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PREFACE

PREFACE

This thesis is divided into three major parts. Part I describes the development and
validation of liquid chromatography—tandem mass spectrometry (LC-MS/MS) methods for
psychoactive substances and their metabolites. Part I is accompanied by three publications.
Part II addresses the investigation of psilocybin’s metabolism and is accompanied by one
publication. Finally, Part III contains a discussion of the content presented in Parts I and II.

The majority of research and data collection was conducted at the Psychopharmacology
Research Laboratory of the Division of Clinical Pharmacology and Toxicology at the
University Hospital Basel. A minor proportion of the research was conducted at the Preclinical
Laboratory for Translational Research into Affective Disorders at the University of Zurich and
the Pharma Research and Early Development (pRED) Roche Innovation Center at
F. Hoffmann-La Roche in Basel. All projects were carried out between July 2021 and May

2024 and were published in peer-reviewed journals.
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SUMMARY

SUMMARY

In Part I, four liquid chromatography—tandem mass spectrometry (LC-MS/MS) methods
for the bioanalysis of psychoactive substances and their metabolites were developed and
validated according to United States Food and Drug Administration (FDA) guidelines.

The first method was validated for the quantification of mescaline and its metabolites
3.,4,5-trimethoxyphenylacetic acid (TMPAA), N-acetyl mescaline (NAM), and 3,5-dimethoxy-
4-hydroxyphenethylamine (4-desmethyl mescaline). A linear range of 12.5 to 5,000 ng/mL for
mescaline and TMPAA, and 1.25 to 500 ng/mL for NAM and 4-desmethyl mescaline was
achieved. For optimal chromatographic separation, an Acquity Premier HSS T3 Cig column
was employed. A single-step extraction procedure was implemented, enabling a non-laborious
analysis of plasma samples with a runtime of 4.25 minutes per sample. The method satisfied
all FDA validation criteria, including those on accuracy (85—-106%), precision (coefficient of
variation [CV] < 7%), sensitivity and selectivity, matrix effect (92—-100%), and extraction
recovery (= 98%). Ultimately, the method was successfully employed for the analysis of
mescaline, TMPAA, and NAM in pharmacokinetic samples from participants enrolled in a
clinical phase I study. 4-desmethyl mescaline could not be selectively analyzed in
pharmacokinetic samples due to interference and incomplete chromatographical separation
with another metabolite, presumably 3,4-dimethoxy-5-hydroxyphenethylamine (3-desmethyl
mescaline).

The second method was developed for the analysis of pharmacokinetic parameters in
plasma samples from a clinical study involving diamorphine-dependent patients. The objective
of the study was to investigate the feasibility of intranasal diamorphine administration as a
component of diamorphine-assisted treatment. Analytes were separated using a
Kinetex EVO Cis analytical column. The method is capable of quantifying the concentrations
of diamorphine, 6-monoacetylmorphine (6-MAM), morphine, morphine-3-glucuronide
(M3G@), and morphine-6-glucuronide (M6G) in human plasma, spanning a linear range of 1 to
1,000 ng/mL. The total runtime for a single sample was four minutes. The method was
demonstrated to be accurate (91-106%) and precise (CV < 9%) while exhibiting a high
extraction recovery (> 87%) and a negligible matrix effect (99-125%) for all analytes. No
interferences with endogenous plasma compounds were observed and the method was
successfully applied for the analysis of numerous clinical study samples.

In the third project, two methods for the quantification of racemic and chiral
3,4-methylenedioxymethamphetamine (MDMA) and its metabolite

3,4-methylenedioxyamphetamine (MDA) in human plasma were developed and validated. A

v



SUMMARY

linear range of 0.5-500 ng/mL was achieved for racemic MDMA and MDA analysis, while
linear ranges of 0.5-1,000 ng/mL and 1-1,000 ng/mL were achieved for chiral MDMA and
MDA, respectively. The achiral chromatographic separation of the compounds was performed
using a Luna PFP(2) column and the chiral analysis was conducted with a Lux AMP column.
The total run times were 4.25 and 6 minutes for achiral and chiral sample analysis, respectively.
Both methods met the FDA validation guidelines criteria for accuracy, precision, selectivity,
sensitivity, matrix effect, and extraction recovery. Finally, a subset of clinical plasma samples
from a study involving R-, S-, and racemic MDMA was analyzed to demonstrate the method’s
functionality.

In conclusion, four sensitive, non-laborious, highly reliable, and robust LC-MS/MS
methods for the bioanalysis of mescaline, diamorphine, racemic MDMA, and chiral MDMA
plus their respective metabolites were developed and validated. These methods are applicable

in pharmacokinetic investigations in a clinical setting as well as for forensic studies.

Part II of this thesis presents an investigation of the metabolic pathways of psilocybin’s
active metabolite psilocin. The primary focus was on the phase I metabolism of psilocin
through the cytochrome P450 (CYP) system, as well as the influence of monoamine oxidases
(MAOs). Phase II metabolism, with a particular focus on UDP-glucuronosyltransferases
(UGTs), was also examined. To conduct a comprehensive analysis of psilocin’s metabolism,
enzymatic in vitro assays were performed using human liver microsomes (HLM) and
recombinant CYP, MAO, and UGT enzymes. Moreover, plasma samples from C57BL/6J mice
and humans were analyzed following psilocybin administration to obtain in vivo data.

After a 4-hour incubation period, approximately 29% of psilocin was metabolized by
HLM. Recombinant CYP2D6 and CYP3A4 enzymes demonstrated even higher metabolic
activity, with nearly 100% and 40% of psilocin being metabolized, respectively. The
metabolites 4-hydroxyindole-3-acetic acid (4-HIAA) and 4-hydroxytryptophol (4-HTP) were
identified in the presence of HLM, but not after incubation of psilocin with recombinant CYP
enzymes. Nevertheless, trace amounts of 4-HIAA and 4-HTP were generated by MAO-A from
psilocin, thereby substantiating its involvement in this metabolic pathway. In contrast to the in
vivo data, where conjugated psilocin is one of the main metabolites, UGT1A10 did not
extensively conjugate psilocin in vitro.

Furthermore, two potential metabolites were identified. In vitro and in vivo analyses
identified N-methyl-4-hydroxytryptamine (norpsilocin) and an oxidized metabolite of psilocin.

The former was detected following incubation with CYP2D6 and in the plasma of mice, while
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the latter was identified in CYP2D6 incubations, in mice, and in humans. However, the
investigation into the influence of the CYP2D6 genotype on psilocin degradation yielded no
significant results. While norpsilocin has never been described as a psilocin metabolite in mice
before, the exact structure of the oxidized metabolite remains to be elucidated.

In conclusion, the phase I enzymes CYP2D6, CYP3A4, and MAO-A are implicated in
psilocin’s metabolism. The identification of putative norpsilocin in mice and oxidized psilocin
in humans offers further insight into the metabolic pathway of psilocybin and could contribute

to the safety and efficacy of psilocybin application.
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PROJECT RATIONALE

PROJECT RATIONALE

Psychedelics are a class of psychoactive substances that interact with the central nervous
system. Classic serotonergic psychedelics like lysergic acid diethylamide (LSD), psilocybin,
N,N-dimethyltryptamine (DMT), or mescaline mainly affect serotonin (5-hydroxytryptamine,
5-HT) receptors in the brain, which leads to the mind-altering effects associated with
psychedelics. In particular, their interaction with the 5-HT2a receptor is what is believed to
produce psychedelic experiences (Nichols 2016, Nichols et al. 2008). Research on psychedelics
but also entactogens like 3,4-methylenedioxymethamphetamine (MDMA) for the treatment of
severe mental health disorders has gained increasing attention over the last few years. This
resurgence in psychedelic research is driven by a growing recognition of the limitations of
conventional treatments and renewed scientific interest in psychedelics (Lowe et al. 2021,
National Academies of Sciences 2022). Historically stigmatized psychoactive and psychedelic
substances are now the subject of numerous clinical studies, reflecting a paradigm shift in
mental health treatment. They show promising potential in treating disorders like anxiety,
treatment-resistant major depression, post-traumatic stress disorder (PTSD), or substance use
disorder. Psilocybin-assisted therapy, for example, has shown significant efficacy in reducing
symptoms of treatment-resistant major depression, while MDMA-assisted therapy has
demonstrated remarkable results in alleviating PTSD symptoms (Carhart-Harris et al. 2021,
Davis et al. 2021, Gasser et al. 2014, Griffiths et al. 2016, Kupferschmidt 2017, Lowe et al.
2021, Mithoefer et al. 2011, National Academies of Sciences 2022). When used in a controlled
therapeutic setting, these substances appear to enhance emotional processing and
neuroplasticity, leading to long-lasting positive outcomes while being well tolerated and
generally safe (Becker et al. 2022, de Vos et al. 2021, Gasser et al. 2014, Holze et al. 2022b,
Klaiber et al. 2024a, National Academies of Sciences 2022, Straumann et al. 2024b, Vizeli et
al. 2017).

To analyze the acute subjective effects of psychoactive and psychedelic substances, their
pharmacokinetic properties, including the concentrations of the substances and their
metabolites, must be studied in human matrices such as blood and urine. Appropriate
bioanalytical methods to analyze human samples often do not exist or are too work-intensive
to be used for numerous clinical study samples. This requires the development and validation
of new non-laborious and state-of-the-art methods. The gold standard for analyzing clinical
study samples reliably and in a reasonable time is liquid chromatography—tandem mass
spectrometry (LC-MS/MS). This technique promises fast and reliable analysis of multiple
analytes while offering high selectivity and sensitivity (Ho et al. 2003).
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Therefore, Part I of this thesis focuses first on psychoactive substances in general and then
on the development and validation of LC-MS/MS methods to analyze these compounds in
clinical study samples. The manuscripts accompanying this chapter focus on bioanalytical
methods for three substances with distinct pharmacological and therapeutic profiles: mescaline,
a psychedelic investigated for depression and anxiety; MDMA, considered for the treatment of
PTSD; and diamorphine (also known as heroin), used in diamorphine-assisted treatment for
opioid-dependent patients.

Part II addresses the metabolic degradation of psychedelics. Their metabolic pathways are
frequently under-investigated or entirely unclear, and the impact of their metabolites on
intrinsic targets remains unknown (Madrid-Gambin et al. 2023). The project included here
investigated the metabolism of psilocybin’s active metabolite psilocin. Unraveling the
metabolism of psilocybin provides important information on potential drug-drug interactions
in clinical settings and could be beneficial in forensic research. The investigation employed
three distinct approaches: the use of human liver microsomes (HLM) and recombinant enzymes
in vitro, investigations in mice, and the analysis of human plasma samples. The primary focus
was laid on cytochrome P450 (CYP) enzymes and unknown metabolites. The affinity of
detected metabolites for 5-HT receptor subtypes was assessed and the influence of specific

CYP2D6 genotypes on psilocin degradation was investigated.
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PART I: BIOANALYSIS OF PSYCHOACTIVE SUBSTANCES

1 PSYCHOACTIVE SUBSTANCES

Psychoactive substances affect the central nervous system and can alter feelings, mood,
perception, cognition, or behavior. Most psychoactive substances can readily cross the
blood-brain barrier due to their lipophilicity and access neurons in the brain. They affect
synaptic transmission by interfering with neurotransmitter transport and release or affect
receptor activity (Dietrich 2009, Luethi et al. 2020, Muller et al. 2015, Wadley 2016).
Psychoactive substances that are consumed for their narcotic or stimulant effect are often
scheduled and illegal. This classification is commonly associated with the substances’ abuse
and addictive potential. However, there are exceptions where the substance is illegal but does
not pose an addiction risk (e.g., psychedelics such as psilocybin) or where the substance is legal
but demonstrates a high addiction potential (e.g., alcohol or nicotine) (Wadley 2016). The
scheduling of a drug is often subject to change throughout its history, depending on the
circumstances of its social usage. Several psychoactive substances are used for recreational
purposes or in religious and spiritual practices, such as traditional medicine and rituals.
Frequently these substances are also studied and used for medical purposes, with both areas of
application often closely intertwined (Luethi et al. 2020, Wadley 2016).

Different approaches have been taken to classify psychoactive substances. Generally, they
are divided into several subclasses based e.g., on their mode of action or structural similarities.
One approach is to classify them as stimulants (including entactogens), sedatives (including
opioids and benzodiazepines), dissociatives, cannabinoids, and psychedelics (Dietrich 2009,
Luethi et al. 2020). However, these classes are not static and can vary depending on the
approach. The three subclasses of psychoactive substances most relevant to this thesis are

psychedelics, entactogens, and opioids.

1.1 Psychedelics

Psychedelics are a class of psychoactive compounds that interact primarily with
serotonin (5-hydroxytryptamine, 5-HT) receptors. They induce alterations in perception,
thought, emotion, mood, consciousness, and cognition. These alterations are often
characterized by visual and auditory hallucinations, profound emotional experiences, and an
altered sense of time (Dinis-Oliveira et al. 2019, Geyer 2024, Holze et al. 2024a, Luethi et al.
2020, Nichols 2016, Nichols et al. 2008). Specifically, agonism at the 5-HT2a receptor is
responsible for the psychedelic effect of classic serotonergic psychedelics (Liechti 2017,
Nichols 2016, Nichols et al. 2008). A variety of psychedelic substances can be found in nature

e.g., in plants and animals. Natural substances include psilocybin, mescaline,
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N,N-dimethyltryptamine (DMT), and 5-methoxy-N, N-dimethyltryptamine (5-MeO-DMT)
while lysergic acid diethylamide (LSD), 4-bromo-2,5-dimethoxyphenethylamine (2C-B), or
2,5-dimethoxy-4-iodoamphetamine (DOI) are examples of synthetic psychedelics (Madrid-
Gambin et al. 2023, Nichols 2016).

Psychedelics are generally considered to be non-addictive and to have a low risk of
physical harm (Holze et al. 2024a, Johnson et al. 2008, Klaiber et al. 2024a, Nichols 2004,
Straumann et al. 2024b). However, they can also lead to challenging psychological
experiences, often referred to as ‘bad trips’. These can involve intense anxiety, panic attacks,
flashbacks, and negative feelings. Set (mindset) and setting (environment) play a crucial role
in the nature of the psychedelic experience and are therefore important in avoiding ‘bad trips’
(Barrett et al. 2016, Holze et al. 2022b, Klaiber et al. 2024a, Straumann et al. 2024b).
Additionally, psychedelics can induce changes in vital parameters such as an increase in blood
pressure or heart rate, and can also lead to nausea and headache. However, most adverse effects
are tolerable in clinical and controlled settings, and serious adverse events are rare (Holze et
al. 2024a, Holze et al. 2024b).

The psychedelics investigated in the projects included in this thesis are psilocybin and

mescaline. Thus, they will be discussed in more detail in the following sections.

1.1.1 Psilocybin

The psychedelic compound  psilocybin (O-phosphoryl-4-hydroxy-N, N-
dimethyltryptamine) is a naturally occurring tryptamine structurally similar to 5-HT or DMT
(Figure 1). It is found mainly in mushrooms e.g., from the Psilocybe or Conocybe genus, which
are colloquially known as ‘magic mushrooms’ (Dinis-Oliveira 2017, Lowe et al. 2021, Tyls et
al. 2014). Psilocybin acts as a prodrug and is in vivo rapidly dephosphorylated to form the
psychoactive metabolite psilocin  (4-hydroxy-N,N-dimethyltryptamine). Psilocin is
predominantly conjugated to psilocin-O-glucuronide by UDP-glucuronosyltransferases
(UGTs). Another major pathway is the oxidative deamination and oxidation to
4-hydroxyindole-3-acetic acid (4-HIAA) via the intermediate 4-hydroxyindole-3-aldehyde
(4-HIA). The formation of 4-hydroxytryptophol (4-HTP) from 4-HIA represents a minor
metabolic route (Dinis-Oliveira 2017, Hasler et al. 1997, Holze et al. 2022a, Kolaczynska et
al. 2021).

Psilocin exerts its effects primarily by interacting with 5-HT receptors located in the
brain but also in the central and peripheral nervous system (Lowe et al. 2021). Psilocin’s

activation of the 5-HT2a receptor subtype is responsible for the subjective psychedelic effects,
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while its affinity for the 5-HT1a receptor is linked to the anxiolytic and antidepressant effects.
Additional interactions have been identified with the 5-HT2g and 5-HT>c receptors while it also
moderately inhibits serotonin transporters (Lowe et al. 2021, Nichols et al. 2008, Rickli et al.
2016).

Psilocybin exhibits a favorable safety profile with minimal adverse effects when
administered under controlled clinical or research conditions. However, mild cardiovascular
stimulation, transient anxiety, and other unpleasant adverse effects may occur (Holze et al.
2024b, Straumann et al. 2024b, Studerus et al. 2011). Currently, it is probably the most widely
investigated psychedelic compound (Nichols 2020). Due to its activity at the 5-HT receptors
and its promising safety profile, psilocybin-assisted therapy is proposed for depression,
anxiety, substance use disorder, mental health in life-threatening illnesses, cluster headaches,
and migraine (Becker et al. 2022, Bogenschutz et al. 2018, Carhart-Harris et al. 2017,
Davenport 2016, Dos Santos et al. 2016, Griffiths et al. 2016, Johnson et al. 2017, Madden et
al. 2024, Moreno et al. 2006, Ross et al. 2016, Schindler et al. 2021, Straumann et al. 2024b,
von Rotz et al. 2023).

Psilocybin is the main focus of the project presented in Chapter 5.1.

1.1.2 Mescaline

Mescaline (3,4,5-trimethoxyphenethylamine) is an alkaloid found mainly in the peyote
cactus (Lophophora williamsii) but also in other species of cacti (e.g., Echinopsis pachanoi)
(Cassels et al. 2018, Dinis-Oliveira et al. 2019, Vamvakopoulou et al. 2023). Chemically
mescaline (Figure 1) is a phenethylamine and has structural similarities with dopamine,
amphetamines, or the phenethylamine-based psychedelics 2C-B and DOI. Although
structurally related to stimulants, mescaline interacts with the 5-HT receptors and exerts
psychedelic effects. Primarily, it exhibits affinity for the 5-HTa and 5-HT24 receptors but it is
also an agonist at the 5-HT2p and 5-HTzc receptors. However, in comparison to other classic
psychedelics, mescaline displays a relatively low affinity for the 5-HT; and 5-HT: receptor
subfamilies (Dinis-Oliveira et al. 2019, Olejnikova-Ladislavova et al. 2024, Rickli et al.
2015c). The low affinities for the 5-HT receptors are in line with the high doses that are
required to experience a psychedelic effect. However, at equally strong doses, mescaline
produces a subjective experience comparable to that of LSD or psilocybin (Ley et al. 2023,
Olejnikova-Ladislavova et al. 2024, Rickli et al. 2016).

The primary metabolic pathway of mescaline is oxidative deamination to the unstable

intermediate 3,4,5-trimethoxyphenylacetaldehyde (TMPA). This intermediate can undergo
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transformation to 3,4,5-trimethoxyphenylacetic acid (TMPAA), a major mescaline metabolite
(Dinis-Oliveira et al. 2019, Klaiber et al. 2024b, Ley et al. 2023). An alternative metabolic
pathway involves the conversion of the aldehyde to 3,4,5-trimethoxyphenylethanol (TMPE)
(Dinis-Oliveira et al. 2019). Another significant pathway appears to be the N-acetylation of
mescaline to N-acetyl mescaline (Dinis-Oliveira et al. 2019, Klaiber et al. 2024b, Ley et al.
2023). Minor pathways include the demethylation of one of the methoxy moieties to either
3,5-dimethoxy-4-hydroxyphenethylamine (4-desmethyl mescaline) or 3,4-dimethoxy-5-
hydroxyphenethylamine (3-desmethyl mescaline). However, further minor metabolites have
been reported (Dinis-Oliveira et al. 2019).

Mescaline is one of the oldest psychedelics used by humans, having been part of the
indigenous cultures throughout the Americas for several thousand years (Cassels et al. 2018,
Dinis-Oliveira et al. 2019). In the 20th century, mescaline was already the subject of clinical
research and recently it has been proposed as a potential treatment for depression, anxiety,
headaches, obsessive-compulsive disorder (OCD), and alcohol addiction (Dinis-Oliveira et al.
2019, Guttmann 1936, Guttmann et al. 1936, Hermle et al. 1992, Unger 1963). However, the
amount of contemporary research conducted is relatively limited (Vamvakopoulou et al. 2023).
In a recent clinical study, the dose-equivalence of mescaline, LSD, and psilocybin was
investigated while another study investigated the pharmacokinetics and acute subjective effects
of several doses of mescaline (Klaiber et al. 2024b, Ley et al. 2023).

Mescaline is the main focus of the project presented in Chapter 3.1.

1.2 Entactogens

Entactogens are a class of psychoactive substances that promote emotional openness,
empathy, acute anxiolysis, and feelings of connectedness. The term ‘entactogen’ has its
etymological roots in Greek and Latin, and means ‘touching within’. It was first proposed by
David E. Nichols in the late 1980s. Entactogens mainly release the monoamines serotonin and
norepinephrine, and to a lesser extent dopamine (de la Torre et al. 2004, Nash et al. 1994,
Nichols 2022). The best-known entactogen is 3,4-methylenedioxymethamphetamine (MDMA)
(Figure 1), the active ingredient of so-called ‘ecstasy’ tablets, which is widely used as a
recreational drug (Liechti et al. 2000, Nichols 2022). Other entactogens include MDMA’s
metabolite 3,4-methylenedioxyamphetamine (MDA) or several designer drugs such as
3,4-methylenedioxy-N-ethylamphetamine (MDEA), 5-(2-aminopropyl)benzofuran (5-APB),
and 6-(2-aminopropyl)benzofuran (6-APB) (Holka-Pokorska 2023, Luethi et al. 2020, Rickli
et al. 2015a, Rickli et al. 2015b, Rudin et al. 2022, Simmler et al. 2014).
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1.2.1 MDMA

MDMA is a substituted amphetamine that causes the release of stored neurotransmitters
from neurons into the synaptic cleft by reversing the monoamine transporters, thereby
increasing the interaction of these monoamines with postsynaptic receptors. In particular, it
strongly promotes the efflux of serotonin and norepinephrine, but also dopamine (de la Torre
et al. 2004, Liechti et al. 2000, Nichols 2022, Verrico et al. 2007). While serotonin release is
associated with an elevated mood, norepinephrine release is linked to increased energy levels
(Smith et al. 2022). Furthermore, it induces a release of oxytocin leading to prosocial effects
such as trust, closeness to others, or fear extinction (Atila et al. 2023, Smith et al. 2022). In
addition to monoamine release, MDMA also acts as a mild monoamine reuptake inhibitor (de
la Torre et al. 2004, Nash et al. 1994, Rickli et al. 2015b).

The MDMA products used recreationally and in clinical studies are usually a racemic
mixture of the two enantiomers R- and S-MDMA (Figure 1). However, the two enantiomers
differ in their pharmacological activity. While S-MDMA is more effectively releasing
monoamines and oxytocin, R-MDMA more potently activates the 5-HT2a receptor and is a
stronger inhibitor of cytochrome P450 (CYP) 2D6 (Luethi et al. 2019b, Pitts et al. 2018, Rickli
et al. 2015b, Straumann et al. 2024a).

MDMA is metabolized via two distinct metabolic pathways. The N-demethylation of
MDMA results in the production of MDA. MDA also releases monoamines and has affinity
for the 5-HT2a receptor which may contribute to the psychedelic effects observed following
the ingestion of MDMA (Baggott et al. 2019, de la Torre et al. 2004, Luethi et al. 2019b, Nash
et al. 1994, Nichols 2022, Papaseit et al. 2020, Rickli et al. 2015b). Both MDMA and MDA
can undergo O-demethylation to 3,4-dihydroxymethamphetamine (HHMA) and
3,4-dihydroxyamphetamine (HHA), respectively. HHMA and HHA then undergo
O-methylation again to yield 4-hydroxy-3-methoxymethamphetamine (HMMA) and
4-hydroxy-3-methoxyamphetamine (HMA), respectively (de la Torre et al. 2004, Papaseit et
al. 2020). The methyl group transfer is mainly mediated by catechol-O-methyltransferase
(COMT) while demethylation is mediated mainly by CYP2D6 but also CYP1A2, CYP2B6,
and CYP3A4 (de la Torre et al. 2004, Papaseit et al. 2020). Additionally, HHMA can be
conjugated by sulfotransferases (SULTs) and HMMA by SULTs or UGTs (Steuer et al. 2015).

Illicit and uncontrolled MDMA use poses the risk of hyperthermia and hyponatremia
which can lead to rhabdomyolysis and renal damage. Cardiovascular stimulation including
elevated blood pressure, tachycardia, and arrhythmias can occur. Additionally, bruxism (jaw

clenching) and anhedonia due to 5-HT depletion have been reported (Smith et al. 2022, Vizeli
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et al. 2017). However, a single-dose administration in healthy subjects in a controlled setting
did not raise safety concerns in previous investigations (Straumann et al. 2024a, Vizeli et al.
2017).

Moreover, MDMA shows potential therapeutic benefits, particularly using
MDMA -assisted psychotherapy for the treatment of post-traumatic stress disorder (PTSD),
anxiety, and depression by enabling patients to process emotions more openly (Smith et al.
2022). Lykos Therapeutics, a company of the Multidisciplinary Association for Psychedelic
Studies (MAPS), conducted several clinical trials on MDMA with considerable success. In
2023, a phase III trial of MAPS was published, demonstrating that MDMA could effectively
reduce PTSD symptoms and functional impairment (Mitchell et al. 2023). However, in August
2024 the United States Food and Drug Administration (FDA) rejected the approval of MDMA
as a therapeutic agent for PTSD, following a recommendation by their advisory committee
(Reardon 2024a, Reardon 2024b). Despite this, the FDA has not ruled out the possibility of
approving MDMA in the future. However, additional research is necessary to support the
approval of MDMA-assisted psychotherapy for PTSD. The impact of this decision on the
approval of other psychedelic therapies is currently unclear (Knopf 2024, Reardon 2024a).

MDMA and MDA are the subject of the project presented in Chapter 3.3.

1.3 Opioids

Opioids are a group of compounds that include natural, semi-synthetic, and synthetic
substances that exert their effects via opioid receptors. Naturally occurring opioids, such as
morphine (Figure 1) and codeine, are alkaloids from the poppy plant (Papaver somniferum)
while oxycodone and diamorphine (Figure 1) are semi-synthetic opioids derived from
morphine. Fentanyl or methadone are examples of synthetic opioids (Trescot et al. 2008).
Opioid receptors belong to the G-protein coupled receptors (GPCRs) and are distributed in the
central nervous system and throughout the peripheral tissue. Normally, these receptors are
activated by endogenous alkaloids (e.g., endorphins) (Dhaliwal et al. 2023, Trescot et al. 2008).
While there are several subclasses of opioid receptors (mu, p; kappa, x; delta, o), the p-opioid
receptor is the primary receptor target for substances such as morphine, codeine, and fentanyl
(Dhaliwal et al. 2023, Trescot et al. 2008).

Opioids have been used traditionally for the treatment of pain for several thousands of
years. Nowadays, analgesics like morphine and especially fentanyl are still in use in pain
management (Boysen et al. 2023). Moreover, opioids such as codeine are commonly prescribed

as an antitussive and are regarded as the gold standard in this context. However, codeine’s
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efficacy is debated since it might only be effective in specific situations (Bolser et al. 2007,
Freestone et al. 1997, Takahama et al. 2007). On the other hand, opioids are frequently
consumed recreationally for their induction of euphoria, anxiolysis, and relaxation.
Conversely, they can also cause emesis, sedation, urinary retention, pruritus, constipation, and
respiratory depression (Luethi et al. 2020, Trescot et al. 2008). Chronic opioid use results in
the development of tolerance, withdrawal symptoms, and dependence. However, the
emergence of an opioid use disorder is influenced by a complex interplay of genetic,
environmental, and psychosocial factors (Pergolizzi et al. 2020). Due to the high potency,
variable purity, and products stretched with potent substances such as fentanyl, overdoses are
common with opioids. These result in respiratory depression, coma, and death (Britch et al.

2022, Darke et al. 1999).

1.3.1 Diamorphine

Diamorphine was first marketed under the brand name ‘heroin’ for use as an antitussive
and analgesic (Hébel et al. 2018). Although still employed for medical purposes, particularly
in palliative care and the treatment of chronic diamorphine dependence, the addictive potential
and high risk of overdose associated with this substance have resulted in its control and
prohibition in the majority of countries (Martins et al. 2021, Morris 2022, Rook et al. 2006,
Schmitt-Koopmann et al. 2022, Trescot et al. 2008). In comparison to morphine, diamorphine
possesses two additional acetyl groups, which renders it more lipophilic. It is capable of
crossing the blood-brain barrier more efficiently than morphine, which is responsible for the
rapid onset and more intense effect associated with diamorphine (Maurer et al. 2006, Rook et
al. 20006).

Metabolically, diamorphine undergoes extensive first-pass metabolism in the liver and
has poor bioavailability. It is first degraded to 6-monoacteylmorphine (6-MAM) and then
morphine by human carboxylesterase-1 and 2 (hCE-1 and hCE-2), or pseudo-cholinesterase
(Maurer et al. 2006, Rook et al. 2006). Both 6-MAM and morphine have higher opioid receptor
affinities than diamorphine itself (Rook et al. 2006). Morphine is mainly glucuronidated to the
morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G) by different UGTs. M3G
is inactive but M6G exerts equivalent analgesic effects as morphine with fewer side effects.
Lastly, morphine can be metabolized into normorphine by CYP3A4 and CYP2C8 (Maurer et
al. 2006, Rook et al. 2006).

The development of a bioanalytical method for the analysis of diamorphine and its

metabolites is the subject of the project presented in Chapter 3.2.
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Figure 1 Chemical structures of psychoactive substances relevant to this thesis, including psychedelics,

entactogens, and opioids.
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2 BIOANALYSIS

High-performance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS) is
the current benchmark method for analyzing analytes in clinical samples, offering excellent
accuracy, selectivity, sensitivity, reproducibility, and high-throughput sample analysis (Ho et
al. 2003). HPLC is the analytical technique used to separate, identify, quantify, or purify
components within a biological sample. The coupled tandem mass spectrometer acts as a highly
sensitive detector in this process (Blum 2014, Nagy et al. 2008, Snyder et al. 2011). In the
projects discussed in this thesis, LC-MS/MS was the primary technique used for sample

analysis and will thus be explained in more detail in Chapters 2.1-2.3.

2.1 High-performance liquid chromatography (HPLC)

An HPLC system generally consists of an analytical column (stationary phase), mobile
phases with different polarities transported by two or more pumps, and a detector (e.g., an
ultraviolet [UV] detector or a mass spectrometer for enhanced analysis) (Blum 2014). Two
principal modes of liquid chromatography exist, differing primarily in the nature of the
stationary and mobile phases. Normal-phase chromatography is utilized in specialized
applications, such as the separation of highly polar compounds whereas reversed-phase
chromatography is a more versatile approach and is the preferred method in most cases (Boyes
et al. 2018, Nagy et al. 2008).

In normal-phase chromatography, the stationary phase is polar, typically consisting of
unmodified silica or silica modified with polar functional groups (e.g., cyano, nitro, diol, or
amino groups). Organic solvents such as hexane, chloroform, and ethyl acetate are employed
as mobile phases and the gradient moves from non-polar to polar solvent. Polar compounds in
the sample interact more strongly with the polar stationary phase (e.g., through hydrogen
bonding or dipole-dipole interactions) and are retained longer, whereas non-polar compounds
elute faster (Akash et al. 2020, Blum 2014, Boyes et al. 2018, Ganesh et al. 2023, Nagy et al.
2008, Snyder et al. 2011).

On the other hand, in reversed-phase chromatography, the analytical column is packed
with silica particles of a specific diameter that have been chemically modified with
hydrophobic alkyl chains (e.g., Cis or Cg). The mobile phase gradient moves from polar to non-
polar solvent and often comprises an aqueous solution mixed with organic solvents such as
methanol or acetonitrile. Non-polar or hydrophobic analytes exhibit a stronger interaction with
the hydrophobic stationary phase and are therefore adsorbed more strongly, resulting in a

prolonged retention. In contrast, more polar compounds elute at a faster rate. This makes it an
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efficacious method for the separation of a wide range of compounds including small proteins,
peptides, and organic molecules (Akash et al. 2020, Blum 2014, Boyes et al. 2018, Ganesh et
al. 2023, Schliiter 1999, Snyder et al. 2011).

Besides these two principal modes, several other parameters influence the separation and
retention time of compounds such as the pH of the mobile phase, the flow rate of the solution,
or the analysis temperature (Akash et al. 2020, Ganesh et al. 2023). Mobile phases can be
supplemented with additives to control the pH and enhance the ionization of the analytes (e.g.,
formic acid or acetic acid), act as a buffering agent, or improve chromatographic resolution

(e.g., ammonium salts) (Boyes et al. 2018).

2.2 Tandem mass spectrometer (MS/MS)

Mass spectrometry is an analytical technique employed for the qualitative and
quantitative analysis of ionized molecules. Following the prior separation of a sample by
HPLC, the eluent is introduced into the ionization chamber (ionization source) of the mass
spectrometer, where the molecules are positively or negatively ionized (Figure 2) (Ho et al.
2003). Different modes of sample ionization exist. Besides atmospheric pressure chemical
ionization (APCI) or matrix-assisted laser desorption/ionization (MALDI), electrospray
ionization (ESI) is the main ionization technique used today when analyzing liquid samples.
ESI is a soft ionization technique that transfers analytes to the gas phase with minimal
fragmentation, preserving the molecular integrity of the analytes. The sample moves through a
charged capillary and is sprayed into the ionization source as fine ionized droplets. The liquid
is then evaporated by high temperatures and gas streams, leaving behind the charged molecules
(Akash et al. 2020, De Hoffmann et al. 2007, Domon et al. 2006, Ho et al. 2003).

Subsequently, the ions enter the mass spectrometer through an opening called orifice.
Behind the orifice, there is a sequence of quadrupoles that guide the ions (Figure 2) (AB Sciex
2010). A quadrupole consists of four metal rods at equal distances, with an electrical field in
between them. By using the amplitude of oscillation, specific mass-to-charge ratios (m/z) can
be guided, allowing them to travel through the quadrupole without colliding with the metal
rods. Undesired ions will be eliminated. This purification step makes laborious purification
processes before the measurement redundant (De Hoffmann et al. 2007, Haag 2016, Ho et al.
2003). In some mass spectrometer systems, such as those employed in the projects presented
in this thesis (e.g., API 4000 QTRAP or API 5000, AB Sciex, Ontario, Canada), the first
quadrupole that the ions encounter is a so-called QJet. The QJet does not act as a mass filter

but guides and prefocuses the ions at high pressure. This focusing reduces ion loss, thus
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increasing selectivity and lowering the noise level of the analysis. The ions are then focused
again at low pressure in another quadrupole called QO before entering quadrupole Q1 (Figure
2). The QO also acts as an ion guide rather than a mass filter. The two ion guides in combination
provide maximum ion transmission, focusing, and sensitivity. However, other systems with
just one ion guide are also available (AB Sciex 2008, AB Sciex 2010, De Hoffmann et al. 2007,
Gross 2006).

In a triple quadrupole mass spectrometer, there are three main quadrupoles (Figure 2). In
the first quadrupole (Q1), the analyte ion of interest (precursor ion) is filtered as described
above. In the second quadrupole, called the collision cell or g2, the previously selected
precursor ion collides with a collision gas (e.g., argon or nitrogen) and is fragmented. The
product ions generated through this collision-induced dissociation (CID) are directly linked to
the parent compound and its molecular structure. These fragments are then monitored by the
third quadrupole (Q3) (Figure 2) (Gross 2006, Haag 2016, Ho et al. 2003). Following Q3, the
ions reach an electron multiplier (EM), which enhances detection efficiency by amplifying the
ion signal. The resulting electrical signal is recorded by a metal anode acting as the detector
and is then transformed into a graphical representation known as a mass spectrum. In the mass
spectrum, the m/z of the ions are plotted against their relative abundance or signal intensity
(Figure 2) (De Hoffmann et al. 2007, Ho et al. 2003).

Several data acquisition modes can be used to detect analyte ions. The most common
mode with ESI is selected reaction monitoring (SRM). In SRM, Q1 and Q3 are static and scan
only for an exact and fixed m/z of the parent compound and its fragment. This results in high
specificity and sensitivity. SRM can be extended to multiple reaction monitoring (MRM),
which monitors several transitions simultaneously. Scheduled MRM (sMRM), in contrast, is
an optimized version of MRM, monitoring transitions only during specific time windows. This
can be employed to further optimize sensitivity and accuracy while managing complex
analyses. Other scan modes include product ion scan, precursor ion scan, and neutral loss scan

(De Hoffmann et al. 2007, Gross 2006, Haag 2016, Ho et al. 2003).
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Figure 2 Working principle of a triple quadrupole tandem mass spectrometer, as used for the analyses
in this thesis. The most important components of a mass spectrometer are illustrated above, while the
fundamental principles on a molecular basis are elucidated below. The illustration was adapted from

Jaiswal et al. (2020) and modified to include additional elements.

2.3 Bioanalytical method development and validation

When developing a bioanalytical method, the definition of the overall operation
conditions, the design, and the suitability of the method are essential, as they provide the
foundation for a successful validation. Regulatory agencies such as the FDA and its European
counterpart, the European Medicines Agency (EMA), have published guidance documents.
The two guidelines are largely similar, but there are some differences, such as the suggested
validation parameters and the structure (Kaza et al. 2019). Although these are only non-binding
recommendations, they are widely regarded as industry standards and are often rigorously
followed to ensure compliance, credibility, and overall success. Adherence to these guidelines
not only increases the reliability of the data generated, but also facilitates the regulatory
approval process by demonstrating that the analytical method is scientifically sound and
capable of producing accurate, precise, and reproducible results (European Medicines Agency

2022, United States Food and Drug Administration 2018).

2.3.1 Sample preparation and chromatographic method development

In method development, the conditions for the optimal sample extraction and detection
of the analytes are defined (European Medicines Agency 2022, United States Food and Drug
Administration 2018). Prior to injection into the HPLC, the sample must undergo preparation

during which the analytes are extracted from the matrix. Sample preparation aims to eliminate
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ion suppression through interfering substances, pre-concentrate the samples to enhance
sensitivity, and transform the sample into a suitable form for injection, separation, or detection
(Ashri et al. 2011). There are three main methods for sample preparation. A widely used
technique for purifying and concentrating samples is solid phase extraction (SPE). In SPE, the
analytes are separated from the matrix using a sorbent in a cartridge. The sorbent selectively
retains specific analytes, thereby facilitating their separation or concentration. SPE is
convenient for concentrating or purifying trace analytes in biological samples (Ashri et al.
2011, Moein et al. 2017). Another main technique is liquid-liquid extraction (LLE) where an
aqueous sample is combined with a non-miscible organic solvent to extract the analyte from
the aqueous phase into the organic phase. Although laborious and requiring significant
quantities of organic solvents, this technique has been demonstrated to yield high recovery
rates (Ashri et al. 2011, Moein et al. 2017). The extraction method of choice for all projects
included in this thesis is protein precipitation (PPT). In this straightforward approach, a
biological matrix (such as plasma, or urine) is combined with e.g., a miscible organic solvent,
metal ions, salts, or an acidic solution to precipitate undesired proteins (Ashri et al. 2011, Moein
etal. 2017).

Besides sample extraction, different analytical columns need to be evaluated when
developing a chromatographic method. Physiochemical properties and chemical structure
influence the characteristics of an analytical column. These properties include the type of
medium (monolithic, porous, or nonporous), the geometry (diameter, pore volume, particle
size, and shape), the type of ligands, ligand density, and the type of stationary phase carrier
(silica, polymer, or carbon) (Zuvela et al. 2019). As the column is the core of the
chromatographic method, the selection of the most appropriate column is crucial.

Another major role in HPLC method development is the selection of the best mobile
phase combination and the right solvent elution. Mobile phases dissolve the sample, transport
it, affect system backpressure based on their viscosity, and influence analyte separation,
retention time, and ionization capability. Often, mixtures of organic and aqueous mobile phases
are used with different additives (Moldoveanu et al. 2022, Nagy et al. 2008). Organic solvents
such as methanol or acetonitrile affect peak shape and resolution and determine the amount of
interaction between the analyte and the stationary phase. Polarity and pH have a major impact
on how well analytes are separated. Adjusting the pH affects the ionization state of the analytes,
which can be particularly important when analyzing acidic or basic components. Choosing the
right buffer ensures pH consistency and controls the ionization (Moldoveanu et al. 2022, Nagy

et al. 2008). Finally, developing an appropriate mobile phase elution ensures optimal analyte
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separation. Typically, isocratic or gradient elution is used. In isocratic elution, the mobile phase
composition remains constant throughout the analysis, while in gradient elution the
composition changes over time (Moldoveanu et al. 2022, Nagy et al. 2008). Gradient elution

was utilized for all methods presented in this thesis.

2.3.2 Mass spectrometric method development

In mass spectrometric method development for targeted analysis, the process of
introducing new compounds and optimizing parameters for their optimal detection is referred
to as ‘tuning’ (Jia et al. 2023). Analytes are introduced to the mass spectrometer via a syringe
infusion pump, enabling the finding and selection of mass transitions with the highest intensity
and best signal-to-noise ratio (Kumar et al. 2023, Sargent 2013). In ‘auto-tuning’, which is the
current standard for most devices, the mass spectrometer automatically adjusts parameters such
as gas flow or ionization voltages (e.g., declustering potential, entrance potential, or collision
energy). This guarantees ideal conditions for ionization and sensitive detection, thereby
ensuring optimal and accurate quantification of the target compound (Jia et al. 2023, Kumar et

al. 2023, Sargent 2013).

2.3.3 Method validation

A validated bioanalytical method is essential to reliably analyze a substance in
biological samples from a clinical trial. Thorough validation ensures the robustness and quality
of a method. A range of bioanalytical method validations may be conducted. While a full
validation is recommended when analyzing analyte concentration in samples from clinical and
non-clinical studies, partial validations may be employed to evaluate modifications to a
validated method. Further, cross-validations can be executed when several bioanalytical
processes or laboratories are involved (European Medicines Agency 2022, United States Food
and Drug Administration 2018).

A full validation for chromatographic methods can include parameters such as
accuracy, precision, calibration range, selectivity, specificity, sensitivity, carry-over, matrix
effect, extraction recovery, dilution integrity, reinjection reproducibility, and stability
depending on the guideline (European Medicines Agency 2022, United States Food and Drug
Administration 2018). The detailed validation parameters that were executed to validate the

LC-MS/MS methods included in this thesis are described in Chapters 3.1, 3.2, and 3.3.
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ARTICLE INFO ABSTRACT

Keywords: Mescaline is a psychedelic phenethylamine found in different species of cacti. Currently, mescaline’s acute
Psychedelics ) subjective effects and pharmacokinetics are investigated in several modern clinical studies. Therefore, we
Drug metabolism developed a bioanalytical method for the rapid quantification of mescaline and its metabolites in human plasma.
Pharmacokinetics

Mescaline and its metabolites 3,4,5-trimethoxyphenylacetic acid (TMPAA), N-acetyl mescaline (NAM), and 3,5-
dimethoxy-4-hydroxyphenethylamine (4-desmethyl mescaline) were simultaneously analyzed by ultra-high
performance liquid chromatography tandem mass spectrometry (LC-MS/MS). Optimal chromatographic sepa-
ration was achieved with an Acquity Premier HSS T3 Cyg column. The analytes were detected in positive ioni-
zation mode using scheduled multiple reaction monitoring. A single step extraction method was implemented to
enable fast and automatable plasma sample preparation. An intra-assay accuracy between 84.9% and 106% and
a precision of < 7.33% was observed in three validation runs. Plasma was extracted by simple protein precip-
itation, resulting in a complete recovery (> 98.3%) and minor matrix effects (< 7.58%). No interference with
endogenous matrix components could be detected in human plasma samples (n = 7). Importantly, method
sensitivity sufficed for assessing pharmacokinetic parameters of mescaline in clinical study samples with lower
limits of quantification of 12.5, 12.5, and 1.25 ng/mL for mescaline, TMPAA, and NAM, respectively. None-
theless, 4-desmethyl mescaline could not be selectively quantified in pharmacokinetic samples due to interfer-
ence with another mescaline metabolite. Overall, we developed and validated a reliable and very easy-to-use
method for forensic applications as well as investigating the clinical pharmacokinetics of mescaline.

Liquid chromatography
Tandem Mass spectrometry
Forensics

1. Introduction several clinical studies, as it holds promise for the therapy of various
psychiatric disorders such as depression, addiction, anxiety disorder, but
also in palliative care similar to other classic psychedelics [7-9].

Mescaline’s mind-altering effects resemble those of LSD and psilo-

Mescaline, also known as 3,4,5-trimethoxyphenethylamine, is a
psychoactive alkaloid abundant in various species of cacti such as

Lophophora williamsii (peyote), Trichocereus pachanoi (san pedro), or
Trichocereus peruvianus (peruvian torch). The peyote cactus occurs in the
southwest of the United States and the north of Mexico, while the two
other species grow in South America [1-3]. The psychoactive properties
of mescaline are known to the indigenous people of America for at least
5700 years, being used in religious and spiritual ceremonies but also for
psychotherapeutic purposes [3,4]. Today, mescaline is utilized in reli-
gious and recreational settings and is a scheduled substance in most
western countries. However, the frequency of mescaline use is rather
low compared to other psychedelics [1,5,6]. Mescaline’s acute subjec-
tive effects and pharmacokinetics (PK) are currently investigated in

cybin and probably also occur primarily through an interaction with the
human 5-HT2x_¢ receptors. It shows agonistic properties at the 5-HT24
receptor, the receptor thought to play a key role in exerting hallucino-
genic effects in humans [10,11]. However, in comparison to LSD and
psilocybin, mescaline has the lowest potency in activating 5-HT2x and
5-HTyp receptors [2,12-14]. Additionally, mescaline is a highly polar
compound and accordingly possesses a low ability to cross the
blood-brain-barrier. For these reasons, high doses of around 200 - 400
mg are necessary to exert psychoactive effects [2,14].

Mescaline is readily absorbed in the gastro-intestinal tract so that
first pharmacological effects occur about 30 min after oral
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Fig. 1. Chemical structures of mescaline and metabolites detected in humans. Mescaline is in vivo mainly metabolized into 3,4,5-trimethoxyphenylacetic acid
through oxidative deamination and subsequent oxidation. Further metabolic pathways involve N-acetylation of mescaline to N-acetyl mescaline and demethylation

of the 4-methoxy group to 3,5-dimethoxy-4-hydroxyphenethylamine.

administration. The effects usually peak around 2 h post-ingestion and
last for 8 — 12 h, which is generally longer compared to other halluci-
nogens [2,5,14,15]. PK studies have shown that mescaline is largely
excreted unchanged via urine [2,16]. Nevertheless, mescaline un-
dergoes oxidative deamination followed by immediate oxidation to the
inactive 3,4,5-trimethoxyphenylacetic acid (TMPAA) metabolite (Fig. 1)
[2,16,17]. Another major metabolic pathway seems to be the N-acety-
lation of mescaline to N-acetyl mescaline (NAM) [16]. Moreover,
mescaline is to a minor extent demethylated either to 3,4-dimethoxy-5--
hydroxyphenethylamine (3-desmethyl mescaline) or 3,5-dimethoxy-4--
hydroxyphenethylamine (4-desmethyl mescaline) [2,5,18]. Further
minor metabolites have been predicted by others, but their clinical
relevance is unknown [2,3].

Several analytical methods have been published which focus on the
quantification of mescaline, but so far rarely incorporate analysis of its
metabolites (Table 1). Most methods used either gas chromatography
(GC) or high performance liquid chromatography (HPLC) coupled to a
diode array detector, a single, or tandem mass spectrometer. Methods
were developed to determine mescaline in various matrices such as plant
material, urine, hair, saliva, and plasma. However, these methods
required mostly large amounts of sample. Work- and time-intensive
extraction procedures were employed including multistep solid-phase
or liquid-liquid extraction protocols. In addition, extensive gradient
programs of 5 — 21 min were used to separate the analytes of interest
[19-33].

Altogether, a bioanalytical method is required that enables rapid
analysis of large amounts of samples collected within clinical trials. In
the present study we developed and validated an LC-MS/MS method to
investigate the clinical pharmacokinetics of mescaline and its two major
metabolites TMPAA and NAM. The method requires only a small amount
of plasma which is processed by a simple and automatable protocol and
analyzed within few minutes.

2. Material and methods
2.1. Chemicals, reagents, and reference compounds

Mescaline (99.1% purity) was obtained from Lipomed (Arlesheim,
Switzerland), 3,4,5-trimethoxyphenylacetic acid (99.8% purity) from
Toronto Research Chemicals (TRC, Toronto, Canada), N-acetyl mesca-
line (> 99.0% purity) from Biosynth Carbosynth (Compton, United
Kingdom), and 3,5-dimethoxy-4-hydroxyphenethylamine (non-speci-
fied purity) from Sigma Aldrich (St. Louis, USA). The deuterated internal
standard mescaline-d; (3,5-dimethoxy-4-(methoxy-ds)-phenylethyl-
amine hydrochloride, 99.5% isotopic purity) was synthesized by

Reseachem (Burgdorf, Switzerland). LC-MS grade water, methanol,
isopropanol, and acetic acid were products from Merck (Darmstadt,
Germany). LC-MS grade acetonitrile was purchased from Thermo Fisher
Scientific (Waltham, USA). LC-MS grade ammonium acetate as well as
dimethyl sulfoxide (DMSO) were obtained from Sigma Aldrich.

Human blood was collected in lithium heparin coated S-Monovette
tubes (Sarstedt, Numbrecht, Germany) and obtained from the local
blood donation center (Basel, Switzerland). The blood was centrifuged
at 1811 x g for 10 min (5810 R, Eppendorf, Hamburg, Germany) to
produce plasma.

2.2. Stock solution preparation

A separate analyte stock solution was prepared for calibrator (CAL)
and quality control (QC) samples. The analytes were weighed in on a XP
26 microbalance (Mettler Toledo, Columbus, USA) and dissolved in
DMSO to receive a final concentration of 10 mg/mL for mescaline and
TMPAA and 1 mg/mL for NAM and 4-desmethyl mescaline. Mescaline-
ds was prepared in methanol to obtain a solution of 10 mg/mL. This
stock solution was further diluted to 5 ng/mL in methanol to create the
internal standard working solution (ISTD). All stocks were stored at
—20°C.

2.3. Calibration and quality control sample preparation

CAL and QC working solutions were prepared in DMSO. Firstly, all
four analytes were mixed to receive a solution of 1’000 pg/mL mescaline
and TMPAA and 100 pg/mL NAM and 4-desmethyl mescaline. Secondly,
the CAL and QC mixtures were serially diluted with DMSO. Finally, a
pool of blank human plasma (n = 7 donors) was spiked with the CAL and
QC working solutions at a ratio of 1:100 (v/v). The CAL line in plasma
contained nine points and ranged from 12.5 ng/mL to 5’000 ng/mL for
mescaline and TMPAA and from 1.25 ng/mL to 500 ng/mL for NAM and
4-desmethyl mescaline.

The same procedure was used to prepare five QC levels in plasma
including a lower limit of quantification (LLOQ), low QC (LQC), medium
QC (MQC), high QC (HQC), and the upper limit of quantification
(ULOQ) sample. The QC levels corresponded to 12.5 ng/mL, 25 ng/mL,
250 ng/mlL, 2’500 ng/mL, and 5’000 ng/mL for mescaline and TMPAA
and 1.25 ng/mL, 2.5 ng/mL, 25 ng/mL, 250 ng/mL, and 500 ng/mL for
NAM and 4-desmethyl mescaline.

2.4. LC-MS/MS instrumentation and setting

The bioanalysis was performed on an ultra-high performance liquid

20



Table 1

PART I: BIOANALYSIS OF PSYCHOACTIVE SUBSTANCES

J. Thomann et al.

Overview of existing bioanalytical methods for the analysis of mescaline and metabolites in various matrices.

Reference

Run Time

Quantification Range Injection

Sample Volume / Sample

Analyte (s) Examined

Analytical

Publication

Volume

Sample Mass Processing

Matrix

Method

NA

NA NA

5’000 mg LE

Mescaline and 4-desmethyl Plant material

TLC-MS/MS

Ma et al. 1986

mescaline

Mescal:

12.0 min

pL
pL
pL

5

207000 - 75’000 ng/mL

LE
LLE
LLE / SPE

10 mg

100 pL

Plant material

ne (i.a.)

8.00 min

1

1
5L

NA
5.00 - 500 ng/mL
10.0 - 1°000 ng/mL

Human urine
Human plasma

ne (i.a.)

10.0 min

17000 pL
17000 pL
20 mg

ne (i.a.)

17.0 min

SPE
LE
LLE / SPE

Human plasma

ne (i.a.)

15.0 min

0.05 - 25.0 ng/mg
5.00 — 10’000 ng/mL
5’000 - 200°000 ng/mL

Human hair

ne (i.a.)

HPLC-DAD

Helmlin et al. 1992

Mescal:
Mescal:

GC-MS
GC-MS
LC-MS/MS

Valentine et al. 2000
Habrdova et al. 2005
Beyer et al. 2007
Kim et al. 2007

Mescal:
Mescal:

GC-MS
LC-MS/MS
HPLC-DAD

9.00 min

10 uL
20 L

20 pL
1’000 mg

Human urine

Mescaline

Bjornstad et al. 2008

8.00 min

LE
SPE
LE

Plant material

Mescaline
Mescaline (i.a.)

Casado et al. 2008
Sergi et al. 2010

21.0 min
> 16.0 min

NA

1

LOQ: 0.20 ng/mL
50.0 - 500 ng/mL / 100 —

90 pL
2°000 pL / 20 mg

Human saliva

LC-MS/MS
GC-MS/MS

pL

Human urine,

Mescaline

Gambelunghe et al. 2013

1°200 pg/mg
LOQ: 0.05 ng/mg
1.00 - 250 ng/mL
1°000 - 100’000 ng/mL

hair
Human hair

16.5 min

10 pL
2L

LE
LLE / SPE

25 mg
17000 pL
> 150 mg

500 pL

Mescaline (i.a.)

LC-MS/MS

Pichini et al. 2014
Battal et al. 2015

9.50 min
> 18.0 min

Mescaline Human urine

GC-MS
DART-HRMS

NA

LE
LLE
LE
LLE

Plant material

Mescaline
Mescaline (i.a.)

Longo et al. 2020

13.5 min

NA
5pL
5L

NA
0.01 - 1.00 ng/mL
12.5-5’000 ng/mL / 1.25 -

Human saliva

LC-MS/MS
LC-MS/MS
LC-MS/MS

Francisco da Cunha et al. 2020

Yang et al. 2022
Current method

5.00 min

20 mg

Human hair
Human plasma

Mescaline
Mescaline, TMPAA, NAM, and 4-

4.25 min

50 pL

500 ng/mL

desmethyl mescaline

4-desmethyl mescaline, 3,5-dimethoxy-4-hydroxyphenethylamine; DART-HRMS, direct analysis in real time high-resolution mass spectrometry; GC-MS, gas chromatography mass spectrometry; GC-MS/MS, gas chro-

matography tandem mass spectrometry; HPLC-DAD, high performance liquid chromatography with photodiode-array detection; i.a., among other analytes analyzed; LC-MS/MS, liquid chromatography tandem mass

spectrometry; LE, liquid extraction; LLE, liquid-liquid extraction; LOQ, limit of quantification; NA, not assessed; NAM, N-acetyl mescaline; SPE, solid phase extraction; TLC-MS/MS, thin layer chromatographie tandem

mass spectrometry; TMPAA, 3,4,5-trimethoxyphenylacetic acid.
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chromatography system (UHPLC, Shimadzu, Kyoto, Japan) coupled to
an API 5000 triple quadrupole tandem mass spectrometer (MS, AB Sciex,
Ontario, Canada).

The following analytical columns were tested during method
development: Luna PFP(2) (3 um, 50 x 2 mm, Phenomenex, Torrance,
USA), Halo 90 A Biphenyl (2.7 ym, 2.1 x 50 mm, Advanced Materials
Technology, Wilmington, USA), Accucore Biphenyl (2.6 um, 100 X
2.1 mm, Thermo Fisher Scientific), Hypersil GOLD aQ (1.9 um, 50 x
2.1 mm, Thermo Fisher Scientific), Symmetry Cjg (3.5 um, 4.6 x
75 mm, Waters, Milford, USA), Kinetex XB-Cyg (2.6 um, 50 x 2.1 mm,
Phenomenex), Kinetex EVO Cyg (1.7 um, 50 x 2.1 mm, Phenomenex),
Acquity Premier HSS T3 Cyg (1.8 um, 2.1 x 100 mm, Waters), Atlantis
Premier BEH C;g AX (2.5 um, 2.1 x 150 mm, Waters), and Atlantis dC;g
(3 um, 2.1 x 50 mm, Waters). After the screening, the validation was
executed with the Acquity Premier HSS T3 C;g analytical column
(1.8 um, 2.1 x 100 mm, Waters) which provided most promising
results.

The modular UHPLC system included an autosampler (set to 10 °C),
a system controller, four pumps (A, B, C, and D), two degassing units,
and a column oven (set to 45 °C). Mobile phase A and C was an aqueous
solution of ammonium acetate (10 mM) supplemented with 0.1% acetic
acid (pH 4.4). Mobile phase B was methanol containing 0.1% acetic acid
. Before and after sample injection (5 pL), the autosampler port was
rinsed with 500 pL. washing solution consisting of equal amounts of
water, methanol, acetonitrile, and isopropanol (1:1:1:1, v/v). The
injected sample was transported by pump A and B onto the analytical
column. A T-union was installed in front of the column to mix the
injected sample with mobile phase C (0.20 mL/min, 0 — 0.50 min). The
initial total flow of pump A (2%) and B (98%) was set to 0.20 mL/min
and raised to 0.40 mL/min after 0.50 min. Mobile phase B concentration
was linearly increased from 2% to 50% between 0.50 min and 0.75 min
and from 50% to 70% between 0.75 and 2.75 min. Afterwards, the
column was washed with 95% mobile phase B for 1.00 min and recon-
ditioned at 2% mobile phase B for another 0.50 min. The UHPLC was
connected to the mass spectrometer from 1.40 min to 3.00 min of each
run, otherwise the eluate was directed into the waste bottle. The
gradient program lasted 4.25 min and resulted in retention times of
1.89 min for 4-desmethyl mescaline, 2.04 min for mescaline, 2.40 min
for TMPAA, and 2.53 min for NAM (Table 2).

The analytes were charged by positive electron spray ionization (ESI)
and detected using scheduled multiple reaction monitoring (sMRM).
The general MS parameters were set as follows: ion spray voltage (IS),
5500 V; temperature (TEM), 500 °C; curtain gas (CUR), 10 psi; nebu-
lizer gas (ion source gas 1, GS1), 60 psi; heater gas (ion source gas 2,
GS2) 50 psi; collision gas (CAD), 4 psi. Elemental nitrogen (N3) was used
as gas supply. The analyte specific settings and mass transitions (Q1 —
Q3) are listed in Table 2. To quantify mescaline, transition m/z 215.1 —
m/z 165.2 of mescaline-ds was used while transition m/z 215.1 — m/z
198.2 of mescaline-d3 was used for the quantification of TMPAA, NAM,
and 4-desmethyl mescaline.

Analyst Instrumental Control and Data Processing Software (Version
1.7.2, AB Sciex) and MultiQuant Software (Version 3.0.3, AB Sciex) were
used for LC-MS/MS operation and data analysis, respectively.

2.5. Sample extraction

Human plasma samples of 50 pL were aliquoted into matrix tubes
(0.7 mL, 96-deepwell rack, Thermo Fisher Scientific) and precipitated
by adding 400 pL of ISTD solution. Subsequently, the samples were
vortexed on a Multi Tube Vortexer (VX-2500, VWR, Radnor, USA) for at
least 1 min and centrifuged for 30 min at 10 °C and 3220 x g to produce
a plasma protein free supernatant. After extraction, samples were kept in
the autosampler at 10 °C until analysis.
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Table 2
Tandem mass spectrometry settings applied for the quantification of mescaline
and its metabolites.

Analyte MRM (m/ RT DP EP CE CXP
z)
Q1 — [min]  [V] [vi vl AY]
Q3)

Mescaline 2121 - qualifier 2.04 76 10 43 16
180.1
2121 —» quantifier 2.04 76 10 22 14
165.0

TMPAA 227.0 - qualifier 2.40 36 10 11 14
181.1
227.0 —» quantifier 2.40 36 10 17 34
148.0

NAM 2541 - quanitifier ~ 2.53 126 10 34 12
195.2
254.1 — qualifier 2.53 126 10 37 20
180.1

4-desmethyl 198.2 — quanitifier ~ 1.89 86 10 18 20

mescaline 181.2

198.2 - qualifier 1.89 86 10 25 18
166.2

Mescaline-ds 215.1 —» NA 2.03 8 10 15 22
198.2
215.1 —» NA 2.03 86 10 31 18
165.2

4-desmethyl mescaline, 3,5-dimethoxy-4-hydroxyphenethylamine; CE, collision
energy; CXP, collision cell exit potential; DP, declustering potential; EP, entrance
potential; m/z, mass-to-charge ratio; MRM, multiple reaction monitoring; NA,
not applicable; NAM, N-acetyl mescaline; Q1, quadrupole 1; Q3, quadrupole 3;
RT, retention time; TMPAA, 3,4,5-trimethoxyphenylacetic acid; V, volt.
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Fig. 2. Chromatographic separation of mescaline, 3,4,5-trimethoxyphenylace-
tic acid (TMPAA), N-acetyl mescaline (NAM), 3,5-dimethoxy-4-hydroxyphene-
thylamine (4-desmethyl mescaline), and mescaline-d; in human plasma. A: 4-
desmethyl mescaline (25ng/mL, retention time: 1.89 min), mescaline-ds
(5ng/mL, retention time: 2.03 min, dotted line), mescaline (250 ng/mL,
retention time: 2.04 min), TMPAA (250 ng/mL, retention time: 2.40 min), and
NAM (25 ng/mL, retention time: 2.53 min) in human plasma. B: Analysis of a
clinical phase 1 study plasma sample. The healthy subject received an oral dose
of 300 mg mescaline hydrochloride and the blood sample was withdrawn 2 h
post-treatment.
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2.6. Method validation

The validation of the method was conducted according to the Bio-
analytical Method Validation Guidance for Industry of the United States
Food and Drug Administration (FDA) [34]. The method was validated
on an API 5000 LC-MS/MS system considering the following parame-
ters: linearity, accuracy and precision, selectivity and sensitivity,
extraction recovery and matrix effect, as well as analyte stability under
various storage conditions.

2.6.1. Linearity

Each analytical run consisted of at least two discrete CAL lines, one
measured at the beginning and the other at the end of the acquisition
batch. A CAL line compromised of nine different concentration levels in
increasing order, a blank, and a double blank sample. The blank sample
was extracted with ISTD and measured before the LLOQ sample of the
CAL. The double blank sample was processed with pure methanol and
measured after the highest CAL to assess the proportion of analyte carry-
over. The carry-over should be less than 20% of the peak area deter-
mined at the LLOQ.

A linear regression line was established in MultiQuant by plotting the
nominal concentration of the CAL points against the ratio of the analyte
peak area to the ISTD peak area. A weighing factor of 1/x> was employed
to reduce the error at low concentrations. The accuracy was calculated
for each CAL point as the difference (%) between measured and nominal
concentration. Only CAL points with an accuracy of 85 — 115% (LLOQ:
80 — 120%) were used to build CAL lines. However, a valid CAL had to
include at least 75% of all values (e.g., 14 out of 18) and no less than one
LLOQ and ULOQ sample. Finally, a correlation coefficient (R) of > 0.99
was necessary to accept the CAL line.

2.6.2. Intra- and inter-assay accuracy and precision

Intra- and inter-assay accuracy and precision was determined by
analyzing three validation runs on different days. Each validation run
contained two CAL lines and seven replicates of each QC level (LLOQ,
LQC, MQC, HQC, ULOQ). The accuracy was determined for each QC
level as percentage difference (%) of the measured value to the nominal
value within an assay (intra-assay: n = 7) and over three assays (inter-
assay: n = 21). The coefficient of variation (%CV = standard deviation . 1 0())
was used as measurement of method precision (intra-assay: n = 7, inter-
assay: n = 21 per QC level). An accuracy of 85 - 115% (LLOQ: 80 -
120%) and a precision of < 15% was accepted in this validation. All
values, valid and in-valid, were used to calculate mean accuracy and to
determine method precision. Altogether, at least half of the QC samples
per level (> 50%, 4 out of 7) and more than two thirds of all QC samples
(> 67%, 24 out of 35) had to exhibit an accuracy of 85 — 115% (LLOQ:
80 - 120%).

2.6.3. Selectivity and sensitivity

Method selectivity was assessed by analyzing plasma samples of
seven different subjects. Double blank, blank, and LLOQ samples were
prepared for each individual plasma. The analyte peak area at the LLOQ
had to be at least five times larger than that of the noise signal in the
blank and double blank samples. Furthermore, the accuracy of the LLOQ
samples was determined based on two CAL lines. The mean accuracy
and the individual accuracy of 4 out of 7 LLOQ samples (> 50%) had to
be within 80 — 120% to approve method sensitivity.

2.6.4. Extraction recovery and matrix effect

To assess the extraction recovery plasma samples of seven different
subjects were spiked with equal amounts of analyte before and after
extraction. Four QC levels (LLOQ, LQC, MQC, and HQC) were prepared
to investigate the effect of the analyte concentration on the extraction
recovery. The analyte peak area of the two conditions were pairwise
compared to estimate the extraction recovery for each subject and QC
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Fig. 3. Inter-assay accuracy and precision of mescaline (A), 3,4,5-trimethoxyphenylacetic acid (B), N-acetyl mescaline (C), and 3,5-dimethoxy-4-hydroxyphenethyl-
amine (D) in human plasma. Inter-assay accuracy and precision was estimated by analyzing seven quality control (QC) samples at five concentration levels in three
independent assays. The accuracy was calculated as percent bias (%) of the calculated to the nominal concentration. The inter-assay accuracy is shown as a black
horizontal line. Data out of the acceptable range of + 15% (LLOQ: + 20%) are illustrated in white. The Inter-assay precision (%CV) is displayed at the top of

each graph.

level. The recovery of samples spiked after extraction was by definition
100%. The recovery had to be consistent between different plasma
batches and QC levels (%CV < 15%).

The matrix effect was determined by comparing the analyte peak
area of plasma samples, which were spiked after extraction, with matrix
free samples containing water and ISTD solution (1:8, v/v). Therefore,
equal amounts of the analytes were added to both sample types at four
QC levels (LLOQ, LQC, MQC, and HQC). Inter-batch matrix variability
was investigated by assessing plasma samples of seven subjects. Overall,
matrix suppression and enhancement had to be consistent between
plasma batches and QC levels indicated by a %CV of < 15% (LLOQ: %CV
< 20%).

2.6.5. Stability

Several stability tests were performed for mescaline, TMPAA, NAM,
and 4-desmethyl mescaline. The stability of seven replicates at each of
the five QC levels (LLOQ, LQC, MQC, HQC, and ULOQ) were assessed
under the following conditions. Extracted plasma samples were kept
overnight in the autosampler at 10 °C and re-analyzed on the following
day (autosampler stability). Plasma samples were stored for 8 h at room
temperature (benchtop stability), 1 month at — 20 °C (short-term sta-
bility), and 3 months at — 20 °C (medium-term stability). Plasma sam-
ples were subjected to three freeze and thaw cycles, keeping the samples
at — 80 °C for at least 24 h and thawing them unassisted at room tem-
perature (freeze-thaw stability). Stability of the QC samples was assessed
using freshly prepared CAL lines. A deviation of the measured and
nominal concentration of < 15% (LLOQ: < 20%) indicated that the
samples were stable under the particular storage condition.

2.7. Method application

The applicability of the method was tested by analyzing a subset of
pharmacokinetic study samples (n =5 participants) from a clinical
phase 1 study, which was approved by the ethics committee of

Northwest and Central Switzerland (BASEC ID: 2019-02023) and
registered at clinicaltrials.gov (ID: NCT04227756). The study was
executed according to the Declaration of Helsinki and the International
Conference of Harmonization for Good Clinical Practice guidelines.

Study participants received a single oral dose of 300 mg mescaline
hydrochloride. Blood samples were drawn into lithium heparin coated S-
Monovette tubes (Sarsted) before treatment and 0.25, 0.5, 0.75, 1, 1.5,
2,3,35,4,5,6,7,8,10, 12, 14, 16, and 24 h post-treatment. Blood
samples were centrifuged at 1811 x g for 10 min to produce plasma and
stored at — 80 °C until analysis. Sample extraction was carried out as
described in Section 2.5. All 95 study samples were analyzed in one
analytical run between two CAL lines, which were measured at the
beginning and at the end of the run. In addition, four sets of QC samples
of five different levels (LLOQ, LQC, MQC, HQC, and ULOQ) were equally
distributed over the entire acquisition batch.

Pharmacokinetic parameters were calculated with Phoenix Win-
Nonlin Software (Version 8.1.0, Certara, Princeton, USA). Plasma con-
centrations below the LLOQ were set to zero for the calculations. The
elimination half-life (t;/2, h) was calculated as t;, = In(2)/4. The
elimination constant (1) was estimated by linear regression in the ter-
minal elimination phase. The maximal plasma concentration (Cpax, N8/
mL) and time to reach maximal concentration (tmax, h) were directly
obtained from the concentration-plots. The area under the curve
(AUCy_24, min*ng/mL) was calculated based on the linear trapezoidal
rule from timepoint zero to the timepoint of the last quantifiable
concentration.

3. Results and discussion
3.1. Method development
Mescaline is subject of growing interest for the use as a novel ther-

apeutic agent for treatment of several psychiatric disorders. Quantifi-
cation of mescaline and metabolite levels in blood circulation is essential
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Fig. 4. Selectivity and sensitivity of mescaline (A), 3,4,5-trimethoxyphenylacetic acid (B), N-acetyl mescaline (C), and 3,5-dimethoxy-4-hydroxyphenethylamine (D)
in human plasma. Overlay of seven double blank samples (left side, grey lines), seven blank samples (right side, grey lines), and seven lower limit of quantification
samples (LLOQs, black lines) originating from different batches of human plasma. The signal-to-noise ratio at the LLOQ level was for all analytes > 5:1.
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Table 3

Extraction recovery and matrix effect determined for mescaline, 3,4,5-trime-
thoxyphenylacetic acid (TMPAA), N-acetyl mescaline (NAM), and 3,5-dime-
thoxy-4-hydroxyphenethylamine (4-desmethyl mescaline) in human plasma.

Analyte QC Recovery Mean Matrix Mean
Level + %CV Recovery + Effect + Matrix
%CV %CV Effect + %
cv
[%] [%] [%] [%]
Mescaline LLOQ 100 + 8.15 99.2 + 0.85 97.2 92.4
+3.75 +5.92
LQC 98.2 92.2
+6.33 +3.70
MQC 98.7 84.8
+3.76 +281
HQC 100 + 4.18 95.5
+2.20
TMPAA LLOQ 102 +6.72 104 +2.48 99.4 96.8
+3.93 +4.15
LQC 107 + 6.87 95.6
+2.87
MQC 102 + 2.86 91.6
+2.26
HQC 103 +2.20 100
+2.28
NAM LLOQ 98.5 102 + 2.48 100 97.1
+9.02 +6.45 +4.20
LQC 102 £2.91 96.8
+2.83
MQC 104 £ 3.64 91.6
+3.26
HQC 103 £+ 3.64 101
+213
4-desmethyl LLOQ 98.2 98.3 £1.04 106 100 £6.11
mescaline +7.97 +5.07
LQC 97.7 102
+4.19 +3.20
MQC 100 £ 3.50 91.6
+2.38
HQC 97.5 101
+1.59 +3.28

%CV, coefficient of variation; HQC, high quality control; LLOQ, lower limit of
quantification; LQC, low quality control; MQC, medium quality control; ULOQ,
upper limit of quantification.

to further our knowledge about its pharmacokinetic properties. It en-
ables us to relate exposure with drug activity data or to evaluate in-
teractions with co-medications such as antidepressants, which might
influence treatment outcome and safety. So far, bioanalytical methods
were mainly developed for forensic purposes without emphasizing
analysis throughput and the pharmacological role of the mescaline
metabolites. We aimed to address these gaps by developing and vali-
dating a bioanalytical method which allows an uncomplicated analysis
of mescaline and its metabolites even in minute quantities of human
plasma.

The method development was initiated by infusing each analyte into
the mass spectrometer to optimize ionization parameters and elucidate
their fragmentation pattern. Mescaline, mescaline-d3, NAM, and 4-des-
methyl mescaline were ionized in the positive mode, whereas the ioni-
zation of TMPAA was tested in the positive and negative mode due to its
acetic acid moiety. Mescaline (m/z 211.1 + 1 H") fragmented pre-
dominantly into the three fragments m/z 195.1, m/z 180.1, and m/z
165.0. Best initial signal intensities and signal-to-noise ratios were
recorded for fragments m/z 195.1 and m/z 165.0. Indeed, these two
fragments were also detected and employed in other studies [19,27,32,
33]. For mescaline-ds (m/z 214.1 + 1 H") we found the fragments m/z
198.2, m/z 183.0, and m/z 165.2 corresponding to the mass fragments
observed for mescaline but containing all three deuterium atoms. In
addition, NAM (m/z 253.1 + 1 H") produced the same fragments as
mescaline (m/z 195.2 and m/z 180.1). TMPAA could be analyzed in the
positive and negative mode. However, we selected positive ionization
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(m/z 226.0 + 1 H') to avoid polarity switching. The mass transitions to
m/z 181.1 and m/z 148.0 were integrated into our method. Finally,
4-desmethyl mescaline (m/z 197.2 + 1 H") fragmented best into m/z
181.2 and m/z 166.2 as observed by Ma and colleagues [32]. Product ion
spectra of all analytes are depicted in Supplementary Fig. S1.

In a next step, we optimized separation and retention of the analytes
by screening various chromatographic columns and mobile phases. We
examined C;g, pentafluorophenyl, and biphenyl phase HPLC columns.
C;5 phase columns were in general able to retain and separate the polar
and aromatic compounds most effectively. Overall, best peak shapes and
analyte separation was achieved with an Acquity C;g column (1.8 um,
2.1 x 100 mm). Water was used as mobile phase A and combined with
methanol or acetonitrile as mobile phase B. Acetonitrile reduced the
retention of most analytes but did not improve method sensitivity or
chromatographic resolution. Various mobile phase additives were
investigated including acetic and formic acid (0.01%, 0.02%, 0.05%,
and 0.1% v/v) aiming to improve ionization by creating an environment
where e.g., amine containing analytes are sufficiently protonated [35].
In addition, we screened different concentrations of ammonium formate
and acetate (2.5, 5, and 10 mM) dissolved in mobile phase A. Notably,
0.1% acetic acid was with our setting superior to other concentrations
and also to formic acid regarding peak shape and separation. Impor-
tantly, the addition of ammonium acetate but not formate enhanced
peak separation. A representative chromatogram is given in Fig. 2 using
an aqueous ammonium acetate solution (10 mM, 0.1% acetic acid, pH
4.4) and methanol (0.1% acetic acid) as mobile phases A and B,
respectively.

We aimed to use a simple protein precipitation method for plasma
sample extraction to reduce the work steps considering that hundreds of
samples must be processed for PK studies. Moreover, we selected a
volume of 50 pL plasma which is convenient to handle and allows for
repetitive analyses also when only small amounts of blood are with-
drawn from study participants. Plasma samples were extracted with
methanol in order to precipitate proteins which were subsequently spun
down by centrifugation. We injected an aliquot of pure methanolic su-
pernatant into the LC-MS/MS system. The sample was diluted online
within a T-union with mobile phase A (transported by pump C) before
reaching the analytical column. Mixing the methanolic sample with
water (mobile phase A) improved the retention of the polar analytes on
the stationary phase. For this analysis the peak shape of 4-desmethyl
mescaline was inadequate without an online dilution flow program.

In the last development step, we quantified the analytes in plasma
samples of participants given an oral dose of 300 mg mescaline hydro-
chloride. Based on these findings, we defined the calibration range for
each analyte. Peak intensities of TMPAA and NAM were beyond the
linear range of the employed mass detector, thus we quenched their
signal strength by reducing the collision energy. By this approach, the
signal intensity of the other analytes was not affected and samples must
not be additionally diluted making PK study sample analysis overall
more practicable.

3.2. Method validation

3.2.1. Method linearity

The method was linear from 12.5 to 5’000 ng/mL for mescaline and
TMPAA and from 1.25 to 500 ng/mL for NAM and 4-desmethyl
mescaline. Calibration curves were fitted by linear regression using a
weighting of 1/x% to improve the accuracy at low concentrations. The
correlation coefficients (R) of all validation runs were above 0.998 and
none of the calibration points had to be excluded for establishing the
linear regressions as the deviation from the nominal value was
throughout < 15% (LLOQ < 20%). Intra- and inter-assay linearity of all
analytes are summarized in Supplementary Table S1. Importantly, the
chosen calibration range was at least two times higher than the maximal
concentrations observed in clinical study samples. In addition, the
sensitivity was sufficient to monitor the PK of mescaline over 24 h (see
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Fig. 5. Stability of mescaline and its metabolites under various storage conditions. Autosampler stability (10 °C overnight [OVN]), benchtop stability (room tem-
perature [RT] for 8 h), freeze-thaw stability (three freeze-thaw cycles [3 FT]), short-term stability (— 20 °C for 1 month [1 MO]), and medium-term stability (— 20 °C
for 3 months [3 MO]) of mescaline (A), 3,4,5-trimethoxyphenylacetic acid (B), N-acetyl mescaline (C), and 3,5-dimethoxy-4-hydroxyphenethylamine (D) were
determined in human plasma samples. Stability was assessed in seven replicates (n = 7, black dots) at five quality control levels. Results are shown as change in
concentration (%) of the measured values compared to freshly prepared calibrators (CALs). Data out of the valid range of + 15% (LLOQ: + 20%) are illustrated

in white.

Section 3.2.4).

3.2.2. Analyte carry-over

After injecting a ULOQ sample, the measured carry-over was negli-
gible as signals in double blank samples were below 20% of the signals
recorded for LLOQ samples. In detail, we observed a carry-over of 5.69 —
10.8% for mescaline, 1.29 — 2.93% for TMPAA, 2.37 — 2.98% for NAM,
and 11.2 — 17.2% for 4-desmethyl mescaline. Therefore, no additional
blank samples must be included in the analysis sequence after injecting
high concentration samples.

3.2.3. Accuracy and precision

We assessed intra- and inter-assay precision at the LLOQ, LQC, MQC,
HQC, and ULOQ using seven replicates per level analyzed on three
different days. Accuracy and precision data are summarized in Fig. 3 and
Supplementary Table S2. We calculated an intra-assay accuracy between
89.1% and 101% for mescaline, 84.9% and 99.3% for TMPAA, 94.0%
and 106% for NAM, and 90.3% and 105% for 4-desmethyl mescaline.
The inter-assay deviation of the assessed to the nominal value was for all
analytes and QC levels between 88.9% and 104%. The intra- and inter-
assay precision (%CV) was <7.33% and < 6.67%, respectively,
considering all analytes and QC levels. The method demonstrated to be
highly reliable considering that out of 105 measurements none were out
of specification for mescaline and NAM and only four values for TMPAA
and one for 4-desmethyl mescaline were outside the acceptable limits
(Fig. 3).

3.2.4. Selectivity and sensitivity

Seven blank human plasma samples from different donors were
investigated to assess the methods’ selectivity and sensitivity. No in-
terferences were monitored between analytes and endogenous human
plasma components. The peak area of the noise signal in blank and
double blank samples was for all analyte less than 20% compared to the
LLOQ peak area (signal-to-noise ratio > 5:1). These findings are depic-
ted in Fig. 4 and Supplementary Table S3. We further spiked seven
different blank plasma samples and assessed their accuracy and preci-
sion at the LLOQ level. The mean accuracy of all samples was between
103% and 109% and the mean precision was smaller than 5.26%,
demonstrating that chosen LLOQ level can be consistently measured for
all analytes.

3.2.5. Extraction recovery and matrix effect

Using a simple protein precipitation method, we reached a complete
extraction with a mean recovery of 99.2% for mescaline, 104% for
TMPAA, 102% for NAM, and 98.3% for 4-desmethyl mescaline
(Table 3). Importantly, we observed a very consistent extraction re-
covery that was neither influenced by inter-subject variations (%CV <
9.02%) nor by the applied concentration (%CV < 2.48%). Furthermore,
we found only a negligible matrix effect for mescaline (92.4 + 5.92%),
TMPAA (96.8 + 4.15%), NAM (97.1 £+ 4.20%), and 4-desmethyl
mescaline (100 + 6.11%), which was independent of the plasma batch
(n = 7) and concentration level (Table 3).

Overall, the developed extraction method led to a complete and
consistent extraction recovery, while plasma matrix did not affect the
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Fig. 6. Pharmacokinetic profiles of mescaline (A), 3,4,5-trimethoxyphenylace-
tic acid (B), and N-acetyl mescaline (C) in human plasma. Five healthy subjects
received a single oral dose of 300 mg mescaline hydrochloride. Blood samples
were collected over a time period of 24 h to determine the concentration of
mescaline, TMPAA, and NAM in plasma. Mean concentrations and standard
deviations are depicted in concentration-time profiles.

reliability of the analysis.

3.2.6. Stability

Autosampler, benchtop, freeze-thaw, short-term, and medium-term
stability were determined for mescaline and its metabolites. The mean
difference of stability samples compared to freshly prepared calibrators
was less than 15% (LLOQ: 20%) for all analytes.

Out of 175 samples, three mescaline, one TMPAA, and zero NAM and
4-desmethyl mescaline determinations were outside + 15% (LLOQ:
20%) limits. In summary, mescaline concentrations only differed be-
tween — 6.45 and + 1.27% on average, taking all storage conditions into
account. Similarly, we observed a change in TMPAA, NAM, and 4-des-
methyl mescaline concentration of — 8.20 to — 5.57%, — 3.02 to
+ 2.89%, and — 2.80 to + 1.78%, respectively (Fig. 5, Supplementary
Table S4). The stability of mescaline was also previously assessed by
others with similar outcomes [22,24,26,33]. For mescaline’s metabo-
lites there is as far as we are aware no data available.

In conclusion, mescaline and its metabolites are stable at room
temperature for at least 8 h and at — 20 °C for at least 3 months. Samples
were stable also after repetitive thawing and re-freezing and extracted
plasma samples can be re-injected on the next day in case the analytical
run aborted overnight.

3.2.7. Clinical application
The applicability of the herein developed and validated method was
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tested by measuring PK samples of five different healthy subjects who
received a single oral dose of 300 mg mescaline hydrochloride. The
obtained PK profiles of mescaline were characterized by a rapid drug
invasion reaching a mean maximal plasma concentration (Cpax) of 895
+ 196 ng/mL (mean + SD) after 2.09 + 0.80 h (tyax), which concurred
with the maximal psychoactive effect described in the literature (Fig. 6)
[5]. We observed a terminal plasma elimination half-life (t;2) of 4.10
=+ 0.40 h, which is somewhat faster but still in the same range as re-
ported in literature [16]. TMPAA (2.36 + 0.73h) and NAM (2.42
=+ 0.82 h) concentration peaked slightly later than mescaline reaching
maximal plasma levels of 794 + 235 ng/mL and 24.7 + 23.1 ng/mL,
respectively (Fig. 6). The half-life of TMPAA (4.51 + 0.85 h) was com-
parable to the one calculated for mescaline, whereas NAM displayed a
more rapid elimination (2.72 + 0.72 h). Total exposure was similar for
mescaline and TMPAA considering that the calculated AUCy 24 was
408’000 + 68’300 min*ng/mL and 364’000 + 97’500 min*ng/mL,
respectively. In contrast, the AUC(_24 of NAM was approximately fifty
times lower (7’730 + 7°000 min*ng/mL). Raw data of the
concentration-time profiles are listed in Supplementary Table S5.

Accurate quantification of 4-desmethyl mescaline was not possible,
because concentrations were very low and an interfering peak was
monitored in PK but not in CAL and QC samples (Supplementary
Fig. S2). The interference corresponded likely to the 3-desmethyl
mescaline metabolite, which has previously been described in litera-
ture as a minor metabolite of mescaline [2,15]. It is an isomer of 4-des-
methyl mescaline and likely produces the same daughter ions (m/z
181.2, m/z 166.2), thus cannot be distinguished from 4-desmethyl
mescaline in the MRM mode. The interference could chromatographi-
cally be separated, however this affected peak symmetry of the other
analytes. Since O-demethylated metabolites were minor metabolites
(~7.00 ng/mL) compared to TMPAA and NAM, we did not further
optimize or even re-validate the method in order to discriminate those
two metabolites.

Overall, the accuracy of QC samples (n = 4 replicates, n =5 con-
centration levels) was in-between 88.1% and 104% for mescaline,
TMPAA, and NAM and the precision was < 5.61% verifying the per-
formance of the analytical run. The method was suitable for the quan-
tification of mescaline, TMPAA, and NAM in human plasma but not for
the selective bioanalysis of 4-desmethyl mescaline in PK samples.

4. Conclusion

We developed and validated a highly reliable bioanalytical assay to
quantify mescaline and its two major metabolites in human plasma. The
usability of our method stands out, as we require only a small amount of
plasma which is processed by a straightforward protein precipitation
and analyzed within only four minutes. The employed extraction pro-
tocol led to a complete analyte recovery (> 98.3%) as well as no matrix
suppression. Importantly, both parameters remained unaffected by the
plasma batch. In addition, the accuracy and precision of the method was
in line with regulatory guidelines. We demonstrated that the method can
be used to assess the clinical pharmacokinetics of mescaline and
simultaneously of its major metabolites TMPAA and NAM. However, O-
demethylation of mescaline cannot be determined with sufficient
selectivity by the applied gradient program. Overall, this method facil-
itates the bioanalysis of mescaline in human plasma, making it attractive
for forensic investigations and in-depth pharmacokinetic and drug-drug
interaction studies.
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Diamorphine, commonly known as heroin, is a semi-synthetic opioid analgesic. In the context of heroin-assisted
treatment for opioid-dependent patients, diamorphine is mostly administered intravenously. However, recent
attention has shifted towards intranasal administration as a better-tolerated alternative to the intravenous route.

l‘a}:::s;ﬁ}t‘e':e Here, we developed and validated a rapid bioanalytical method for the simultaneous quantification of dia-
Pharmacokinetics morphine and its major metabolites 6-monoacetylmorphine, morphine, morphine-3-glucuronide, and morphine-
LC-MS/MS 6-glucuronide in human plasma using liquid chromatography-tandem mass spectrometry (LC-MS/MS).

A straightforward protein precipitation extraction step was used for sample preparation. Chromatographic
analyte separation was achieved using a Kinetex EVO Cjg analytical column and a mobile phase gradient
comprising an aqueous solution of ammonium hydrogen carbonate and methanol supplied with formic acid.
Employing positive electrospray ionization and scheduled multiple reaction monitoring, we established a
quantification range of 1-1,000 ng/mL for all analytes.

Our validation results demonstrate a mean intra-assay accuracy of 91-106% and an intra-assay precision (CV)
between 2 and 9% for all analytes and over three validation runs. The method exhibits a high extraction recovery
(> 87%) and a negligible matrix effect (99-125%). Furthermore, no interferences with endogenous plasma
compounds were detected. Lastly, we applied the method to assess the plasma concentrations of an opioid-
dependent patient after the intranasal administration of diamorphine in a clinical study.

In summary, we have successfully developed a rapid, highly reliable, and straightforward bioanalytical
method for quantifying diamorphine and its metabolites in low amounts of clinical plasma samples.

1. Introduction bioavailability. The half-life of DAM is about 2-5 min [3-5]. Metabolism

primarily occurs in the liver and the serum and is predominantly cata-

Diamorphine (DAM, heroin) is a semi-synthetic opioid and a potent
analgesic derived from morphine (MOR). DAM crosses the blood-brain
barrier more rapidly compared to MOR and exerts a more immediate
psychoactive effect [1,2]. However, DAM can be characterized as a
prodrug since it mainly acts through its active metabolites, which
exhibit a higher affinity for opioid receptors than DAM itself [1]. Oral
DAM has a substantial first-pass effect in the liver and thus a reduced

lyzed by several types of esterases. Main metabolic pathways involve the
deacetylation of DAM to the active 6-monoacetylmorphine (6-MAM),
which is further deacetylated to the potent analgesic MOR (Fig. 1) [2,6].
MOR is substantially contributing to the pain-relieving effects of DAM
[5]. MOR is subject to glucuronidation predominantly by UGT2B7 to
form morphine-3-glucuronide (M3G) or morphine-6-glucuronide (M6G;
Fig. 1). M6G has analgesic properties equipotent to MOR but shows
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fewer adverse effects [1,5,7]. The plasma levels and metabolism of DAM
can vary among individuals due to e.g., genetic factors, route of
administration, and concurrent drug use [2,7].

Pharmaceutical DAM is used in pain management but mainly in the
treatment of opioid use disorder [2,8,9]. First line treatment of opioid
dependence is opioid agonist treatment (OAT) including methadone,
buprenorphine, and slow-release oral morphine [10,11]. Alternatively,
heroin-assisted treatment (HAT) with DAM can be an option where
conventional OAT is not effective [12]. Pharmaceutical DAM is either
orally ingested or intravenously injected under the supervision of clin-
ical professionals [12]. However, patients with several years of intra-
venous drug use often have deteriorated peripheral veins, impeding
intravenous drug injection [13]. Other routes of parenteral adminis-
tration can be inguinal, intramuscular, or subcutaneous injections
[13-16]. However, these administration routes have some disadvan-
tages such as muscle tissue indurations, abscesses, pain, and skin lesions
[8,16,17]. Intranasal DAM administration on the other hand offers
unique advantages over injectable routes of administration [8,9].
Intranasal administration is generally considered safer than intravenous
drug use, as it bypasses the risks associated with injection, such as
bacterial infections and abscesses, collapsed veins, and vascular dam-
age. Furthermore, it significantly reduces the risk of bloodborne in-
fections like HIV and hepatitis C [8,18,19]. Even though it takes longer
to reach peak plasma levels with intranasal compared to intravenous
administration, it can still satisfy the desire for a subjective “drug high”
in many patients. The “drug high” is usually considered a prerequisite
for treatment success in HAT patients [8]. This alternative OAT may thus
enhance medication adherence as it offers a less stigmatized method of
administration compared to injection [20,21]. It may also prove bene-
ficial for patients who primarily sniff DAM, as they usually receive DAM
tablets that do not produce a “drug high”.

Several bioanalytical methods to detect DAM and its metabolites 6-
MAM, MOR, M3G, and M6G have been published. These methods
were developed to quantify DAM in various matrices such as plasma,
serum, urine, brain tissue, and wastewater [3,4,22-27]. However, most
methods employ a time and work-intensive sample preparation or an
elongated run time (> 8 min) [3,4,22-26]. To analyze plasma samples of
a clinical study with patients receiving intranasal DAM, a fast and reli-
able bioanalytical method is crucial. Thus, we here developed a method
with a short run time and non-laborious sample preparation to analyze
numerous clinical study samples in a reasonable time. Additionally, our
method allows for the efficient analysis of small sample volumes,
enhancing its versatility and practicality in various research settings.

Morphine-3-glucuronide

Morphine
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2. Material and methods
2.1. Chemicals, reagents, and reference compounds

Calibrated stock solutions of diamorphine (99.9% purity), 6-monoa-
cetylmorphine hydrochloride (99.8% purity), morphine monohydrate
(99.2% purity), morphine-3-p-D-glucuronide (98.8% purity), and
morphine-6-f-D-glucuronide (97.8% purity) were obtained as 1 mg/mL
solutions from Lipomed (Arlesheim, Switzerland). The respective in-
ternal standards, diamorphine-dg (99.6% purity), 6-mono-
acetylmorphine-ds hydrochloride trihydrate (99.1% purity), morphine-
ds monohydrate (99.9% purity), morphine-3-p-D-glucuronide-ds
(99.0% purity), and morphine-6-p-D-glucuronide-d3 (99.6% purity)
were purchased as 0.1 mg/mL solutions from Lipomed.

LC-MS grade water, methanol, and ammonium hydrogen carbonate
(NH4HCO3) were acquired from Merck (Darmstadt, Germany), while LC-
MS grade formic acid was obtained from Carl Roth (Karlsruhe, Ger-
many). Dimethyl sulfoxide (DMSO) was acquired from Sigma-Aldrich
(Buchs, Switzerland).

Human blood for the method development and validation was
collected at the University Hospital Basel and drawn into fluoride/
EDTA-coated S-Monovette tubes (Sarstedt, Niimbrecht, Germany).
After collection, the blood was centrifuged at 1811 x g for 10 min (5810
R centrifuge, Eppendorf, Hamburg, Germany) to separate the plasma.

2.2. Stock solution preparation

For each analyte, separate calibration (CAL) and quality control (QC)
working solutions were prepared from different stock solutions. Each
analyte was 1:5 diluted in DMSO. All internal standards were diluted in
methanol to receive an internal standard working solution (ISTD) with a
concentration of 10 ng/mL for each standard. Stock and working solu-
tions were stored at -20 °C.

2.3. Calibration and quality control sample preparation

CAL dilution series (0.1-100 pg/mL) were prepared in DMSO by
serially diluting the CAL working solution. The dilution series was used
to spike a blank pool of human plasma (n = 8 donors) at a ratio of 1:100
(v/v) to obtain a calibration range of 1-1000 ng/mL for DAM, 6-MAM,
MOR, M3G, and M6G.

For QCs, the dilution procedure was repeated using the QC working
solution. QC samples were prepared at the lower limit of quantification

6H
Morphine-6-glucuronide

Fig. 1. Metabolic pathway of diamorphine and its metabolites.
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(LLOQ) and at low (LQC), medium (MQC), and high (HQC) concentra-
tions by spiking the blank pool of human plasma at a ratio of 1:100 (v/
v). The following QC levels were prepared: 1 ng/mL (LLOQ), 2.5 ng/mL
(LQC), 50 ng/mL (MQC), and 500 ng/mL (HQC). Additionally, a QC
solution with a concentration of 2000 ng/mL was prepared and 1:10 (v/
v) diluted in blank plasma to receive a 200 ng/mL diluted QC sample
(dilQQC).

2.4. LC-MS/MS instrumentation and setting

The system consisted of a modular high-performance liquid chro-
matograph (HPLC, Shimadzu, Kyoto, Japan) coupled to an API 5000
triple quadrupole tandem mass spectrometer (AB Sciex, Ontario, Can-
ada). Analyte separation was performed with a Kinetex EVO Cig
analytical column (2.6 ym, 100 A, 50 x 4.6 mm, Phenomenex, Torrance,
CA, USA). The modular HPLC system consisted of an autosampler (set to
10 °C), a system controller, three pumps (A, B, and C), two degassing
units, and a column oven (set to 45 °C). An aqueous solution of
ammonium hydrogen carbonate (20 mM, pH 9.0) was used as mobile
phase A. Mobile phase B consisted of methanol supplied with 0.1% (v/v)
formic acid. 5 pL of the sample was injected and transported to a T-union
by pumps A and B where it was further diluted with mobile phase A
(delivered by pump C, 0.5 mL/min) for the first 0.5 min. The aqueous
dilution of the sample enhances the interaction between the methanolic
sample and the analytical column. Before the analytical column, a pre-
column filter was installed to remove any impurities. The initial total
flow of pumps A (70%) and B (30%) was 0.2 mL/min for 0.5 min, which
was then raised to 0.5 mL/min. The concentration of mobile phase B
linearly increased from 30% to 95% from 0.5 min to 2.5 min. Subse-
quently, the column was washed with 95% mobile phase B for 1.0 min
and was reconditioned at 30% mobile phase B from 3.5 to 4.0 min.
Between 1.5 and 3.2 min the eluent was directed into the mass spec-
trometer and otherwise into the waste. The total run time of a single
sample analysis was 4.0 min.

In the mass spectrometer, the analytes were ionized by electron spray
ionization and were detected using scheduled multiple reaction moni-
toring (SMRM). Parameters were as follows: ion spray voltage, 5500 V;
temperature, 500 °C; curtain gas, 10 psi; nebulizer gas (ion source gas 1),
60 psi; heater gas (ion source gas 2) 50 psi; collision gas, 4 psi. Elemental
nitrogen (N3) was used as gas supply. For each analyte, a quantifier ion
was utilized for identification and quantitation, along with a qualifier
ion solely for identification purposes. Detailed information regarding
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the exact mass transitions for each analyte and specific mass spec-
trometer settings can be found in Table 1. Analyst Instrumental Control
and Data Processing Software (Version 1.7.2, AB Sciex) and MultiQuant
Software (Version 3.0.3, AB Sciex) were used for system operation and
data analysis, respectively.

2.5. Sample extraction

50 uL of plasma per sample were aliquoted into matrix tubes (0.7 mL,
96-deepwell rack, Thermo Fisher Scientific, Waltham, MA, USA) and
extracted with 400 pL ISTD to precipitate plasma proteins. After vor-
texing, the samples were centrifuged for 30 min at 15 °C and 3220 x g
(5810 R centrifuge, Eppendorf) to create a protein-free supernatant
which was later injected directly into the HPLC.

2.6. Method validation

The validation of this bioanalytical method was conducted according
to the Bioanalytical Method Validation Guidance for Industry of the
United States Food and Drug Administration (FDA) [28]. The LC-MS/MS
system was validated for linearity, accuracy, precision, selectivity,
sensitivity, extraction recovery, matrix effect, and analyte stability.

2.6.1. Linearity

In each analytical run, a CAL line was measured at the beginning and
the end. For all analytes, a CAL line consisted of 10 samples over a range
of 1-1,000 ng/mL (1, 2.5, 5, 10, 25, 50, 100, 250, 500, and 1,000 ng/
mL). Prior to a CAL line, a blank plasma sample (extracted with ISTD)
was analyzed and after each CAL line, a double blank plasma sample
(extracted with pure methanol) was measured. If the analyte carry-over
exceeds 20% of the LLOQ peak area, additional solvent samples must be
inserted after samples containing high analyte concentrations. A linear
regression line was established using MultiQuant by plotting the nomi-
nal concentration of CAL samples against the ratio of the analyte peak
area to the ISTD peak area. To mitigate errors at low concentrations, a
weighting factor of 1/x* was applied. The accuracy of each CAL sample
was determined by calculating the percentage difference between the
measured and nominal concentrations. Only CAL samples within 85% to
115% accuracy (80% to 120% accuracy for the LLOQ) were included in
the calibration lines. A valid CAL line needed to incorporate a minimum
of 75% of all data points, including at least one LLOQ and one ULOQ
sample, and display a correlation coefficient (R) of > 0.99.

Table 1
Mass spectrometry settings for the quantification of DAM, 6-MAM, MOR, M3G, M6G, and their deuterated internal standards.

Analyte Type Q1 Q3 RT DP EP CE CXP

[Da] [Da] [min] [v1 V] [v1 [v1

DAM quantifier 370.2 165.2 3.05 151 10 65 20

qualifier 370.2 268.1 3.05 151 10 26 32

DAM-dg internal standard 379.2 165.2 3.04 96 10 65 18

internal standard 379.2 272.2 3.04 96 10 39 30

6-MAM quantifier 328.1 165.1 2.81 106 10 61 26

qualifier 328.2 211.2 2.81 116 10 19 24

6-MAM-d3 internal standard 331.2 165.0 2.80 106 10 83 26

internal standard 331.2 211.1 2.80 116 10 35 24

MOR quantifier 286.2 201.3 2.60 181 10 33 22

qualifier 286.2 152.1 2.60 161 10 51 18

MOR-d3 internal standard 289.2 201.1 2.58 91 10 35 22

internal standard 289.2 152.1 2.58 96 10 79 24

M3G quantifier 462.2 286.2 1.76 161 10 29 32

qualifier 462.2 201.1 1.76 161 10 59 22

M3G-d3 internal standard 465.2 289.2 1.74 131 10 43 18

internal standard 465.2 201.1 1.74 131 10 59 22

M6G quantifier 462.2 286.1 2.06 111 10 34 20

qualifier 462.2 201.1 2.06 161 10 57 24

M6G-d3 internal standard 465.2 289.2 2.05 96 10 43 32

internal standard 465.2 201.1 2.05 106 10 55 24

CE, collision energy; CXP, collision cell exit potential; DP, declustering potential; EP, entrance potential; Q1, quadrupole 1; Q3, quadrupole 3; RT, retention time.
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Fig. 2. Chromatographic separation of 500 ng/mL diamorphine (DAM), 6-
monoacetylmorphine (6-MAM), morphine (MOR), morphine-3-glucuronide
(M3G), and morphine-6-glucuronide (M6G) in human plasma.

2.6.2. Intra- and inter-assay accuracy and precision

Accuracy and precision were assessed in three individual analytical
runs on three different days. Two distinct CAL lines and seven replicates
of each QC level (LLOQ, LQC, MQC, and HQC) were assessed. Accuracy
was determined as the percentage difference in concentration of the QC
level to its nominal value. The intra- (n = 7) and inter-assay (n = 21)
accuracy of QC samples of one level needed to be 85-115% (80-120%
for the LLOQ). To assess precision, the coefficient of variation (CV =
standard deviation / mean x 100) was used. The intra- (n = 7) and inter-

Table 2
Intra- and inter-assay accuracy and precision of DAM, 6-MAM, MOR, M3G, and
M6G in human plasma.

Analyte  Nominal Intra- Inter- Intra- Inter-
concentration assay assay assay assay
accuracy accuracy precision precision
[ng/mL] [%] [%] [CV%] [CV%]
DAM 1 95.2 94.4 4.1 7.7
2.5 95.1 95.2 3.7 4.4
50 97.3 97.4 1.6 2.1
500 93.7 93.7 1.6 2.3
2,000 94.0 93.5 2.7 3.9
6-MAM 1 90.7 89.0 5.5 9.4
2.5 93.9 93.3 3.8 4.6
50 97.7 97.7 2.6 2.8
500 94.4 94.4 2.7 2.7
2,000 105.7 105.0 3.5 4.2
MOR 1 97.1 96.0 9.1 14.2
2.5 96.4 95.2 3.8 7.1
50 98.5 98.4 3.2 3.7
500 96.9 96.9 2.5 2.4
2,000 103.0 103.0 3.1 3.4
M3G 1 95.0 91.5 4.1 6.7
2.5 98.0 90.1 3.0 3.9
50 100.1 101.0 2.0 1.9
500 95.4 92.6 1.7 2.0
2,000 101.4 100.0 3.2 4.5
M6G 1 91.8 95.0 5.2 6.7
2.5 91.0 98.0 4.9 4.8
50 101.0 100.0 1.6 1.8
500 92.6 95.4 1.8 2.4
2,000 100.2 101.0 3.7 4.7

* diluted in a ratio of 1:10.
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assay (n = 21) CV needed to be < 15% (< 20% for the LLOQ). At least
50% of the QC samples of one level (at least 4 out of 7) and 67% of all QC
samples (at least 19 out of 28) needed to meet these criteria. All QC
samples including outliers were used to calculate accuracy and
precision.

Additionally, the accuracy and precision of a QC sample outside the
calibration range were examined after dilution (dilQC). QC samples (n
= 7) spiked at a concentration of 2,000 ng/mL were 1:10 diluted in
pooled plasma (n = 8 donors) to reach a final concentration of 200 ng/
mL. Intra- and inter-assay accuracy and precision were assessed using
the same criteria as for the other QC levels.

2.6.3. Selectivity and sensitivity

Method selectivity and sensitivity were assessed by analyzing double
blank, blank, and LLOQ samples prepared with the plasma of six
different donors. A LLOQ sample in each individual’s plasma was
measured in triplicate. To accept method selectivity, the peak area of the
LLOQ signal needed to be at least five times higher than the noise signal
(peak area) of a double blank and blank sample. The method was
considered sufficiently sensitive if the mean accuracy of the LLOQ
samples was between 80 and 120% and > 50% of the individual QC
samples (at least 3 out of 6) were within this range.

2.6.4. Extraction recovery and matrix effect

Extraction recovery was assessed in the plasma of six individuals by
comparing the analyte peak area of QC samples (LLOQ, LQC, MQC, and
HQC) spiked before extraction with the same QC levels spiked after
extraction. The peak area of supernatants spiked after extraction cor-
responded to 100% recovery. Recovery was required to be consistent,
precise, and reproducible with a CV < 15% (< 20% for the LLOQ) at all
QC levels and over different plasma batches.

The matrix effect was determined as the ratio of the analyte peak
area in the presence of a matrix compared to the analyte peak area in the
absence of a matrix. The peak areas determined in spiked plasma su-
pernatants of six individual donors were compared to the peak areas
determined in a mixture of water and ISTD (ratio of 1:9, v/v). The matrix
effect was assessed at LLOQ, LQC, MQC, and HQC levels. The matrix
suppression or enhancement had to be consistent at all QC levels and
overall plasma batches with a CV < 15% (20% for the LLOQ).

2.6.5. Analyte stability

Several tests were performed to assess analyte stability. The stability
of seven replicates of LQC, MQC, and HQC samples was evaluated under
the following conditions: extracted and analyzed samples were stored in
the HPLC autosampler overnight at 10 °C (autosampler stability) or
stored at -20 °C for one week before being reanalyzed (extract stability).
These stability tests were performed to assess the option of re-injection
in case of a system failure. The same acceptance requirements as for
accuracy and precision runs were applied.

Furthermore, samples were thawed and kept at room temperature for
8 h (bench-top stability), at -20 °C and -80 °C for 1 month (short-term
stability), at -80 °C for 3 months (medium-term stability), at -80 °C for 6
months (long-term stability), or were subject to 3 freeze-thaw cycles
(freeze-thaw stability). The samples’ freeze-thaw stability was assessed
by thawing them unassisted and then refreezing them for at least 24 h.
The stability was evaluated using two freshly prepared CAL lines and
three replicates of freshly prepared QC samples of each level. The
acceptance criteria for accuracy and precision runs were applied.

2.7. Method application

The application of the method was assessed by analyzing blood
samples from a prospective observational study that examines the
feasibility and acceptability of intranasal DAM administration in opioid-
dependent patients [29]. The full pharmacokinetic profile of one study
participant was analyzed for this method validation. The study was
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Fig. 3. Selectivity and sensitivity of diamorphine (DAM; a), 6-monoacetylmorphine (6-MAM; b), morphine (MOR; c), morphine-3-glucuronide (M3G; d), and
morphine-6-glucuronidation (M6G; e) in human plasma. The chromatograms are shown as an overlay of six double blank samples (left side, black lines), six blank
samples (right side, black lines), and six lower limit of quantification (LLOQ; colored lines) samples from six different batches of human plasma in triplicate. The
signal-to-noise ratio at each LLOQ level was > 5:1.
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Table 3

Journal of Chromatography B 1237 (2024) 124104

Extraction recovery and matrix effect determined for DAM, 6-MAM, MOR, M3G, and M6G in human plasma calculated using area ratios.

Analyte Nominal concentration Recovery (CV) Mean recovery (CV) Matrix effect (CV) Mean matrix effect (CV)
[ng/mL] [%] [%] [%] [%]

DAM 1 91.7 (14.7) 86.8 (3.9) 104.0 (10.4) 111.3 (4.5)
2.5 86.4 (8.8) 112.1 (3.7)
50 85.0 (4.2) 114.1 (2.9)
500 84.2(5.1) 115.0 (5.7)

6-MAM 1 96.3 (11.8) 86.7 (9.6) 108.6 (5.8) 124.5 (12.0)
2.5 91.2(5.2) 115.0 (3.7)
50 79.6 (4.2) 1391 (1.4
500 79.8 (4.9) 135.4 (3.9)

MOR 1 108.7 (17.4) 101.9 (4.8) 92.1 (11.8) 98.9 (5.6)
2.5 100.7 (9.1) 102.8 (6.3)
50 97.0 (3.8) 104.0 (2.3)
500 101.3 (2.1) 96.5 (1.6)

M3G 1 98.2 (7.0) 97.0 (4.1) 94.9 (2.4) 101.8 (5.3)
2.5 101.9 (14.7) 100.4 (4.8)
50 95.6 (6.4) 104.9 (2.2)
500 92.4 (3.0) 107.0 (1.4)

M6G 1 87.6 (10.2) 95.4 (6.0) 102.6 (9.2) 103.6 (3.2)
2.5 101.4 (6.9) 99.5 (4.6)
50 95.8 (4.5) 107.1 (1.8)
500 96.8 (3.0) 105.2 (1.3)

approved by the Ethics Committee of Northwest and Central Switzerland
(BASEC 1D:2020-00354) and was conducted according to the Declara-
tion of Helsinki and the International Conference of Harmonization for
Good Clinical Practice guidelines.

The study participant self-administered an individually prescribed
dose of DAM intranasally using a mucosal atomization device (MAD
Nasal). The study participant who provided the samples for this method
validation administered a dose of 400 mg DAM (4 mL of Diaphin® IV
100 mg/mL, DiaMo Narcotics, Thun, Switzerland) within 5 min. Prior to
the dose administration, a baseline blood sample was drawn (t = 0 min).
Subsequent blood samples were collected at 2, 5, 10, 15, 20, 30, 40, 50,
60, 120, and 180 min after DAM administration. All samples were
collected in fluoride/EDTA-coated S-Monovette tubes (Sarstedt) and
were immediately put in an ice bath for 1-2 min before centrifugation at
3,000 rpm for 10 min at 4 °C. Subsequently, the plasma was extracted
and the samples were stored on dry ice before being transferred and
preserved at -80 °C until analysis.

Two CAL lines and four sets of QCs (LQC, MQC, HQC, and dilQC)
were equally distributed over the analytical run and used to determine
the plasma concentrations of the analytes in the pharmacokinetic sam-
ple. Plasma concentration curves were plotted using GraphPad Prism
(Version 10.1.1, GraphPad Software, Boston, MA, USA) and the maximal
plasma concentration (Cpax) was a direct readout of the graphical plots.

3. Results and discussion
3.1. Method development

Existing bioanalytical methods to analyze DAM and metabolites in
plasma or urine mostly include a long sample run time or employ
laborious sample preparation like solid-phase extraction or evaporation
steps. Here, we aimed to develop an improved bioanalytical method for
fast sample analysis, thus suitable for measuring numerous clinical study
samples.

Initially, the analytes and their internal standards were infused into
the mass spectrometer to optimize ionization parameters and detect
their fragmentation pattern. All analytes were detected in positive
electron spray ionization mode. The two most suitable transitions for
each analyte were selected to define one mass transition for quantifi-
cation and identification (quantifier) and one solely for identification
(qualifier) of the analyte (Table 1). The mass transition with higher in-
tensity was generally chosen as the quantifier. Most of the here used
mass transitions were previously described by others [3,22-26].

As good separation and symmetry were achieved with a Kinetex EVO
Cyg analytical column (2.6 pm, 100 A, 50 x 4.6 mm, Phenomenex) no
further analytical columns were evaluated. A representative chromato-
gram is shown in Fig. 2.

A straightforward and non-laborious protein precipitation method
based on previously developed analytical methods was employed as
sample pre-treatment [30-34]. A small sample volume of 50 pL
extracted with 400 uL ISTD and an injection volume of 5 pL ensured the
possibility of repeated sample analysis.

3.2. Method validation

3.2.1. Method linearity

The herein developed bioanalytical method was linear in the range of
1-1,000 ng/mL for DAM, 6-MAM, MOR, M3G, and M6G. The correlation
coefficient (R) for each calibration line was >0.998. Calibration curves
were fitted by linear regression and a weighting factor of 1/x*> was
applied. The limit of deviation from the nominal value was < 15% (<
20% for the LLOQ). All DAM, 6-MAM, MOR, and M6G CAL values were
within those limits (60 for each analyte), while just one CAL value for
M3G was excluded over three runs (59 of 60 within limits).

3.2.2. Analyte carry-over

We observed carry-over of more than 20% of the LLOQ signal in the
first double-blank samples after injection of ULOQ samples for most
analytes. Carry-over expressed as a percentage of the LLOQ signal was
15-24% for DAM, 24-57% for 6-MAM, 23-71% for MOR, and 1-29% for
M3G in the first double blank sample after a ULOQ sample. M6G did not
show any relevant carry-over effect (2-5% of LLOQ signal). Carry-over
in the subsequent (second) blank sample was 14-32% for 6-MAM,
23-39% for MOR, and 1-31% for M3G. The carry-over for DAM
(7-17%) and M6G (2-5%) was within limits after the second double
blank sample.

Thus, study samples should not be randomized and an additional
blank sample must be included after high concentration samples to
counteract and minimize carry-over.

3.2.3. Accuracy and precision

Intra- and inter-assay accuracy and precision at the LLOQ, LQC,
MQC, HQC, and dilQC levels are shown in Table 2. Seven replicates of
each QC level were analyzed on three different days. Intra-assay accu-
racy was 91-102% for DAM, 85-107% for 6-MAM, 90-107% for MOR,
86-109% for M3G, and 90-104% for M6G. Inter-assay accuracy was
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Fig. 4. Pharmacokinetic profiles of diamorphine (DAM; a), 6-monoacetylmorphine (6-MAM; b), morphine (MOR; c), morphine-3-glucuronide (M3G; d), and
morphine-6-glucuronide (M6G; e) in the plasma of a clinical study participant after intranasal administration of 400 mg DAM within 5 min.

between 89 and 105% for all analytes and QC levels. Intra- and inter-
assay precision (CV) were in the range of 1-12% and 2-14%, respec-
tively, for all analytes and QC levels. The intra- and inter-assay accuracy
for the dilution of a 2,000 ng/mL sample (dilQC) at a ratio of 1:10 was
93-108% and 94-105%, respectively (Table 2).

3.2.4. Selectivity and sensitivity

Six individual double blank and blank samples were analyzed and
compared to LLOQ samples to assess the selectivity and sensitivity of the
method. No interferences of endogenous plasma compounds with any of
the analytes were detected. The signal-to-noise ratio (peak area) in
double blank and blank samples compared to the LLOQ was > 5:1.
Detailed results are depicted in Fig. 3 and Supplementary Table 1. Mean
accuracy at the LLOQ level was between 87 and 94% for all analytes. The
mean precision (CV) was < 6.8% throughout the assay, confirming the
validated limits of quantification.

3.2.5. Extraction recovery and matrix effect

Extraction recovery results are shown in Table 3. By applying a
straightforward extraction method, we reached a mean recovery of 87%,
87%, 102%, 97%, and 95% for DAM, 6-MAM, MOR, M3G, and M6G,
respectively. Additionally, extraction recovery was consistent over the
entire concentration range (CV < 10%) and did not show any relevant
inter-subject variations (CV < 15%).

The matrix effect was neither affected by the plasma batch (CV <
12%) nor the QC levels (CV < 12%) and was negligible for all

compounds. The mean observed matrix effect was 111% for DAM, 125%
for 6-MAM, 99% for MOR, 102% for M3G, and 104% for M6G.

3.2.6. Stability

Autosampler, extract, bench-top, freeze-thaw, short-term, medium-
term, and long-term stability for DAM and its metabolites are summa-
rized in Supplementary Table 2. DAM was stable when reinjected after
extraction (autosampler and extract stability), after undergoing three
freeze-thaw cycles (freeze-thaw stability), or when kept at room tem-
perature for 8 h (bench-top stability). The accuracy under these condi-
tions ranged from 89 to 98%, and precision (CV) was consistently within
the range of 1 to 7%. However, a notable decrease in DAM concentration
was observed following storage at -20 °C for 1 month, resulting in an
accuracy of 78 to 84% and a precision (CV) of 1 to 8%. The degradation
of DAM in plasma and other matrices was previously described by others
[3,27,35]. Under the same condition, 6-MAM levels tended to be slightly
elevated, suggesting the possibility of DAM being deacetylated to this
metabolite under these circumstances. The decrease in accuracy could
be counteracted when DAM samples were instead stored at -80 °C for 1
month, which resulted in accuracy of 90 to 99% and precision (CV) of 2
to 8%, respectively. After 3 months at -80 °C, the accuracy of DAM
samples was between 90 and 92% while precision (CV) was between 2
and 3%. Furthermore, after 6 months of storage at -80 °C, DAM samples
displayed an accuracy between 93 and 95% and a precision (CV) be-
tween 2 and 5%. Thus, to ensure the stability of DAM samples for at least
6 months, storage at -80 °C is required.
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The metabolites 6-MAM, MOR, M3G, and M6G displayed stability
under all assessed conditions. The accuracy of respective samples was
consistently within the range of 89 to 114%, with CV values ranging
from 1 to 15%. Overall, 6-MAM, MOR, M3G, and M6G were stable at
room temperature for at least 8 h and during three freeze-thaw cycles.
The reinjection of extracted samples after 1 day at 10 °C or 7 days at
-20 °C did not affect analyte concentration. Furthermore, storage at
-20 °C for 1 month resulted in sufficient stability for the metabolites.
Consequently short-term, medium-term, and long-term storage at -80 °C
did also not affect the analyte concentration.

3.2.7. Clinical application

Blood samples from a multicenter observational study that assesses
the acceptability and feasibility of intranasal DAM administration in
HAT were analyzed as proof-of-concept. For the analysis, the full
pharmacokinetic profile of one study participant was used. The phar-
macokinetic profiles obtained for DAM, 6-MAM, MOR, M3G, and M6G
are depicted in Fig. 4. The Cpax of DAM was 94 ng/mL and was reached
after 10 min (tpyayx). 6-MAM concentrations peaked at 89 ng/mL after 15
min, while morphine reached 731 ng/mL after 30 min. The glucur-
onidated metabolites M3G and M6G exhibited substantial differences in
plasma concentration. M3G reached a Cpax of 9,922 ng/mL, whereas
M6G peaked at 826 ng/mL after 180 min. As M3G was detected in
plasma at concentrations exceeding the ULOQ, all plasma samples were
1:10 diluted in blank plasma and reanalyzed for this metabolite. The
final concentrations of the diluted samples were determined through
back-calculation. A set of dilQC samples were incorporated to ensure the
quality and reliability of the analysis. The metabolites MOR, M3G, and
M6G were present in the participant’s plasma at the baseline measure-
ment (t = 0 min), indicating a recent DAM application. Study samples
were analyzed in the order of collection and sufficient blank samples
were added after high concentration samples (e.g., ULOQ) to minimize
carry-over. The accuracy and precision (CV) of four sets of LQC, MQC,
HQC, and dilQC samples were 92-99% and < 6%, respectively, thus
confirming the reliability of the analytical run. Consequently, the
method proves suitable for the rapid bioanalysis of DAM, 6-MAM, MOR,
M3G, and M6G in plasma samples.

4. Conclusion

The herein presented bioanalytical method is reliable and sensitive
for the quantification of DAM and its metabolites 6-MAM, MOR, M3G,
and M6G in human plasma. A rapid and non-laborious extraction pro-
tocol, a small sample volume, and a short analytical run time make the
method stand out. Linearity, accuracy, and precision were all in line
with regulatory guidelines. Furthermore, we observed a consistent
extraction recovery and a negligible matrix effect. Finally, we success-
fully applied the method to analyze samples of a clinical study
employing intranasal DAM administration in HAT. The use of only a
small sample volume holds promise for developing micro-sampling
techniques, such as the dried blood spot method, which offers signifi-
cant advantages in collecting samples from patients with deteriorated
peripheral veins. Overall, our method is capable of facilitating the
analysis of DAM and metabolites in pharmacokinetic analysis, forensic
investigations, and drug-drug interaction studies.
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ARTICLE INFO ABSTRACT

Keywords: 3,4-Methylenedioxymethamphetamine (MDMA) is an entactogen with therapeutic potential. The two enantio-
MDMA mers of MDMA differ regarding their pharmacokinetics and pharmacodynamics but the chiral pharmacology of
B;‘)analys'; ) MDMA needs further study in clinical trials. Here, an achiral and an enantioselective high performance liquid
P armaco inetics chromatography-tandem mass spectrometry method for the quantification of MDMA and its psychoactive phase I
Enantiomer . . . . .

Enantioselective metabolite 3,4-methylenedioxyamphetamine (MDA) in human plasma were developed and validated. The ana-

lytes were detected by positive electrospray ionization followed by multiple reaction monitoring. The calibration
range was 0.5-500 ng/mL for the achiral analysis of both analytes, 0.5-1,000 ng/mL for chiral MDMA analysis,
and 1-1,000 ng/mL for chiral MDA analysis. Accuracy, precision, selectivity, and sensitivity of both bioanalytical
methods were in accordance with regulatory guidelines. Furthermore, accuracy and precision of the enantio-
selective method were maintained when racemic calibrations were used to measure quality control samples
containing only one of the enantiomers. Likewise, enantiomeric calibrations could be used to reliably quantify
enantiomers in racemic samples. The achiral and enantioselective methods were employed to assess pharma-
cokinetic parameters in clinical study participants treated with racemic MDMA or one of its enantiomers. The
pharmacokinetic parameters assessed with both bioanalytical methods were comparable. In conclusion, the
enantioselective method is useful for the simultaneous quantification of both enantiomers in subjects treated
with racemic MDMA. However, as MDMA and MDA do not undergo chiral inversion, enantioselective separation
is not necessary in subjects treated with only one of the enantiomers.

1. Introduction

3,4-Methylenedioxymethamphetamine (MDMA) displays promising
potential as an adjunct in therapy for post-traumatic stress disorder
[1,2]. MDMA is a substrate at the norepinephrine, serotonin, and
dopamine transporter (NET, SERT, and DAT, respectively) and exhibits
an entactogenic effect profile due to pronounced SERT vs. DAT in-
teractions [3,4]. The two enantiomers of MDMA display a slightly
different pharmacokinetic profile in humans [5-8]. Furthermore, pre-
vious research suggests more pronounced stimulant effects for S
(+)-MDMA, whereas R(—)-MDMA maintains prosocial therapeutic ef-
fects with reduced side effects [9-11]. Controlled clinical studies are
needed to further elucidate the effects of MDMA enantiomers in humans.
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Such studies should aim to examine whether the chiral pharmacology of
MDMA or its metabolites may be leveraged to improve the therapeutic
benefits. Reliable bioanalytical methods are therefore essential to mea-
sure the pharmacokinetics of MDMA and its metabolites in plasma.
Here, two liquid chromatography-tandem mass spectrometry (LC-MS/
MS) methods for enantioselective and non-enantioselective quantifica-
tion of MDMA and its psychoactive N-demethylated metabolite 3,4-
methylenedioxyamphetamine (MDA) in human plasma were devel-
oped and validated. Both bioanalytical methods were used to assess the
chiral pharmacokinetics of MDMA after controlled administration of
125 mg R-MDMA, 125 mg S-MDMA, or 125 mg racemic MDMA in
human volunteers. Racemic as well as enantiomeric calibrations were
used to measure the clinical study samples. The information provided by
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this study will assist clinical researchers in the efficient assessment of
chiral MDMA pharmacokinetics.

2. Experimental section
2.1. Chemicals, reagents, and reference compounds

MDMA and the internal standards MDMA-ds and MDA-ds were
purchased from Lipomed (Arlesheim, Switzerland). R-MDMA, S-MDMA,
MDA, R-MDA, and S-MDA were synthesized by ReseaChem (Burgdorf,
Switzerland). LC-MS grade water, methanol, acetonitrile, and iso-
propanol were obtained from Merck (Darmstadt, Germany). Formic acid
(99-100%) was bought from VWR Chemicals (Radnor, PA, USA).
Ammonium bicarbonate (LiChropur for LC-MS), ammonium hydroxide
(> 25% solution for LC-MS), and dimethyl sulfoxide (DMSO) were or-
dered from Sigma-Aldrich (Buchs, Switzerland). Human blood collected
in lithium heparin coated S-Monovette tubes (Sarstedt, Niimbrecht,
Germany) was obtained from the blood donation centers of Basel and
Bern. To obtain plasma, blood was centrifuged (Eppendorf 5810 R
centrifuge; Hamburg, Germany) at 1,811 x g for 10 min at 15 °C.

2.2. Calibration and quality control sample preparation

Separate stock solutions were made for the preparation of calibration
and quality control (QC) samples. The analytes were weighed on a XP26
microbalance (Mettler Toledo, Columbus, USA) and dissolved in DMSO
at a concentration of 10 mg/mL (achiral method) or 1 mg/mL (enan-
tioselective method). For the achiral method, a working solution con-
taining both analytes at a concentration of 250 ug/mL in DMSO was
prepared. The working solution was used to create a 10-point dilution
series in DMSO in the range of 0.05-100 ug/mL. For the enantioselective
method, three different DMSO dilution series were prepared containing
either R-MDMA and R-MDA, S-MDMA and S-MDA, or all enantiomers in
the range of 0.05-100 pug/mL. Calibration and QC samples were pre-
pared by spiking a pool of blank human plasma from at least seven
donors at a ratio of 1:100 (v/v) with the respective DMSO dilutions. QC
samples were prepared at the lower limit of quantification (LLOQ) and at
low, mid, and high concentration (LQC, MQC, and HQC, respectively).
The following QC levels were prepared for racemic MDMA and MDA:
0.5 ng/mL (LLOQ), 1.0 ng/mL (LQC), 40 ng/mL (MQC), and 400 ng/mL
(HQC); the following QC levels were prepared for the enantioselective
method: 0.5 ng/mL (LLOQ for MDMA enantiomers), 1.0 ng/mL (LLOQ
for MDA enantiomers and LQC for MDMA enantiomers), 2.5 ng/mL
(LQC for MDA enantiomers), 50 ng/mL (MQC), and 500 ng/mL (HQC).
Calibration levels are listed in Supplementary Tables 1-3.

2.3. LC-MS/MS instrumentation and settings

2.3.1. HPLC settings for the achiral method

Analysis of racemic MDMA and MDA was performed with a modular
high performance liquid chromatograph (HPLC, Shimadzu, Kyoto,
Japan) coupled to an API 4000 QTRAP triple quadrupole tandem mass
spectrometer (AB Sciex, Ontario, Canada). Chromatographic separation
of all analytes was achieved with a Luna PFP(2) column (3 pm, 100 A,
50 x 2.0 mm; Phenomenex, Torrance, CA, USA). The modular HPLC
system consisted of a system controller, four pumps (A, B, C, and D), two
degasser units, an autosampler (set to 10 °C), and a column oven (set to
40 °C). Water containing 0.1% formic acid (v/v) was used as mobile
phase A and C while methanol containing 0.1% formic acid (v/v) was
used as mobile phase B. A binary flow was applied as pumping mode.
The sample was transported to the column at a flow rate of 0.1 mL/min
using pumps A (95%) and B (5%); subsequently, the sample was diluted
with mobile phase C (0.4 mL/min, 0-0.5 min) in a T-union positioned
ahead of the column. The total flow of pumps A and B was raised to 0.5
mL/min after 0.5 min. Between 0.5 and 2.5, min the methanol con-
centration was gradually elevated to 50%. From 2.5 to 2.75 min, it was
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further raised to 95% to cleanse the column. Following a 1-min duration
with 95% mobile phase B, the methanol concentration was reverted to
5% for 0.5 min to recondition the system. A single sample analysis had a
total run time of 4.25 min. The eluent was directed into the mass
spectrometer from 1.4 to 3.0 min. The injection volume was 5 uL; before
and after aspirating each sample, the injection needle was rinsed with
0.3 mL of a rinsing solution consisting of equal parts of water, methanol,
acetonitrile, and isopropanol.

2.3.2. HPLC settings for the enantioselective method

Enantioselective analysis of MDMA and MDA was achieved using a
modular HPLC (Shimadzu) coupled to an API 4000 QTRAP triple
quadrupole tandem mass spectrometer (AB Sciex). For enantioselective
separation, a Lux AMP column (3 pm, 1000 1°\, 150 x 3.0 mm; Phe-
nomenex) was used. The HPLC system consisted of a system controller,
four pumps (A, B, C, and D), two degasser units, an autosampler (set to
10 °C), and a column oven (set to 45 °C). Mobile phase A consisted of an
aqueous ammonium bicarbonate solution (5 mM) adjusted to pH 11
with ammonia solution; acetonitrile was used as mobile phase B. The
total flow of pumps A (50%) and B (50%) was set to 0.45 mL/min. Be-
tween 4.5 and 4.7 min, the concentration of mobile phase B was grad-
ually increased to 95%, maintaining this level for 1.0 min. At 5.7 min,
the mobile phase B concentration was reverted to 50% for 0.3 min to
recondition the system. From 1.0 to 5.0 min, the eluent was directed into
the mass spectrometer. The total run time was 6.0 min. The injection
volume was 2.5 pL and the needle was rinsed with 1 mL of rinsing so-
lution before and after aspiration of each sample.

2.3.3. Mass spectrometer settings

The analytes were ionized by positive electrospray ionization and
were detected with multiple reaction monitoring (MRM). Mass transi-
tions are listed in Table 1. The mass spectrometer was operated using the
following parameters: ion spray voltage, 5,500 V; temperature, 500 °C;
curtain gas, 10 psi; nebulizer gas (ion source gas 1), 60 psi; heater gas
(ion source gas 2), 50 psi; collision gas, 4 psi. Elemental nitrogen served
as a gas supply. Analyst Instrumental Control and Data Processing
Software (Version 1.6.2, AB Sciex) and MultiQuant Software (Version
3.0.3, AB Sciex) were used for system operation and data analysis.

2.4. Sample extraction

Plasma (50 pL) was transferred into 0.75 mL Matrix Blank Storage
Tubes (Thermo Fisher Scientific, Waltham, MA, USA) and proteins were
precipitated with 150 pL internal standard solution consisting of 2 ng/
mL MDMA-ds and 10 ng/mL MDA-ds dissolved in methanol. The tubes
were subsequently vortexed on a multi-tube vortexer (VX-2500, VWR,
Radnor, PA, USA) for 30 s and centrifuged at 3,220 x g for 30 min at
10 °C. After extraction, samples were kept in the autosampler at 10 °C
until analysis.

Table 1

Mass spectrometry settings for achiral and enantioselective analyte detection.
Analyte Method Q1 Q3 DP EP CE CXP

[Da] [Da] \Y] vl vl [vi

MDMA achiral 194.1 163.0 61 10 19 12
MDA achiral 180.1 133.0 31 10 25 10
MDMA-ds achiral 199.2 165.1 41 10 19 14
MDA-ds achiral 185.1 110.1 51 10 33 10
MDMA enantioselective 194.1 163.0 61 10 17 12
MDA enantioselective 180.1 133.0 51 10 25 8
MDMA-ds enantioselective 199.1 165.0 61 10 19 12
MDA-ds enantioselective 185.1 138.1 46 10 25 8

CE, collision energy; CXP, collision cell exit potential; DP, declustering potential;
EP, entrance potential; Q1, quadrupole 1; Q3, quadrupole 3.
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2.5. Method validation

Bioanalytical method validation was carried out according to the
Bioanalytical Method Validation Guidance for Industry of the United
States Food and Drug Administration (FDA) [12]. The validation
encompassed evaluations for linearity, accuracy, precision, selectivity,
sensitivity, extraction recovery, matrix effect, and analyte stability.

2.5.1. Linearity

Each analytical run was supported by a minimum of two calibration
lines. Calibration lines for achiral MDMA and MDA quantification
covered a range from 0.5 to 500 ng/mL. For the enantioselective
method, calibration lines for R-MDMA and S-MDMA ranged from 0.5 to
1,000 ng/mL, while calibration lines for R-MDA and S-MDA ranged from
1 to 1,000 ng/mL. Prior to each calibration line, a blank sample
extracted with internal standard solution was measured; after each
calibration line, a double blank sample extracted with pure methanol
was included. The analyte carry-over was assessed by measuring a
double blank sample directly after the upper limit of quantification
(ULOQ). A carry-over signal < 20% of the LLOQ peak area was
considered to be acceptable. A linear regression line was generated with
MultiQuant, employing a weighting factor of 1/x. Only values within
the range of 85-115% (80-120% for the LLOQ) accuracy of the nominal
value were used to plot calibration lines. A calibration line was required
to encompass a minimum of 75% of all calibration samples with a cor-
relation coefficient (R) > 0.99.

2.5.2. Accuracy and precision

Intra- and inter-assay accuracy and precision were determined across
three validation runs conducted on separate days. Each run comprised
two calibration lines and seven replicates for each QC level (LLOQ, LQC,
MQC, and HQC). Accuracy was calculated as the mean of each assessed
QC level divided by the respective nominal value within each assay
(intra-assay accuracy) and across three validation runs (inter-assay ac-
curacy). The accuracy was required to be within the range of 85-115%
(80-120% for the LLOQ). Precision was expressed for each QC level
(LLOQ, LQC, MQC, and HQC) as the coefficient of variation (CV) within
each run (intra-assay precision) and across three validation runs (inter-
assay precision). The required CV was < 15% (< 20% for the LLOQ). In
addition, each validation run included seven QC samples at concentra-
tions higher than the ULOQ (i.e., 2,500 ng/mL), which were 1:10 diluted
for the final concentration to fall within the calibration range.

2.5.3. Selectivity and sensitivity

To assess method selectivity and sensitivity, plasma samples from
seven individuals were spiked at the LLOQ level. To demonstrate suffi-
cient selectivity, the mean accuracy of these samples had to fall within
the range of 80-120%. Additionally, at least 67% of these samples had to
meet this requirement. Sufficient sensitivity is demonstrated when the
signal intensity (peak area) in blank and double blank samples is < 20%
of the LLOQ signal intensity.

2.5.4. Extraction recovery and matrix effect

To evaluate extraction recovery, plasma from seven individuals was
spiked at the LQC, MQC, and HQC level before and after extraction. The
peak areas of the samples spiked before extraction were then compared
to those spiked after extraction, representing 100% recovery. To assess
the matrix effect, plasma from seven individuals was spiked at the LQC,
MQC, and HQC level and the analyte peak area was compared to QC
samples spiked at equivalent levels in a methanol-water mixture (1:1).
To assess recovery and matrix effect with the enantioselective method,
racemates of the analytes were separated on the analytical column and
the enantiomers were then analyzed separately.

2.5.5. Stability
To evaluate the stability of MDMA and MDA, seven QC samples at
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the LQC, MQC, and HQC level were examined under several different
storage conditions. Specifically, analyte stability was assessed after
three freeze-thaw cycles (freeze-thaw stability), after exposure to room
temperature for 8 h (benchtop stability), after reinjection of extracted
samples stored at 10 °C for 24 h or at —20 °C for 1 week (reinjection
stability), and after storage for 10 months at —20 °C (long-term stabil-
ity). Analyte stability was determined to be sufficient if the decrease in
concentration was < 15% when compared to a freshly prepared cali-
bration line.

2.6. Clinical application

A subset of plasma samples from a phase 1 clinical trial assessing the
effect of MDMA and its enantiomers in healthy volunteers was analyzed
with the achiral and the enantioselective method. The study received
approval from the Ethics Commission of Northwestern and Central
Switzerland (BASEC 2021-02386) and was registered on clinicaltrials.
gov (NCT05277636). The research adhered to the principles outlined
in the Declaration of Helsinki and the guidelines of the International
Conference on Harmonization for Good Clinical Practice. Five study
participants received either 125 mg R-MDMA, 125 mg S-MDMA, or 125
mg racemic MDMA. None of the participants used illicit drugs within
two months before the study or during the study period, which was
confirmed by urine drug tests. Blood samples were collected before drug
administration and repeatedly at the following time points after dosing:
0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9, and 24 h. Imme-
diately after collection, blood samples were centrifuged at 1811 x g for
10 min; the plasma was separated and stored at —80 °C until analysis.
Each analytical run included two racemic and two enantiomeric cali-
bration lines and four QC samples each at the LQC, MQC, and HQC level.

3. Results and discussion
3.1. Method development

An achiral and an enantioselective LC-MS/MS method for the
quantification of MDMA and its phase I metabolite MDA in human
plasma were developed and validated. A representative chromatogram
for each method is shown in Fig. 1. Simple protein precipitation was
used for sample preparation in both bioanalytical methods, which al-
lows a convenient and rapid analysis of clinical study samples [13-18].
A run time of 4.25 min was sufficient for satisfactory separation of
racemic MDMA and MDA with a Luna PFP(2) column. The retention
time was 2.3 min for MDMA and MDMA-ds and 2.1 min for MDA and
MDA-ds. Sufficient enantioselective separation with a Lux AMP column
was achieved using an isocratic flow during 4.5 min. The retention time
for R-MDMA and S-MDMA was 3.6 and 3.9 min, respectively; the
retention time for R-MDA and S-MDA was 3.7 and 3.9 min, respectively.
A washing step with 95% acetonitrile was included to prevent carry-over
after high analyte concentrations, increasing the run time to 6.0 min.
LC-MS/MS methods for the chiral analysis of MDMA and various of its
metabolites have previously been reported using chiral derivatization
[7] or chiral columns [8,19]. The aforementioned methods include
different phase I and phase II metabolites and quantification of analytes
in different matrices. Chiral derivatization requires a more elaborate
sample preparation and recent focus was therefore placed on the
development of rapid enantioselective methods [8,19]. In a recently
reported method, a Lux i-Amylose-3 column was used for enantiose-
lective separation of MDMA and MDA enantiomers within a short run
time [8]. The method was later refined to achieve enantioselective
separation of MDMA, MDA, 4-hydroxy-3-methoxymethamphetamine
(HMMA), and 4-hydroxy-3-methoxyamphetamine (HMA) within six
minutes using a Lux AMP column [19]. The enantioselective method
presented here represents a straightforward alternative approach to
assess chiral pharmacokinetics in a high number of clinical study
samples.
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Fig. 1. a) Chromatogram of 100 ng/mL MDMA and MDA in human plasma assessed with the achiral method. b) Chromatogram of MDMA and MDA at the LLOQ (0.5
ng/mL) assessed with the achiral method. ¢) Chromatogram of 100 ng/mL MDMA and MDA enantiomers in human plasma assessed with the enantioselective
method. d) Chromatogram of MDMA and MDA enantiomers at the LLOQ (0.5 ng/mL for MDMA enantiomers and 1 ng/mL for MDA enantiomers) assessed with the
enantioselective method. Internal standards are shown as dotted lines, blank signals are shown as black lines.

3.2. Method validation

3.2.1. Linearity, accuracy, and precision

Linearity of calibration lines used to assess accuracy and precision is
shown in Supplementary Tables 1-3. Intra- and inter-assay accuracy and
precision for achiral quantification were in line with regulatory guide-
lines and are shown in Supplementary Table 4. For MDMA, intra-assay
accuracy was 94-111% and inter-assay accuracy was 95-110%. For
MDA, intra-assay accuracy was 97-110% and inter-assay accuracy was
101-106%. Intra- and inter-assay CV for MDMA were 0.5-5.8% and
1.4-4.5%, respectively. Intra- and inter-assay CV for MDA were
1.0-9.3% and 1.7-8.9%, respectively. Accuracy of QC samples at con-
centrations above the ULOQ (i.e., 2,500 ng/mL) was 99-100% for
MDMA and 103-106% for MDA after 1:10 dilution with blank plasma.
Precision (CV) for 1:10 diluted QC samples was 1.5-3.0% for MDMA and
2.1-3.8% for MDA. Accuracy and precision of enantiomeric QC samples
measured with the enantioselective method using enantiomeric cali-
brations is shown in Supplementary Table 5. Intra-day accuracy was
95-109% (1.6-5.6% CV) for R-MDMA, 94-109% (1.5-5.7% CV) for S-
MDMA, 96-112% (2.5-9.7% CV) for R-MDA, and 93-107% (3.8-16.4%
CV) for S-MDA. Inter-day accuracy was 97-107% (3.1-11.3% CV) for all
analytes. Requirements for intra- and inter-day accuracy and precision
of enantiomeric QC samples were also met when measured with the
enantioselective method using racemic calibrations (Supplementary
Table 6). Accuracy and precision of racemic QC samples measured with
the enantioselective method using racemic calibrations is shown in
Supplementary Table 7. Intra-day accuracy was 86-106% (1.4-8.9%
CV) for R-MDMA, 84-104% (1.4-7.3% CV) for S-MDMA, 93-111%
(2.7-10.5% CV) for R-MDA, and 97-113% (1.1-11.5% CV) for S-MDA.
For all analytes the inter-day accuracy ranged from 88 to 107%
(3.5-10.6% CV). Intra- and inter-day accuracy and precision of racemic
QC samples was also within requirements when measured with the
enantioselective ~ method  using  enantiomeric  calibrations

(Supplementary Table 8). These results indicate that regardless of the
method and analytes of interest, both racemates and enantiomers can be
used to plot calibration lines. However, deteriorating health of the chiral
HPLC column and an associated decrease in peak separation may affect
the comparability of peaks in racemic and enantiomeric mixtures.

3.2.2. Selectivity and sensitivity

No significant interferences were observed for any of the analytes in
double blank and blank plasma samples of seven individuals measured
with either bioanalytical method. All area counts were < 7% of the
LLOQ (Supplementary Table 9 and 10). The accuracy of racemic MDMA
and MDA in plasma derived from seven individual donors at the LLOQ
was 94-99% and 89-101%, respectively (Supplementary Table 11). The
accuracy of R-MDMA and S-MDMA at the LLOQ assessed with the
enantioselective method was 97-117% and 93-112%, respectively; the
accuracy of R-MDA and S-MDA was 82-107% and 86-119%, respec-
tively (Supplementary Table 12). These results indicate sufficient
selectivity and sensitivity for both bioanalytical methods within the
validated calibration range.

3.2.3. Extraction recovery and matrix effect

Extraction recoveries and matrix effect for MDMA and MDA are
listed in Supplementary Table 13. Mean recoveries of racemic MDMA
and MDA were 105-110% and 105-109%, respectively. The matrix ef-
fect of MDMA and MDA was 95% and 94-96%, respectively; the matrix
effect of the internal standards MDMA-ds and MDA-ds was 92 and 91%,
respectively. When assessed with the enantioselective method, recovery
was 97-103% for R-MDMA, 96-104% for S-MDMA, 92-102% for R-
MDA, and 91-102% for S-MDA. The matrix effect was 93-100% for R-
MDMA, 94-101% for S-MDMA, 94-116% for R-MDA, and 94-113% for
S-MDA. The matrix effect of R-MDMA-ds and S-MDMA-ds was 98 and
97%, respectively. The matrix effect of R-MDA-ds and S-MDA-ds was
97%. Simple protein precipitation used as extraction method in both
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bioanalytical methods therefore yielded full extraction recovery and no
significant matrix effect was observed over the whole calibration range.

3.2.4. Stability

Stability data are shown in Supplementary Table 14. MDMA and
MDA were stable when stored in the autosampler at 10 °C for 1 day
(accuracy of 93-111% and 98-107%, respectively). Furthermore,
extracted samples of MDMA and MDA were stable at —20 °C for 7 days
(accuracy of 93-108% and 100-108%, respectively). After three
freeze-thaw cycles, stability was maintained for MDMA (accuracy of
93-110%) as well as for MDA (accuracy of 99-104%). Both MDMA and
MDA were stable when stored at ambient temperature for 8 h (accuracy
of 93-110% and 99-109%, respectively). Furthermore, storage at
—20 °C for 10 months did not result in significant stability loss for either
MDMA (accuracy of 86-98%) or MDA (accuracy of 99-103%). Thus,
analyte stability in clinical study samples is maintained under standard
storage and handling conditions.

3.2.5. Clinical application

Plasma concentrations of 5 subjects each receiving 125 mg R-MDMA,
S-MDMA, or racemic MDMA were assessed with the achiral and the
enantioselective method including both racemic and enantiomeric
calibration lines (Fig. 2). Pharmacokinetic parameters are listed in
Table 2 and the corresponding plasma concentration curves are shown
in Fig. 3. MDMA enantiomers did not undergo chiral inversion, allowing
a direct comparison of concentrations measured with the achiral and the
enantioselective method. For R-MDMA, maximal concentrations (Cpax)
of 319-378 ng/mL were reached after 3.0-3.5 h (tyax). The elimination
half-life (t;2) was 10.4-10.5 h and the total AUC was 5,814-6,900 ng x
h/mL. For S-MDMA, maximal concentrations of 242-247 ng/mL were
reached after 2.8-2.9 h. The elimination half-life was 3.6 h and the total
AUC was 1,849-1,912 ng x h/mL. After administration of racemic
MDMA, maximal concentrations of 294-305 ng/mL were measured,
which were reached after 3.0-3.2 h. The measured elimination half-life
and total AUC values were 7.4 h and 4,111-4,188 ng x h/mL, respec-
tively. For the enantioselective method, the total MDMA concentration
was calculated by addition of both enantiomer concentrations. Due to
the long half-life of R-MDA, pharmacokinetic parameters could not be
reliably assessed for each subject; therefore, only parameters for S-MDA
were compared. Maximum calculated concentrations of S-MDA
measured after administration of 125 mg S-MDMA were 18.0-19.7 ng/
mL, reached after 6.2-7.2 h. Elimination half-life and total AUC were
7.0-7.6 h and 276-308 ng x h/mL. These results are consistent with a
longer half-life and higher plasma concentrations for R-MDMA vs. S-
MDMA reported by others [6,8,20]. In the aforementioned studies,
enantioselective pharmacokinetics were determined in subjects treated
with racemic MDMA. To the best of the authors’ knowledge, this is the
first study that includes enantioselective analysis of racemic MDMA as
well as both enantiomers at equal doses within the same subjects.

4. Conclusion

As MDMA and MDA do not undergo chiral inversion, enantiose-
lective analysis is not necessary to measure clinical study samples of
subjects treated with MDMA enantiomers. The main advantage of the
described achiral method is the shorter run time compared to the
enantioselective method. However, the enantioselective method is use-
ful to assess chiral pharmacokinetics of MDMA and MDA in subjects
dosed with racemates. For enantioselective analysis, either racemic or
enantiomeric calibration lines may be included, regardless of whether
the analyzed samples contain only one or both enantiomers. Both bio-
analytical methods allow reliable, simple, and rapid analysis of clinical
study samples. Additionally, this study offers valuable insights for re-
searchers studying MDMA in clinical settings.
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Fig. 2. Overlay of chromatograms of a) MDMA enantiomers and b) MDA en-
antiomers in plasma of healthy volunteers dosed with 125 mg of R-MDMA, S-
MDMA, or racemic MDMA. The samples were taken 8 h after drug intake.
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Table 2
Pharmacokinetic parameters assessed with the achiral and the enantioselective method.
Treatment Analyte Method Calibration Cinax tmax t1/2 Total AUC
[ng/mL] [h] [h] [ng x h/mL]
125 mg R-MDMA MDMA achiral MDMA 368 + 101 35+15 10.5 + 3.8 6,633 + 2,865
MDMA achiral R-MDMA 349 £+ 96 35+15 10.5 £ 3.8 6,280 + 2,715
R-MDMA enantioselective MDMA 378 + 109 3.0+1.7 10.4 + 3.8 6,900 + 2,903
R-MDMA enantioselective R-MDMA 319 +£ 92 3.0+1.7 10.4 + 3.8 5,814 + 2,447
125 mg S-MDMA MDMA achiral MDMA 243 £ 60 2.8 +0.4 3.6 £0.8 1,890 + 474
MDMA achiral S-MDMA 247 £ 61 2.8 +0.4 3.6 £0.8 1,912 + 481
S-MDMA enantioselective MDMA 242 + 57 29+ 04 3.6 + 0.8 1,849 + 429
S-MDMA enantioselective S-MDMA 244 £ 57 29+ 0.4 3.6 £0.8 1,863 + 432
MDA achiral MDA 19.7 £ 5.5 7.2+1.8 7.4+1.8 308 +£ 112
MDA achiral S-MDA 18.7 £5.1 7.2+1.8 7.6 £1.8 299 + 106
S-MDA enantioselective MDA 18.0 + 4.8 6.2 +1.3 7.2+17 276 + 99
S-MDA enantioselective S-MDA 19.5+5.3 6.2+ 1.3 7.0+ 1.7 294 + 107
125 mg MDMA MDMA achiral MDMA 305 + 61 3.0+ 0.7 7.4 +26 4,188 + 1,528
R-MDMA + S-MDMA enantioselective MDMA 294 + 57 3.2+0.9 7.4+23 4,111 + 1,523
R-MDMA enantioselective MDMA 171 + 40 45+26 9.0+ 34 2,981 + 1,236
S-MDMA enantioselective MDMA 130 + 22 2.7 £0.6 4.6 £1.0 1,197 + 346
The total AUC is extrapolated from time O to infinite time.
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Fig. 3. Pharmacokinetic profiles of a) MDMA and its enantiomers and b) MDA and its enantiomers after administration of 125 mg R-MDMA, S-MDMA, or racemic
MDMA in 5 healthy volunteers. The samples were measured with the enantioselective and the achiral method. Concentrations of both enantiomers were added to
obtain the total MDMA and MDA concentrations determined with the enantioselective method. Data points represent mean + SEM.
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4 METABOLISM OF PSYCHEDELICS

4.1 Drug metabolism

Drug metabolism describes the chemical modification of endogenous and exogenous
molecules or xenobiotics to increase their hydrophilicity for improved excretion. Often the
pharmacological efficacy of a drug can be reduced, which may result in alterations to its
biological properties. In general, drug metabolism can be divided into two distinct phases
(Iyanagi 2007, Zhao et al. 2021).

Phase I metabolism involves the oxidation, reduction, and hydrolysis of drugs, which
renders them more polar. The CYP superfamily represents the most important group of phase I
enzymes. It is estimated that they are responsible for the biotransformation of approximately
60% of drugs approved by the FDA. Typically expressed in the liver, CYPs are also found
extrahepatically e.g., in the intestine where they play an important role in the first-pass
metabolism (Kadlubar et al. 2009, Venkatakrishnan et al. 2001, Zhao et al. 2021). Other phase I
enzymes include monoamine oxidases (MAOs), flavin-containing monooxygenases (FMOs),
alcohol dehydrogenases (ADHs), or aldehyde dehydrogenases (ALDHs) (Ashton et al. 2024).

Phase II metabolism involves the conjugation of the substrate with a co-substrate, which
is usually carried out by transferases. The introduced co-substrate is specific to the family of
phase II enzymes. The most important enzyme families in phase II metabolism are UGTs,
SULTs, glutathione S-transferases (GSTs), N-acetyltransferases (NATs), thiopurine S-
methyltransferases (TPMTs), and COMTs (Almazroo et al. 2017, Kadlubar et al. 2009, Zhao
etal. 2021).

In the detoxification process of xenobiotics, the successive combination of the CYP
system and conjugation through UGTs plays the most important role. However, the substrate
specificities of different enzymes are often overlapping (Almazroo et al. 2017, Iyanagi 2007,

Kadlubar et al. 2009).

4.2 Current research on the metabolism of psychedelics

Despite renewed interest in psychedelic research, the exact metabolic pathways remain
a topic of ongoing investigation for most psychedelics. However, a full comprehension of the
metabolic processes is important to understand the physiological mechanisms and evaluate
potential risks. Downstream metabolites of psychedelics may have pharmacological activity,
so awareness of their production and presence is vital (Madrid-Gambin et al. 2023).

Furthermore, knowledge of the enzymes involved can help predict an individual’s
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susceptibility to enzymatic polymorphism. In particular, genetic variations related to the CYP
superfamily may have a significant impact (Halman et al. 2024, Madrid-Gambin et al. 2023).

An example therefore is the metabolic degradation of LSD. A number of CYPs are
involved in the biotransformation to its primary metabolites 2-ox0-3-hydroxy-LSD (OH-LSD)
(CYP1A2, CYP2C9, CYP2EL, and CYP3A4) and 6-norlysergic acid diethylamide (nor-LSD)
(CYP2E1, CYP2D6, and CYP3A4) (Libanio Osorio Marta 2019, Luethi et al. 2019a).
Individuals with less functional CYP2D6 (i.e., poor metabolizer) have a slower
biotransformation of LSD to nor-LSD. This results in prolonged LSD half-lives and,
consequently, a prolonged subjective effect, which may have implications for personalized
treatment approaches in clinical settings (Vizeli et al. 2021).

Enzymatic degradation also plays a major role in the acute subjective effects of DMT.
It is rapidly metabolized in the liver by MAO-A, which catalyzes its oxidative deamination
into inactive metabolites such as indole-3-acetic acid (IAA). The rapid degradation of DMT
results in a brief duration of action when administered alone. However, when used in
combination with monoamine oxidase inhibitors (MAOIs), such as in ayahuasca, the
breakdown of DMT is inhibited which enables its psychedelic effects (Barker 2018, Egger et
al. 2024, Riba et al. 2012).

The metabolic fate of mescaline, another classic psychedelic, has been the subject of
investigation resulting in the proposal of several metabolic pathways. The major metabolic
pathways include the formation of the inactive TMPAA or the N-acetylation to N-acetyl
mescaline (NAM). Additionally, other minor oxidative metabolic routes have been described.
However, despite existing speculation, there is a lack of comprehensive studies investigating
the specific enzymes involved (Dinis-Oliveira et al. 2019, Vamvakopoulou et al. 2023).
Therefore, the effect of inhibiting or inducing specific enzymes on the metabolism of mescaline
remains inconclusive.

The biotransformation of psilocybin and its dephosphorylated metabolite psilocin is
dominated by the inactivation through glucuronidation by several UGTs and the transformation
to 4-HIAA (Dinis-Oliveira 2017, Hasler et al. 1997, Kolaczynska et al. 2021). While the
general metabolic pathway of psilocybin, particularly its conversion to psilocin and subsequent
glucuronidation, is well understood, significant gaps remain in the understanding of the full
metabolism. Further investigation is required into the involved enzymes, alternative metabolic
pathways, and the intrinsic activity of minor metabolites. Therefore, the project described in
Chapter 5.1 aimed to investigate the metabolic degradation of psilocin with a particular focus

on the involvement of phase I and phase II enzymes.

54



PART II: METABOLIC INVESTIGATIONS

5 PUBLICATIONS
5.1 Manuscript 4

In vitro and in vivo metabolism of psilocybin’s active metabolite psilocin

Jan Thomann®"*, Karolina E. Kolaczynska®*, Oliver V. Stoeckmann®®, Deborah Rudin®®,
Patrick Vizeli*®, Marius C. Hoener®, Christopher R. Pryce?, Franz X. Vollenweider?, Matthias
E. Liechti®**and Urs Duthaler®"t¢

2 Division of Clinical Pharmacology and Toxicology, Department of Pharmaceutical
Sciences, University of Basel, Basel, Switzerland

® Division of Clinical Pharmacology and Toxicology, Department of Biomedicine, University
Hospital Basel, Basel, Switzerland

¢ Neuroscience Research, Pharma Research and Early Development, Roche Innovation
Center Basel, F. Hoffmann-La Roche Ltd, Basel, Switzerland

d Department of Psychiatry, Psychotherapy and Psychosomatics, Preclinical Laboratory for
Translational Research Into Affective Disorders, University of Zurich, Zurich, Switzerland

¢ Department of Psychiatry, Psychotherapy and Psychosomatics, Neurophenomenology and
Consciousness, University of Zurich, Zurich, Switzerland

M Institute of Forensic Medicine, Department of Biomedical Engineering, University of Basel,
Basel, Switzerland

¢ Institute of Forensic Medicine, Health Department Basel-Stadt, Basel, Switzerland

* Corresponding author

T Equal contribution

Front Pharmacol. 2024 Apr 29:15:1391689
DOI: 10.3389/fphar.2024.1391689

55



PART II: METABOLIC INVESTIGATIONS

56



PART II: METABOLIC INVESTIGATIONS

? frontiers ‘ Frontiers in Pharmacology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Massimo Valoti,
University of Siena, Italy

REVIEWED BY
Wladyslawa Anna Daniel,

Polish Academy of Sciences, Poland
Jesper Kristensen,

University of Copenhagen, Denmark

*CORRESPONDENCE
Matthias E. Liechti,
matthias.liechtiQusb.ch

These authors have contributed equally to this
work and share first authorship

RECEIVED 26 February 2024
AccepTED 08 April 2024
PUBLISHED 29 April 2024

CITATION
Thomann J, Kolaczynska KE, Stoeckmann OV,
Rudin D, Vizeli P, Hoener MC, Pryce CR,
Vollenweider FX, Liechti ME and Duthaler U
(2024), In vitro and in vivo metabolism of
psilocybin’s active metabolite psilocin.

Front. Pharmacol. 15:1391689.

doi: 10.3389/fphar.2024.1391689

COPYRIGHT

© 2024 Thomann, Kolaczynska, Stoeckmann,
Rudin, Vizeli, Hoener, Pryce, Vollenweider,
Liechti and Duthaler. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology

Tvpe Original Research
PUBLISHED 29 April 2024
Dol 10.3389/fphar.2024.1391689

In vitro and in vivo metabolism of
psilocybin’s active
metabolite psilocin

Jan Thomann'?!, Karolina E. Kolaczynska'?',

Oliver V. Stoeckmann®?, Deborah Rudin®?, Patrick Vizeli*?,
Marius C. Hoener?, Christopher R. Pryce®, Franz X. Vollenweider>,
Matthias E. Liechti®?* and Urs Duthaler®#%”

Division of Clinical Pharmacology and Toxicology, Department of Pharmaceutical Sciences, University
of Basel, Basel, Switzerland, ?Division of Clinical Pharmacology and Toxicology, Department of
Biomedicine, University Hospital Basel, Basel, Switzerland, *Neuroscience Research, Pharma Research
and Early Development, Roche Innovation Center Basel, F. Hoffmann-La Roche Ltd, Basel, Switzerland,
“Department of Psychiatry, Psychotherapy and Psychosomatics, Preclinical Laboratory for Translational
Research Into Affective Disorders, University of Zurich, Zurich, Switzerland, *Department of Psychiatry,
Psychotherapy and Psychosomatics, Neurophenomenology and Consciousness, University of Zurich,
Zurich, Switzerland, ®Institute of Forensic Medicine, Department of Biomedical Engineering, University of
Basel, Basel, Switzerland, “Institute of Forensic Medicine, Health Department Basel-Stadt, Basel,
Switzerland

In vivo, psilocybin is rapidly dephosphorylated to psilocin which induces
psychedelic effects by interacting with the 5-HT,a receptor. Psilocin primarily
undergoes glucuronidation or conversion to 4-hydroxyindole-3-acetic acid (4-
HIAA). Herein, we investigated psilocybin’s metabolic pathways in vitro and in
vivo, conducting a thorough analysis of the enzymes involved. Metabolism
studies were performed using human liver microsomes (HLM), cytochrome
P450 (CYP) enzymes, monoamine oxidase (MAO), and UDP-
glucuronosyltransferase (UGT). In vivo, metabolism was examined using male
C57BL/6J mice and human plasma samples. Approximately 29% of psilocin was
metabolized by HLM, while recombinant CYP2D6 and CYP3A4
enzymes metabolized nearly 100% and 40% of psilocin, respectively. Notably,
4-HIAA and 4-hydroxytryptophol (4-HTP) were detected with HLM but not with
recombinant CYPs. MAO-A transformed psilocin into minimal amounts of 4-HIAA
and 4-HTP. 4-HTP was only present in vitro. Neither 4-HIAA nor 4-HTP showed
relevant interactions at assessed 5-HT receptors. In contrast to in vivo data,
UGT1A10 did not extensively metabolize psilocin in vitro. Furthermore, two
putative  metabolites were observed. N-methyl-4-hydroxytryptamine
(norpsilocin) was identified in vitro (CYP2D6) and in mice, while an oxidized
metabolite was detected in vitro (CYP2D6) and in humans. However, the CYP2D6
genotype did not influence psilocin plasma concentrations in the investigated
study population. In conclusion, MAO-A, CYP2D6, and CYP3A4 are involved in
psilocin’s metabolism. The discovery of putative norpsilocin in mice and oxidized
psilocin in humans further unravels psilocin’s metabolism. Despite limitations in
replicating phase Il metabolism in vitro, these findings hold significance for
studying drug-drug interactions and advancing research on psilocybin as a
therapeutic agent.

KEYWORDS

psychedelics, psilocybin, metabolism, cytochrome P450 (CYP), pharmacokinetics, liver
microsomes, recombinant enzymes, 5-HT receptor
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1 Introduction

Psychedelic mushrooms (e.g., Psilocybe azurescens or Psilocybe
mexicana) and their associated mind- and consciousness-altering
effects have been explored for over 3,000 years (Van Court et al,,
2022). Most recently, psilocybin has been investigated for its
therapeutic properties in several affective disorders including
anxiety, treatment-resistant major depression, and cluster
headache (Moreno et al., 2006; Sewell et al., 2006; Grob et al.,
2011; Griffiths et al., 2016; Ross et al., 2016; Carhart-Harris et al.,
2017; Johnson et al, 2017; Bogenschutz et al., 2018; Becker
et al., 2022).

As a psychoactive alkaloid, psilocybin undergoes first-pass
metabolism and acts as a prodrug. Upon oral ingestion, its
terminal phosphate group (PO,) is rapidly cleaved by alkaline
phosphates and non-specific esterases. This transforms psilocybin
into psilocin  (4-hydroxy-N,N-dimethyltryptamine), a more
lipophilic molecule that can cross the blood-brain barrier more
readily (Horita and Weber, 1961a; Horita and Weber, 1962;
Eivindvik et al, 1989; Hasler et al, 1997) to produce its
psychedelic effects via serotonin 5-HT,, receptors (Vollenweider
et al,, 1998; Rickli et al., 2016). Psilocin is therefore the active agent
that produces psilocybin’s mind-altering effects.
concentration  peaks plasma around 2h
administration and the subjective effects last for approximately
6 h (Griffiths et al, 2016; Johnson et al., 2017; Holze et al,
2022a). of
approximately 15-20 ng/mL and an elimination half-life (t,,) of
2-3h were observed after a single oral dose of 25 mg psilocybin
(Kolaczynska et al., 2021; Holze et al., 2022a). Psilocin is primarily

Psilocin

in after oral

In humans, psilocin plasma concentrations

excreted in urine, although only a minor fraction of administered
psilocybin (1.5%) is eliminated as unconjugated psilocin in the first
24 h (Holze et al,, 2022a). Psilocin is extensively glucuronidated to
psilocin-O-glucuronide, a major urine metabolite. Approximately
20% of orally administered psilocybin is excreted as glucuronidated
psilocin in humans within 24h (Holze et al, 2022a). This
conjugation is mainly catalyzed by UDP-glucuronosyltransferase
(UGT) 1A10 and UGT1A9 which are highly expressed in the small
intestine and liver, respectively (Sticht and Kiferstein, 2000;
Grieshaber et al., 2001; Hasler et al., 2002; Manevski et al., 2010;
Kolaczynska et al, 2021). Concurrently, psilocin can undergo
demethylation the
intermediate metabolite 4-hydroxyindole-3-acetaldehyde (4-HIA),

and oxidative deamination to form
presumably catalyzed by monoamine oxidase (MAO). 4-HIA
undergoes either reduction to 4-hydroxytryptophol (4-HTP) or
oxidation to 4-hydroxindole-3-acetic acid (4-HIAA) (Kalberer
et al, 1962; Hasler et al, 1997; Lindenblatt et al., 1998;
Kolaczynska et al, 2021). 4-HIAA is, along with psilocin-O-
glucuronide, another major urine metabolite. Around 33% of a
psilocybin dose is renally excreted as 4-HIAA (Holze et al., 2022a). It
is suggested that similar to the metabolic pathway of serotonin (5-
hydroxytryptamine, 5-HT), aldehyde (ALDH) and alcohol
dehydrogenase (ADH) might play a key role in transforming 4-
HIA to 4-HIAA and 4-HTP, respectively (Svensson et al., 1999;
Dinis-Oliveira, 2017). A further minor metabolic route is proposed
to be the hydroxylation and oxidation of the indole moiety of
psilocin to form an iminoquinone or o-quinone structure. It is

hypothesized that this reaction is exerted by oxidative enzymes such
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as ceruloplasmin (copper carrying oxidase in human blood),
cytochrome oxidases, or non-enzymatically by ferric oxide (Fe**)
but not MAO (Blaschko and Levine, 1960; Horita and Weber, 1961b;
Dinis-Oliveira, 2017). However, the exact structure of the oxidized
metabolite has not been experimentally elucidated. Moreover, to our
best knowledge, the role of cytochrome P450 (CYP) enzymes in
psilocybin’s metabolism has thus far not been demonstrated. The
CYP superfamily is responsible for the oxidative metabolism of
several psychoactive substances and has previously been shown to be
involved in the metabolism of N,N-dimethyltryptamine (DMT),
lysergic acid diethylamide (LSD), or 3,4-
methylenedioxymethamphetamine (MDMA) (Vizeli et al, 2017;
Luethi et al., 2019; Eckernis et al., 2023).

Furthermore, the pharmacological activity or relevance of
psilocybin’s metabolites needs to be assessed. Psilocin’s 5-HT
receptor binding and receptor activation potency have been
determined previously with relevant activity at human 5-HT),, 5-
HT,4, 5-HT,p, and 5-HT,¢ receptors (Rickli et al., 2016). In addition,
psilocin moderately inhibits the serotonin transporter (SERT) but not
dopamine (DAT) or norepinephrine transporters (NET) (Rickli et al.,
2016). However, it is not clear if any of psilocybin’s remaining
metabolites display relevant pharmacological activity at 5-HT
receptors or the monoamine transporters.

As psilocybin transforms from a recreational substance to a
potential therapeutic agent, a comprehensive understanding of its
pharmacological characteristics and metabolic breakdown is
necessary. In this study, we aimed to characterize the metabolic
pathways of psilocin in vitro, focusing on the involvement of CYP
enzymes. Furthermore, we compared the in vitro findings to in vivo
findings in both humans and mice.

2 Material and methods
2.1 Chemicals and reagents

LC-MS grade water, methanol, acetonitrile, and isopropanol
were all purchased from Merck (Darmstadt, Germany). Formic acid,
dimethyl sulfoxide (DMSO), potassium phosphate dibasic
(K,HPO,), potassium phosphate monobasic (KH,PO,), and
bovine serum albumin (BSA) were acquired from Sigma-Aldrich
(Buchs, Switzerland).

2.2 Substrates, metabolites, inhibitors, and
internal standards

Psilocin was purchased from Lipomed (Arlesheim, Switzerland),
while 4-HIAA and 4-HTP were synthesized by ReseaChem
(Burgdorf, Switzerland). The purity of all aforementioned
analytes was >98%.

CYP substrates including tizanidine hydrochloride (CYP1A2)
(S)-efavirenz  (CYP2B6), paclitaxel (CYP2C8), flurbiprofen
(CYP2C9), omeprazole (CYP2C19), and metoprolol (CYP2D6)
were obtained from Toronto Research Chemicals (TRC; Toronto,
Canada). CYP3A4 substrate midazolam was acquired from Lipomed,
while chlorzoxazone (CYP2EL) was purchased from Sigma-Aldrich.
Metabolites including hydroxy-tizanidine (OH-tizanidine; CYP1A2),
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8-hydroxy-efavirenz ~ (OH-efavirenz;  CYP2B6),  6-a-hydroxy-
paclitaxel (OH-paclitaxel; CYP2C8), 4-hydroxy-flurbiprofen (OH-
flurbiprofen; CYP2C9), 5-hydroxy-omeprazole (OH-omeprazole;
CYP2C19), a-hydroxy-metoprolol (OH-metoprolol; CYP2D6), and
6-hydroxy-chlorzoxazone (OH-chlorzoxazone; CYP2E1) were all

purchased from TRC, while a-hydroxy-midazolam (OH-
midazolam; CYP3A4) was obtained from Lipomed.
CYP  inhibitors ticlopidine hydrochloride (CYP2B6),

sulfaphenazole (CYP2C9) (+)-N-3-benzylnirvanol (CYP2C19),
quinidine sulfate (CYP2D6), 4-methylpyrazole hydrochloride
(CYP2E1), and ketoconazole (CYP3A4) were all purchased from
Sigma-Aldrich. Furafylline (CYP1A2) was purchased from TRC
while montelukast dicyclohexylamine (CYP2C8) was obtained
from the European Directorate for the Quality of Medicines and
Healthcare (Strasbourg, France).

The MAO-A MAO-B kynuramine
dihydrobromide, its metabolite 4-hydroxyquinoline (4-HQ), and
inhibitors clorgyline hydrochloride (MAO-A) and R-deprenyl
hydrochloride (MAO-B) were all purchased from Sigma-Aldrich.
N,N-dimethyltryptamine (DMT) and its metabolite indole-3-acetic
acid (IAA) monosodium salt were acquired from Lipomed and
Cayman Chemical (Ann Arbor, USA), respectively.

Internal standards (ISTD) psilocin-d;, and IAA-d, were
acquired from Sigma-Aldrich, while L-tryptophan-ds, tizanidine-
dy, efavirenz-ds, paclitaxel-ds, flurbiprofen-d;, omeprazole-ds,
metoprolol-dg, chlorzoxazone-d;, and midazolam-ds were
obtained from TRC. DMT-ds was purchased from ReseaChem.

and substrate

2.3 Metabolizing enzyme systems

Corning UltraPool human liver microsomes (HLM) 150
(20 mg/mL), human intestinal microsomes (HIM) pool (10 mg/
mL) as well as recombinant human CYP enzymes (with
P450 oxidoreductase, OR) including CYP1A2+OR (0.5 nmol),
CYP2B6+OR (0.5 nmol), CYP2C8+OR (1.0 nmol),
CYP2C9*1+OR (1 nmol), CYP2C19+OR (0.5 nmol),
CYP2D6*1+OR  (0.5nmol), CYP2E1+OR + cytochrome bs
(1 nmol), CYP3A4+OR + cytochrome bs (0.5 nmol), MAO-A
(5 mg/mL), MAO-B (5mg/mL), and UGT1A10 (5 mg/mL) were
purchased from Corning Life Sciences B.V (Amsterdam,
Netherlands). All microsomes and recombinant enzyme solutions
were aliquoted and stored at —80 °C until further use. Co-factors
including NADPH regenerating system solution A (25 mM
NADP+, 66 mM glucose-6-phosphate, and 66 mM MgCl, in
water), NADPH regenerating system solution B (40 U/mL
glucose-6-phosphate dehydrogenase in 5mM sodium citrate),
UGT reaction mix solution A (25mM uridine 5'-diphospho-
glucuronic acid in water), and UGT reaction mix solution B
(250 mM Tris-HCI, 40 mM MgCl,, and 0.125 mg/mL alamethicin
in water) were also obtained from Corning Life Sciences B.V.

2.4 Stocks and calibration standards
For psilocin, 4-HIAA, 4-HTP, 4-HQ, DMT, and CYP

metabolites, calibration working solutions were prepared by
serially diluting substance working mixes in a mix of equal parts
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of water and acetonitrile (for psilocin, 4-HIAA, and 4-HTP) or
DMSO (for 4-HQ, DMT, and CYP metabolites). Subsequently, each
calibration working solution was diluted 1:100 in the matrix of
interest, namely, 0.1 M potassium phosphate buffer (pH 7.4,
K,HPO, and KH,PO, in water, 5:1 v/v) containing 1.5% BSA,
pooled mouse plasma, or pooled human plasma to cover the
desired concentration range. Specific calibration ranges for each
analyte are depicted in Supplementary Table SI.

2.5 Enzymatic inhibition assays

2.5.1 Cytochrome P450 inhibition

The CYP inhibition assay using HLM was previously described
by Luethi et al. (Luethi et al., 2019) and was adapted herein. In
brief, psilocin, 4-HIAA, 4-HTP, or CYP substrate stocks were
mixed (1:100 dilution) with NADPH regeneration system
solution A (1:20 dilution), NADPH regenerating system
solution B (1:100 dilution), and with or without CYP inhibitors
(1:100 dilution) in 0.1 M PBS (pH 7.4) supplemented with 1.5%
BSA. The tubes were vortexed and placed on a Thermomixer
(Eppendorf, Hamburg, Germany) at 300 rpm and 37°C. Next,
50 uL of the mixture from each tube was taken out as a
baseline sample and transferred to a corresponding matrix tube
containing 150 uL ice cold ISTD solution. Directly after,
microsomes (1:100 dilution, end concentration 0.2 mg/mL) or
recombinant CYP enzymes (1:40 dilution, end concentration
0.0125nM or 0.025nM depending on the enzyme) were added
to each reaction tube to initiate the metabolic reaction. The total
volume of the reaction mixture was 500 uL. The mixture was
sampled at 0, 30, 60, 120, 180, 210, and 240 min for psilocin, 4-
HIAA, and 4-HTP, and 0, 30, 60, 90, 120, 150, and 180 min for
CYP substrates. Afterward, the matrix tubes were vortexed and
centrifuged for 30min at 3,220 x g (Centrifuge 5810R,
Eppendorf). Samples were either directly analyzed by liquid
chromatography tandem mass spectrometry (LC-MS/MS) or
briefly stored at —20°C until analysis. The ISTD solution
consisted of 20 ng/mL psilocin-d;y and 100 ng/mL tryptophan-
ds in methanol. A separate ISTD solution was prepared in
acetonitrile for CYP containing 100 ng/mL of
tizanidine-d,, efavirenz-ds, flurbiprofen-d;, omeprazole-ds,
metoprolol-dg, chlorzoxazone-ds;, midazolam-ds, and 250 ng/mL
paclitaxel-ds.

substrates

2.5.2 Monoamine oxidase inhibition

The MAO inhibition assay was based on the assay described in
section 2.5.1 and performed identically if not otherwise stated.
Psilocin, 4-HIAA, 4-HTP, or MAO substrate kynuramine were
incubated with recombinant MAO-A enzymes (1:100 dilution,
end concentration 0.05mg/mL), recombinant MAO-B enzymes
(1:100 dilution, end concentration 0.05mg/mL), or HLM (1:
100 dilution, end concentration 0.2 mg/mL), and with or without
MAO isoform-selective inhibitors clorgyline (MAO-A and HLM) or
R-deprenyl (MAO-B). Sampling time points for psilocin, 4-HIAA,
4-HTP, and control conditions were adjusted to 0, 60, 120, 180, 240,
and 300 min for MAO-A and 0, 60, 120, 180, and 240 min for MAO-
B assays. DMT was incubated with recombinant MAO-A or MAO-B
and sampling timepoints were 0, 60, 120, 180, and 240 min. A
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methanolic solution containing 5 ng/mL DMT-ds and 500 ng/mL
TIAA-d, was used as ISTD.

2.5.3 Glucuronidation

In vitro, glucuronidation of psilocin was assessed using HLM,
HIM, and recombinant human UGT1A10 enzymes. The assay
described 251 adjusted the
glucuronidation system. Psilocin or control substrate OH-
efavirenz was diluted 1:100 in 0.1 M PBS (pH 7.4) without BSA
and UGT reaction mix solution A (1:20 dilution) and B (1:
100 dilution) were added as co-factors. HLM were diluted as
described in section 2.5.1, while HIM or UGT1A10 enzymes
were diluted 1:40 (end concentration 0.5 and 0.125 mg/mL,

in section was to  suit

respectively) in the reaction mix. Sampling time points were
adjusted to 0, 15, 30, 60, 90, 120, 180, and 240 min.

2.6 Human 5-HT receptor interactions

2.6.1 5-HT receptor binding

Radioligand receptor binding assays of psilocin, 4-HIAA, and 4-
HTP were assessed at the 5-HT 4, 5-HT,, and 5-HT, receptors as
previously described in detail by Luethi et al. (Luethi et al., 2018). In
general, human embryonic kidney (HEK) 293 cell line membrane
preparations overexpressing either the human 5-HT' 5, 5-HT,4, or
5-HT, receptor were incubated briefly with respective radiolabeled
ligands at concentrations equivalent to the dissociation constant
(K,). Radioligands used for the receptors included [3H]8-hydroxy-
2-(dipropylamino) tetralin (8-OH-DPAT; 0.90 nM) for the 5-HT 5
receptor [3H]ketanserin (0.40 nM) for the 5-HT,, receptor, and
[3H]mesulergine (1.4 nM) for the 5-HT), receptor. Thereafter, the
ligand’s displacement by the substance of interest was measured.
Specific binding to the target site was defined by subtracting the non-
specific binding (measured in the presence of the receptor’s
respective competitor in excess) from the total binding measured.
The following competitors were used including pindolol (10 uM) for
the 5-HT) 5 receptor, spiperone (10 uM) for the 5-HT,4 receptor,
and mianserin (10 uM) for the 5-HT,¢ receptor.

2.6.2 5-HT activation potency

Activation of 5-HT, 4, 5-HT,4, and 5-HT,p receptors by the
psilocin metabolites 4-HIAA and 4-HTP was assessed by
quantifying the accumulation of inositol monophosphate 1 (IP1)
utilizing the Cisbio IP-One G, Kit (Cisbio Bioassays SAS, Codolet,
France) following the manufacturer’s instructions. Psilocin and 5-
HT were used as comparator and control substances, respectively.
NIH/3T3 cells stably expressing the human 5-HT 5, 5-HT,4, and 5-
HT,p receptors were seeded at a density of 3,000 cells (5-HT, 5 and
5-HT,4) or 4,000 cells (5-HT,p) in 384-well plates using Opti-MEM
medium from Gibco (ThermoFisher, Life Technologies, Zug,
Switzerland). Subsequently, the test compounds were introduced,
and the plates were incubated for 90 min at 37°C, followed by a
60 min incubation with Anti-IP1-Cryptate and IP1-d, at room
temperature. The formation of stimulated IP1 was quantified by
homogeneous time-resolved fluorescence (HTRF) measurements
BioTek Synergy HI1 (Agilent
Technologies, Basel, Switzerland). The obtained raw data for
receptor activation were subjected to normalization, wherein the

using a microplate reader
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baseline signal was set at 0%, and the maximum signal stimulated by
5-HT at the specific receptor was established as 100%.

2.7 Mouse study samples

C57BL/6] adult male mice (Janvier, Le Genest-Saint-Isle,
France) were maintained in littermate pairs in standard cages
(containing sawdust, a sleeping chamber, tissue paper, and a
wood stick) with water and pellet food available ad libitium. The
colony room was on a reversed light-dark cycle (dark phase 07:00 to
19:00) with temperature at 22°C and humidity at 50-60%. A total of
10 mice were dosed orally with either 3 mg/kg bodyweight
psilocybin (n = 5) or saline solution (n = 5). Dosing and blood
sampling were conducted between 09:00 and 13:00. The mouse was
placed in a plastic restrainer with the tail protruding through a hole
in the end of the tube. The tail was immersed in warm water for
1 min for vasodilation and then a small incision was made on the
lateral tail surface near the distal tip. 50 uL of blood was massaged
gently into an EDTA-coated capillary blood tube (Mircovette,
Sarstedt, Niimbrecht, Germany). The first (baseline) blood
sample was collected directly before compound administration
via oral gavage and the mouse was then returned to the home
cage. Further blood samples were collected at 15, 30, 60, and 120 min
post-treatment. Each sample was drawn from the same incision site,
with mice maintained in the home cage in the intervening periods.
The blood samples were stored on ice and centrifuged for 10 min at
780 x g and 4°C. Subsequently, the plasma was transferred into
cryotubes (Protein LoBind, Eppendorf) and stored at —80 °C until
analysis. All procedures were conducted under a permit for animal
experimentation (ZH038/2022) issued by the Veterinary Office
Zurich in accordance with the Animal Protection Act (1978) of
Switzerland. The use of psilocybin was authorized by the Federal
Office of Public Health (FOPH).

Deglucuronidation of psilocin and 4-HIAA in the plasma
samples and thus determination of the conjugated metabolite
fraction was performed according to a previously described
method by Kolaczynska et al. (Kolaczynska et al, 2021) and
adapted to the low plasma volumes available.

Pharmacokinetic parameters were calculated using Phoenix
WinNonlin software (version 8.1.0, Certara, Princeton, USA).
The elimination half-life (t;/,, min) was assessed as t;;, = In(2)/A,
while the elimination constant was calculated by linear regression in
the terminal elimination phase. The maximal plasma concentration
(Cimax ng/mL) and the time to reach this concentration (tpa h)
were direct read-outs of the graphical plots.

2.8 Human study samples
A subset (n = 5) of pharmacokinetic study samples from a
published double-blind, placebo-controlled, crossover study by
Holze et al. (Holze et al,, 2022b) was reanalyzed for psilocybin
metabolites. The clinical study was approved by the ethics
committee of Northwestern and Central Switzerland (EKNZ) and
registered at clinicaltrials.gov (ID: NCT03604744). The study was
executed according to the Declaration of Helsinki and the

International Conference of Harmonization for Good Clinical
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Practice guidelines. Participants received an oral dose of 30 mg
psilocybin and 19 blood samples were drawn in lithium heparin-
coated S-Monovette tubes (Sarstedt) over a duration of 24 h post-
treatment. Subsequently, blood samples were centrifuged at 1,811 x
g for 10 min to yield the plasma. Samples were stored at —80°C
before analysis by LC-MS/MS.

2.9 Human study samples for genotyping

Human plasma samples for genotyping were obtained from two
clinical studies, which were approved by the ethics committee of
Northwestern and Central Switzerland (EKNZ) and registered at
clinicaltrials.gov (ID: NCT03604744 and NCT04227756). The
studies were published by Holze et al. (Holze et al, 2022b) and
Ley et al. (Ley et al., 2023), respectively. Demographic data of the
studies are displayed in Supplementary Table S4. Genomic DNA
was extracted from whole blood using the QIAamp DNA Blood
Mini Kit (Qiagen, Hombrechtikon, Switzerland) and an automated
QIAcube system. SNP genotyping was performed using commercial
TagMan SNP genotyping assays (LuBio Science,
Switzerland). We assayed the following SNPs and respective
alleles:  CYP2D6*3  (rs35742686, assay: C_32407232_50),
CYP2D6*4 (rs3892097, assay: C_27102431_DO, and rs1065852,
assay: C_11484460_40), CYP2D6*6 (rs5030655, assay: C_
32407243_20), CYP2D6*9 (rs5030656, assay: C_32407229_60),
CYP2D6*10 (rs1065852), CYP2D6*17 (rs28371706, assay: C_
2222771_A0, and rs16947, assay: C_27102425_10), CYP2D6*29
(rs59421388,  assay:  C_3486113_20), and  CYP2D6*41
(rs28371725, assay: C_34816116_20, and rs16947). CYP2D6 gene
deletion (allele *5) and duplication/multiplication (allele *xN) were
determined using a TagMan Copy Number Assay (Hs04502391_
cn). Activity scores for CYP2D6 were assigned according to
established guidelines (Gaedigk et al., 2008; Crews et al,, 2012;
Hicks et al., 2013; Hicks et al., 2015; Caudle et al,, 2020). The
classification into different genotypes was as follows: poor
metabolizer (PM, activity score = 0), intermediate metabolizer
(IM, activity score = 0.5-1), extensive metabolizer (EM, activity
score = 1.5-2), and ultra-rapid metabolizer (UM, activity score > 2).

Lucerne,

2.10 LC-MS/MS instrumentation
and settings

A modular high-performance liquid chromatography (HPLC)
system (Shimadzu, Kyoto, Japan) with four pumps (A, B, C, and D)
connected to an API 4000 QTRAP or an API 5000 tandem mass
spectrometer (AB Sciex, Ontario, Canada) was used to separate and
quantify the analytes of interest. Different analytical methods were
applied to detect either psilocin and metabolites, CYP metabolites,
UGT metabolites, or MAO metabolites. Specific parameters, mass
transitions, and retention times of all analytes are summarized in
Supplementary Table S1.

The method to analyze psilocin and related metabolites was
previously described in detail and adapted from Kolaczynska et al.
(Kolaczynska et al., 2021). Analytes were separated on a Symmetry
C18 column (3.5 uM, 4.6 x 75 mm, Waters, Milford, USA) using
water supplemented with 0.1% formic acid and methanol
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supplemented with 0.1% formic acid as mobile phases A and B,
respectively. The method was expanded to also include 4-HTP,
oxidized psilocin (m/z 221.0), and norpsilocin (m/z 191.0). 4-HTP
and 4-HIAA eluted simultaneously but were detected in the positive
and negative mode, respectively. Thus, each sample was analyzed by
positive and negative ionization.

For the detection of 4-HQ, the same column and mobile phases
were used as for psilocin. However, the method’s flow rate and time
program were adapted. In brief, the injected sample (2.5 uL) was
transported using 10% mobile phase B at a 0.2 mL/min flow rate
onto the analytical column. In the first, 0.5 min of each run, the
sample was mixed with mobile phase A (0.6 mL/min) within a
T-union positioned in front of the analytical column. The total flow
rate was then increased to 0.8 mL/min and maintained at this rate
until the end of the run (0.5-4.5 min). The concentration of mobile
phase B was increased linearly to 95% between 0.5 and 3.0 min and
held at this concentration for 1.0 min. For the last 0.5 min, the
column was reconditioned with 10% mobile phase B. The HPLC was
only connected to the tandem mass spectrometer from 1.0 to
30min and otherwise directly to the waste. 4-HQ and
tryptophan-ds (ISTD) were measured by multiple reaction
monitoring (MRM) in the positive ionization mode. The mass
transitions of tryptophan-ds were summed to improve sensitivity.

The CYP metabolites were quantified by the method of Luethi
etal. (Luethi et al., 2019). In brief, the analytes were separated on an
Atlantis T3 column (3 pM, 3.0 x 50 mm, Waters). Mobile phase A
consisted of water and 0.1% formic acid for positive and negative
ionization modes. Mobile phase B in the positive ionization mode
consisted of acetonitrile and 0.1% formic acid, while pure
acetonitrile was used for analysis in the negative ionization mode.

MAO substrate DMT and its metabolite IAA were analyzed
using the bioanalytical method published by Luethi et al. (Luethi
etal, 2022). Analyte separation was conducted using a Luna PFP(2)
analytical column (3.0 uM, 2 x 50 mm, Phenomenex). Water and
methanol, both supplemented with 0.1% formic acid, served as
mobile phases A and B, respectively.

The LC-MS/MS system was operated using Analyst software
(version 1.7, AB Sciex) and the data were analyzed with MultiQuant
software (version 3.0.3, AB Sciex).

3 Results

3.1 In vitro metabolism and receptor
interactions

3.1.1 Human liver microsomes

In the presence of HLM, psilocin concentration (mean
standard deviation, SD) decreased by 29% from 1,162 + 146 nM
to 829 + 32nM after 240 min incubation of 1,000 nM psilocin
(Figure 1A). Simultaneously, minor increases in 4-HIAA (43.0 +
7.9 nM) and 4-HTP (43.4 + 6.0 nM) concentrations were observed
(Figure 1A). In the absence of HLM, no relevant decrease in psilocin
concentration (t = 0 min, 1,141 * 74 nM; t = 240 min, 1,096 +
105nM), and no metabolite formation was seen (Figure 1A).

+

Targeted inhibition of specific CYP enzymes present in HLM did
not lead to a clear inhibition of psilocin degradation (Supplementary
Figure S1). However, CYP-selective substrates, employed as control
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Psilocin’s in vitro metabolism with liver microsomes and cytochrome P450 (CYP) enzymes. (A) Incubation of 1,000 nM psilocin in the presence (red
dots) and absence (white dots) of human liver microsomes (HLM) is depicted on the left. Concurrent 4-hydroxyindole-3-acetic acid (4-HIAA; light blue
dots) and 4-hydroxytryptophol (4-HTP; dark blue dots) formation with HLM is shown on the right. (B) Incubation of 1,000 nM psilocin with recombinant
(rec.) CYP2D6 enzymes (red dots, left) and rec. CYP3A4 enzymes (red dots, right) compared to their respective control conditions (white dots) with
selective CYP inhibitors quinidine and ketoconazole, respectively. (C) Formation of putative oxidized psilocin (yellow dots, left) and putative norpsilocin
(green dots, right) with rec. CYP2D6 enzymes. In the presence of CYP2D6 inhibitor quinidine, the metabolite formation is blocked (white dots)

substances, were metabolized into their corresponding hydroxylated
metabolites in the absence of CYP-specific inhibitors. In the
presence of CYP-specific these
inhibited (Supplementary Figure S2).

inhibitors, reactions were

3.1.2 Recombinant cytochrome P450 enzymes
Recombinant CYP2D6 enzymes extensively metabolized
1,000 nM psilocin (mean + SD) over 240 min (t = 0 min, 937 +
145 nM; t = 240 min, 21.1 + 14.2 nM). This reaction was inhibited in
the presence of quinidine, a selective CYP2D6 inhibitor (t = 0 min,
1,081 + 241 nM; t = 240 min, 747 + 30 nM) (Figure 1B). With
recombinant CYP3A4 enzymes, psilocin concentration decreased by
40% (t = 0 min, 916 + 145 nM; t = 240 min, 546 + 41 nM). In the
presence of the CYP3A4 inhibitor ketoconazole, this reaction was
partially blocked as only 26% of psilocin was metabolized (t = 0 min,
973 + 133 nM; t = 240 min, 720 + 71 nM) (Figure 1B). Formation of
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4-HIAA or 4-HTP was neither observed in the presence of
recombinant CYP2D6 nor with CYP3A4 enzymes.

Two putative minor metabolites, an oxidized psilocin metabolite
(m/z 221.0 — 176.0 Da) and norpsilocin (m/z 191.0 — 160.0 Da),
were formed by CYP2D6 (Figure 1C; Supplementary Table S1). The
signal intensity (area ratio) of both, oxidized psilocin (t = 30 min,
0.013 + 0.005 counts; t = 240 min, 0.0030 *+ 0.0003 counts) and
norpsilocin (t = 30 min, 0.004 £ 0.001 counts; t = 240 min, 0.0010 +
0.0003 counts), peaked after 30 min and declined again by 240 min.
Co-incubation with the CYP2D6 inhibitor quinidine resulted in
reduced and delayed formation of norpsilocin, whereas no oxidized
psilocin metabolite was detected (Figure 1C).

Furthermore, other recombinant CYPs (1A2, 2B6, 2C8, 2C9,
2C19, and 2E1) did not metabolize psilocin and, consequently, no
production of metabolites was observed (Supplementary Figure S3).
In the control assays, CYP-specific substrates were metabolized to
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Psilocin’s in vitro metabolism with human liver microsomes (HLM) and monoamine oxidase (MAO). (A) 4-hydroxyindole-3-acetic acid (4-HIAA; light

blue dots) and 4-hydroxytryptophol (4-HTP; dark blue dots) formation after incubation of 1,000 nM psilocin with HLM (left) or recombinant (rec.) MAO-A
(right). In the presence of MAO-A inhibitor clorgyline, neither 4-HIAA nor 4-HTP formation was observed (white dots). (B) Incubation of 1,000 nM psilocin
in the presence of rec. MAO-A (red dots, left) or MAO-B (red dots, right) and in combination with MAO inhibitors (white dots) clorgyline and

R-deprenyl, respectively.

their respective hydroxylated metabolites. These reactions were
inhibited the of  CYP-specific
(Supplementary Figure S4).

in presence inhibitors

3.1.3 Monoamine oxidases
3.1.3.1 Monoamine oxidase A inhibition in human liver
microsomes

Incubation of psilocin (1,000 nM) with HLM and the MAO-A
selective inhibitor clorgyline led to complete inhibition of 4-HIAA
and 4-HTP formation. Minimal amounts (mean + SD) of 4-HIAA
(t =240 min, 8.5 + 3.8 nM) and 4-HTP (t = 240 min, 25.3 + 6.0 nM)
were observed after incubation with HLM alone (Figure 2A).
However, in this assay, psilocin concentration did not visibly
decrease when incubated with HLM (Supplementary Figure S5A).
Furthermore, incubation of 4-HIAA or 4-HTP with HLM did not
lead to any biotransformation (Supplementary Figure S5B).

In the control condition, the non-specific MAO substrate
kynuramine was readily metabolized to 4-HQ (t = 240 min,
1,974 + 302 nM) in the presence of HLM. 4-HQ production was
inhibited when incubated with the MAO inhibitor clorgyline (t =
240 min, 347 + 67 nM) (Supplementary Figure S5A).

3.1.3.2 Recombinant monoamine oxidase A and B

Psilocin incubation (1,000 nM) with recombinant MAO-A and
MAO-B enzymes did not visibly decrease its concentration
(Figure 2B). However, a minor increase in 4-HIAA (20.1 +
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2.8 nM) and 4-HTP (16.9 + 2.9 nM) concentration was observed
after incubation for 300 min with recombinant MAO-A enzymes
(Figure 2A). In the presence of the MAO-A inhibitor clorgyline, the
formation of both metabolites was inhibited (Figure 2A). Incubation
of psilocin with MAO-B did not produce any 4-HIAA or 4-HTP
(Supplementary Figure S5C).

In the control conditions, kynuramine was metabolized by
MAO-A (t = 0 min, 135,200 + 23,816 counts; t = 300 min,
48,503 + 12,251 counts) and MAO-B (t = 0 min, 82,853 +
11,336 counts; t = 240 min, 9,533 + 8,311 counts). Formation
of the metabolite 4-HQ was observed with MAO-A (t = 300 min,
2,694 + 264 nM) and MAO-B (t = 240 min, 4,692 + 891 nM)
(Supplementary Figure S5D). The concentration of the MAO
substrate DMT decreased when incubated with recombinant
MAO-A enzymes (t 0 min, 907 + 31 nM; t = 240 min,
110 * 29nM), and its metabolite TAA was formed (t
240 min, 30.3 + 4.2 nM). The decrease in DMT concentration
was almost completely inhibited by clorgyline (t = 0 min, 915 *
11 nM; t = 240 min, 853 + 69 nM), and no TAA was detected
(Supplementary Figure S6A). DMT only marginally decreased
with recombinant MAO-B (t = 0 min, 940 + 47 nM; t = 240 min,
816 + 56 nM), and small amounts of IAA were formed (t =
240 min, 11.5 + 4.5nM). R-deprenyl inhibited the metabolic
decrease of DMT with MAO-B (t = 0 min, 954 + 73nM; t =
240 min, 1,008 + 58nM),
(Supplementary Figure S6B).

and no IAA was observed
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3.1.4 Glucuronidation
3.1.4.1 Human liver microsomes and human intestinal
microsomes

No glucuronidation was observed when psilocin (1,000 nM) was
incubated with HLM, while incubation with HIM led to a decrease in
concentration (mean + SD) of 37% after 240 min (t = 0, 1,085 +
157 nM; t 240, 684 + 53nM) through glucuronidation
(Supplementary Figure S7A). In the absence of HIM, only a

minor psilocin decrease was observed (t = 0, 980 + 77nM; t =
240, 893 + 91 nM) (Supplementary Figure S7A).

In the control condition, HIM glucuronidated 99% of OH-
efavirenz over 240 min (t = 0, 45,300 + 5,766 counts; t =
240 min, 470 + 394 counts) (Supplementary Figure S7B).

3.1.4.2 Recombinant UDP-glucuronosyl transferase 1A10

Psilocin concentration (1,000 nM, mean + SD) remained stable
over 240 min in the presence of recombinant UGT1A10 enzymes
(t 1,029 + 60nM; t 240 min, 979 + 95nM)
(Supplementary Figure S7A). Similar findings were observed
when psilocin was incubated in the absence of UGT1A10 (t = 0,
980 + 77 nM; t = 240, 893 + 91 nM) (Supplementary Figure S7A).
However, in the control condition, UGT1A10 glucuronidated 98%
of OH-efavirenz over 240 min (t = 0, 41,700 + 10,936 counts; t =
240 min, 1,007 + 155 counts) (Supplementary Figure S7B).

= 0 min, =

3.1.5 5-HT receptor interactions

The interactions of psilocin, 4-HIAA, and 4-HTP with human 5-
HT,a, 5-HT4, 5-HT5p, and 5-HT,C receptors are summarized in
Supplementary Table S2. Psilocin exhibited high binding affinity at
the 5-HT;,, 5-HT,s, and 5-HT,c receptors (K; < 136 nM),
especially at the 5-HT,, receptor (K; = 41.1 + 89nM). In
contrast to psilocin, the metabolites 4-HIAA and 4-HTP
exhibited no relevant affinity to the examined 5-HT receptors
(K; > 10,000 nM). Binding at the human 5-HT,p receptor was
not assessed.

Psilocin showed high activation potency at the 5-HT 5 (ECso =
1.7 + 2.4 nM), 5-HT, (ECso = 35.4 + 9.7 nM), and 5-HT,p (ECsg =
21.5 + 178 nM) receptor. 4-HIAA and 4-HTP exhibited no relevant
activation at the 5-HT,,, 5-HT,,, and 5-HT,p receptor (ECsy >
10,000 nM). The activation potency at the human 5-HT,¢ receptor
was not assessed.

3.2 In vivo pharmacokinetics and
metabolism

3.2.1 Pharmacokinetics and metabolites in mice
The average maximal plasma concentration (C,,,y, mean + SD)
of psilocin was 198 + 28 ng/mL after 0.30 + 0.11 h (t,,,,, mean + SD),
while the mean C,,,y of psilocin-O-glucuronide was 2.6-fold higher
(521 * 57ng/mL) and peaked at 0.35 + 0.14h (Figure 3A;
Supplementary Table S3). 4-HIAA reached a C,. of 849 +
17.7 ng/mL, whilst 4-HIAA-glucuronide displayed a C,,. of
30.0 + 6.7 ng/mL. The ty,, of 4-HIAA and 4-HIAA-glucuronide
was 0.30 + 0.11 h and 0.45 + 0.11 h, respectively (Figure 3B;
Supplementary Table S3). The observed elimination half-life (t,,,
mean * SD) of psilocin and psilocin-O-glucuronide was similar
(0.91 +£0.11 h and 0.97 + 0.06 h, respectively). 4-HIAA displayed a
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slightly shorter t;,, of 0.75 + 0.11 h, while t;;, for 4-HIAA-
glucuronide was 1.38 + 0.27 h (Supplementary Table S3).

In addition to psilocin, 4-HIAA, and their conjugated
metabolites, two minor psilocybin metabolites were observed.

+

The oxidized psilocin metabolite had a retention time of
2.11 min and a t,, of approximately 0.5h in mice (Figure 3C).
On the other hand, a demethylated psilocin metabolite, likely
norpsilocin, with a retention time of 2.14 min was observed
(Figure 3D). The peak area of putative norpsilocin increased over
time with a t,,,,, at approximately 0.25 h post-treatment (Figure 3D).
Neither of the aforementioned metabolites was present in blank
mouse plasma. Also, psilocybin metabolite 4-HTP could not be
observed in the analyzed mouse plasma samples.

3.2.2 Pharmacokinetics and metabolites in human

We reanalyzed psilocybin’s pharmacokinetics in samples of five
participants from a study by Holze et al. to assess the presence of the
metabolites that we detected in vitro (Holze et al., 2022a). In human
plasma samples, both psilocin and 4-HIAA reached t,,.x at around
2.5 h post-treatment. Their chromatographic retention was 2.26 min
and 3.51 min, respectively (Figures 4A,B). Furthermore, the
CYP2D6 genotype did not alter the plasma concentration of free
psilocin (Supplementary Figure S8).

Additionally, we were able to detect an oxidized psilocin
metabolite with a retention time of 2.11 min (Figure 4C). The
metabolite reached t,,,, at 5h and no signal was present in blank
human plasma. Moreover, neither norpsilocin nor 4-HTP was
detected in human samples.

4 Discussion

In the present study, we elucidated psilocybin’s metabolic
pathways in vitro by incubating psilocin with a range of human
metabolic enzymes, as well as in vivo in mice and humans. In
addition, we tested the 5-HT receptor binding affinity and activation
potency of psilocin and some of its major metabolites. We observed
that psilocin is metabolized by HLM and MAO-A to 4-HIAA and 4-
HTP. Minor formation of psilocin-O-glucuronide was observed in
HIM, but not with recombinant UGT1A10. The putative minor
metabolites, norpsilocin, and oxidized psilocin, were formed by
CYP2D6.
observations, humans and mice showed significant psilocin
glucuronidation and formation of 4-HIAA but not 4-HTP. We
confirmed that putative oxidized psilocin was present in both
species, while putative norpsilocin was observed solely in mice.
Psilocin interacted with 5-HT;,, 5-HT,a, 5-HT,p, and 5-HT,c
receptors in the nanomolar range, while the metabolites 4-HIAA

human recombinant In contrast to in vitro

and 4-HTP showed no relevant interaction.

Based on our findings and the research of others, we propose a
metabolic pathway for psilocybin as outlined in Figure 5. Psilocybin
is rapidly dephosphorylated to psilocin by alkaline phosphatases and
non-specific esterases in the intestines, kidneys, and probably also in
the blood circulation (Hasler et al., 1997; Dinis-Oliveira, 2017). In
mice, a competitive alkaline phosphatase substrate can occupy most
of the enzyme and prevent the conversion of the prodrug psilocybin
to psilocin (Horita, 1963). Studies in rats have shown that psilocybin
probably undergoes a complete transformation to psilocin before
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Pharmacokinetics of psilocin and metabolites in mice. Pharmacokinetics (left) of psilocin (A), 4-hydroxyindole-3-acetic acid (4-HIAA; (B)), putative
oxidized psilocin (C), and putative norpsilocin (D) in mice (n = 5), following psilocybin administration (3 mg/kg p. o.). On the right, chromatograms
recorded in mouse plasma at baseline and close to tax are depicted. Colored dots show the free metabolite concentration (for A and B) or the area ratio
(for C and D), while white dots depict the conjugated fraction of the metabolite (for A and B). The area ratio was calculated as the analyte peak area
divided by the internal standard peak area (psilocin-dig or tryptophan-ds). m/z, mass-to-charge ratio; tg, retention time.

being absorbed and distributed in the blood circulation (Eivindvik
et al., 1989). In accordance with these findings, we did not detect
psilocybin in the plasma of humans or mice. The plasma elimination
half-life of psilocin in humans is approximately 2 h, while mice
metabolize psilocin at double this rate, resulting in a half-life of
around 0.9 h. Therefore, psilocin is extensively metabolized and can
undergo several metabolic reactions.

A major part of psilocin is glucuronidated to psilocin-O-
glucuronide and is excreted via urine in the first 24 h. In clinical
studies, plasma concentrations of conjugated psilocin were around
4-fold higher than concentrations of free psilocin (Holze et al,
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2022a). The half-life of psilocin-O-glucuronide in humans is around
4 h, while in mice it was approximately 4-fold lower (~1 h) (Holze
etal,, 2022a). Manevski et al. reported that UGT1A10 has the highest
glucuronidation activity for psilocin, while UGT1A9 may also be a
main contributor due to its high expression in the liver (Manevski
etal, 2010). Contrary to those findings, our in vitro glucuronidation
systems were not able to recreate the extensive in vivo
glucuronidation of psilocin. Although the positive control OH-
efavirenz was readily glucuronidated, only minor amounts of
psilocin were transformed into the conjugated compound by
HIM observed with

and no visible transformation was
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FIGURE 4

Pharmacokinetics of psilocin and metabolites in humans. Pharmacokinetics (left) of psilocin (A), 4-hydroxyindole-3-acetic acid (4-HIAA; (B)), and
putative oxidized psilocin (C) in humans (n = 5), following psilocybin intake (30 mg p. 0.). On the right, chromatograms recorded in human plasma at
baseline and close to ty., are depicted. Colored dots depict the area ratio over time. Detailed pharmacokinetic analysis of psilocin and 4-HIAA in the
herein-analyzed human samples was published by Holze et al. (2022a). The area ratio was calculated as the analyte peak area divided by the internal
standard peak area (psilocin-dio or tryptophan-ds). m/z, mass-to-charge ratio; tg, retention time

recombinant UGT1A10. Therefore, using more complex systems
like primary hepatocytes or human spheroid three-dimensional
models might be more suitable to investigate in vivo phase II
metabolism of psilocybin (Ooka et al., 2020).

Psilocin undergoes another major oxidative metabolic pathway
similar to the structurally related monoamine neurotransmitter 5-
HT (Svensson et al.,, 1999). MAO enzymes metabolize the tertiary
amino group of psilocin to yield the intermediate aldehyde 4-HIA
(Hasler et al,, 1997). 4-HIA is then rapidly metabolized to either 4-
HIAA or 4-HTP (Hasler et al, 1997; Becker et al, 2022).
Recombinant MAO-A enzymes as well as HLM were able to
produce minor amounts of 4-HIAA and 4-HTP in vitro, while
selective MAO-A inhibitors reduced this reaction. Neither MAO-B
nor any of the assessed CYP enzymes produced 4-HIAA or 4-HTP,
suggesting that only MAO-A is involved. However, since MAO-A
likely only catalyzes the production of the intermediate 4-HIA,
major amounts of 4-HIAA and 4-HTP might only be produced
when functional ALDH or ADH enzymes are also present, similar to
5-HT’s metabolism (Svensson et al., 1999; Dinis-Oliveira, 2017).
Moreover, careful interpretation of the produced amounts is
advised, considering that DMT, a substance well-documented to
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be rapidly metabolized by MAO in vivo, exhibited only slow
metabolism in vitro, thus resulting in only minor amounts of its
metabolite IAA (Luethi et al., 2022; Vogt et al., 2023). Interestingly,
although reported before in other studies (Horita, 1963; Hasler et al.,
1997), 4-HTP was neither detected in humans nor in mice but only
in vitro with HLM. Most likely 4-HTP is either rapidly metabolized
in humans and mice or not produced at all.

Minor interspecies differences were detected when comparing
the results of human with mouse samples. In humans, 4-5-fold
higher maximal concentrations of 4-HIAA were found compared to
psilocin (Holze et al, 2022a; Becker et al, 2022), while the
concentrations in mice were 2-fold lower compared to psilocin.
The elimination half-life of 4-HIAA in mice (0.75 h) was more than
2-fold shorter than in humans. Moreover, 4-HIAA is most likely
glucuronidated in mice whilst in human samples there was no
evidence of glucuronidated 4-HIAA. Although 4-HIAA possesses
several glucuronidation sites, we suggest that it undergoes a similar
metabolic reaction as 4-hydroxyindole and psilocin in humans to
the (Manevski 2010). The
O-glucuronidation of 4-hydroxyindole in humans is mainly
catalyzed by UGT1A6 and UGT1A9 which also could play an

form O-glucuronide et al,
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Proposed metabolic pathway of psilocybin and its active metabolite psilocin. Intermediate metabolites are shown in brackets, while putative or not
structurally confirmed metabolites are shown in a dotted frame. Metabolites that were only detected in mice are shaded in blue. Major metabolic
pathways are marked with bold arrows, while proposed enzymes catalyzing these reactions are indicated next to the arrows. 4-HIA, 4-hydroxyindole-3-
acetaldehyde; 4-HIAA, 4-hydroxyindole-3-acetic acid; 4-HTP, 4-hydroxytryptophol; ADH, alcohol dehydrogenase; ALDH, aldehyde
dehydrogenase; MAO-A, monoamine oxidase A; UGT, UDP-glucuronosyl transferase.

important role in this pathway (Manevski et al., 2010). Alternatively,
4-HIAA could undergo acyl-glucuronidation, to form an unstable
acyl-glucuronide, or N-glucuronidation (Regan et al, 2010;
Kaivosaari et al., 2011).

Out of the eight assessed CYP enzymes, only CYP2D6 and
CYP3A4 showed a relevant metabolic activity, suggesting that
CYP1A2, 2B6, 2C8, 2C9, 2C19, and 2El are unlikely to be
involved in psilocybin’s metabolism. Neither 4-HIAA nor 4-HTP
formation could be observed with any of the CYP enzymes,
confirming that CYPs are not involved in these metabolic
pathways. Psilocin can, however, continue to follow another
minor metabolic pathway that may be of relevance in the
presence of MAO inhibitors (e.g., antidepressants). Several
studies suggested a minor oxidative metabolite with an o-quinone
or iminoquinone structure produced by, e.g., ceruloplasmin,
cytochrome oxidases, or non-enzymatically by Fe’" (Blaschko and
Levine, 1960; Horita and Weber, 1961b; Horita, 1963; Kovacic,
2009). We hypothesized that CYP enzymes might be involved in
this step and investigated this in vitro. CYP3A4 showed minor
activity in metabolizing psilocin, however, no previously described
metabolite could be identified. Estimating the extent of the
contribution of CYP3A4 in psilocin’s metabolism is challenging.
Although our data implies CYP3A4 involvement, additional
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investigation is necessary for a more accurate assessment.
CYP2D6 was more active than CYP3A4 as it rapidly and
completely metabolized psilocin. Subsequently, oxidized psilocin,
potentially a quinone-type structure like psilocin iminoquinone
(e.g.
hydroquinone (e.g., 4,5-hydroxy-N,N-dimethyltryptamine) has
been detected following incubation of psilocin with CYP2D6.
Afterward, the compound has also been detected in human and

4-hydroxy-5-oxo-N,N-dimethyltryptamine) or psilocin

mouse plasma. This metabolite might have been described as a
psilocybin metabolite in mammalian tissue homogenates, but never
before in humans (Horita and Weber, 1961b; Horita, 1963; Dinis-
Oliveira, 2017). Based on the parent mass of 220.0 Da and the
observed fragmentation pattern in the mass spectrometer (/2 221.0
— 176.0 Da), we can postulate that this metabolite possesses an
additional oxygen atom on the benzene ring of the indole moiety.
However, the exact position of the oxygen cannot be determined
solely with tandem mass spectrometry. We can also not exclude that
there are several different metabolites present with different
hydroxylation or oxidation sites on the indole ring. Similar
metabolic findings have been made for structurally related
(Bergh et al, 2024).
structure as proposed by Dinis-Oliveira et al. can be ruled out

synthetic tryptamines An o-quinone

since this metabolite would have a different molecular weight
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(218.0 Da) than the metabolite observed in our experiments (Dinis-
Oliveira, 2017). Further structural analysis is needed to elucidate the
elemental formula and exact position of the oxygen atom.

In addition, another psilocin metabolite was identified in the
CYP2D6 assay and subsequently in mouse plasma. The metabolite
possesses a molecular mass of 190.0 Da and therefore most likely
corresponds to norpsilocin (N-methyl-4-hydroxytryptamine). The
fragments observed in the mass spectrometer (m/z 191.0 —
160.0 Da) suggest that the
demethylation of the tertiary amine of psilocin. Interestingly,
norpsilocin could not be detected in human plasma samples. To
the best of our knowledge, this metabolite has not been observed
before as a product of psilocybin’s metabolism, but rather as a

compound arises through

synthesis or metabolic product of baeocystin, a demethylated analog
of psilocybin, present in hallucinogenic mushrooms of the Psilocybe
genus (Lenz et al., 2017; Sherwood et al., 2020). Norpsilocin was
previously suspected to exert psychoactive effects similar to psilocin.
It is nearly a full agonist at the mouse and human 5-HT), 4 receptor in
Gg-dependent calcium flux assays (ECs < 10 nM) but interestingly
did not show any psychoactive properties in head-twitch response
experiments with mice (Sherwood et al., 2020). This may be due to
the inability to cross the blood-brain barrier or rapid degradation of
the secondary amine group (Sherwood et al., 2020; Sherwood et al.,
2024). Nevertheless, further analysis with NMR or high-resolution
mass spectrometry is needed to confirm the structure of this minor
psilocin metabolite. Interestingly, the reduction in psilocin
concentration observed with CYP2D6 can probably not be solely
attributed to an oxidative metabolite or norpsilocin. This suggests
the possibility of additional, unidentified metabolites being present.
that
CYP2D6 activity did not change exposure to psilocin in humans.
Thus, CYP2D6 might not be considered to be critically involved in
the main metabolism of psilocin in humans and any between-
individual differences in CYP2D6 activity are unlikely to

Furthermore, we showed genetically  determined

influence the response to psilocin in humans. However, the
significance of this data may be constrained by the limited
number of samples examined. Nevertheless, these preliminary
results could have direct clinical implications for psilocybin-
assisted therapy and contrast with LSD and MDMA, wherein
poor CYP2D6 function significantly increases exposure to these
substances and enhances the acute effects (Schmid et al., 2016; Vizeli
et al., 2021).

In general, there are only limited data available on the activity
of psilocybin’s metabolites at the human 5-HT receptors. Here,
psilocin showed sub-micromolar receptor binding affinity at
human 5-HT,, (128 + 33 nM), 5-HT,, (41.1 + 8.9 nM), and 5-
HT,c (136 + 35nM) receptors, confirming the results of Rickli
et al. (Rickli et al., 2016). Psilocin further showed sub-micromolar
activation potencies at the 5-HT 4, 5-HT,, and 5-HT, receptors
(<74.5 + 6.0 nM). However, neither 4-HIAA nor 4-HTP displayed
relevant binding affinity at the 5-HT;,, 5-HT,4, and 5-HT,¢
receptors (K; > 10,000 nM) and also no receptor activation
potency at the 5-HT,,, 5-HT,4, and 5-HT,p receptors (ECsy >
10,000 nM). The inactivity of these metabolites at the human 5-HT
receptors indicates that they are not involved in exerting the
psychoactive effects in humans, which is in line with the time
course of the subjective effects observed in clinical studies (Holze
et al., 2022a). The herein-detected oxidative psilocin metabolite
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has so far not been investigated at human 5-HT receptors due to its
uncertain structure.

5 Conclusion

In conclusion, this comprehensive study explored the
metabolic pathways of psilocin both in vitro and in vivo and
provides new evidence of involved enzymes. In total, we were
able to detect six psilocin metabolites. While confirming the
glucuronidation of psilocin in vivo, we also detected apparent
interspecies differences with the glucuronidation of 4-HIAA and
the presence of putative norpsilocin in mice compared with
humans. While MAO-A was identified as a key enzyme
responsible for psilocin’s oxidative transformation to 4-HIAA
and 4-HTP, the additional roles of ALDH and ADH still have
to be investigated. CYP2D6 and CYP3A4 seem to be involved to a
minor extent in psilocin’s metabolism. CYP2D6 produced
norpsilocin and a structurally unresolved oxidized metabolite.
However, no metabolite was identified with CYP3A4, requiring
further investigation into the extent of its role in psilocin’s
metabolism. The herein-employed in vitro assays assisted in
unraveling the metabolism of psilocin but were unable to
closely reproduce phase II metabolic reactions of UGT and
MAO as observed in humans and mice. Consequently, it is
recommended to use and assess more complex hepatocellular
assays further the of these
tryptamines. The major metabolite 4-HIAA and 4-HTP were
inactive at human 5-HT receptors but the activity of oxidized
psilocin metabolites and norpsilocin remain to be assessed.

to investigate metabolism

Inhibition of psilocin inactivation by MAO could potentially
augment the metabolic pathway catalyzed by CYP2D6, thereby
altering the pharmacodynamics of psilocybin therapy. However,
the CYP2D6 genotype did not influence psilocin concentrations in
humans. Moreover, glucuronidation of psilocin would likely
continue to be the predominant metabolic pathway, rendering
MAO inhibition potentially less important.

Finally, our findings on psilocybin’s metabolism contribute to
the safety and efficacy of psilocybin therapy by indicating potential
drug-drug interactions and helping advance research on psilocybin
as a therapeutic agent.
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6 DISCUSSION

This thesis is composed of two main sections, each of which presents a distinct
investigation into the subject of psychoactive substances. Part I consists of the development
and validation of LC-MS/MS methods for the rapid and robust quantification of psychoactive
substances and their metabolites. The projects involved the psychedelic mescaline, the semi-
synthetic opioid diamorphine, and the entactogen MDMA. The validated methods were
subsequently employed for the pharmacokinetic analysis of clinical studies involving the
aforementioned substances. Part II of this thesis examines the metabolic degradation of
psilocybin in vitro, in mice, and in humans, with a particular emphasis on the involved
enzymes. The following sections briefly discuss all projects, followed by a conclusion and an

exploration of future perspectives.

The LC-MS/MS method described in the first project (Chapter 3.1) was developed and
validated as a tool for the analysis of two clinical studies investigating mescaline. The initial
study examined the comparative acute effects of LSD, psilocybin, and mescaline in healthy
participants (NCT04227756) (Ley et al. 2023). The study found no qualitative differences in
altered states of consciousness when equivalent doses of the different psychedelics were
administered. However, differences in pharmacokinetics and duration of action were observed
(Ley et al. 2023). The second study focused on the function of the 5-HT2a receptor in
mescaline-induced altered states of consciousness (NCT04849013) (Klaiber et al. 2024b).
Participants received escalating doses of mescaline and a combination of the highest dose with
the 5-HT2a receptor antagonist ketanserin to block the psychedelic effects. Dose-dependent
psychedelic effects were observed while ketanserin was able to reduce the acute effects
(Klaiber et al. 2024b). Otherwise, contemporary mescaline research is relatively limited in
comparison to other psychedelic substances (Vamvakopoulou et al. 2023). The aforementioned
studies sought to address this gap, providing data on the acute psychedelic effects, tolerability,
pharmacokinetics, and dose equivalence of mescaline compared to other psychedelics.

The method developed herein enables and facilitates the modern pharmacokinetic analysis
of mescaline, providing a bioanalytical tool for such studies. In comparison to the existing
methodology (Beyer et al. 2007, Bjornstad et al. 2008, da Cunha et al. 2020, Pichini et al. 2014,
Sergi et al. 2010, Yang et al. 2022), our approach exhibits a significantly reduced runtime,
thereby facilitating the rapid examination of a large number of study samples. Secondly, only

minimal volumes of plasma are required to analyze a sample. Moreover, to the best of our
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knowledge, no previous method included the metabolites TMPAA, NAM, and 4-desmethyl
mescaline. This offers valuable insights into the metabolic fate of these compounds.

A limitation of the method is that 4-desmethyl mescaline could not be analyzed in clinical
study samples due to an unexpected interference with its structural isomer 3-desmethyl
mescaline, which is also abundant in human plasma samples after mescaline ingestion. As a
result, reliable quantification was not possible. In order to achieve a successful simultaneous
analysis of the two demethylated metabolites, it would be necessary to refine the

chromatographic separation.

The second project (Chapter 3.2) focused on the development and validation of an LC—
MS/MS method for the analysis of the pharmacokinetics of intranasal diamorphine. The
investigation is part of a multicenter observational study examining the acceptability and
feasibility of intranasal diamorphine administration in diamorphine-assisted treatment for
opioid-dependent patients (BASEC ID: 2020-00354, manuscript in preparation).

The straightforward sample preparation and short analytical run time allow for the efficient
analysis of samples. The rapid and robust analysis is of particular importance given that
diamorphine is relatively unstable in human plasma under certain storage conditions (Barrett
et al. 1992, Jones et al. 2013, Karinen et al. 2009). The analytical method and the gained
knowledge about pharmacokinetics help advance treatment strategies for opioid-dependent
patients. Intranasal application of diamorphine-assisted treatment may result in a less
stigmatized form of therapy compared to intravenous application, enhance medication
adherence, and improve the overall safety profile of the treatment (Biancarelli et al. 2019, Cama
et al. 2016, Vogel et al. 2023).

With the current opioid crisis in North America, improving treatment strategies is of
specific interest. The main drivers of the opioid crisis are synthetic opioids such as fentanyl or
nitazenes. In contrast, the opioid situation in Europe is less severe. Nevertheless, diamorphine
remains a leading cause of drug-related mortality in the European Union (EU). This underlines
the importance of continued research on diamorphine. However, the prevalence of synthetic
opioids in Europe should not be overlooked, as they are also widespread. For example,
shortages of diamorphine could potentially increase the prevalence of synthetic alternatives
which could in turn lead to a synthetic opioid crisis in Europe (Griffiths et al. 2024, Seyler et
al. 2021, The Lancet Regional Health - Americas 2023).
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In the third project (Chapter 3.3), two LC-MS/MS methods were developed and validated
for the achiral and chiral analysis of MDMA and MDA. The techniques were employed to
analyze several clinical studies involving MDMA and derivatives.

One study investigated the acute effects of MDMA and LSD co-administration
(NCT04516902) and found that the co-administration of MDMA did not influence the
psychedelic effects of LSD (Straumann et al. 2023). However, MDMA inhibited the LSD
metabolism and thus prolonged its acute effects. A potential benefit of using co-administration
in psychotherapy was not observed (Straumann et al. 2023). Another study examined the acute
effects of R-MDMA and S-MDMA in comparison to racemic MDMA (NCT05277636)
(Straumann et al. 2024a). Differences in the stimulant properties of the enantiomers
(S-MDMA > R-MDMA) and in the potency to inhibit CYP2D6 (R-MDMA > S-MDMA) were
suggested. Nevertheless, the subjective and adverse effects may be comparable for the two
enantiomers when dosed equivalently. Furthermore, no beneficial effects of the enantiomers
were identified in comparison to racemic MDMA. Finally, the method was used to analyze a
study comparing the effects of lysine-MDMA and lysine-MDA with those of racemic MDMA
and MDA (NCT04847206, manuscript in preparation).

Overall, the achiral method provides the advantage of rapid sample analysis for both
MDMA and MDA. Since MDMA and MDA do not undergo chiral inversion, the enantiomers
S-MDMA, R-MDMA, S-MDA, and R-MDA can also be accurately analyzed using this method,
provided that only one enantiomer was administered. Meanwhile, the chiral method effectively
and reliably separates the enantiomers of MDMA and MDA in racemic mixtures, making it a
valuable tool for analyzing the distinct pharmacokinetic properties of R- and S-MDMA after
racemate treatment. Given the current relevance and significance of research on MDMA and
its enantiomers as a therapeutic agent, having robust bioanalytical methods to analyze both the
racemate and individual enantiomers of MDMA and MDA is crucial. This will improve clinical
studies and facilitate further research on MDMA’s therapeutic potential by improving the

understanding of its pharmacokinetics and metabolism.

The project in Part II (Chapter 5.1) investigated the metabolic degradation of psilocybin’s
active metabolite psilocin. In consideration of the recent interest in psychedelics and the
development of novel treatment strategies, it is crucial to understand their metabolism in detail.
Although psilocybin is one of the most researched psychedelics with significant medical
potential, metabolic and metabolomic studies are still limited (Lowe et al. 2021, Madrid-

Gambin et al. 2023). By revealing psilocybin’s metabolism and elucidating the enzymes
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involved in these processes, key questions about the safety and toxicology of metabolic
byproducts and drug-drug interactions might be addressed (Madrid-Gambin et al. 2023). The
role of the CYP system, which is involved in the metabolism of other psychedelics (Halman et
al. 2024, Luethi et al. 2019a), has not been extensively studied for psilocybin. Furthermore,
studies trying to identify unknown metabolites that may be pharmacologically active are
currently lacking. Consequently, the objective of this project was to address this research gap.

The involvement of the highly polymorphic enzyme CYP2D6 in psilocin’s metabolism
suggests potential individual differences in psilocin degradation. An enhanced or diminished
production of the proposed oxidative metabolite could have an impact on the safety and
efficacy of psilocybin-assisted treatment. Nevertheless, the investigation into the influence of
the CYP2D6 genotype on psilocin levels did not reveal a significant difference between poor,
intermediate, extensive, and ultra-rapid metabolizers. However, the sample size of poor (n = 3)
and ultra-rapid metabolizers (n = 2) was limited, which reduced the power of the investigation.
Moreover, the findings indicate that CYP3A4 may also play a role in psilocin metabolism.
Nevertheless, no metabolite generated by CYP3A4 was identified. In general, the metabolic
pathways involving CYP2D6, but also CYP3 A4, are likely of minor importance, as the primary
routes leading to 4-HIAA and psilocin-O-glucuronide are highly dominant.

The activity of the proposed oxidative metabolite in humans remains unclear. Given the
multiple positions on psilocin’s indole ring that could be hydroxylated, it is plausible that
various constitutional isomers of this metabolite exist. Each could have distinct intrinsic
activities and receptor affinities. The elucidation of the exact chemical structures and
investigation of their pharmacological activity requires further investigation. In this regard, the
application of advanced techniques such as high-resolution mass spectrometry (HRMS) or
nuclear magnetic resonance (NMR) may prove useful.

Moreover, MAO-A has been identified as an enzyme involved in the transformation of
psilocin to 4-HIAA and 4-HTP. This suggests that MAOIs, such as those used in ayahuasca
(Egger et al. 2024, Riba et al. 2003), may influence the degradation of psilocybin. However, in
the case of MAO inhibition, alternative metabolic pathways, such as glucuronidation to the
inactive O-glucuronide, could compensate for this enzymatic inhibition. Nevertheless, this
hypothesis has yet to be thoroughly investigated in humans. Notably, -carbolines, which are
potent reversible MAOIs, have been identified as natural components in Psilocybe mushrooms.
Therefore MAOI may already contribute to a synergistic effect when consuming psilocybin-

containing mushrooms (Blei et al. 2020).
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Overall, the present project is characterized by three distinct approaches to investigate
psilocybin’s metabolism. The combination of in vitro and in vivo results in two different
species offers a comprehensive insight into the metabolic processes. Nevertheless, the study
has some limitations. It is limited by the relatively small sample sizes in both the mouse (n = 5)
and the human study cohort (n = 5). Larger sample sizes in future studies would enhance the
robustness of the findings. Furthermore, as previously stated, the importance of the genotyping
results would be enhanced by a larger sample size of poor and ultra-rapid metabolizers. This
would enable a more profound understanding of individual variations in psilocybin
metabolism. Moreover, the in vitro and in vivo data are not always congruent, which
demonstrates the limitations of these straightforward yet efficacious enzymatic assays.
Extending these assays with more advanced methods, such as enzymatic assays in primary

hepatocytes, could help to address the observed discrepancies.

7 CONCLUSION AND OUTLOOK

Concluding Part I, four LC-MS/MS methods for the robust and reliable quantitative
analysis of three psychoactive substances and metabolites have been developed and validated
in accordance with industry standards. The methods all stand out through non-laborious sample
preparation and a simple setup, yet they facilitate rapid and robust bioanalysis. The methods
were successfully implemented in routine pharmacokinetic analysis of plasma samples from
clinical studies. These techniques facilitate the advancement of research on promising
psychoactive substances for the treatment of various mental health issues. In the case of
diamorphine, the method supports the development of novel treatment options, which may
consequently enhance medication adherence and provide a less stigmatized and safer route of
treatment.

The project in Part II provides valuable insight into the metabolic degradation of
psilocybin, highlighting the contributing role of CYP2D, CYP3A4, and MAO-A. The
identification of minor metabolites in mice and humans further elucidates the metabolic
pathways involved. Future studies with larger sample sizes and advanced assays or analytical
techniques will be critical to fully understand the pharmacological implications of psilocybin’s
metabolites. This will be essential to optimize the therapeutic outcomes of psilocybin-assisted

psychotherapy while minimizing potential adverse effects.
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