] [35] [32] [34] Urine Data Vein Ven-
(n=1) (n=4) [27,32] (n=1) (n=17) (n=4) (n=20) [27,32,34,35] [27] tricle
COKT;ZE; J 4;1\1\/][2?:/5\8 364.2031  Parent Compound +H + et et et et
M1 237.1034 Amide Hydrolysis
M2 274.1186 Lactone formation + N-dealkylation + +nq +nq
M3 276.1343 Ester hydrolysis + N-dealkylation + ++ W +nq +nq +nq
M4 290.1499 N-Dealkylation + + W + + + +
M5 346.1761 Lactone formation + oxidative defluorination +
Mé 348.1718 Lactone formation + + N + ++ + + W ++ + + +
M7 348.1918 Ester hydrolysis + oxidative defluorination + + + N +
M8 350.1874 Ester hydrolysis ++ ++ \/ + +++ ++ ++ \/ +
Phase I M9 360.1554 Lactone formation + oxidative defluorination .
) + oxidation to carboxylic acid
Ester hydrolysis + oxidative defluorination +
M10 3621710 oxidation to carboxylic acid * * * W * nq mnq nq
Mi1 362.2074 Oxidative defluorination +H+ + + W + + + +
Mi2 3641667 Lflctone formation + hydroxylation of the ter- . . . "
tiary butyl part
M13 366.1824 Ester hydrolysm‘ +hydroxylation of the ter- - . . N .
tiary butyl part isomer 1
Mid 3661824 Ester hydfolysm +hydroxylation of the inda- . . N
zole part isomer 2
M5 376.1867 Ox1da}t1ve‘deﬂu0rmat10n + oxidation to car- . - . W . . - N
boxylic acid
Mi6 3801980 Hydroxylation of the tertiary butyl part iso- N N N

mer 1
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M17 380.1980 Hydroxylation of the butyl chain isomer 2 +
M18 380.1980 Hydroxylation of the indazole part isomer 3 + +
M19 380.1980 Hydroxylation of the indazole part isomer 4 +
Total number of Phase I metabolites 4 4 3 3 12 7 8 9 14 8 7 8
M20 460.1548 H)fdroxylatlon of the indazole part + sul- N - N N
fation
M21 5042239 Ester hydfol)fsm + oxidative defluorination +
glucuronidation
M22 526.2196 Ester hydrolysis + glucuronidation -+
Phase I M23 540144 Ester hydrolysis + hydroxylation of the inda-

zole part + glucuronidation

M24 5522188 Ox1da‘t1ve‘def1uor1nat1(‘)n +‘0X1datlon to car- .
boxylic acid+ glucuronidation

Hydroxylation of the tertiary butyl part +

M25 5562301 glucuronidation isomer 1 * mq * *
M26 556.2301 Hyc.:lro%ylat‘lon of the indazole part + glucu- .
ronidation isomer 2
Total number of Phase IT metabolites 1 4 2 2 2
Total number of detected Phase I/II metabolites 4 4 3 4 12 7 8 9 18 10 9 10

1All human data were integrated with the recently published studies; \: Detection at least twice among the samples in each respective human matrix; W: detection in both the
microinjected ZF larvae and each human biosample; " confirmed mass, but not quantified due to peak detection below signal-to-noise ratio of 3. +: Peak detected, ++: second
most abundant peak among metabolites, +++: most abundant peak among metabolites.
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Table S2. Mass list of 4F-MDMB-BINACA and its phase I and phase II metabolites used for LC-
HRMS/MS and MALDI-FT-ICR measurements.

Compounds Metabolite ID for Lc-rirl\:[g};grtzﬂ for M/ill\jll-)ﬂl\l;lTIIoCnR
Parent compound 4F-MDMB-BINACA 364.2031 386.1850
M1 237.1034 259.0853
M2 274.1186 296.1006
M3 276.1343 298.1162
M4 290.1499 312.1319
M5 346.1761 368.1581
M6 348.1718 370.1537
M7 348.1918 370.1737
M8 350.1874 372.1694
M9 360.1554 383.1452
Phase I metabolites M10 362.1710 384.1530
M11 362.2074 384.1894
M12 364.1667 386.1487
M13 366.1824 388.1643
M14 366.1824 388.1643
M15 376.1867 398.1686
M16 380.1980 402.1800
M17 380.1980 402.1800
M18 380.1980 402.1800
M19 380.1980 402.1800
M20 460.1548 482.1368
M21 524.2239 546.2058
M22 526.2196 548.2015
Phase II metabolites M23 542.2144 564.1964
M24 552.2188 574.2007
M25 556.2301 578.2120
M26 556.2301 578.2120
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Table S3. Comparison of the total number of metabolites detected in zebrafish larvae and human
urine samples for 7”N-5F-ADB and 4F-MDMB-BINACA.

Human urine samples  Microinjected zebrafish larvae!

Total number

Compound of metabolites ~ Phasel Phase II Phase I Phase II
metabolites metabolites metabolites metabolites
7'N-5F-ADB [28] 36 17 10 17 (12)2 7 (7)?
4F-MDMB-BINACA 26 9 03 8+14 (572 2 (0)

1 Zebrafish larvae were exposed to the parent compound via microinjection at a final concentration of 5 mM. 2
The values in parentheses stand for the number of overlapping metabolites to human urine samples per com-
pound. ® The human urine data for 4F-MDMB-BINACA was generated based on literature [27,32,34,35].  The
4F-MDMB-BINACA metabolite M1 detected by MALDI-FT-ICR analysis was included in the ZF larvae data.
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Table S4. Number of morphological malformation cases (given in % of total population obeserved)
in the zebrafish mutant larvae from 3 days post-fertilization (dpf) to 4 dpf after MOs injection at a
one-cell stage with three different concentrations.

at 3 dpf at 4 dpf
100 uM 200 pM 500 uM 100 pM 200 uM 500 uM
MO-control morphants 11 10 7 11 (11+0) 10 (10+0) 7 (7+0)
CB1-deficient morphants 10 6 14 12 (10+2) 9 (6+3) 17 (14+3)
CB2-deficient morphants 12 15 17 16 (12+4) 15(15+0) 20 (17+3)

All MOs were injected with a 4.19 nL volume into one-cell stage zebrafish embryos. The defect rates (%) were
calculated based on the total sample number due to the difference in offspring quality and quantity used in the
experiments. All values in parentheses are % of malformed larvae at 3 dpf + % of malformed larvae at 4 dpf. [n
= 126-205 (at 100 uM), n = 80-136 (at 200 uM), n = 83-101 (at 500 uM)].
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Table S5. Sequences of morpholino oligonucleotides (MOs) for the gene knockdown of CB1 and CB2
by binding its splicing site.

Gene Morpholino sequence
cnrl GTGCTATCAACAACATACCTTTGTG?
cnr2 GCCATGAAACAAACAGTACCTGTGG?
n.a. (random control 25-N) NNNNNNNNNNNNNNNNNNNNNNNNN

2 The sequences of MOs for CB1 and CB2 were validated in earlier studies [38,58].
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4,1 Abstract

Zebrafish (ZF; Danio rerio) larvae have emerged as a promising in vivo model in drug
metabolism studies. Here, we set out to ready this model for integrated mass spectrometry
imaging (MSI) to comprehensively study the spatial distribution of drugs and their metab-
olites inside ZF larvae. In our pilot study with the overall goal to improve MSI protocols for
ZF larvae, we investigated the metabolism of the opioid antagonist naloxone. We confirmed
that the metabolic modification of naloxone are in high accordance to metabolites detected
in HepaRG cells, human biosamples, rats, and some other in vivo models. In particular, all
three major human metabolites were detected at high abundance in the ZF larvae model.
Next, the in vivo distribution of naloxone was investigated in three body sections of ZF lar-
vae using LC-HRMS/MS showing that the opioid antagonist is mainly present in the head
and body section as suspected from published human pharmacological data. Having opti-
mized sample preparation procedures for MS], i.e. embedding layer composition, cryosec-
tioning, and matrix composition and spraying, we were able to record MS images of nalox-
one and its metabolites in ZF larvae giving highly informative distributional images. In con-
clusion, and in conjunction with results from other studies, we could demonstrate that all
major ADMET (absorption, distribution, metabolism, excretion, toxicity) parameters as part
of in vivo pharmacokinetic studies can be assessed in the simple and cost-effective ZF larvae
model. Our established protocols for ZF larvae using naloxone as a tool compound are
broadly applicable, particularly for MSI sample preparation, to various types of compounds

and will help to understand human metabolism and pharmacokinetics.
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4.3 Introduction

Mass spectrometry imaging (MSI) is a state-of-the-art and label-free technology that al-
lows investigating the localization and spatial distribution of diverse molecular species in
one analysis in various biological specimens [1,2]. In general, MSI is an integrated approach
offering the possibility to combine mass spectrometry (MS) [e.g., Time-of-flight (TOF), Fou-
rier-transform ion cyclotron resonance (FT-ICR), Orbitrap] to spatial images generated from
different ionization equipment [e.g., matrix-assisted laser desorption ionization (MALDI),
desorption electrospray ionization (DESI), secondary ion mass spectrometry (SIMS)] to
match specific needs for analyzing various types of samples [2—4]. In particular, visualizing
the tissue distribution of a parent molecule and its metabolites has opened a new era to
characterize physiological and pathological properties of drugs. Thus, MSI has been increas-
ingly used in preclinical studies [1,5-7] and illicit drug testing [8-10].

Zebrafish (Danio rerio; ZF) models are gaining popularity as an in vivo model organism
in many research studies of developmental biology [11-13], toxicology [14,15], pharmaco-
logical properties of drugs such as absorption, distribution, metabolism, and excretion
(ADME) [16-20], human diseases [21,22], and neurobiology [23-25].

In our earlier studies [26,27], we demonstrated that MALDI-MS images were crucial for
investigating the distribution of two new synthetic cannabinoids (SCs; 7’ N-5F-ADB and 4F-
MDMB-BINACA) inside the ZF larval body. Notably, ZF larvae metabolism of the two stud-
ied SCs was found to be very similar to reported human and rodent metabolism, and using
various administration routes further helped to increase the number of detected metabolites.
Combining routine metabolite identification studies with MSI analyses for deciphering the
spatial in vivo distribution of investigated drugs in the ZF model is a promising tool with
the potential to cover large parts of preclinical DMPK (drug metabolism and pharmacoki-
netics) typically done in rodent models [26-30]. However, preparation of ZF larval sections
for MSI analysis is technically challenging, and the discrepancy in terms of metabolite de-
tection between two representative analytical platforms that we used, LC-HRMS/MS and
MALDI-MS], still requires further investigation. Furthermore, there are so far only few re-
ports on MSI studies with ZF larvae, in particular in the context of drug distribution and
metabolism [31,32], since MSI is so far more commonly used for tissues [1,33] and tumors
[34,35], rodent organs [3,36], and adult ZF [37,38].

In this study, we aimed to investigate the metabolism of the opioid antagonist naloxone
(Figure 1) in ZF larvae and the common in vitro HepaRG model, and to compare our findings
to already published data from humans [39-48] and other animal models [39,43,49-52]. Na-
loxone is widely used as emergency therapy upon risk of opioid overdose, and it is distrib-
uted through a global take-home program [39—42]. We have chosen naloxone as a model
drug as it is known to cross the blood-brain barrier, and we were expecting to observe a
distinct distribution pattern in the ZF larvae with a significant portion of the drug being
accumulated in the brain region as suggested by other studies [39,41,43,44]. Studying a drug
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with a distinct biodistribution pattern was considered as a prerequisite to further optimize
the MSI workflow in ZF larvae.

HO

Figure 1. Chemical structure of naloxone.
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4.4 Results and Discussion

4.4.1. In vivo Absorption, Metabolism and Excretion Properties of Naloxone in the
Zebrafish Larvae Model

In previous studies, we demonstrated that the administration routes into ZF larvae for
two rather lipophilic synthetic cannabinoids, 7’ N-5F-ADB [26,30] and 4F-MDMB-BINACA
[27,29], have a significant impact on observed metabolite patterns. For these substrates, di-
rect administration via microinjection into different vital organs (i.e., heart ventricle, caudal
vein, hindbrain, and yolk sac) was beneficial compared to conventional waterborne expo-
sure. However, in this study, we mainly considered adding the water-soluble reference drug
naloxone [39,42] to the embryo/larvae medium to treat ZF larvae in the course of in vivo
ADME studies. Using this route for drug administration also significantly facilitates the MSI
optimization procedures as proposed here since it allows for higher throughput (in terms of
overall sample numbers) compared to setups where microinjection into ZF larvae is re-
quired.

Following previously established workflows [26-30], survival rates of ZF embryos and
larvae after 5 d and 1 d treatment, respectively, were evaluated to determine a non-toxic
concentration of naloxone that can be applied in subsequent in vivo ADME experiments. In
parallel, the heartbeat of the exposed ZF larvae was measured at 5 days post-fertilization
(dpf) as naloxone is described to induce cardiovascular events in humans (e.g., systolic
blood pressure, respiratory stimulation, cardiovascular instability, and pulmonary edema)
[39,43]. As a result, survival rates of naloxone-treated ZF larvae were 100% at maximum
concentrations of 100 uM for 5 d exposure and 500 uM (highest assay concentration) for 1 d
exposure. Also, we did not detect significant effects on the heartbeat rates of ZF larvae
treated with non-lethal concentrations, and we only found a slightly reduced heartbeat rate
for ZF larvae treated for 1 d with 500 uM naloxone (Table 1). Thus, a concentration of 300
1M naloxone (1 d treatment of 4 dpf ZF larvae) was chosen for the subsequent metabolism
studies.

Table 1. Effects on heartbeat rates in ZF larvae at 5 days post-fertilization (dpf) following 1 d and
5 d waterborne exposure, respectively, to varying concentrations of naloxone.

) Relative heartbeat rates (%) of  Relative heartbeat rates (%) of
Concentration of

5 dpf ZF larvae after 1d 5 dpf ZF larvae after 5 d
naloxone (uM)
waterborne exposure waterborne exposure
0.01 98 +2.9ns 95+2.8™
0.1 96 + 3.4ns 98 +4.1™
1.0 94 +2.1° 100 £ 1.6™
10 96 +4.0" 98 £2.6™
30 94 +4.2 97 +£3.0™
50 92 +1.4" 91+3.3™
80 93+£3.8 93 +4.5™
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100 93 £2.6° 98 +£3.0™
300 91 +4.6" -
500 87 +2.1™ -

Heartbeat was measured as beats per minute (BPM) using DanioScope software, version 1.2.206. Relative
heartbeat rates (%) were calculated in comparison to the vehicle (1% DMSO, v/v) treated control group
which was set to 100%. All data are represented as mean + standard error of the mean (s.e.m.) (n = 8-13 for
1 d exposure groups, n = 10-12 for 5 d exposure groups). The p-values were calculated by one-way ANOVA
(msp > 0.05, *p <0.05, **p < 0.01, **p < 0.001) in comparison to the respective control group.

The metabolite data of naloxone from the HepaRG in vitro model and from ZF larvae
investigated in this study are summarized in Table 2, and published in vivo data from hu-
mans [41-43,45-51] and different animal models [39,45,48,52-54] were added for compari-
son. The metabolite screening of naloxone was carried out as described in previous studies
[26,30]. More detailed information on human data and data from animal models is provided
in Supplementary Table S1, which also contains the metabolic reactions and exact masses of
the detected metabolites. Amount-time profiles for naloxone and its three major metabolites

(M2, M4, M21) from HepaRG cells are given in Supplementary Figure S1.

Table 2. Summary of detection patterns of naloxone and its metabolites from human biosamples,
animal models, HepaRG cells, and ZF larvae.

Rabbit, Data from this study
Human Rat Chicken og HeoaRG 7F1
[41-43,45-51] [39,45,48,52,53] (5] [4854] “€Pa arvae
Compounds in vitro [300 uM]
Plasma, urine model Lar- Me-
Plasma Urine fec,es ! Urine Urine  [100 uM, vae dium
300 uM]

Naloxone + + + + + + + +
M2 + + + +
M4 + + + + + + +c
M5 +°
M7 + + + + + + +
M8 +¢
M9 +
M10 +ab
Mi2 + +d +<
M14 +ab
M17 +e +b
M18 +b
M21 + + + +
M23 +<
M26 +b
M35 + +¢

Total number
of detected 3 3 7 3 2 4 8 8
metabolites

All data from human samples and animal models were taken from published studies; Human plasma data
were quoted from [47,49-51] and urine data from [41-43,45-48]. Rat plasma data were cited from [39,48,53]
and urine and feces data from [47,48,52]. More details are shown in Supplementary Table S1; 2 The structural
isomers M10 and M14 co-eluted in the LC-HRMS/MS setup used in this study, and accordingly, isomers
were counted and quantified as one metabolite although they derive from different metabolic reactions (see
Supplementary Figure 52);® the metabolites were only detected in the surrounding exposure medium and
not from extracted ZF larvae; ¢ the metabolites were detected only in extracted ZF larvae and not in the
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surrounding exposure medium; 9 the metabolite was not detected in rabbit; ¢the metabolite was only de-
tected at the higher exposure concentration of 300 uM naloxone. +: Peak detected. Metabolites M1, M3, M6,
M11, M13, M15, M16, M19, M20, M22, M24, M25, M27-M34, M36, and M37 are not included in the table as
these were not detected in any of the listed models.

Out of the total 37 theoretical metabolites of naloxone (see Supplementary Table S1),
three and seven metabolites were detected in human biosamples (plasma and urine) and
rats, respectively (Table 2). Primarily, three metabolic reactions, N-dealkylation (M2), ketone
reduction (M4), and glucuronidation (M7) are described in literature on human metabolism
of naloxone, whereas renal excretion of the glucuronic acid adduct is the major elimination
route [39,41,42]. The other animal models, i.e. rabbit, chicken, and dog, produced two to
three metabolites, whereas four metabolites were found in HepaRG cells. However, the
structural isomers, M10 and M14, were counted as one metabolite due to co-elution from
the LC system used in this study. Notably, 13 metabolites in total were detected in the ZF
mode either extracted from the larvae or from the surrounding medium, whereas three me-
tabolites [M2 (N-dealkylation), M7 (glucuronidation), and M21 (Sulfation)], were detected
in both types of ZF samples (Table 2 and Supplementary Table S1). These findings highlight
the superior performance of ZF larvae in metabolism studies with a high number of possible
metabolites being detected, which, in turn, greatly facilitates the reconstruction of naloxone
metabolism pathways (Supplementary Figure S2). Also, major metabolites from ZF larvae
significantly overlap with those found in human and rodent models (Figure 2).

As detailed above, three metabolites, including the main human metabolite (M7), were
found in both, ZF larvae extracts and the surrounding medium, (Figure 2a). In contrast, the
commonly used in vitro HepaRG model did not reveal M7. However, two metabolites (M2
and M4) overlapped between human, ZF larvae, and HepaRG cells (Figure 2b). Encourag-
ingly, metabolite data from the ZF larvae showed a 100% match rate in mutual comparabil-
ity analyses with human data and with data from HepaRG cells (Figure 2c), and a match
rate of 86% was determined when comparing ZF metabolite data to the rat model (Supple-
mentary Figure S3). Analyzing mutual comparability on basis of the rat model we found
100%, 75%, and 46% match rates to humans, HepaRG cells, and ZF larvae, respectively (Sup-
plementary Figure S3).
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Larvae Medium ZF larvae model ZF larvae model Human

3

A’ M2, M4 2, M4, M7
M2, M7, M21 v HepaRG cells Human
in ZF larvae model Human HepaRG cells

2

M2, M4
ZF larvae model HepaRG cells

8

M2, M4,
M17, M21

(@) (b) (c)

Figure 2. Comparison of the metabolites observed from three different models (human [41-
43,45-51], ZF larvae, and HepaRG cells) using Venn diagrams. (a) Thirteen metabolites were
found in the ZF larvae model with three metabolites being detected in both the larvae and sur-
rounding medium, (b) common metabolites detected in three different models, and (c) their mu-
tual comparability. Two metabolites (M2 and M4, in bold) were commonly found in all investi-
gated models, and remarkably, the three most abundant human metabolites (M2, M4, and M7)
were detected in the ZF larvae model.

Moreover, we assessed uptake kinetics and biotransformation in ZF larvae of naloxone
over time through semi-quantitative analysis of relative peak intensities in order to explore
its pharmacokinetic (PK) properties in ZF. From human PK it is known that naloxone is
rapidly metabolized with ca. 30 min and 60 min elimination half-time in human plasma and
serum, respectively [39,41,43]. In ZF larvae, the uptake of naloxone increased steadily, reach-
ing a maximum at 24 h exposure. Along with a steady increase of naloxone amounts inside
ZF larvae, the abundance of major metabolites, M7 and M21, dramatically increased from 6
h to 24 h of naloxone exposure, whereas M4 only slightly increased in the same observation
period (Figure 3). A detailed assessment of the composition ratio among the parent drug
naloxone and these major metabolites inside ZF larvae is given in Supplementary Figure 54.
It is worth mentioning that the major human metabolite M7 (38% after 24 h) was found in
nearly equal amounts to naloxone (40% after 24 h) in the ZF larvae. One of five minor me-
tabolites in the exposed larvae, M12 (glucuronidation of M4), showed a similar pattern in
terms of amount-time kinetics to the major metabolites, M7 and M21. The other four minor
metabolites [M2, M8 (N-oxide in combination with glucuronidation), M23 (methoxylation
in benzene ring), and M35 (rearrangement after elimination of hydroxyl group of M2)]
showed a slow incline of their production over exposure time (Supplementary Figure S5a).
Consistently with the data from ZF larvae and the most abundant internal metabolites, the

170 | Page



Chapter 4. Naloxone

major metabolite detected in the residual surrounding medium, M17 (dihydroxylation/hy-
droxylation in combination with epoxidation/N-oxide in combination with epoxidation) dis-
played a strong increase in terms of relative amounts over time (Supplementary Figure S5b).
In contrast, other external metabolites [M2, M5 (N-CH3; N-dealkylation), M10/M14 (N-oxi-
dation/epoxidation/hydroxylation in benzene ring), and M18 (dihydroxylation in combina-

tion with epoxidation)] only slightly increased between 3 h and 24 h of exposure.
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Figure 3. Internal amount-time profiles of naloxone and its most abundant metabolites (M4, M7,
and M21) in ZF larvae exposed continuously with 300 uM naloxone. ZF larvae were exposed to
the drug-containing medium for 0, 1, 10, 30, 60, 120, 360, 720, and 1,440 min, respectively (n = 3).
All results from ZF larvae in this study are displayed as mean + standard deviation from tripli-
cates of 30 pooled larvae. The p-values between naloxone and its three abundant metabolites
were computed by one-way ANOVA, and all p-values had statistical significance at all exposure
times ("p < 0.001).

To investigate elimination of naloxone in the ZF larvae model, exposed larvae were
transferred into compound-free medium at 28°C after 1 h exposure to 300 uM naloxone. This
time point was chosen since significant absorption and only minor conversion into metabo-
lites of naloxone was observed in the uptake experiment (Figure 3). The internal peak inten-
sity of naloxone showed an upward tendency until 10 min incubation in the drug-free me-
dium (Figure 4), which could be explained by the balance of free fraction and bound nalox-
one. After the first 10 minutes, the amount of naloxone inside the ZF larvae declined until 6
h incubation (end of observation period), and intriguingly, the amount of the most abundant
two metabolites (M7 and M21) decreased as well. In contrast, the third most abundant me-

tabolite M4 that was analyzed in the previous uptake experiment was not quantified here
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due to detection below a signal-to-noise ratio of 3. Comparing the composition ratio for na-
loxone and its major metabolites in ZF larvae upon transfer to the medium, the relative
amount of naloxone was significantly reduced from 82% to 45% within 6 h, and in line with
this, the relative amounts of M7 and M12 increased from 12% to 34% and from 7% to 21%,
respectively (Supplementary Figure 56). In summary, we could confirm that data from the
ZF larvae model on metabolism, absorption, and elimination of naloxone are well aligned,

and thus already cover three integral parts of ADME experiments.

-« M7 -+M21 -#Naloxone

x 100

x 100,000

(o]

Peak area of metabolites
Peak area of naloxone

0 50 100 150 200 250 300 350 400
Incubation time (min) post naloxone exposure for 1 h

Figure 4. Elimination kinetics of naloxone and two abundant metabolites (M7 and M21) in ZF
larvae following incubation in a compound-free medium post 1 h exposure with 300 uM nalox-
one. Incubations were performed at 0, 5, 10, 30, 45, 60, 120, 240, and 360 min (#=3). All data are
depicted by mean =+ standard deviation, and the p-values between naloxone and the two other
metabolites were calculated by one-way ANOVA. All p-values showed significance at all incu-
bation times ("p< 0.001).

Taken together, in the ZF larvae model we observed fast circulation and efficient me-
tabolism with a high similarity to human metabolism of naloxone as early as 10 min after
compound exposure via conventional aqueous administration (Table 2 and Figure 3). In ad-
dition, the elimination of naloxone inside ZF larvae progressed further post 1 h continuous
drug exposure (Figure 4), and a large portion of the initial naloxone amount in ZF larvae

was excreted 6 h post-administration (Supplementary Figure S6).

4.4.2. Localization of Naloxone and its Metabolites in Whole Body Sections of
Zebrafish Larvae

Opioids can act as receptor agonists leading to pharmacological effects as described for
the archetypical opioid morphine. Naloxone is used as an opioid antagonist due to a non-
selective and competitive affinity to opioid receptors in the central nervous system (CNS),
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showing highest affinity to the p-opioid receptor (MOR) located in brain, spinal cord, pe-
ripheral sensory neurons, and in the gastrointestinal tract [39,43,48]. In the present study,
we examined the localization of naloxone and its metabolites inside ZF larval bodies initially
using a simple dissection and extraction method. Naloxone exposed larvae (300 uM, 1 h)
were sectioned into three parts (head, body, and tail sections) using a surgical blade (Sup-
plementary Figure S7) with the goal to quantify levels of naloxone and its metabolites sepa-
rately in these sections using methods as applied for the metabolism study detailed in Sec-
tion 4.4.1. In order to obtain sufficient material for analyses, sections from 100 larvae were
pooled for each individual sample. To account for differences in total weight of the sepa-
rated fractions undergoing extraction and analysis by LC-HRMS/MS, peak intensities were
normalized to the determined total weight of each section sample.

Five metabolites (M2, M4, M7, M12, and M21), out of initially eight metabolites detected
in whole body ZF larvae, were detected using this experimental setup. Other ZF metabolites
of naloxone (M8, M23, and M35) were not detected in the ZF larvae sections because their
production requires > 2 h exposure with the drug (Supplementary Figure S5a). Indeed, na-
loxone was mainly localized in the head section but it was also found in the body and tail
sections, however, in lower amounts. In contrast, its most abundant metabolites, M7 and
M21, were primarily found in the body section, whereas M4 was found in small amounts
evenly distributed in all three prepared sections (Figure 5). The detection of two minor me-
tabolites (M2 and M12) was consistent with the observed localization of M7 and M21 (Sup-
plementary Figure S8). Encouragingly, these initial results were fully in line with presumed
in vivo drug and metabolite distributions, with naloxone having a high affinity to the p-
opioid receptor found at high expression levels in the brain and metabolites being formed
primarily in the liver. Thus, the data from whole body sections served as excellent starting
point for the envisaged optimization of our MSI methods to study drug distribution in ZF

larvae.
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Figure 5. Sectional distributions of naloxone and its most abundant metabolites (M4, M7, and
M21). The peak areas of individual compounds were normalized to the total weight of each sec-
tion. Prior to sectioning, all ZF larvae were exposed to 300 pM naloxone for 1 h. The clustered
columns are displayed as mean + standard deviation (1 = 3), and the p-values between naloxone
and three metabolites were calculated by one-way ANOVA (»sp > 0.05, "p < 0.05, “p < 0.01). All p-
values were statistically significant in both the head and body sections, whereas the p-values for
samples of the tail section could not be determined unambiguously due to the overall low peak
intensities.

4.4.3. Optimization of MSI Methods to Study the Drug Distribution in Zebrafish
Larvae — A Case Study Using Naloxone

Mass spectrometry imaging (MSI) provides a comprehensive method to study molecu-
lar distributions in a single experiment from biological specimens [1-3,25,55]. Over two dec-
ades, MALDI-MSI has been predominantly used, and in particular, it is still gaining popu-
larity in biomedical and cancer research [1,3,56,57]. Nevertheless, MSI is only rarely used for
analyzing ZF larvae samples, which is probably due to the fact that sample preparation from
the tiny larvae poses significant technical challenges. In our previous studies [26,27], we
were able to study the spatial distributions of two SCs, 7’ N-5F-ADB and 4F-MDMB-
BINACA, in ZF larval sections using MALDI-FT-ICR. These informative MS images sup-
ported our conclusions on how the route of drug administration impacts the in vivo distri-
bution of a drug and its metabolism. However, there were some experimental challenges
that still needed to be resolved prior to applying MSI for drug distribution studies in ZF
larvae on a broader scale. In the current study, these issues were mainly related to discrep-
ancies in MSI-based metabolite detection compared to routine LC-HRMS/MS measurements,
which we contributed to non-uniform formation of adduct ions in the MALDI-MSI setup. In
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detail, we generally observed the presence of three adduct ions (proton, sodium, and potas-
sium) of the parent compound for naloxone and the two SCs (7’ N-5F-ADB and 4F-MDMB-
BINACA) in ZF larvae matrices. While evaluating optimal embedding procedures and ma-
trix deposition steps for MALDI-MSI of ZF larvae as detailed below, the predominant ad-
duct formed of naloxone and its metabolites in the ZF homogenates was [M+K]* and the
[M+Na]* species was found at a similar intensity under non-optimized conditions. This re-
sult for naloxone differed unexpectedly from the previous results as 7"N-5F-ADB was found
protonated and 4F-MDMB-BINACA was found as sodium adduct in the MS images of ZF
larvae [26,27]. We assumed that this finding might be caused by different ionization efficien-
cies of molecules in MSI dependent on the composition of the surrounding matrix [56,58—
61]. However, it is crucial for relative spatial compound quantification by MSI that a single
primary ion of the target species is formed predominately in order to maximize the detection
limit (MDL) of a substrate and to correlate compound abundance with MSI intensity plots.
Hence, further method optimization for MSI was done to better fit the needs for ZF
larvae analyses. As a first step, we used homogenates from naloxone-exposed ZF larvae to
reduce sample variability and overcome issues originating from the sample inhomogeneity
in MSI of larval sections [56,58,59]. By spiking these ZF larval homogenates on the surface
of blank embedding medium layer, we examined the optimal conditions in terms of sample
preparation by varying the composition of the lower level embedding medium, cryosection-
ing, and matrix deposition steps for achieving more uniform ion detection patterns in MSI.
Details on the studied conditions are summarized in Table 3. The listed parameters (steps)

were assessed in sequential order.

Table 3. Detailed experimental conditions of MSI sample preparation using ZF larvae homoge-

nates evaluated in this study.

Steps Conditions Variable parameters

1) Homogenate block”  Gelatin medium as lower  40% (w/v), 30% (w/v)
sample layer”

2) Cryosectioning Thickness™ 10 pm, (15 pm, 20 um)
3) Matrix deposition™ Matrix reagent 15 mg mL?, 30 mg mL! (for DHB)
5mg mL, 15 mg mL! (for CHCA)
Addition of TFA 0.1%, 0.5%, 1.0% (for DHB)
0.1% (for CHCA)

Spray deposition passes 14 passes, 28 passes (for DHB)
8 passes, 14 passes (for CHCA)

The steps are listed in order of sample preparation for MSI. Conditions of our previously used protocol
[26,27] are highlighted in bold. “The homogenate block is composed of a lower layer (the same thickness as
the tested larvae section) of gelatin medium used as a blank layer for spiking ZF homogenates on top. “30%
gelatin medium was additionally tested in this study since only 40% gelatin was tested for embedding a
whole body of ZF larva in previous studies [26,27]. ** For cryosectioning, 15 pm and 20 pm thickness were
also tested, however, these data are not shown due to many practical failures in the following matrix dep-
osition step. Thus, all presented data are from 10 pm sections. ““The detailed deposition condition for each
matrix reagent (DHB and CHCA) is described in Section 4.5.6. DHB: 2,5-Dihydroxybenzoic acid, CHCA: a-
Cyano-4-hydroxycinnamic acid, TFA; Trifluoroacetic acid.
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In the MS images of naloxone from homogenates of treated ZF larvae (waterborne ex-
posure, 1 d, 300 pM), there were no specific distributional images, and naloxone was only
detected as few random spots in the images using the matrix deposition conditions in Table
3. It also has to be noted that the initial issue of different ion species negatively impacting
MSI of naloxone could not be resolved using DHB as matrix reagent; the sodium and the
potassium ion of naloxone were present at similar abundance. In summary, 40% gelatin as
embedding medium with a higher concentration of DHB (30 mg mL) and 14 passes of
spraying matrix deposition led to slightly better detection of naloxone compared to the other
given conditions. Increasing the concentration of trifluoroacetic acid (TFA) in the DHB ma-
trix solution led to slightly lower detectability, however, differences were not significant. In
contrast, when using a-cyano-4-hydroxycinnamic acid (CHCA) as matrix, naloxone detec-
tion was significantly improved in both conditions using 30% and 40% gelatin as embedding
medium (Figure 6). We determined eight passes of matrix spraying with 5 mg mL' CHCA
solution containing 0.1% TFA as optimal condition (Figure 6a). Increasing the number of
matrix spraying passes significantly reduced the intensity of naloxone, whereas generally
lower detection intensity was found when using the matrix at a higher concentration (15 mg
mL+1 CHCA; Figure 6b). Notably, in the CHCA matrix reagent, the potassium adduct ion
was predominant in the MS images of the homogenates, whereas the sodium ion species
was only observed in few small spots. Overall, using sections of 40% gelatin for spotting the
homogenates prior to matrix deposition gave better results with less vacant space of the
measured homogenate than 30% gelatin combined with a lower concentration of CHCA and
higher spray deposition passes. In summary, the potassium adduct of naloxone ([M+K]*)
was uniformly detected using the optimized procedure for CHCA matrix deposition and
encouragingly, the relative abundance of naloxone as [M+Na]* species was significantly re-
duced. In particular, the utilization of ZF larval homogenates as a pre-step before establish-
ing optimal conditions for MSI of sectioned ZF larvae is convenient, and it diminishes many

efforts required to accomplish MSI studies.
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Figure 6. MALDI-MS images of the parent compound (naloxone, potassium adduct ion, m/z
366.1102) in ZF larvae homogenates. The optimal matrix deposition condition was determined
as follows: (see upper left panel; a) 8 passes of spraying matrix deposition using 5 mg mL-' CHCA
containing 0.1% TFA and 40% gelatin as lower layer of the cryosectioned (10 um) block. In panel
b, 15 mg mL' CHCA containing 0.1% TFA was also investigated. ZF larvae at 4 days post-ferti-
lization (dpf) were treated by waterborne exposure with 300 uM naloxone at 28 °C for 1 d prior
to homogenization with an ultrasonic homogenizer (pools of 30 larvae each). Each homogenate
sample was prepared by spotting 1 uL of total homogenate onto 30% and 40% gelatin layer,
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respectively. The MS images were prepared in duplicates. The images were generated by pre-
paring a colormap from blue (no detection) to purple (high local concentration), and they were
further processed in 96 dpi resolution with 24-bit color under a weak denoising state.

Moreover, under the optimized condition for naloxone detection by MSI in ZF larvae
homogenates, three sections (head, body, and tail) of exposed ZF larvae studied in Section
4.4.2 were homogenized and then analyzed by MALDI-FT-ICR, and results were compared
to previously determined LC-HRMS/MS data. . Consistent with the MSI results from whole-
body homogenates, naloxone was mainly detected as a potassium adduct ion. In addition,
we could confirm by MALDI-MSI of these sectioned homogenates that naloxone showed
highest abundance (on a qualitative scale) in the homogenate from the head region whereas
amounts detected in the homogenate from the tail region were significantly lower (Figure
7).

Head part Body part Tail part

Intensity (arb. unit)
— 366.1102m/z+2mDa RN W 344 %
A A

0% 100 %

Figure 7. MALDI-MS images of the parent compound (naloxone, potassium adduct ion, m/z
366.1102) in three sectional homogenates of ZF larvae (head, body, and tail region) after 1 d treat-
ment of ZF larvae at 4 dpf by waterborne exposure with 300 uM naloxone at 28 °C prior to sec-
tioning and homogenization. Each homogenate sample was prepared by spotting 1 pL of total
homogenate onto 10 pm slices of 40% gelatin followed by the matrix deposition step as detailed
in the main text (optimized condition). The duplicate MS images originate from individual pools
of 100 larvae. The images were generated by preparing a colormap from blue (no detection) to
purple (high local concentration) and then were further processed in 96 dpi resolution with 24-
bit color under weak denoising state.

Next, we attempted to quantify the relative naloxone amount in MSI experiments for a
fixed volume of homogenate (1 uL) by external calibration through spiking naloxone into
blank ZF larvae homogenates (Figure 8). Calibration curves of naloxone were generated by
linear (< 33 ng/uL) and logarithmic regression (> 33 ng/uL) within different concentration
ranges (Supplementary Figure S9). The narrow range of linearity might be caused by matrix
effects and ion suppression induced by the overall complex composition of the homogenates.
This effect is generally considered as a challenge in quantitative MSI studies [36,59,60,62],
and it is assumed that it hinders the reproducible quantification of molecules in tissue sec-
tions through MSI. Thus, to produce reliable quantification data of a certain substance an
appropriate internal standard (ISTD) is required in order to compensate for matrix effects to
the same degree as for the unlabeled investigated substance [36,59-62]. However, such a
setup is challenging to implement due to the lack and/or high price of custom-made ISTDs.
Nevertheless, in future MSI studies, the use of an ISTD and additional washing steps by
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submersion of sections with organic solvent or buffer [4,55,63,64] prior to matrix deposition

should be considered for more accurate quantification of absolute naloxone amounts.

164 ng

Intensity (arb. unit)

— 366.1102 m/z+2mDa N 375 %
1mm / »
0% 100 %

Figure 8. MALDI-MS images of naloxone (potassium adduct ion, m/z 366.1102) at different con-
centrations in 1 uL of blank ZF larvae homogenates (upper panel) and equal amounts of homog-
enates from ZF larvae pre-exposed to naloxone (lower panel). ZF larvae at 4 dpf were treated by
waterborne exposure with 300 uM naloxone at 28 °C for 1 d and then homogenized with an
ultrasonic homogenizer. Each homogenate sample was prepared by spotting 1 pL of total ho-
mogenate onto a 40% gelatin layer as described above. All homogenates used originate from
individual pools of 100 ZF larvae, and the exposed larvae homogenates were analyzed in dupli-
cates. All these samples were prepared using the optimized conditions for MSI of naloxone in ZF
larvae homogenates as described above. The images were generated by preparing a colormap
from blue (no detection) to purple (high local concentration) and then were further processed in
96 dpi resolution with 24-bit color under weak denoising state.

Having determined an improved protocol for the detection of naloxone in ZF larvae
homogenates, we set out to test these conditions for distributional MS images of naloxone
inside ZF larvae whole body sections. We compared these MS images to those generated by
our previous protocol (Figure 9) [26,27]. In addition, the intensity of the three adduct ions of
naloxone was analyzed in the larval sections to confirm an enrichment of a single ion species
under the optimized conditions (Supplementary Figure 510). In particular, a 3-D view func-
tion for MS images was used to look over the distribution of molecules inside the small sized
ZF larva and verify their localizations in specific organs without any loss of detection infor-
mation. Since one representative slide cannot explain an entire body distribution of the sub-
strate with stereoscopic vision, this 3-D function can reconstruct many cryosectioned larvae
sections altogether into one entire larva MS image and also complement practical errors that
occurred during embedding and cryosectioning processes. In practice, a sloping position of
larva in an embedding medium occasionally occurs and then leads to partial or biased body
sections.

In conclusion, optimizing sample preparation and using 3-D visualization for MS im-
ages of naloxone (predominant detection as potassium ion) in ZF larvae significantly en-

hanced intensity and detecting frequency (Figure 9b and 9d). Interestingly, when comparing
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to MS images generated under the previous non-optimized condition (Figure 9a and 9c),
several discrepancies are found, highlighting the need for compound and sample-specific
optimization steps. In particular, the sodium adduct ion as major species was localized
mostly in the tail part (Figure 9a), whereas the potassium ion was detected more or less
randomly throughout the larval body at overall low abundance (Figure 9c). This distribu-
tional information, in turn, would have led to the conclusion that naloxone is accumulated
in the tail of ZF larvae — a finding that can be hardly explained knowing that a significant
proportion should be found particularly in the head region as detected through LC-
HRMS/MS-based analyses of ZF larvae (Section 4.4.1 and 4.4.2). Having optimized the de-
tection of naloxone in MSI we were able to revise this false-positive finding and indeed,
analyzing the potassium adduct of naloxone under optimized conditions (Figure 9d) re-
vealed a more reasonable distribution in view of the pharmacological properties of naloxone
and our results from LC-HRMS/MS studies. In detail, naloxone was found at overall high
abundance with accumulation in the head part of ZF larvae (in line with its property to cross
the blood-brain barrier and high affinity binding to the p-opioid receptor) and at other ac-
cumulation spots in the main body part, where major organs are located, and in the tail
region, possibly reflecting drug distribution processes. Overall, these findings highlight how
appropriate sample preparation plays a vital role in MSI studies and emphasizes the neces-

sity of finding the best condition for analyzing a specific substrate.
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Figure 9. Comparison of the spatial distribution of naloxone [sodium adduct ion (m/z 350.1362)
and potassium adduct ion (m/z 366.1102)] inside ZF larval whole body between (a,b) the protocol
used in the previous studies [26,27] and (c,d) the optimal condition investigated in this study.
All MS images were visualized with a 3-dimensional view function in SCILS Lab version Pre-
mium 3-D software. These were the experimental conditions: (a,b) 14 passes of spraying matrix
deposition using 15 mg mL! DHB containing 0.1% TFA and 40% gelatin embedding medium, a
total of 10 slides for one respective larva; (c,d) 8 passes of spraying matrix deposition using 5 mg
mL! CHCA containing 0.1% TFA and 40% gelatin embedding medium, a total of 11 slides for
one respective larva. The images were generated by preparing a colormap from blue (no detec-
tion) to yellow (high local concentration) with a 50% transparency option, and then they were
further processed in 96 dpi resolution with 24-bit color under denoising state.

Encouragingly, the overall inorganic salt adduct formation ([M+K]* and [M+Na]*) of
naloxone in the larvae sections prepared according to the newly developed protocol was
approximately ten times higher than observed in MS images prepared according to the pre-
viously used method. Remarkably, through applying the optimized protocol, most naloxone
signals derive from the highly abundant potassium adducted ion with only very little con-
tribution of the protonated species and the sodium adduct (Supplementary Figure 510). In
addition to the parent drug (Figure 9), five metabolites (M2, M4, M7, M10/M14, and M35)
could also be visualized by MSI of the ZF larvae whole body sections (Figure 10). M2 was
strongly detected in all areas of the ZF larval body except for the front head region, and M4
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and M35 were distributed more in peripheral and yolk sac sections. Interestingly, glucuron-
idated naloxone, M7, which is the primary human metabolite, was uniquely detected in a
specific region where ZF liver and pancreas are located, and M10/M14 was evenly distrib-
uted in the ZF larval body. Furthermore, these distributional properties of naloxone and its
metabolites complemented findings of the whole body and sectional larvae samples ana-
lyzed by LC-HRMS/MS described in Section 4.4.1 and 4.4.2.

— Intensity (arb. unit) — Intensity (arb. unit)
300 pm 326.0789 m/z £ 2 mDa A.'.'w y 184 % 300 pm 368.1259 m/z £ 2 mDa A.'..w y < 114 %
0% 100 % 0% 100 %
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Figure 10. MALDI-MS images of the most abundant ZF metabolites of naloxone [M2 (m/z
326.0789), M4 (m/z 368.1259), M7 (m/z 542.1423), M10/M14 (m/z 382.1051), and M35 (m/z 308.0684),
potassium adduct ions) detected inside ZF larvae (whole body) prepared under the optimal con-
dition as described above. All MS images were visualized with a 3-dimensional view function in
SCiLS Lab version Premium 3D software. The images were generated by preparing a colormap
from blue (no detection) to yellow (high local concentration) with a 50% transparency option and
then were further processed in 96 dpi resolution with 24-bit color under denoising state.
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4.5. Materials and Methods

4.5.1. Chemicals and Other Materials

Naloxone, dimethyl sulfoxide (DMSO), tricaine (3-amino-benzoic acid ethyl ester), trifluoro-
acetic acid, gelatin from cold water fish skin, 2,5-dihydroxybenzoic acid (2,5-DHB), and a-cyano-
4-hydroxycinnamic acid (CHCA) were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Methanol (LC-MS grade), acetonitrile (LC-MS grade), and formic acid (LC-MS grade) were from
VWR (Darmstadt, Germany). NaCl, KCI, MgSOs, Ca(NOs)2, and HEPES were purchased from
Carl Roth (Karlsruhe, Germany). Stock solutions of all standards were prepared in DMSO at a
concentration of 10 mM, and solutions were stored for a maximum of one month at —20 °C. The
working solutions were freshly prepared prior to each experiment. 6-well plates were obtained
from Sarstedt (Niimbrecht, Germany). Differentiated HepaRG cells® cryopreserved (HPR116),
basal hepatic cell medium (MIL 600C), and thawing/plating/general purpose medium supple-
ment (ADD 670C) were purchased from Biopredic International (Saint-Grégoire, France). 24-well
plate coated with type I collagen was obtained from Life Technologies GmbH (Darmstadt, Ger-
many), and conductive indium-tin-oxide (ITO) coated glass slides were from Bruker Daltonics
(Bremen, Germany). Zebrafish embryos of the AB wild-type line were initially obtained from the
Luxembourg Center for Systems Biomedicine (Belvaux, Luxembourg). Dry small granulate food
was from SDS Deutschland (Limburgerhof, Germany), and Artemia cysts (> 230,000 nauplii per

gram) were obtained from Coralsands (Wiesbaden, Germany).

4.5.2. ZF Maintenance and Embryo Collection

Zebrafish husbandry and all experiments with ZF larvae were executed according to EU
Directive 2010/63/EU and the German Animal Welfare Act (§11 Abs. 1 TierSchG), in which all
works were accomplished by following internal standard-operating procedures (SOPs) based on
published standard methods [65]. Adult ZF were kept in an automated aquatic eco-system (PEN-
TAIR, Apopka, UK), which is a continuous and real-time monitoring system under these condi-
tions: Temperature (27 + 0.5 °C), pH (7.0 £ 0.1), conductivity (800 + 50 uS), and light-dark cycle
(14 h/10 h). Fish were fed twice a day with dry small granulate food and freshly hatched live
Artemia cysts once a day. The ZF embryo/larvae medium (0.3x Danieau’s solution) is made up of
17 mM NaCl, 2 mM KCl, 0.12 mM MgSQOs, 1.8 mM Ca(NOs), 1.5 mM HEPES, pH 7.1-7.3, and 1.2
uM methylene blue. To reproduce ZF embryos, ZF pairs were kept overnight in standard mating
cages, separated by gender. The following morning, the adult ZF started spawning as soon as
the separators were removed. All fertilized eggs of ZF were collected and sorted using a Zeiss
Stemi 508 stereo microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). All embryos were
raised in an incubator at 28 °C with daily medium change to clean embryo cultures. ZF larvae at

4 dpf were used for drug metabolism studies.

4.5.3. Drug Treatment of ZF Larvae via Medium Exposure

The sample preparation following waterborne drug exposure is described elsewhere [26—

30]. A non-toxic exposure concentration was chosen based on the survival rate as determined by
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in vivo maximum-tolerated concentration (MTC) experiments with 4 dpf ZF larvae. To measure
the heartbeat of ZF larvae, ZF larvae were anesthetized on ice and arranged. Heartbeat rates were
determined using DanioScope software version 1.2.206 based on imaging using a stereo micro-
scope (Zeiss Stemi 508 stereo microscope). For metabolite studies, 15 ZF larvae at 4 dpf were
transferred to one well of a 6-well plate containing 3 mL of 0.3x Danieau’s medium with 300 uM
naloxone. All exposure media contained a final concentration of 1% (v/v) DMSO, and ZF larvae
were treated for 24 h in an incubator at 28 °C. Additional 15 larvae were incubated in a com-
pound-free medium containing only 1% (v/v) DMSO as negative control (background masses).
All treated larvae were rinsed twice with 1 mL of 0.3x Danieau’s solution prior to subsequent

analyses.

4.5.4. Manual Sectioning of ZF Larvae

After exposure and washing, all larvae were transferred into a petri dish using a pipette and
then euthanized through cooling. Individual ZF larvae were aligned on a glass board for dissec-
tion. After removal of excess medium around the larvae by a pipette (but not all to prohibit dry-
ness of the sections and loss of sections), the immobilized larvae were cut into three sections
(head, body, and tail section; Supplementary Figure S7) using a sterilized surgical disposable
scalpel (B. Braun; Tuttlingen, Germany) under a microscope (Zeiss Stemi 508 stereo microscope).
All sections were collected into pre-cooled tubes and excess medium was removed with a pipette

as much as possible. Each section sample was prepared from a pool of 100 larvae in triplicates.

4.5.5. ZF Sample Preparation and Metabolite Analysis by LC-HRMS/MS

The washed 30 larvae treated by the procedures described in Section 4.5.3 were pooled into
a tube using a pipette and then euthanized by putting the tubes in ice water. After removing
excess medium, these larvae or the sectional larvae samples prepared in Section 4.5.4 were snap-
frozen in liquid nitrogen, followed by lyophilization for 4 h. The lyophilized larvae were stored
for a maximum of one week at —20 °C before extraction. For metabolite identification, frozen
larvae were thawed at room temperature for at least 30 min and extracted by vigorous vortexing
for 2 min with 50 pL methanol. The sample was centrifuged at 10,000x g for 2 min at room tem-
perature, and the supernatant was transferred to an autosampler vial. All pooled samples were
prepared in triplicates. The extract from ZF larvae was kept in a freezer at -20 °C and analyzed
within one week after extraction.

The LC-HRMS/MS system was composed of a Dionex Ultimate 3000 RSLC system (Thermo
Fisher Scientific, Germering, Germany) and maXis 4G HR-QTOF mass spectrometer (Bremen,
Germany) with the Apollo II ESI source. Separation of 5 uL-aliquots from all larvae extracts was
carried out by a linear gradient with 0.1% formic acid in water (v/v, eluent A) and 0.1% formic
acid in acetonitrile (v/v, eluent B) at a flow rate of 600 uL/min. Waters ACQUITY BEH Cis column
(100 x 2.1 mm, 1.7 um) equipped with a Waters VanGuard BEH Cis 1.7 um guard column at 45
°C as stationary phase. The linear gradient mode was programmed as follows; 0-0.5 min, 5%
eluent B; 0.5-18.5 min, 5-95% eluent B; 18.5-20.5 min, 95% eluent B; 20.5-21 min, 95-5% eluent
B; 21-22.5 min, 5% eluent B. Complementarily, UV spectra measurement were recorded using a
diode array detector (DAD) in the range from 200 to 600 nm.
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Mass spectra were recorded in centroid mode ranging from 150-2,500 m/z at a 2 Hz full scan
acquisition rate under auto MS/MS conditions in positive ionization mode. External calibration
was automatically done by injecting sodium formate and calibration on the respective clusters
formed in the ESI source before every LC-HRMS/MS run. All MS analyses were acquired in the
presence of the m/z 622.0290, 922.0098, and 1221.9906 ions as the lock masses generated with the
[M+H]* ions of Ci2Hi9F12N306P3, C1s8H1906NsPsF2, and C24H19F36N3OePs. DataAnalysis software
version 4.4 (Bruker Daltonics, Bremen, Germany) was used for qualitative analysis.

With the limit of available reference standards, expected naloxone metabolites were tenta-
tively identified using MS/MS data (Supplementary Figure S11). In addition, relative quantifica-
tion of metabolites was done based on peak areas under the assumption of similar ionization

behaviors of the individual metabolites due to the lacking of reference standards.

4.5.6. Mass Spectrometry Image Analysis of ZF Larva by MALDI-FT-ICR

The ZF larvae treated by the procedures described in Sections 4.5.3 were embedded in 30%
and 40% (w/v) gelatin solution and then were frozen and stored at -20 °C until cryosectioning. A
single larva was cut with 10-um thickness at -20 °C using a cryostat (MEV; SLEE, Mainz, Ger-
many), and every section was put on a cold conductive indium-tin-oxide (ITO) coated glass slide.
In addition, 15-um and 20-um thickness were also tested, and however, this was not successful
due to coarse quality of slides and rolling up/solidification at the rim of slides. All sections were
scanned individually under a microscope for alignment of the optical image of the sample in
MALDI. These serial sections from one larva on one glass slide were deposited using TM-Sprayer
(HTX M5; HTX Technologies, Chapel Hill, NC, USA) with 2,5-dihydroxybenzoic acid (2,5-DHB;
15 mg mL! and 30 mg mL!) and a-cyano-4-hydroxycinnamic acid (CHCA; 5 mg mL' and 15mg
mL) in acetonitrile:water (9:1, v/v) solution containing trifluoroacetic acid (TFA; 0.1%, 0.5%, and
1.0%) as described in Table 3 and then dried in a vacuum desiccator for > 2 h. Spray nozzle tem-
perature and flow rate of the pump were set up according to the manufacturer’s recommenda-
tions based on the chemical property of each matrix reagent: 60 °C and 0.125 mL min-! for DHB
and 75 °C and 0.20 mL min-! for CHCA. The dried glass slide was stored at —20 °C before MALDI-
FT-ICR measurement. In practice, as the detachment of the sections from the glass slide often
happened during the thawing step prior to the MALDI analysis, we recommend analyzing the
samples within one week after matrix deposition. This issue occurred mainly from the arid part
of the sections embedded in both 30% and 40% gelatin medium, and we assumed that it might
be caused by the loss of water in the slides due to more extended storage in a freezer.

For MSI measurement, the sections of ZF larvae were analyzed by MALDI and 7T SolariX
FT-ICR (Bruker Daltonics, Bremen, Germany) in positive ionization mode (m/z range 150-1,000),
using 40 laser shots per pixel with a raster width of 20 um. Before acquiring MALDI images, the
mass calibration of FT-ICR was performed by the calibration standard according to the manu-
facturer manual, and for auto-calibration of MALDI of each laser measurement, the lock mass
was set to m/z 273.0394 (for 2,5-DHB matrix) and m/z 212.0381 (for CHCA matrix). MALDI-MSI
data acquisitions and image data analyses in three dimensions were processed using ftmsControl
version. 2.2.0, flexImaging version 5.0, and SCiLS Lab version 2022a Premium 3D softwares
(Bruker Daltonics, Bremen, Germany).
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4.5.7. ZF Larval Homogenate Preparation

The pooled 30 whole-body larvae and 100 sectional larvae samples were treated as de-
scribed above in Section 4.5.3 and 4.5.4, respectively, prior to homogenization for seven times
using an ultrasonic homogenizer (ZINSSER ANALYTIC GmbH; Frankfurt am Main, Germany)
under the condition of five sec/interval of 10 sec with 75% amplitude. These larval homogenate
samples for MSI measurements were prepared by spotting 1 uL of total homogenate aliquots
onto 30% and 40% gelatin and then dried in a vacuum desiccator for > 1 h. To prepare external
calibration in ZF larvae homogenate matrices, each calibration point was freshly prepared from
a 5 mM stock solution, yielding a final concentration of 3, 10, 16, 33, 65, 98, and 164 ng, respec-
tively. The larvae homogenates for the calibration were pooled from 100 ZF larvae. All homoge-

nates were scanned followed by a matrix deposition procedure as described in Section 4.5.6.

4.5.8. In Vitro Metabolism Analyses Using HepaRG Cells

For further understanding of the naloxone metabolism in an in vitro model, differentiated
HepaRG cells were investigated. According to the manufacturer's instruction, the metabolism
studies were implemented using adherent cells at 4 h after cell seeding (Biopredic International;
Saint-Grégoire, France). All the steps of cell preparation were performed under sterile conditions.
Differentiated cells frozen in a vial were thawed and seeded at a density of 4.8 x 105 cells/cm? in
collagen-coated 24-well plates with 0.5 mL of thawing and seeding medium. These cell cultures
were maintained at 37 °C in a humidified incubator (95% air humidity, 5% COz2). The thaw and
seed medium was composed of MIL 600 (basal hepatic cell medium) supplemented by ADD
670C (thawing/plating/general purpose medium supplement with antibiotics) and pre-warmed
to 37 °C before usage. For the cell exposure of naloxone, 150 uL aliquots of medium were re-
moved from the 24-well cell culture plate, and treatment was started by adding 150 pL of the
naloxone-contained medium. These mediums were prepared by adding naloxone into the thaw
and seed medium, yielding final concentrations of 100 uM with 0.2% (v/v) DMSO and 300 pM
with 0.6% (v/v) DMSO in the total medium of one well.

Treatment was stopped after 0.1, 10, 30, 60, 120, 240, 360, and 1,440 min, and blank group
(as a negative control) and two control groups [as a DMSO control; 0.2% and 0.6% (v/v)] were
also prepared. All samples were prepared in duplicates. An aliquot of 30 pL-supernatants of all
medium was transferred into a tube, and for extraction, 30 uL of cold acetonitrile containing with
0.1% formic acid was immediately added. Samples were vortexed and cooled in a freezer for 30
min at —20 °C. After centrifuging at 10,000x g for 2 min at 4 °C, the 30 uL-supernatant of the
samples was transferred to an autosampler vial, and all samples were then dried in vacuo and
resuspended with 30 uL of acetonitrile containing 0.1% formic acid. All incubation conditions
were done in duplicates. The analysis of these extracts and data acquisition were performed by
the LC-HRMS/MS system conditions explained in Section 4.5.5.
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4.6 Summary and Conclusions

In this study, we aimed to improve the understanding of metabolism and drug pharmaco-
kinetics using the ZF larvae model as an alternative in vivo model for predicting human metab-
olism with the opioid antagonist naloxone as a tool drug. Intriguingly, we could demonstrate
that the ZF model can reliably predict human metabolism of naloxone; ZF larvae produced all
three described main human metabolites along with ten additional ones, which were used to
refine the metabolic pathways of the opioid receptor antagonist (Table 2 and Supplementary
Figure S2). In summary, while comparing the mutual similarity of metabolism, ZF larvae showed
a 100% match rate to both humans and the common in vitro HepaRG cells (Figure 2c). Moreover,
ZF larvae showed an 86% match rate to rat, as one renowned in vivo model in pharmacology and
toxicology (Supplementary Figure S3). Moreover, the uptake and biotransformation kinetics of
naloxone over time were assessed (Figures 3 and 4 and Supplementary Figure S6).

The localization of naloxone inside ZF larval bodies was first determined by manual sec-
tioning of larvae into head, body, and tail regions, and we could demonstrate through LC-
HRMS/MS analyses that naloxone can be found in each body part with a certain accumulation
in the head region (Figure 5). Given the pharmacological properties of naloxone as an opioid
receptor antagonist this result was fully conclusive and also consistent with reports on morphine-
like PK properties of naloxone in humans [39,43,48]. To optimize naloxone detection in MSI, ZF
larvae homogenates were utilized and we could optimize detection methods for naloxone distri-
bution inside ZF larvae using the MSI approach (Figure 6 and Table 3), although FT-ICR-based
quantification still needs further optimization in terms of reducing matrix effects and availability
of internal standards for reliable quantitative analyses (Figure 8). Importantly, we could demon-
strate that MSI of naloxone in ZF larvae under non-optimized conditions resulted in false-nega-
tive results with respect to the spatial distribution of the drug, a phenomenon which could be
completely overcome when the newly developed sample preparation protocol was applied (Fig-
ure 9). Using the latter, we could not only reliably predict in vivo distribution of naloxone but
were also able to characterize the spatial distribution of major metabolites (M2, M4, M7,
M10/M14, and M35; Figure 10). Furthermore, the discrepancy between MALDI-MSI and LC-
HRMS/MS due to the formation of three different adduct ions — which was indeed the major
rationale for undertaking the presented study with naloxone — could be overcome as we were
able to implement protocols for MSI sample preparation that support the preferential formation
of single ion species (Figure 9 and Supplementary Figure S10).

Taken together, with the naloxone example we demonstrate that ZF larvae model is a prom-
ising in vivo model, which can be broadly applied to study DMPK properties of a drug. In par-
ticular, drug metabolism in ZF larvae has been shown to reliably predict human metabolism and
we could further consolidate this finding in the presented study with naloxone. Having detailed
information on the in vivo distribution of drugs and metabolites in ZF larvae would largely in-
crease the impact of this model in routine screening and early preclinical profiling of investiga-
tional new drugs. In the presented case study with naloxone, we were able to significantly im-
prove MSI protocols giving reliable images of the in vivo distribution of naloxone. Importantly,
the general workflows applied here for optimizing MSI detection of naloxone inside ZF larvae is
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broadly applicable and will help to improve analytics of any other investigated molecule as part
of DMPK studies in the ZF larvae model.
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Figure S1. Internal amount-time profiles of naloxone and its main three metabolites (M2, M4,
and M21) in HepaRG cells incubated with (a) 100 uM and (b) 300 uM naloxone, respectively.
The cell medium was collected after 0.1, 10, 30, 60 120, 240, 360, 1,440 min of incubation (1 =
3). The p-values between naloxone and these three metabolites at both concentrations were
computed by one-way ANOVA, and all p-values represented significance at all incubation
times, respectively (*p <0.001).
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Figure S2. The reconstructed metabolic pathway of naloxone based on the metabolites detected in the ZF larvae model.
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ZF larvae model Rat

e! M2, M4, M7,

M12, M21, M35

HepaRG cells Rat

- M2, M4, M21

Human Rat

‘ M2, M4, M7

Figure S3. Mutual comparison of detected metabolites based on the rat model [39,48,53] with
three different models (ZF larvae, HepaRG cells, and humans [41-43,45-51]). Two metabolites
(M2 and M4, in bold) were commonly detected in all investigated models, and the dominant
three human metabolites (M2, M4, and M7) were found in both ZF larvae and the rat models.
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Figure S4. Composition pattern changes of internal naloxone and its major three metabolites (M4, M7, and M21) in ZF larvae after 10 min to 24 h
exposure time of naloxone. All data are represented as mean of three replicates of 30 pooled larvae.
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Figure S5. Internal amount-time profile of (a) five minor metabolites (M2, M8, M12, M23, and
M35) in ZF larvae exposed to 300 uM naloxone and (b) detection of five metabolites (M2, M5,
M10/M14, M17, and M18) in the surrounding medium after exposure of larvae to naloxone. ZF
larvae were exposed to the drug-containing medium for 0, 1, 10, 30, 60, 120, 360, 720, and 1,440
min, respectively (n = 3). The residual medium is collected directly from each larvae sample at
the given exposure time (n = 1). All results from ZF larvae in panel (a) are given as mean + stand-
ard deviation from triplicates of 30 pooled larvae, and the p-values between naloxone and the
respective five metabolites in the larvae were computed by one-way ANOVA. All p-values had
statistical significance at all exposure times (*p<0.001).
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Figure S6. Composition rate changes of the relative amounts of naloxone and two major metab-
olites (M7 and M21) inside ZF larval bodies following incubation in a compound-free medium
post 1 h exposure to 300 uM naloxone. Data were calculated on the basis of mean values given
in Figure 4 of the main text (n =3). All p-values between naloxone and these two metabolites

were computed by one-way ANOVA and were statistically significant at all incubation times
after 1 h naloxone exposure ("p< 0.001).
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Figure S7. Prepared sections of ZF larvae at 5 days post-fertilization (dpf) in lateral (upper panel)
and dorsal (lower panel) view. The head section includes hindbrain, eyes, and heart. Yolk sac
and other intestinal organs (e.g., liver, pancreas, and kidney) are part of the body section. The
tail part does not contain any major organ compartment.
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Figure S8. Sectional distributions of two minor metabolites (M2 and M12). The peak area of the
substrate detected in the chromatogram was normalized individually with the total weight of
each section, and the clustered columns are displayed as mean + standard deviation (n = 3), and
the p-values between naloxone and its two metabolites were calculated by one-way ANOVA
('p<0.05, "p<0.01). The p-values in the tail section could not be determined due to low intensity of

M2 and M12.
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Figure S9. Calibration curves for naloxone (potassium adduct ion, m/z 366.1102) spiked into ZF
larvae homogenates at 3, 10, 16, 33, 65, 98, and 164 ng per 1 uL. homogenate (1 = 7). The obtained
data were either analyzed by logarithmic regression (full concentration range; round dotted line;
n=7) or by linear regression of different concentration ranges (3-33 ng, long dashed line and 33-
164 ng, long dash-dot line; n = 4). The resulting calibration curves all showed a high degree of R-
squared (R2>0.92).
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Figure S10. Comparison of the intensity of three naloxone adduct ions [proton (m/z 328.1549),
sodium (m/z 350.1362), and potassium adduct ion (m/z 366.1102)] in the MS images of drug-
treated ZF larvae whole body sections visualized with a 3-dimensional view function in SCiLS
Lab version Premium 3D software. ZF larvae samples were prepared according to (a) the proto-
col used in the previous studies [26] and (b) the optimized protocol developed as part of this
study. In detail, the following conditions were used: (a) 40% gelatin embedding medium, 15 mg
mL! DHB containing 0.1% TFA, 14 passes of matrix spraying, composed up of 10 slides from one
respective larva; (b) 40% gelatin embedding medium, 5 mg mL-* CHCA containing 0.1% TFA, 8
passes of matrix spraying, composed up of 11 slides from one respective larva. The intensity box
part is depicted by the lower and upper boundaries representing the second and the third quar-
tile, and the line extending vertically from the boxes indicates lower and upper quantiles whose
relative values are set at 99% quantile. The cloud part shows how the intensity of the molecular
image distributes in spectra of a sample. Blue dots represent the spectra between the lower and
upper quantiles, and red dots represent outliers distributed outside these intensity intervals.
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Figure S11. MS? spectra of naloxone and its ten metabolites detected in the exposed zebrafish larvae and the residual exposure medium, arranged by the labeling
number in this study. The 13 metabolites were found in ZF larvae and residual exposure medium: M2, M4, M7, M12, M21, and M35 in the larvae, and M5, M10/M14,
M17, and M18 in the medium. In the case of M10/M14 and M17, their MS? fragments were generated with two possible structures due to anticipating several structural
isomers. The minor three metabolites (M8, M23, and M26) are not displayed here because their MS? spectra were not unavailable due to the low intensity of peaks.
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Table S1. Detailed information on naloxone and its metabolites identified from human biosamples and animal models (published data) and data of additional

metabolite candidates from zebrafish larvae and HepaRG cells (this study).

. Data from this study
Calculated Human Rat g}?zz:; Dog "
[41-43,45-51]] [39,45,48,52,53] l4854]  HepaRG Zebrafish larvae
Compounds Metabolic reaction exact 1451 in vitro [300 uM]
masses models
(m/z) Plasma Urine  Plasma, urine, feces Urine Urine [100 uM, Larvae Medium
300 uM]
Naloxone Unchanged form 328.1543 + + + + + + + +
M1 N-hydroxylation 345.1571
M2 N-dealkylation (nornaloxone) 288.1230 + + + + + +
M3 N-dealkylation + hydroxylation 304.1179
M4 N-allyl-7,8-dihydro-14-hydroxynormorphine (naloxol) 330.1700 + + + + + + +<
M5 N-CH3s (N-dealkylation; oxymorphone) 302.1387 +b
M6 N-CH:CHs (N-dealkylation) 316.1543
M7 Glucuronidation 504.1864 + + + + + + +
M8 N-oxide + glucuronidation 520.1813 +<
M9 Glucuronidation of M2 464.1551 +
M10 N-oxidation 344.1492 +ab
Mi1 Glucuronidation of M3 480.1500
Mi12 Glucuronidation of M4 506.2021 + +d +
Mi13 2*glucuronidation of M4 682.2342
M14 Epoxidation ‘ 344.1492 +ob
Hydroxylation in the benzene ring
Mi15 Epoxidation in alkene group of M4 346.1649
Mi6 Epoxidation + methylation of M5 359.1727
Dihydroxylation
M17 Hydroxylation + epoxidation 360.1442 +e +b
N-oxide + epoxidation
M18 Dihydroxylation + epoxidation 376.1391 +b
M19 Glucuronidation of M14 536.1763
M20 2*glucuronidation 680.2185
M21 Sulfation 408.111 + + + +
M22 2*sulfation 488.0680
M23 Methoxylation in benzene ring 358.1649 +¢
M24 Glucuronidation of M23 534.1970
M25 Hydroxylation in alkene group 332.1492
M26 Carboxylation in alkene group 346.1285 +b
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M27 Naloxegol 652.3691
M28 Addition of S-methyl 374.1421
M29 Glutathione conjugate 633.2225
M30 Cysteine conjugate 447.1584
M31 Di-hy.droger\ation with th-e cleavage of carbon-oxygen 3321856

bond in cyclopentane moiety

Di-hydrogenation of M7with the cleavage of carbon-oxy-
M32 gen bond in cyclopentane moiety 508.2177

Glucuronidation of M31
M33 Glucuronidation of M32 684.2498
M34 2 hydroxylation in benzene ring and alkene part 348.1442
M35 Rearrangement after elimination of hydroxyl group of M2 270.1125 + +¢
M36 N-CH2CHs of M4 318.1700
M37 Glucuronidation of M1 521.1892

Total number of detected metabolites 3 3 7 3 2 4 8 8

All data from human samples and animal models were taken from published studies; Human plasma data were quoted from [47,49-51] and urine data from [41-43,45-48]. Rat plasma
data were cited from [39,48,53] and urine and feces data from [47,48,52]. @ The structural isomers M10 and M14 co-eluted in the LC-HRMS/MS setup used in this study, and accordingly,
isomers were counted and quantified as one metabolite although they derive from different metabolic reactions (see Supplementary Figure S2); ®the metabolites were only detected in
the surrounding exposure medium and not from extracted ZF larvae;  the metabolites were detected only in extracted ZF larvae and not in the surrounding exposure medium; 9 the
metabolite was not detected in rabbit; ¢ the metabolite was only detected at the higher exposure concentration of 300 M naloxone. +: Peak detected.
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Table S2. Mass list of 4F-MDMB-BINACA and its phase I and phase II metabolites used for LC-
HRMS/MS and MALDI-FT-ICR measurements.

Compounds Metabolite ID for Lc-rirl\:[g};grtzﬂ for M/ill\jll-)ﬂl\l;lTIIoCnR

Parent compound 4F-MDMB-BINACA 364.2031 386.1850
M1 237.1034 259.0853

M2 274.1186 296.1006

M3 276.1343 298.1162

M4 290.1499 312.1319

M5 346.1761 368.1581

M6 348.1718 370.1537

M7 348.1918 370.1737

M8 350.1874 372.1694

M9 360.1554 383.1452

Phase I metabolites M10 362.1710 384.1530
M11 362.2074 384.1894

M12 364.1667 386.1487

M13 366.1824 388.1643

M14 366.1824 388.1643

M15 376.1867 398.1686

M16 380.1980 402.1800

M17 380.1980 402.1800

M18 380.1980 402.1800

M19 380.1980 402.1800

M20 460.1548 482.1368

M21 524.2239 546.2058

M22 526.2196 548.2015

Phalsifef metabo- M23 5422144 564.1964
M24 552.2188 574.2007

M25 556.2301 578.2120

M26 556.2301 578.2120
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Table S2. Mass list of 4F-MDMB-BINACA and its phase I and phase II metabolites used for LC-
HRMS/MS and MALDI-FT-ICR measurements.
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M4 290.1499 312.1319

M5 346.1761 368.1581

M6 348.1718 370.1537

M7 348.1918 370.1737

M8 350.1874 372.1694

M9 360.1554 383.1452

Phase I metabolites M10 362.1710 384.1530
M11 362.2074 384.1894
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5.1 Summary

The zebrafish (Danio rerio) larvae model is as a powerful in vivo model for drug discov-
ery and development, pharmacological studies, and for studying human diseases. A survey
performed by Zhang et al. in 2020 demonstrated that the model was applied in 114 published
studies between 2000 and 2017 covering eleven major research fields, including twelve pub-
lications (10.5%) on zebrafish metabolism as the second most abundant research field after
tissue-specific studies (56 publications) [1,2]. In this thesis, the zebrafish larvae model was
the primary organism model for studying the metabolism of three different drugs. Moreover,
three enabling methodological approaches (mass spectrometry imaging, microinjection, and
morpholino oligonucleotide) were optimized for zebrafish larvae, and all procedures are
described in detail in three individual chapters. These approaches were crucial to strengthen
and further validate the zebrafish larvae model for predicting human drug metabolism. Ul-
timately, the usefulness of zebrafish larvae for expanding the current set of common AD-
MET (absorption, distribution, metabolism, excretion, toxicity) assays was successfully
demonstrated.

In Chapter 2, 7’ N-5F-ADB, an emerging synthetic cannabinoid (SC), well-known as a
new psychoactive substance, was studied and various administration routes to deliver the
drug to zebrafish larvae were evaluated. For example, direct microinjection into a vital organ
(yolk sac, caudal vein, heart ventricle, or hindbrain) was compared to conventional water-
borne exposure. Remarkably, from 27 metabolites detected in human urine samples, 19 me-
tabolites were present in microinjected larvae, and 15 metabolites were detected using the
in vitro HepaRG cells model. In addition, seven out of the ten glucuronidated conjugate
phase II metabolites that were detected in human urine samples were also observed in the
injected larvae. In summary, all of the detected metabolites in the zebrafish larvae represent
a high concordance rate of 70% to human urine samples and 90% to HepaRG cells. Overall,
it was found that microinjection of the SC into caudal vein, heart ventricle, or hindbrain of
zebrafish larvae was most successful in terms of drug absorption and metabolism, whereas
microinjection into the yolk sac and aquatic exposure to 7”N-5F-ADB resulted in only one
and 18 metabolites, respectively. Furthermore, the spatial distributions of 7”N-5F-ADB and
its metabolites were visualized by mass spectrometry imaging, and significant differences
regarding their localization and abundance between aquatic exposure of 7”N-5F-ADB and/or
microinjections into three different organs were revealed. The spatially resolved MS images
helped to figure out that metabolism within 1 h after microinjection is as efficient as com-
pared to waterborne exposure for 24 h in terms of identifying the most common metabolites
of 7”N-5F-ADB detected in all investigated models.

In Chapter 3, studies on zebrafish drug metabolism were extended based on the find-
ings of 7’N-5F-ADB metabolism studied in Chapter 2, using the newly emerged SC 4F-
MDMB-BINACA, which was first reported in 2019 by the EU Early Warning System [3,4].
Interestingly, despite the similar physicochemical properties of both SCs, 7"N-5F-ADB and
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4F-MDMB-BINACA, the number of detected metabolites of 4F-MDMB-BINACA was signif-
icantly lower than that of previously studied 7”N-5F-ADB. That contrasting result raised the
question, whether there is a correlation between the efficacy of metabolism and the function
of cannabinoid receptors, which possibly induces abnormal liver development. Thus, the
liver sizes of zebrafish larvae treated with the two SCs were determined and compared to
the liver sizes in genetically modified zebrafish larvae by gene knockdown of cannabinoid
receptors type 1 and type 2 (CB1 and CB2) via antisense morpholino oligonucleotides. In
particular, as CB2-deficient larvae showed a pronounced liver size reduction similar to non-
CB-deficient larvae treated with 4-MDMB-BINACA, the effect of CB1- and CB2-deficiency
on SC metabolism was investigated, and the overall number of detected metabolites of 7"N-
5F-ADB and 4F-MDMB-BINACA was compared to a control group. The CB2-deficient lar-
vae retained ca. 45% of both SC metabolites compared to ca. 80% for CB1-deficient larvae.
Furthermore, given that SCs act as agonists of CB1 and partial agonists of CB2 [5-7] and in
light 4F-MDMB-BINACA being a highly potent CB1 agonist as reported by Cannaert et al.
[6], 4F-MDMB-BINACA might act as a more potent CB2 agonist than 7’N-5F-ADB. In turn,
the strong activation of CB2 might lead to a similar effect on drug metabolism as CB2 defi-
ciency in the larvae, concurrent with the reduction of liver size and fewer metabolites being
generated.

Chapter 4 focuses on exploring the applicability of mass spectrometry imaging (MSI)
for studying zebrafish larvae and on optimizing methods that are still considered challeng-
ing [8,9]. The opioid antagonist naloxone has been widely used for preventing overdose
death due to opioid intake, cases of which have been increasing in recent years [10,11]. First,
naloxone and its metabolites were investigated in the zebrafish model and results were com-
pared to human data. Second, these findings were complemented with naloxone uptake and
biotransformation kinetics in the larvae. Moreover, in three main body parts sectioned from
the entire larval body, the specific localizations of naloxone and its metabolites were char-
acterized using LC-HRMS/MS without additional imaging equipment. Ultimately, after op-
timization of the MSI method using zebrafish larvae homogenates, the distributional images
of the parent compound and its metabolites inside a complete larval body were significantly
improved as compared to MS images generated using previously applied protocols. The MS
images revealed a detailed view on the localization of naloxone and its metabolites by com-
bining the distributions of naloxone and its metabolites detected separately in different
slides onto one entire larva image, thus, providing a 3-dimensional view. The results from
MS images were consistent with data from sectioned larvae being analyzed by LC-
HRMS/MS. Notably, the overall findings of naloxone metabolism in zebrafish larvae from
two different analytical platforms (MALDI-FT-ICR and LC-HRMS/MS) were well aligned.

In summary, this thesis contributes to broadening the scope of zebrafish larvae model
application, in particular in the field of drug metabolism studies, using three enabling meth-
odological approaches: Mass spectrometry imaging, microinjection, and gene knock-down
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via morpholino oligonucleotides. Using three tool drugs each approach was efficiently op-
timized in the present work. Taken together, zebrafish larvae are a promising and powerful

in vivo model that can complement and/or replace conventional ADMET studies.
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5.2 Challenges in the Use of Zebrafish Larvae for Drug Metabolism Stud-

ies

The zebrafish larvae model is one of the most promising in vivo models for drug metab-
olism studies mainly out of three reasons; it helps to reduce the number of animal studies,
reliably predicts human metabolism, and additional data on e.g., toxic events, pharmacoki-
netics (PK), and the pharmacology of drugs can be recorded simultaneously in the same
model. Currently, the model is primarily used for profiling of drug candidates at the early
phase of drug discovery and development and for deepening the knowledge on effects
caused by substances to which humans are exposed. In the current work, three enabling
methodologies for successfully applying the zebrafish larvae model were further refined
and improved with a focus on optimizing the outcome of drug metabolism studies. Various
routes of drug administration to zebrafish larvae, i.e. conventional waterborne exposure and
microinjection into different organs, were studied and it was found that this step is crucial
to ensure efficient in vivo distribution and in turn, efficient drug metabolism [12]. In fact, the
majority of reported studies where zebrafish larvae were used as screening tool rely on add-
ing test substances directly to the water, thereby neglecting potential issues with compound
uptake and in turn, presumably producing a high rate of false-negatives [13]. Notably, we
found fast circulation of drugs and a high number of drug metabolites in microinjected lar-
vae, which surpassed or equaled results from different models (rodents, HepaRG cells, and
humans). Despite the high success of the metabolism studies presented here, other factors
beyond drug absorption and pharmacokinetics were found to impact drug metabolism in
the model. As exemplified for the SC 4F-MDMB-BINACA [14], compounds can induce e.g.
non-lethal toxic effects, which in turn, can influence their pharmaceutical effects and metab-
olism. In cases where such complex pharmacological events resemble those observed in hu-
mans this can be seen as beneficial. However, the complex in vivo events need to be assessed
carefully on a case-by-case basis and lack of human data can hamper a differentiated evalu-
ation of findings from the zebrafish larvae model. Nevertheless, various tools are available
for genetic manipulation of zebrafish larvae such as gene knock-downs which, in turn, fa-
cilitates detailed studies on the in vivo pharmacology of compounds e.g. in the context of
target validation and studying downstream effects [13,15,16]. In addition, analytical meth-
ods such as MSI can further help to understand what happens to a compound inside
zebrafish larvae thereby covering in particular drug metabolism and distribution as part of
ADME [12,14].

The following first part of this chapter summarizes the main obstacles observed during
drug metabolism studies in zebrafish larvae along with an outlook on how such studies can
be further improved on a technological level. New technical and methodological trends for
drug metabolism studies are discussed and advancements and prospects for the use of MSI
are detailed.
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5.2.1 Obstacles and Prospects of Studies with Zebrafish Larvae from a Methodologi-
cal Point of View

As early as in the mid-nineteenth century, scientific interest in drug metabolism arose,
and this was further fueled by the discovery of the function of hepatic drug-metabolizing
oxido-reductases, characterized as a cytochrome in the 1960s [17]. Interestingly, the first hu-
man study of drug metabolism occurred in 1841 while isolating the hippuric acid from the
urine after benzoic acid ingestion. Since then, the number of drug metabolism studies stead-
ily increased, and the Global ‘Drug Discovery Market’ Survey report 2022 anticipates an 8%
growth rate in the market from 2019 to 2027 [18,19], and the global ADMET testing market
is predicted to increase by 5-fold from 2020 to 2027 [20].

Studies of drug metabolism are mostly conducted during the drug discovery and de-
velopment process for a basic understanding of a drug and precisely predicting its effects in
humans (e.g., the time course of drugs in the human body, the structuring of dosage regi-
mens, and the pharmacology and toxicology of a drug and its metabolites) [17,21]. Moreover,
drug metabolism studies are also required for controlling and monitoring emerging illegal
drugs of concern in forensic and clinical toxicology research fields [21-23], and they are also
applied for studying e.g. environmental toxins [13,24-26].

As part of this thesis, the zebrafish larvae model for in vivo drug metabolism was ap-
plied and further refined using three tool compounds (two synthetic cannabinoids and an
opioid antagonist) with the overall goal to improve data quality and develop methodologies
that are widely applicable for various types of compounds being studied in the model. One
major obstacle is the administration of compounds to the zebrafish larvae. Although the
model offers the possibility of fast and easy drug administration through adding com-
pounds directly to the larvae-surrounding water, uptake into the organism is often not
achieved although this has not yet been studied in detail. However, studying SC metabolism
in the zebrafish model it became obvious that microinjection — and coupling of biological
assessment with state-of-the-art analytical techniques — is crucial for the one or other com-
pound to successfully administer it to the larvae. Encouragingly, when using the optimal
route of administration of a certain compound zebrafish larvae produce a large number of
phase I and phase II metabolites depicting an authentic spectrum of human metabolites. In
general, it is advisable to explore various types of administration into zebrafish larvae prior
to studying new compounds in the model, and the routes tested here (caudal vein, hindbrain,
heart ventricle, yolk sac) could be even expanded to also testing microinjection into e.g. otic
vesicle, muscle, or mouth [12,14]. However, it has to be acknowledged that only microinjec-
tion into the yolk sac of early stage zebrafish embryos and larvae can be automated with
currently available technology [27-29]. In turn, performing a concise study of compound
administration prior to the actual experiment requires access to analytical equipment, which
is often not available in academic biology laboratories, and bears some other difficulties such
as longer preparation time (not feasible for higher throughput screening), partly challenging
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time management, and the need for adequate injection skills. The latter includes glass nee-
dle preparation and its volumetric calibration, an anaesthetizing step of larvae with e.g.
tricaine, and alignment of zebrafish larvae on an agarose plate. In particular, the microinjec-
tion into small and vulnerable compartments such as the caudal vein requires extended
training and expert knowledge. Such experiments should be carefully conducted as an un-
skilled injection can easily damage these compartments. Besides, we observed that due to
the relatively long time needed for the microinjection into sensitive organs the skin of
zebrafish larvae tends to dry out causing adhesion to the plate. Many injected larvae were,
in turn, not available anymore after injections. In contrast, injection into the yolk sac of
zebrafish embryo at 0 dpf as done with morpholino oligonucleotides (MOs; see Chapter 3)
is straightforward and it is also amenable for automation [28,30],

Although these challenges could be overcome by a thoughtful protocol, as we devel-
oped throughout the studies of Chapter 2 and 3, the exact amount of injected compound is
unclear, while drug delivery through injection of defined amounts is obviously much more
reliable than waterborne exposure. Despite the fact the needle used for microinjection can
be precisely calibrated some loss of injection solution while pulling out the needle from the
zebrafish larvae can be barely avoided. Cocchiaro et al. introduced a method for microga-
vage of zebrafish larvae for oral delivery of compounds directly in the gut [31]. In theory,
this method overcomes (or at least improves) loss of compound during injection due to
deeper injection and less tissue disruption. Nevertheless, it is only applicable for compounds
for which it is expected that they are efficiently resorbed from the gastrointestinal tract of
zebrafish larvae. In contrast to studies involving compound addition and observations
within live larvae, advanced methods for delivering various types of compounds and rea-
gents are available which are, however, not applicable for drug metabolism studies. As an
example, He et al. developed a protocol for in situ hybridization and antibody staining in
zebrafish larvae (3 dpf to 4 dpf) to detect the localization of mRNAs and proteins [32]. They
developed Triton X-100 treatment and skin removal (easily removed by fine tweezers) to
permeate tissues and preserve antigen epitopes instead of proteinase K digestion used in
general. They could overcome the lacking of available antibodies in zebrafish larvae with
enough detection of multiple mRNAs and proteins with high sensitivity. However, all in-
vestigated techniques to deliver exact amounts of compounds into zebrafish larvae are gen-
erally quite time-consuming, need expert knowledge, and they potentially lead to incon-
sistency in data from different laboratories. Even the simple method of waterborne exposure,
already considering that unknown amounts of compound are absorbed by the larvae, can
be complicated by insufficient aqueous solubility of test items. In conclusion, it would be
desirable to significantly extend compound delivery studies in zebrafish larvae. Ideally, hav-
ing studied a large variety of compounds and drug classes with different physico-chemical
properties, this would allow in silico predictions of suitable administration routes for newly

studied compounds.
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Despite the partly challenging aspect of precise drug administration to zebrafish larvae,
which is not as much of an issue in larger animals, the model offers various unique ad-
vantages one of which is the availability of various tools for genetic manipulations. Here,
morpholino oligonucleotides were applied in our study with 4F-MDMB-BINACA (Chapter
2) in order to explore the impact of cannabinoid receptor function on drug metabolism. The
knock-down of CB1 and CB2 in zebrafish larvae through this methodology was easily
achieved and contributed to a detailed understanding of the SCs metabolism. In general,
zebrafish larvae models using MOs significantly contributed to understanding gene func-
tions [15]. Overall, this genetic technique is convenient but it was reported that MOs often
causes side effects (i.e., relatively high mortalities even for control groups) [30,33].

Indeed, as described in Chapter 2, the random MO control 25-N induced some rare toxic
effects in zebrafish larvae at time points 24 h to 48 h post injection, even though this standard
control MO has been used reliably as a negative control. Alternatively, in our study of Chap-
ter 2, the control 25-N MO was replaced by mock injection with distilled water, which was
more relevant compared to the random MO control. This phenomenon might be explained
by off-target effects of MOs, giving strong and deleterious phenotypes unrelated to the tar-
geted specific gene [34,35]. However, exact mechanisms are yet unknown, and we specu-
lated that the observed toxic effect is instead a technical failure than anything related to bi-
ological issues. In fact, very few studies [14,36] investigated drug metabolism in genetically
modified zebrafish larvae despite its relevance, in particular when the studied drug is sus-
pected to have an impact e.g. on liver function as the major metabolizing organ. Such inte-
grated studies can indeed become quite complex and time-consuming but the gain in
knowledge of in vivo biological processes is clearly beneficial.

Throughout the studies with 4F-MDMB-BINACA, we could demonstrate that, espe-
cially in drug metabolism studies, transgenic zebrafish larvae offer the unique possibility to
study e.g. compound-induced liver pathophysiology in real-time in the living organism. In
case of adverse effects (as seen with 4F-MDMB-BINACA), further genetic modifications can
be easily introduced to concisely study pharmacological effects in a systematic approach.
Besides MOs, various other tools are available (CRISPR-Cas9, TALENs, TILLINGs, and
CRISPR).

5.2.2 New Techniques and Methods for Drug Metabolism Studies

In order to improve drug metabolism studies in general and in the in zebrafish larvae
model, novel techniques should be continuously explored. Recently, ambitious and under-
explored methods, such as artificial intelligence (AI) computers and 3D-printed organs are
being applied in drug discovery and development [37]. The GlobalData media survey in
2021 revealed that over 70% of pharmaceutical industry respondents anticipate intelligent
technologies to impact drug development significantly [37]. In practice, AI models are ap-
plied in various fields and significant progress has been made e.g. in prediction of drug-
protein interactions and efficacy, defining safety biomarkers, and the prediction of drug me-
tabolites [38,39]. The vice president of the US supercomputer company NVIDIA predicted
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that Al simulation could support model target and drug interactions in silico. Also, the
breakthroughs of Al deep-learning programs, such as AlphaFold and RoseTTAFold, can
generate a thousand-fold expression of known protein structures and increase the chances
for drug discovery by a million times [37].

As a most prominent example, Zhavoronkov et al. published a proof-of-concept study
for hit discovery using Al technology in 2019 [40]. This study successfully used a deep learn-
ing model, generative tensorial reinforcement learning (GENTRL), for de novo small-mole-
cule design, and the authors discovered four potent inhibitors of discoidin domain receptor
1 (DDR1) after optimization of GENTRL algorithms (Figure 1)[40]. Moreover, a trend to-
wards Al-driven decision making in pharmaceutical industry is anticipated as a competitive
tool for faster and cheaper development of new drugs [41]. However, even though data from
actual measurements are essential for validation and training of Al to improve clinically
relevant decision-making, they are still lacking, particularly from drug efficacy and safety
in vivo models [38,39,42]. In summary, vast experimental data of drug candidates from in
vitro and in vivo models for drug discovery and development are still required, and the ap-
plicability of Al for predicting such data still needs to be demonstrated on a larger scale.
Notably, advancements in assay technology also apply to the zebrafish larvae model gener-
ating comprehensive datasets, which can largely increase knowledge on investigational new
drugs in an in vivo setting thereby reducing the number of animal models in the discovery

stage.
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Figure 1. Flow chart of one success story using artificial intelligence (Al) for identifying potent
discoidin domain receptor 1 (DDR1) kinase inhibitors in 2019 [40].
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In reviews related to the 2022 forecast of drug discovery and development, it was com-
mon that the COVID-19 pandemic significantly altered the clinical trials landscape and em-
phasized the importance and necessity for better prediction of success in clinical trials
[37,43,44]. Notably, failure of drug candidates in clinical trials is most often caused by unex-
pected toxicity and/or insufficient pharmacokinetic (PK) properties in humans [45,46]. One
important aspect when optimizing human PK is a detailed understanding of possible meta-
bolic reactions in humans, which, in turn, necessitates a concise evaluation of drug candi-
dates at the pre-clinical stage in order to remove liabilities such as insufficient in vivo half-
time at an early stage. Besides the importance of DMPK studies in the drug development
process they also play a major role in clinical toxicology and forensics [21,47,48]. The Euro-
pean Monitoring Centre for Drugs and Drug Addiction (EMCDDA) published the “Euro-
pean Drug Report 2021: Trends and Developments”, which reported ca. 5,769 overdose
deaths driven by illicit drugs in the EU, Norway, and Turkey in 2019. The mortality by age
(15-64 years) in the EU from 2012 to 2019 is shown in Figure 2. Numbers have been relatively
stable in most countries but the reported increase in the age group 15-19 is worrisome [49].
Thus, the improvement of monitoring systems for illicit drugs is needed for prompt detec-
tion in the drug of abuse (DOA) field. Taken together, the demand for drug metabolism
studies with the ultimate aim to protect public health and well-being of humans is antici-
pated to increase significantly in the next years [21,49]. This is another reason why alterna-
tive and highly predictive DMPK models such as zebrafish larvae are needed to complement

the battery of already applied ADEMT assays .
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Figure 2. Analysis of drug-induced deaths among different age groups in 2012-2019 [49].

One of the ambitious methods mentioned above, 3D printing technology, has advanced
with various printable and biocompatible materials [50,51]. In particular, 3D bioprinting of
tissue models using biomaterials such as cells and biomolecules has improved the existing
drug screening platform and drug delivery system by depositing biomaterials containing
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patient-derived cells and generating the natural environment of the human body [51,52]. A
state-of-art in vitro tissue model construction based on 3D bioprinting (e.g., heart, liver, and
muscle) has been broadened, and Serra et al. demonstrated that 3D-based liver systems were
physiologically relevant to human hepatic-specific function. Interestingly, they were sus-
tainable for more extended periods than the 2D counterparts in paracetamol, diclofenac, and
troglitazone toxicities studies [53]. In addition, Souza et al. recently developed the rapid and
reproducible protocol of 3D cultures of two different zebrafish cell lines for high-throughput
toxicity testing [54]. However, a mechanistic understanding of multi-organ systems for drug
metabolism is almost entirely lacking because most research using 3D technology focuses
on specific organs such as brain [55], heart [56], and liver [57] for human disease studies.
Thus, 3D in vitro models based on zebrafish embryos and larvae may be a further challenge
in expanding drug metabolism applications using zebrafish larvae model.

The development and application of analytical techniques for drug metabolism studies
in both fields (drug discovery and illicit drug monitoring) have addressed several challenges
and opened up new opportunities to identify unknown molecules or xenobiotics in human
biosamples (e.g., a drug and its biomarkers, illicit NPSs, and hazardous substances) [58]. The
identification and purification of drug candidates, their structural identification, and DMPK
properties in biosamples [e.g., clearance, Ti2 (half-time), Cmax (peak concentration), AUC
(area under the curve)] in the drug discovery process can only be accomplished with the
support of several analytical instruments. In particular, analytical screening procedures in
the monitoring system for DOAs are critical for implementing national regulations and in

clinical and forensic toxicology and related fields such as doping control [22].

5.2.3 Analytical Challenges using the Zebrafish Larvae Model for Drug Metabolism

Currently, various advanced platforms, including GC-flame ionization detector (FID)-
MS, GC-MS/MS, GCxGC or LCxLC-time-of-flight (TOF) MS, LC-HRMS, 'H NMR, and 3C
NMR have been developed to enlarge the detecting coverage for unknown substances
[59,60]. In addition, innovation of other powerful analytical platforms [e.g., ion mobility
spectrometry (IMS), electrochemical surface enhanced Raman spectroscopy (EC-SERS), and
desorption based methods: matrix-assisted laser desorption ionization (MALDI), desorption
electrospray ionization (DESI), and direct analysis in real time (DART)] is currently taking
place intending to contribute to the detection of the unknown substances [47,59,61]. There-
fore, advanced analytical technologies speed up drug discovery and illegal drug screening
by precise and accurate measurements in complex biological matrices, such as crude extracts
from organisms and different biosamples (e.g., blood, urine, feces, and tissues) from humans
or animal models. Nevertheless, the high cost of these analytical instruments can suppress
their utilization in various scientific fields, particularly in the academic setting.

Considering studies as part of this thesis, these technical innovations can reinforce the
zebrafish larvae model overcoming e.g. the low detection of metabolites in extracts due to
extremely low body weight of zebrafish larva (ca. 3 mg per pool of 50 larvae).
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Moreover, to analyze a compound in biological samples, a clean-up procedure - most
likely liquid-liquid or solid-phase extraction (e.g., Cis carbon, silica, or florisil column) - is
required to remove various interferences from the sample matrix. The more complex the
matrix is, the more complicated the clean-up steps will get. However, in the case of zebrafish
larvae extraction as presented in this thesis, optimizing this step was not considered as it
appeared acceptable in this model to lose data on compounds present in minute amounts
only. In addition, the surrounding medium was analyzed to detect as many hydrophilic
metabolites (possibly rapid excretion from the larvae) as possible. All our analyses of the
larvae extracts without clean-up or concentration steps would have been impossible if ad-
vanced analytical instruments (e.g., Q-TOF MS and FT-ICR MS instruments; see Chapter
5.2.3) were not available. However, such additional sample preparation steps would have
possibly increased detection limits, and in turn, data depth. In future, clean-up methods for
zebrafish larvae extracts, such as using a mixture of solid-phase materials (e.g., Ci5 carbon
and silica or silica and florisil) with a smaller volume to fit larvae extract (ca. 50 uL volume)
could further improve sample analyses [62].

While analyzing metabolite spectra of three different drugs in zebrafish larvae, the
abundances of a drug and its metabolites were determined by relative their peak areas due
to the non-availability of reference standards and isotope-labeled internal standards (ISTDs)
along with a limited amount of the parent compounds. For a concise evaluation and quan-
tification as part of PK studies such standards will be crucial in the future in order to calcu-
late absolute in vivo concentrations.

Within the three independent drug metabolism studies, the zebrafish larvae model re-
liably predicted metabolic patterns as reported from human studies (and other in vitro and
in vivo models). In particular, while comparing the mutual similarity of metabolism among
all investigated models, zebrafish larvae represented the highest concordance to humans.
Despite this encouraging result, still some discrepancies in the metabolic profile of each drug
to human biosamples (plasma and urine samples) were observed in zebrafish larvae and the
HepaRG in vitro model. This might be possibly caused by species differences between hu-
mans and zebrafish larvae and differences between in vitro and in vivo models of the same
species [63,64]. Besides, it is currently not easy to anticipate due to a lack of datawhether
quantitative comparisons between human and zebrafish larvae metabolites will match each
other. For the further development of zebrafish larvae as a suitable model to predict human
DMPK as the final goal, the issue of quantitativing a drug and its metabolites should be
investigated as part of future studies. This would enable the determination of e.g. plasma
concentration-time curves of a drug in zebrafish larvae and help to explore the potential
superiority of the model in early pre-clinical testing and determination of DMPK parameters
that closely resemble those found in humans.

When tackling the issue of lacking required standards for quantifying a drug, standard
operating procedures using a variety of isotope-labeled compounds could be set up. In turn, ,
typical quality assurance and quality control (QA/QC) procedures throughout all sample
preparation processes could be performed with respect to e.g recovery rates (%) from the
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zebrafish larvae preparations. With the recovery of ISTDs from larvae extract, the loss of a
drug during sample preparation can be calculated indirectly and then the absolute amount
of the substrate in the pooled zebrafish larvae can be determined using a direct comparison
to STDs. A surrogate standard having similar chemical properties (e.g., acidic, neutral, or
base pH and polar or non-polar properties) than the investigated drug could be another
possibility to overcome this issue.. In summary, the most crucial analytical challenges in
zebrafish larvae as model for human drug metabolism are obtaining high reproducibility of
the sample preparation steps and ensuring quantification of a drug through using diverse

classes of ISTDs and surrogate standards.

5.2.4 Current Trends, Outputs, and Future Directions of Mass Spectrometry Imaging

in Pharmaceutical Research

The creation of molecular images with mass spectrometry imaging (MSI) has opened a
new era for pharmacologists to characterize the distribution of a wide range of molecules
(proteins, lipids, endogenous metabolites, and drugs) accurately inside tissues and their
substructures. Analytes are identified based on the molecular mass and fragmentation pat-
tern without the need of additional labeling steps [8,65]. Among the many available MSI
techniques [e.g. secondary ion mass spectrometry (SIMS), desorption electrospray ioniza-
tion (DESI), matrix-assisted laser desorption/ionization (MALDI), laser ablation electrospray
ionization (LAESI)], the use of MALDI-MSI has shown the steepest growth curve in the past
years [66]. In addition, fourier-transform ion cyclon resonance mass spectrometry (FT-ICR
MS) currently provides the highest mass resolving power (> 100,000), accuracy (< 1 ppm),
and offers multistage MS/MS capabilities thereby improving selectivity. These capabilities
allow MS images of mass channel features with a bin size as small as A m/z = 0.005 and
structural identification throughout only one measurement [67,68]. As part of this thesis,
MSI methods for zebrafish larvae using MALDI-FT-ICR MS were developed (Chapters 2
and 3), which were further refined and optimized successfully (Chapter 4).

Remarkably, MSI is used increasingly in pre-clinical stages and clinical practice, but its
usage is still limited since most studies analyzing human samples in proof-of-concept stud-
ies proceed only rather slowly due to ethical concerns and practical difficulties [8,65]. In the
context of this thesis, theapplication of MSI to zebrafish larvae (or adults) is still challenging
due to the critical sample preparation, and especially, the use of tiny larva (ca. 4 mm body
length) requires more sophisticated skills and technical equipment in order to generate high-
quality sections for imaging, compared to adult fish or other tissues from animal models.
However, since the zebrafish larvae model is particularly promising to predict human me-
tabolism and since first trials assessing different administration routes (7’ N-5F-ADB studies
in Chapter 2) were successful, we started investigating MSI in this model to characterize
drug distribution and metabolism. In fact, more than eight months were invested for dealing
with zebrafish larvae and setting up of the whole MSI process for these samples.
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Overall, the scope of MSI has been expanding beyond drug disposition studies into
target engagement, drug metabolism, PK/PD, drug delivery, and studies on drug-induced
toxic effects on organs[8,65]. Moreover, many efforts in the MSI community aimed at provid-
ing quantitative information along with relevant distributional images even though MSI
technique has been considered mainly for qualitative assessments providing a semi-quanti-
tative relationship between the amount of substance and detected ion intensity in the meas-
ured region rather than absolute concentrations [67,69,70].

Balluf ef al. mentioned that MALDI-MSI technology was critically assessed twice in 2009
[71] and 2015 [72], which pointed out specific intrinsic challenges regarding ion suppression,
sample throughput, homogeneity of matrix application, enzymatic tissue processing, spatial
resolution, analyte delocalization, and the availability of validated/standardized protocols
[66,73]. Since then, there have been noteworthy progresses in detection speed, spatial reso-
lution, sensitivity, and various developed/upgraded MSI data analysis software tools with
multi-dimensional viewing functions (3-D and 4-D visualization) [66,66,74-77]. As demon-
strated here (Chapter 4), the 3-D view of zebrafish larva for MSI enabled us to look over the
distribution of molecules inside the small-sized zebrafish larva without any loss of detection
information, and 4-D visualization is expected to bring even more positive effects in MSI.

One of the invaluable analytical platforms in drug discovery and development is liquid
chromatography-mass spectrometry (LC-MS) as it revolutionized analyzing and screening
novel drug candidates for supporting DMPK and especially providing data for both quali-
tative and quantitative analyses [78,79]. In particular, the triple quadrupole MS system
(called a low-resolution MS; LRMS) has been the gold standard for many decades for quan-
tifying parent drug, metabolites, or biomarkers.

Moreover, high-resolution MS (HRMS) is also applied providing a wealth of infor-
mation on isotope distribution, in-source fragmentation, adduct information, background
ions, unknown drug metabolites, and new biomarkers in cases where the selectivity and
sensitivity of LC-LRMS are insufficient. HRMS has gradually replaced a part of LC-MS sys-
tems for PK and other quantitative analyses [80-82]. In view of this, the MSI application
faces the challenge of demonstrating its quantitative capability and competitive advantages
over LC-HRMS.

In brief, the main four limitations of MSI (i.e. ion suppression (as a part of matrix effects),
matrix effects, batch effects, and validation of quantification) are still under investigation to
reveal the causes and provide solutions for overcoming these hurdles at least partially dur-
ing sample preparation for MSI. Importantly, these factors impede the reliability and repro-
ducibility of MSI data from inhomogeneous biological samples. In practice and as part of
this thesis, some of the issues were addressed sequentially with a focus on improving MSI
for sections of drug-treated zebrafish larvae. However, there are still many unsolved ques-
tions necessitating additional future optimization steps. Accordingly, such optimization will
require a detailed understanding on how these issues manifest in MSI data in order to ex-

plore adapted methods and protocols [66,77].
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First, ion suppression can be induced by many factors, such as the sample extraction,
desorption, and ionization of a chosen molecule of interest [69,83]. In addition, this impact
is tissue-specific and found to a greater extent in heterogeneous tissues such as the intestines
[75] and, in turn, its effect can vary between the different areas of the investigated biosample.
With the degree of ion suppression, the quantitative performance of MSI is disturbed be-
cause of lacking the analyte separation procedure in MSI [70], and consequently, this effect
alleviates sensitivity loss of a substrate in the ionization step of MSI [84]. The issues caused
by ion suppression effect mentioned above have been often considered in the context of as-
sessing normalization strategies [69,75,84,85]. In general, ion suppression was primarily
used to account for its effect on a substrate level, such as small molecule drugs and endoge-
nous lipids commonly discussed in MSI studies [69].

As one approach to reducing ion suppression, Li et al. systematically assessed the ion
suppression effect-induced sensitivity degradation of neuropeptides and lipids on whole
mouse brain tissue sections and developed the new subatmospheric pressure-MALDI
source [84]. Moreover, some studies underlined the importance of tissue washing proce-
dures such as acetone and ammonium formate to enhance sensitivity and reduce ion sup-
pression in MSI [86-88]. In particular, these studies focused on analyzing ion suppression
effect on MSI within one specific tissue (e.g., brain, pancreas, and spleen). In contrast, the
zebrafish larva section for MSI studies, which we investigated in this thesis, contains various
internal organs in a measuring MSI area and can get influenced by the complexity of multi-
organs in the larva. Thus, an additional step for reducing ion suppressions that occurred in
the MSI zebrafish larva section should be considered to generate MS images precisely and
interpret them. The washing step with organic solvent could be conveniently implemented
for a further experiment in conjunction with the optimized MSI method studies in Chapter
4.

Secondly, an understanding of and correction for matrix effects is vital for MSI of bio-
logical samples because of its impact on the observed spatial distribution of molecules in
biological systems. The analyte ionization efficiency in the ionization source of MSI system
(e.g., MALDI, DESI, and SIMS) relies on the chemical composition of the surrounding matrix,
causing vulnerability to matrix effects [89]. Looking through ion suppression and matrix
effect, one organ/tissue can generally present diverse biological compositions (it initially
causes different matrix effects). That fact may induce different levels of ion suppressions
and then lead to different ionization of species or adduct forms [90]; different analyte sup-
pression across a sample may cause false spatial distributions, and it occurs mainly in inho-
mogeneous tissues with high probability. Since matrix effects obstruct the quantitative ap-
proaches of molecules in MSI data due to leading the fluctuated detection, MSI pixel-wise
generally normalizes ion intensities using total ion intensity, median, and root mean square
(RMS) for preprocessing spectra. However, alternative normalizing techniques applied for
data processing are still under study, and their effect on the final result is not yet apparent
[69,91,92]. In practice, we applied different normalization processes to the MSI dataset of
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zebrafish larvae generated in Chapter 2, 3, and 4, and no signficant gap was observed. How-
ever, it depended on the vendor of MSI data analysis since we only used SCiLS Lab software
tool in this thesis. It was also limited due to expensive cost and different software tools in-
compatible with each other. This approach should be continued to be an area of focus for
further study.

Indeed, we observed the presence of three adduct ions (proton, sodium, and potassium)
of the parent compound for naloxone and the two SCs (7’N-5F-ADB and 4F-MDMB-
BINACA) in zebrafish larvae matrices investigated in this thesis. Overall the predominant
adduct formed of naloxone (detected with similar intensity of sodium and potassium species
under non-optimal conditions) differed unexpectedly from the previous results as 7’ N-5F-
ADB was found protonated and 4F-MDMB-BINACA was found as sodium adduct in the
MS images of zebrafish larvae. That finding was driven to determine the method optimiza-
tion of the MSI for zebrafish larvae (Chapter 4). Notably, after optimizing naloxone, MS im-
ages of naloxone significantly enhanced intensity and detection inside zebrafish larvae. In
particular, its potassium adduct ion as the most common adduct was detected and visual-
ized to informative distributional images of naloxone and its metabolites. Above all, the
false-positive finding of the sodium adduct ion visualized before optimization could be re-
vised, analyzing potassium adduct of naloxone by the optimization study of naloxone. Be-
sides, the optimal MSI condition of the two drugs formed only one potassium ion and rep-
resented the difference from the previous studies (Chapter 2 and 3).

As in the current work, the impact of adduct formation by these two factors (ion sup-
pression and matrix effect) mentioned above will be acute when selecting precursor ions for
tandem MS (MS/MS) imaging experiments. Moreover, the abundance of individual adducts
obviously affects the method detection and quantification limit (LOD and LOQ, respectively)
of a molecule of interest in MSI images [89,90,93]. Especially, it is crucial for relative spatial
compound quantification by MSI that a single primary ion of the target species is formed
predominately to maximize the detection of a substrate and enhance the characterization of
its detection with the spatial distribution. For this reason, we should consider sample prep-
aration for MSI, and especially matrix deposition process. To generate MS images by
MADLI-FT-ICR, matrix deposition is required for proper ionization and production of the
molecules, as MALDI ionization technique uses a pulsed and focused laser beam at the tis-
sue surface [9,94]. One molecule can form multiple adducts with the matrix and other metal
ions, which metal adduct ions in MALDI are generated from the salt dissolution in the ma-
trix spotted by the laser [95]. The matrix choice is crucial to produce appropriate analyte
extraction, small crystal size, and homogenous application in MALDI measuring spots [9].
Several matrices for MALDI analyses are popular for their general analysis: 2,5-dihy-
droxybenzoic acid (DHB), a-cyanohydroxy-cinnamic acid (CHCA), and sinapic acid (SA) in
positive mode and 1,5-diaminonaphthalene (DAN) and 9-aminoacridine (9-AA) for nega-
tive mode [9,86,94]. Automated sprayer systems have been utilized to implement the con-
sistency and reproducibility of matrix deposition [86,96]. In summary, matrix deposition

could influence the ionization efficiency of a chosen analyte from the sample surface and
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directly affect the detection and visualization in MSI. For continued MSI development using
zebrafish larvae, other matrix reagents would be our next challenge to be investigated with
diverse conditions of matrix sprayer (e.g., flow rate of pump, matrix deposition passes, and
spray nozzle temperature) as we only compared two different matrix reagents (CHB and
CHCA) by adding trifluoroacetic acid (TFA) in this thesis.

Another influencing factor mentioned at the beginning of Chapter 5.2.4, batch effect,
should be reviewed comprehensively to understand the systematic effect caused by an in-
dividual process in MSI and to further develop its new application in zebrafish larvae model
for drug metabolism studies. The batch effect was already found in large-scale studies in
translational clinical research, mainly hampering the interpretation and comparison of re-
sults, especially from large-scale studies [66,97,98]. Moreover, Balluff et al. investigated this
effect critically and underlined how batch effects were exhibited in MSI data and how we
could mitigate batch effects [66]. As the term indicates, batch effects are considered as tech-
nical variations and a potential systematic source of false interpretation of MSI data [66]. All
batch effects can either increase variance or induce confounding differences between sam-
ples. In the first case, batch effects can mask the actual biological variation between samples
leading to false-negative results. And then, as the technical variation accumulates from the
pixel (the beginning practical step) to the location level (the final spatial image visualized
after MSI run), it is unknown how much the individual factor contributes to the total sum of
variation in the whole process of sample preparation. Consequently, this technical variation
can cause systematic bias and generate false-positive correlations despite the generation of
the specific images.
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Figure 3. Diagram of batch effects in the entire MALDI-MSI procedure. The technical variation
caused by batch effects can be masked by biological effect size (yellow reverse-right triangle)
individually or in combination with cumulative batch effects. Systematic bias caused from any
level can hence result in spurious correlations, where the observed correlation between an inde-
pendent and dependent variable resulted from a confounding factor [66].

The fourth challenge of MSI, i.e. generating quantitative data, is an overarching issue,
which cannot be solved if large data variance caused by matrix and batch effects is observed.
Particularly in our MSI studies when working with complex larvae sections this might in-
duce a significant batch effects due to technical challenges in reliably producing uniform
sections from the tiny sample. In addition, also matrix effects probably play a role when
analyzing compound abundance in physiologically different compartments. Each larva can
be generally cryosectioned into ca. 20 sections with 10 pm-thickness, containing different
organs and body parts per each section. In turn, each section has different ion suppression
patterns depending on the individual matrix composition and additionally, different adduct
ion ratios might be observed making a predictive analyses of compound distribution
throughout the entire larvae sample complicated.

Interestingly, Barry et al. investigated three scenarios to emphasize potential issues of
using LC-MS to validate quantitative MSI, in which the tissue is categorized as homogene-
ous, localized, or sporadic distribution [73]. The MSI results from multiple sections were
compared to serial sections and whole tissues analyzed by LC-MS. Importantly, in the sce-
nario of uniform distribution throughout all sections, MSI and LC-MS data were in good
agreement. On the contrary, in the case of compounds being localized in specific regions
and sub-compartments of the tissue, the whole tissue concentration by LC-MS is not relevant
to the localized region, and the tissue concentration from a whole tissue homogenate is of
little value in a sporadic distribution, respectively [73]. In addition, a mimetic tissue model
was designed consisting of seven layers spiked with serial concentrations of test compound
mixed in either rat liver, kidney, or brain tissue homogenate, respectively, to investigate the
influence of tissue types. The linearity and slope of the calibration curve in the different
mimetic tissue models (in three different organ matrices) were compared, and their calibra-
tion curve got a noticeable impact on the intercept. This result could be accounted for matrix
effects caused by different tissue types [73]. Despite the successful development of the mi-
metic tissue models, some challenges for matrix effect, quantification, and LC-MS validation
still remain. Through the findings of this study, the MSI challenges faced in the zebrafish
larvae model are shared, to an extent, in MSI field, and its outlook seems to be promising.

For overcoming these negative factors, such as ion suppression, matrix effect, and batch
effect, in MSI setups, a tissue-specific normalization factor called tissue extinction coefficient
(TEC) was introduced and investigated using whole-body or single heterogeneous organ
(brain, eye, and liver of mice) sections. Encouragingly, a comparison between MSI and LC-
MS revealed good linearity of the calibration curves [85,99]. Moreover, to obtain precise and
reproducible MSI data, more conventional methods such as spotting a compound dilution
series onto the control tissue and a set of tissue homogenates of different tissue types (lung,
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liver, kidney, heart, and brain) from animals were investigated and developed for easy prep-
aration of standard curve with spiked tissue homogenates [70,75]. However, it was empha-
sized that quantitative MSI data from whole-body sections involving several tissue types
should be interpreted with caution to avoid new faulty effects [70,73]. Also, additional at-
tention needs to be paid if any tissue-specific variations in the signal response may be de-
pendent on the sub-compartment in a tissue [70,75,85,99]. The trouble with this application,
however, is that it cannot be practically applied to small animal models, particularly
zebrafish larvae, because it is difficult to unambiguously visualize tissues of the 2 mm-length
larvae separately due to the limitations of pixel resolution and laser repetition rate to ionize
molecules in MALDI.

Alternatively, ISTDs for normalization have become common in MSI where absolute
quantitation is required; for MSI, isotopically labeled compounds with 2H, C, N, or 7O
should be used depending on the purpose of the study. Application of ISTDs yielded superb
linearity of calibration curves and was superior to normalizations using the unlabeled com-
pound for covering matrix effects [69,100]. Based on the results of these studies, ISTD usage
may be the most optimal solution to compensate for discrepancies in intensities caused by
the limitations from the sample itself, the overall MSI system, or inconsistency with LC-MS
mentioned above. However, appropriate commercial or customized ISTDs for qualitative
and quantitative analyses are mostly not available or too expensive, especially for non-tar-
geted screening of xenobiotics and new illicit drugs by MSI and screening new drug candi-
dates. Interestingly, well-characterized endogenous compounds (e.g. lipids), ubiquitous im-
purities (e.g., phthalates, butylated hydroxytoluene), and abundant matrix ions in every MSI
spectrum are employed as references for internal mass calibration [101]. However, there are
no generally applicable protocols yet, but these studies give some specific grounds for future
research on optimizing MSI with the zebrafish larvae model.

So far, we lack an universal solution for avoiding tissue-specific variations in MSI sig-
nals, even though initial technical limitations of MSI of zebrafish larvae sections have mainly
been overcome in the work presented here. However, further optimization of ionization pat-
terns in MSI is of utmost importance because it can shift the interpretation of MSI visualiza-
tion and cause potentially falsified information content [66,70]. Therefore, sufficiently large
numbers of biological replicates for integrating all findings across different tissue sites [102],
standardized and robust MSI protocols, and quality control (QC) methods throughout the
complete procedure need to be implemented in MSI routines (Figure 3). Additionally, new
normalization methods or advanced statistical approaches with clear guidelines will also
help to further optimize MSI and ready this methodology for broad application e.g. in the
clinical setting [92,103]. The final aim of all efforts described above is to reposition MSI as a
convincing and effective technique for providing distributional information of a molecule

in various tissues.
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5.3 Conclusion

In this thesis, the zebrafish larvae model was characterized as a powerful in vivo model
in drug metabolism studies due to some unique advantages, such as reproducibility, fast
development, high coverage of human genomes, and ethical perspective as a non-animal
experiment, over other common ADME methods. This work was particularly dedicated to
further strengthening the model by applying three enabling methodologies: microinjection,
genetic manipulation via morpholino oligonucleotides, and mass spectrometry imaging
(MSI) in three independent, yet interconnected, studies. In the microinjection approach, we
demonstrated that a direct administration route induced a fast distribution of 7" N-5F-ADB
inside zebrafish larvae and produced an authentic metabolite spectrum, indicating the high
potential of zebrafish larvae model for the prediction of human metabolism. In the second
study, genetic modification of zebrafish larvae, i.e. knock-down of cannabinoid receptors
CB1 and CB2, allowed us to establish a correlation between drug-modulated liver function
and the onset of 4F-MDMB-BINACA. Both studies with the SCs, 7”N-5F-ADB and 4F-
MDMB-BINACA, involved the spatial analysis of drug and metabolite distributions inside
zebrafish larvae through MSI. Some discrepancies were found between routine LC-
HRMS/MS datasets and data obtained from MSI, which fostered a third study specifically
dedicated to further improving MSI protocols for studying drug distribution in zebrafish
larvae. For this, the opioid antagonist naloxone was used as a reference compound in a case
study for improving MSI protocols. Importantly, the developed methods, in particular the
stepwise assessment of crucial steps of sample preparation procedures, are generally appli-
cable also for other analytes. In conclusion, the zebrafish larvae model has great potential as
a preclinical vertebrate animal model to predict human metabolism. The schematic ap-
proach presented here will also be relevant to developing other animal models for drug me-

tabolism studies.
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