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“At the threshold of perception, the veil lifts and the extraordinary world behind ordinary 
reality shines through” 

Albert Hofmann 

― 
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PREFACE 

 All research in this thesis is published in peer-reviewed journals and presented in 
form of scientific papers. References for each paper are presented within each publication. 
The general reference list at the end of the thesis is covering the introduction and discussion 
part. All presented research was performed at the University Hospital Basel and the 
University of Basel.  

During the course of writing this thesis, I used ChatGPT, an artificial intelligence (AI) 
language model based on OpenAI’s GPT-4 architecture, to help improve the readability and 
coherence of the introduction, discussion, conclusion & outlook. This tool assisted me in 
refining my language, ensuring that complex ideas were communicated effectively, and that 
the overall presentation was more accessible. The content and ideas presented in this thesis 
are my own and not generated by AI. 
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Classic psychedelics such as psilocybin and lysergic acid diethylamide (LSD) and the 
entactogen 3,4-Methylenedioxymethamphetamine (MDMA) are being investigated for their 
potential in substance-assisted therapy for various psychiatric and neurological disorders. 
While first results propose potential in treating these conditions, there is a lack of phase I 
studies examining the safety, pharmacology, and subjective effects of these compounds in 
healthy volunteers, as usually is the case in drug development. Previous research has shown 
that the acute positive effects of psychedelics are linked to their therapeutic benefits, making 
it essential to enhance these acute subjective effects. MDMA is a racemic substance that has 
already been investigated more extensively in phase I studies, yet preclinical research 
suggests that its enantiomers may have different effects, with one potentially being more 
suitable for substance-assisted therapy, regarding the safety. This thesis includes three 
projects aimed at expanding our knowledge of the safety, pharmacology and subjective effects 
of LSD, psilocybin, MDMA and the enantiomers R-MDMA and S-MDMA.  

The first project involved a clinical study with healthy volunteers where MDMA (100 
mg) was used as a pharmacological tool to enhance the psychedelic effects of LSD (100 µg). 
While the effects profile of the combined LSD + MDMA administration did not differ 
significantly from LSD alone, the duration of effects was extended by an average of 1.5 hours. 
This is likely due to MDMA’s strong inhibition of the Cytochrome P450 2D6 (CYP2D6) 
enzyme, which slowed the metabolization of LSD, resulting in higher plasma concentration 
and a longer elimination half-life. This finding further supports a role for CYP2D6 in the LSD 
metabolism. The LSD + MDMA combination induced higher blood pressure and heart rate, 
with similar minimal increases in body temperature compared with LSD alone. Even though 
the combined administration is intriguing, it probably offers no additional benefit to LSD-
assisted psychotherapy in patients. 

The second project included three completed studies with 113 psilocybin 
administrations at doses from 15 to 30 mg in 85 healthy volunteers. Safety data of these 
studies were pooled and revealed comparable positive effects for 20, 25, and 30 mg psilocybin, 
while significant “anxiety” was only observed with the 25 and 30 mg doses. Increases in blood 
pressure (>140 mmHg), heart rate (>100 bpm), and body temperature (>38°C) were noted in 
50%, 7%, and 16% of participants, respectively, after psilocybin administration. The 
autonomic effects of psilocybin were similar to those of LSD and less pronounced than those 
of MDMA. Acute adverse effects included fatigue, lack of concentration, lethargy, vertigo, 
feeling of weakness, and decreased appetite. Overall, single-dose administrations of 
psilocybin up to 30 mg were found to be safe regarding psychological and physical harm in 
healthy volunteers in a controlled setting. However, risk and benefits of using psilocybin in 
patients need further investigation. 
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The third project examined the acute and subacute effects of MDMA (125 mg) and its 
enantiomers R-MDMA (125 and 250 mg) and S-MDMA (125 mg). While small differences in 
subjective effects were observed with MDMA, R-MDMA and S-MDMA, dose equivalence was 
not achieved, leaving it unclear whether these differences are due to their distinct binding 
profiles or the dosing. The results suggest dose equivalence regarding subjective effects with 
125 mg MDMA, 300 mg R-MDMA, and 100 mg S-MDMA. The elimination half-life of R-
MDMA increased dose-dependently from 11 hours with 125 mg racemic MDMA, to 12 hours 
with 125 mg R-MDMA, to 14 hours with 250 mg R-MDMA. In contrast, the elimination half-
life of S-MDMA decreased when administered without R-MDMA. Additionally, the formation 
of 4-Hydroxy-3-methoxymethamphetamine (HMMA), a metabolite produced via CYP2D6, did 
not increase with higher doses of R-MDMA, indicating that R-MDMA dose-dependently 
inhibits CYP2D6. The extent to which S-MDMA inhibits CYP2D6 remains to be determined.  

All projects uncovered new findings about these compounds, providing valuable 
insights to inform and guide future clinical studies in both healthy volunteers and patients. 
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The present thesis focuses on three main compounds: LSD, psilocybin, and MDMA. All three 
are currently utilized within the Swiss limited use program and are being developed into 
medications. MDMA it at the forefront for treating post-traumatic stress disorder (PTSD), 
psilocybin for treatment-resistant depression (TRD), and LSD for generalized anxiety 
disorder. Investigating the clinical pharmacology of these compounds is crucial to their 
development and success which was the goal of this thesis. 

1.1. LSD 

Lysergic acid diethylamide (LSD), which is a classic psychedelic, was first synthesized 
by Swiss chemist Albert Hofmann in 1938 in Basel, Switzerland. After resynthesis in 1943 
he accidentally absorbed a small amount through his skin and a few days later, when he 
intentionally ingested 250 micrograms, he experienced profound and intense psychedelic 
effects [1]. Between 1949 and 1966 Sandoz distributed LSD under the brand name Delysid® 
to physicians and psychiatrists globally for research purposes such as enhancing 
psychotherapy or exploring model psychosis [1, 2]. However, LSD moved beyond clinical 
research and was banned by the US government in 1968 [3]. In recent years, there has been 
a revival of interest in its therapeutic possibilities. The first modern study with LSD was 
conducted by Swiss psychiatrist Peter Gasser in 2008 and included 12 patients with anxiety 
associated with a life-threatening disease [4, 5].  

LSD is chemically classified as a semisynthetic ergoline, a derivative of lysergic acid, 
which is a component of the ergot alkaloids produced by the ergot fungus. The main 
mechanism of LSD is a potent partial agonism on the serotonin (5-HT)2A receptor. The 5-HT2A 
receptor mediates the typical effects of classic psychedelics and can be blocked with a pre- or 
post-treatment with the antagonist ketanserin [6-9]. LSD additionally binds to 5-HT1A, 5-
HT2C, adrenergic and dopaminergic receptors [10, 11].  

The pharmacokinetics show dose-proportional increases in plasma concentration and 
first-order elimination kinetics [12]. Maximal concentration (Cmax) values are reached after 
1.4 – 1.6 hours, with an elimination half-life between 3.9 and 4.3 hours for doses of 100 – 200 
µg LSD [13, 14]. LSD is metabolized to 2-Oxo-3-hydroxy-LSD (O-H-LSD) and N-
demethylated LSD (nor-LSD) by cytochrome P450 (CYP) enzymes. In vitro studies showed 
involvement of CYP1A2, CYP3A4, CYP2C9, CYP2C19, CYP2D6, and CYP2E1 enzymes [15, 
16]. A pooled analysis in healthy volunteers showed that poor metabolizers of CYP2D6 have 
an overall higher exposure to LSD (higher maximal plasma concentration and longer half-
live) and show more anxiety compared to normally functional CYP2D6 metabolizers [17]. 



Introduction 
 

18 
 

A pooled analysis of acute LSD effects in healthy volunteers showed that after oral 
administration, the onset of the acute subjective effects (mean ± SD) started after 0.5 ± 0.3 
hours with a dose of 100 µg [18]. Peak effects were reached after 2.5 ± 1.1 hours and the effect 
duration was 8.5 ± 3.2 hours with 100 µg LSD [18]. LSD induces significant alterations in 
consciousness, affecting perception, cognition, thinking and emotional processing. These 
changes involve illusions, pseudo-hallucinations, intensified color perception, synesthesia, 
and changes in time perception [8, 13, 19]. LSD shows low toxicity with no documented 
human deaths from an LSD overdose [2]. Safety concerns include challenging experiences 
(i.e., “bad trips”), acute anxiety, flashbacks, and hallucinogen persisting perception disorder 
(HPPD) [2]. 
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1.2. Psilocybin 

Psilocybin is currently the most broadly investigated psychedelic compound. 
Psilocybin is the prodrug of psilocin, the active compound in psychedelic mushrooms [20]. 
The use of these mushrooms in religious and healing ceremonies dates back centuries [21]. 
In 1957, Swiss chemist Albert Hofmann, known for synthesizing LSD, isolated and identified 
psilocybin and psilocin as the active compounds in these mushrooms [22]. Psilocybin was 
subsequently marketed by Sandoz as Indocybin® in 1958 for research purposes and to support 
psychotherapeutic procedures [22]. However, like LSD, psilocybin was banned after getting 
attention outside of laboratories during the 1960s counterculture movement. Renewed 
interest in psilocybin appeared in the early 2000s when psychopharmacologist Roland 
Griffiths published a clinical study about mystical-type experiences induced by psilocybin in 
healthy volunteers [23]. The first modern study investigating psilocybin in patients was 
conducted and published in 2006 by psychiatrist Francisco Moreno, focusing on obsessive-
compulsive disorder (OCD) [24].  

Psilocybin is chemically classified as a naturally occurring tryptamine [22]. Psilocin 
is an agonist at the 5-HT2A receptor and inhibits the 5-HT transporter (SERT) [11]. Similar 
to LSD, the main mechanism of psilocin to induce psychedelic effects is the activation of the 
5-HT2A receptor. Psilocin additionally interacts with 5-HT1A, 5-HT2B, and 5-HT2C receptors 
[25].  

Effects of psilocybin are largely similar to those of LSD despite minor receptor 
differences. However, psilocybin is less potent, requiring a higher dosage to achieve 
comparable effects. Three studies with psilocybin have been conducted by the 
Psychopharmacology Research Group of the University Hospital Basel in Switzerland, 
covering a dose range from 15 – 30 mg. After oral administration of psilocybin, the onset of 
the acute subjective effects started between 0.5 and 0.8 hours [13, 26]. Peak effects were 
reached after 2.1 – 2.3 hours and the effect lasted for 4.9 – 6.5 hours [13, 26]. Psilocybin also 
induced moderate cardiovascular stimulation similar to that of LSD. Other than a shorter 
effect duration, the psychedelic effects of psilocybin do not differ significantly from those of 
LSD [13, 26]. As LSD, psilocybin exhibits low toxicity and minimal potential for abuse, as 
shown by lack of self-administration in animal studies [27]. The primary safety concerns are 
psychological and include the same as with LSD [27, 28].  
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1.3. MDMA and its enantiomers 

3,4-Methylenedioxymethamphetamine (MDMA) was first synthesized in 1912 by the 
German pharmaceutical company Merck, initially as a precursor to a blood-clotting agent 
[29]. The psychoactive properties were only recognized later when American chemist 
Alexander Shulgin began studying the compound in the 1970s [30]. He introduced MDMA to 
psychotherapists, with the intent to use it as an adjunct to therapy due to its ability to 
enhance empathy and communication. In the 1980s, MDMA gained popularity as a 
recreational drug and in 1985 it was banned and classified as a Schedule I controlled 
substance [31, 32]. The first study investigating MDMA in patients was conducted by 
psychiatrist Michael Mithoefer of the Multidisciplinary Association for Psychedelic Studies 
(MAPS) in the early 2000s focusing on using MDMA-assisted psychotherapy to treat PTSD 
[33].  

Chemically, MDMA is classified as a substituted amphetamine and represents the 
prototypical compound within the class of empathogens or entactogens [31]. MDMA primarily 
induces 5-HT release via the serotonin transporter by reversing SERT and to a lesser extent 
also induces norepinephrine (NE) and dopamine (DA) release [34, 35]. Additionally, it’s 
potential to release oxytocin has been shown to be important for MDMA’s effects [36].   

After oral administration of 125 mg MDMA the onset of the acute subjective effects 
(mean ± SD) started after around 33 ± 24 minutes, reached its peak after 1.6 ± 0.8 hours and 
lasted 4.2 ± 1.3 hours [37]. MDMA induces feelings of well-being, positive mood, enhanced 
feelings of affection and connectedness to other people, increased openness, loss of anxiety 
and feeling at peace [38, 39]. Acute adverse effects of MDMA include increased blood 
pressure, heart rate, and body temperature, bruxism, reduced appetite, and impaired balance 
[33, 37]. Subacute adverse effects such as low mood and fatigue on the following days have 
been described [40]. MDMA has shown some reward-related effects in both animals and 
humans, yet the risk of developing dependence is considered low, especially in healthy 
volunteers with no history of drug dependence and compared with other drugs of abuse [41-
43].  

MDMA is a racemic substance containing equal amounts of the enantiomers S(+)-
MDMA and R(-)-MDMA. Preclinical research indicates that S-MDMA mainly releases 
dopamine, norepinephrine, serotonin, and oxytocin while R-MDMA may act more directly on 
serotonin 5-HT2A receptors and release prolactin [44-46]. Animal studies suggest that the two 
enantiomers of MDMA act synergistically to produce the subjective effects. S-MDMA mainly 
contributes to psychostimulation, whereas R-MDMA potentially shows more prosocial effects 
and exhibits fewer adverse effects including less hyperthermia and neurotoxicity [47].   
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1.4. Therapeutic use of the compounds 

All three main compounds discussed in the present thesis are now at the forefront of 
substance-assisted therapy and have received FDA breakthrough therapy designation [48-
52]. LSD for generalized anxiety disorder, psilocybin for treatment resistant depression and 
MDMA for PTSD. 

Switzerland holds a unique legal position regarding the therapeutic use of psychedelic 
substances. Since 2014, it has been possible again to treat patients with various treatment-
resistant psychiatric disorders using LSD- and MDMA-assisted psychotherapy under the 
framework of compassionate use [53]. Since 2021, psilocybin has also been included in this 
compassionate use framework for such treatments [54]. Although, some countries have 
legalized selected psychoactive compounds for medical use, the experience and expertise in 
this area is likely not at the same level as in Switzerland. Over the past 9 years, more than 
1000 individual case permits have been issued to around 60 therapists and an estimated 2000 
to 3000 treatments using LSD, psilocybin, or MDMA have been carried out [54]. 

Between the 1950s and 1970s, LSD was extensively studied as a treatment for various 
psychiatric disorders. However, these early studies did not meet the methodological 
standards of today’s clinical research. Consequently, while the findings were intriguing, the 
results of these studies were not robust enough to withstand contemporary scientific 
expectations. Between 1988 and 1993, a small group of therapists were able to conduct LSD- 
and MDMA-assisted therapies in Switzerland [55]. Research in healthy volunteers with 
psychedelics (psilocybin and N,N-Dimethyltryptamine; DMT) and MDMA started again in 
the 1990s [56-60].  

LSD has been investigated in patients with anxiety associated with or without a life-
threatening disease [4, 5, 61, 62], in patients with major depression (NCT03866252), in 
patients with attention deficit hyperactivity disorder (ADHD; NCT05200936) and is under 
investigation in patients with cluster headache (NCT03781128). LSD not only reduced 
anxiety symptoms, but also reduced concurrent depressive symptoms often associated with 
anxiety disorders [4, 5, 61]. These anxiolytic effects have led to further development of LSD 
into a medication that will soon enter phase III trials. 

Various studies with psilocybin have been conducted and showed promising results 
for anxiety and depression in patients with life-threatening cancer [63-65]. Additionally, 
studies with psilocybin showed potential in treating patients with OCD [24], major 
depressive disorder [66-68], treatment-resistant depression [69, 70], and substance use 
disorder [71-74]. Psilocybin has also been investigated for neurological disorders like cluster 
headache [75, 76] and migraine [77]. Further investigations are exploring psilocybin for 
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additional conditions such as anorexia nervosa [78], PTSD (NCT05554094), post-treatment 
lyme disease (NCT05305105), chronic pain (NCT05068791), and autism spectrum disorder 
(NCT05651126). Psilocybin is currently the most prominent candidate in the class of classical 
psychedelics and is under investigation for TRD in phase III trials. 

The first controlled clinical study in patients with PTSD was published in 2010 by 
psychiatrist Michael Mithoefer [33]. MDMA-assisted therapy seemed to be promising for 
PTSD, therefore more controlled studies were conducted in the following years [79, 80]. 
Subsequently, MAPS which conducted or financed most of these small phase II studies 
planned and conducted two following phase III studies, again with promising results [81, 82]. 
Results of these clinical studies also propose improvement of eating disorder symptoms [83], 
decrease of alcohol use [84], and reduction in chronic pain [85] among patients with PTSD. 
Further conditions which MDMA is being investigated for are social anxiety in autistic adults 
[86], anxiety in patients with life-threatening illnesses [87], and alcohol use disorder [88]. 
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1.5. Significance 

Clinical research to investigate substance-assisted therapy for various psychiatric 
disorders is accelerating. For these therapies to be successful it is crucial to investigate 
effectiveness and safety, as well as the underlying factors that contribute to their efficacy.  

Findings from clinical studies with LSD and psilocybin implicate that the acute 
psychedelic experience is associated with the therapeutic outcome. A more positive 
experience seems to be linked with greater therapeutic long-term effects of psychedelics in 
patients [61, 64, 65, 89, 90] and prolonged positive mood effects in healthy participants [91, 
92]. Given that the acute psychedelic experience is crucial for the therapeutic benefit, 
inducing an overall positive acute response with low ratings of anxiety is desirable. The first 
project describes results of a clinical study in healthy volunteers where we tried to 
ameliorate the LSD experience with MDMA as a pharmacological enhancer (NCT04516902). 

Although numerous phase I studies have been conducted with LSD, there is a lack of 
clinical studies assessing the safety of psilocybin in healthy individuals. As psilocybin is 
currently one of the most researched psychedelics, conducting thorough phase I studies with 
it remains essential as is done with every medication in development. While adverse effects 
are often assessed in clinical studies with patients, these studies often involve a limited 
number of participants and primarily focus on the effectiveness of the psychoactive 
compound. The second project provides extensive and well-standardized data of acute 
subjective effects, vital signs, and physical and psychological adverse effects in healthy 
volunteers. 

MDMA has been demonstrated to be safe in controlled settings with healthy 
individuals [37]. However, it induces stronger cardiovascular stimulation compared with 
psychedelics, which could make it less safe for certain patient groups with preexisting health 
conditions such as hypertension or heart issues. Various in vitro studies and animal research 
suggest that the enantiomer R-MDMA might be a safer alternative for substance-assisted 
therapy compared with racemic MDMA. Previous data indicates that R-MDMA produces 
less cardiovascular stimulation, less hyperthermia, and possibly less neurotoxicity while 
still producing typical MDMA effects. However, these findings have not been investigated in 
humans. Therefore, the third project includes a clinical study in healthy volunteers where 
we compared both enantiomers and racemic MDMA to see if there are significant differences 
between these substances (NCT05277636). 

The outcomes of these three projects will deepen the understanding of the 
physiological and psychological effects of these compounds, while also providing essential 
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safety data relevant to psychiatry, psychology, and forensic toxicology. Furthermore, they 
will have significant public health implications by providing new data on LSD, psilocybin 
and MDMA. 
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1.6. Aims & Hypotheses 

The main goal of this thesis was to contribute to the overall understanding of the 
subjective effects, pharmacology, and safety of LSD, psilocybin, and MDMA. These 
compounds are widely used recreationally but they have recently been reintroduced into 
psychiatric therapy as adjuncts to psychotherapy for various conditions. Both the studies 
conducted and those studies pooled for the safety analyses were phase I studies involving 
healthy volunteers and were carried out in a highly controlled environment at the University 
Hospital Basel in Switzerland. 

The first aim was to explore whether MDMA could be used as a pharmacological tool 
to amplify the positive effects and reduce the negative effects induced by LSD. This drug 
combination is popular among recreational users and is commonly referred to as 
“candyflipping.” It was hypothesized that combined LSD-MDMA administration would result 
in higher ratings of “good drug effect”, “trust”, “openness”, and lower ratings of “bad drug 
effects” and “anxiety”. Additionally, the goal was to describe subjective, autonomic, and 
pharmacokinetic effects of the combined LSD-MDMA administration for the first time in a 
controlled setting. 

The second aim was to compile a dataset on the safety of psilocybin administration. 
The project used data from three completed clinical studies with healthy volunteers. 
Differences in subjective effects, blood pressure, heart rate, body temperature, acute and 
subacute adverse effects, reports of flashbacks, and liver and kidney function before and after 
the studies were investigated across various doses ranging from 15 to 30 mg of psilocybin. It 
was hypothesized that psilocybin would primarily induce positive subjective effects and cause 
tolerable, transient autonomic stimulation. A slight increase in negative effects, such as “bad 
drug effects” or “anxiety,” was expected at higher doses compared to lower doses of psilocybin. 

The third aim was to investigate the effects of both MDMA enantiomers R-MDMA and 
S-MDMA and compare them to racemic MDMA in humans for the first time. It was 
hypothesized that R-MDMA would induce more psychedelic-like effects and fewer stimulant 
effects compared with S-MDMA and racemic MDMA. Conversely, S-MDMA was expected to 
induce greater subjective and autonomic stimulation compared with R-MDMA. Additionally, 
the individual pharmacokinetic profiles of R-MDMA and S-MDMA were analyzed.  
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The present thesis describes the safety, pharmacology and subjective effects of LSD, 
psilocybin, MDMA and its enantiomers R-MDMA and S-MDMA in healthy volunteers. In 
detail it encompasses data from five clinical phase I studies. One study investigating the co-
administration of LSD and MDMA compared to LSD alone, one pooled study including data 
from three separate studies compiling extensive safety pharmacology data for various doses 
of psilocybin, and one study investigating the differences between MDMA enantiomers R-
MDMA and S-MDMA and the comparison to racemic MDMA. The findings are detailed in 
the published papers and the manuscript above. This section provides a brief discussion of 
the entire body of work, followed by a conclusion, and outlook. 

The first project revealed that the subjective effects of a combined LSD-MDMA 
experience did not significantly differ from a pure LSD experience according to the assessed 
questionnaires. The LSD + MDMA combination tended to nonsignificantly increase ratings 
of “good drug effect,” “drug high,” “happy,” “open,” and “trust” on the Visual Analog Scale 
(VAS) compared with LSD alone, especially in the beginning. Additionally, ratings of “well-
being” on the adjective mood rating scale (AMRS) showed an initial nonsignificant increase 
with the combined LSD + MDMA administration but dropped after 6 hours, indicating the 
end of the MDMA effect. Ratings of negative subjective effects, such as “bad drug effect,” 
“fear,” and “nausea” on the VAS were slightly higher with LSD alone, but overall remained 
low and did not significantly differ from the combined LSD + MDMA administration. In this 
clinical study, we only tested one dose of LSD (100 µg), and we cannot rule out the possibility 
that MDMA may reduce negative effects of higher LSD doses. Higher doses of LSD exceeding 
100 µg, have been shown to induce significantly more “anxiety” [8]. Furthermore, we 
administered both substances at the same time, while recreational users reportedly often 
take MDMA after LSD when “candyflipping.” This would ensure that MDMA effects do not 
drop while the subjective effects of LSD are still in the peak range. Another option would be 
to replace LSD with psilocybin, as psilocybin and MDMA have a similar duration of action 
[13, 37]. As expected, both LSD and MDMA produced moderate, transient increases in blood 
pressure, heart rate, and body temperature. The combined administration of LSD and 
MDMA resulted in higher blood pressure and heart rate compared to LSD alone, but not 
significantly higher than with MDMA alone. This additional increase is likely due to the 
release of norepinephrine triggered by MDMA, which plays a role in its cardiostimulant 
effects [93]. While this transient cardiovascular stimulation may not pose a problem for 
healthy individuals, it is important to consider when using this combination in patients with 
preexisting health conditions. The impact of a moderate dose of MDMA on systolic blood 
pressure is significantly higher than that of a moderate dose of LSD. However, diastolic blood 
pressure, heart rate, and rate pressure product do not seem to differ between the two 
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substances, even when MDMA is administered at a higher dose of 125 mg [94]. Body 
temperature increased similarly with the LSD + MDMA combination as with LSD alone, and 
more than with MDMA alone. A similar increase in body temperature for both substances 
has been shown previously when 125 mg MDMA and 100 µg of LSD were compared [94]. 
With no additional increase of body temperature, nausea or trembling, serotonin toxicity does 
not seem to increase when both substances were co-administered. MDMA strongly induces a 
release of oxytocin which has been shown to be important for the typical effects profile of 
MDMA [36, 95]. LSD also has been shown to release oxytocin but not as strongly as MDMA 
[13]. An interesting finding of this study was that the release of oxytocin seems to be additive 
when LSD and MDMA were combined. Although the subjective effects of the combined LSD 
and MDMA experience did not differ in quality from a pure LSD experience, the effects were 
prolonged by an average of 1.5 hours. This extended response correlated with higher plasma 
exposure (Cmax and AUC) and a longer elimination half-life of LSD. Pharmacokinetically, 
MDMA is a strong CYP2D6 inhibitor, effectively turning everyone into a CYP2D6 poor 
metabolizers 2 hours after administration [96]. LSD is suggested to be metabolized by 
CYP2D6 in vitro [15] and CYP2D6 poor metabolizer exhibited higher plasma concentrations 
and a longer elimination half-life of LSD compared with CYP2D6 extensive metabolizers [17]. 
Consequently, the interaction between LSD and MDMA is primarily pharmacokinetic rather 
than pharmacodynamic, with the study results further confirming a role for CYP2D6 in the 
metabolism of LSD. Overall, the combined use of LSD and MDMA is unlikely to provide 
relevant benefits over LSD alone in substance-assisted therapy. 

The second project presented safety pharmacology data that could help determine an 
optimal dose for psilocybin-assisted therapy, aiming to induce strong, primarily positive 
acute effects with minimal negative subjective effects. The findings suggest that a dose of 20, 
25, and 30 mg of psilocybin induce comparable positive effects while significant “anxiety” on 
the VAS was only observed with the 25 and 30 mg doses. Consequently, a 20 mg dose of 
psilocybin appears to be a prudent choice to enable a psychedelic experience that is primarily 
positive with minimal negative effects. This dose has also been shown to be equivalent in 
intensity to 100 µg of LSD [26], which is the dose currently used in most of the clinical studies 
with patients and healthy volunteers. The dose most often used in therapeutic studies with 
psilocybin is currently 25 mg, although smaller doses as well as higher doses up to 40 mg 
have been used [69, 70, 74, 97]. For the first time, data on average onset time, time to 
maximal effect, and effects duration for 113 psilocybin administrations dosed between 15 and 
30 mg in healthy volunteers, have been presented. The average onset time of 0.6 hours and 
the time to peak effect at 2.1 hours were comparable to those observed with LSD [18]. 
However, as expected, the effect duration of psilocybin, at 5.5 hours, is notably shorter than 
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that of LSD. While the duration of LSD has been shown to be dose-dependent, there is not 
yet sufficient data on various psilocybin doses to establish a similar dose-response 
relationship. Whereas the impact of psilocybin on vital signs has been demonstrated in 
previous clinical studies, this pooled study focused on the proportions of participants 
exhibiting extreme values rather than population means. The autonomic effects of MDMA 
and LSD have been similarly described before [18, 37]. Overall, psilocybin induced mild 
sympathomimetic activation in most participants. Increases in blood pressure (>140 mmHg), 
heart rate (>100 bpm), and body temperature (>38°C) were noted in 50%, 7%, and 16% of 
participants, respectively, after psilocybin administration. When comparing psilocybin and 
LSD at likely equivalent doses of 20 mg and 100 µg, hypertension occurred in 52% and 53% 
of participants, respectively. In contrast, tachycardia occurred in only 3% of participants who 
ingested 20 mg of psilocybin compared to 20% of those who took 100 µg LSD, indicating a 
slightly greater potential for LSD to induce tachycardia. In a similar previous analysis, 
MDMA produced hypertension in 90% and tachycardia in 33% of participants. Consequently, 
MDMA clearly produces greater cardiovascular stimulation than both psilocybin and LSD at 
commonly used doses. Therefore, psilocybin may be a safer alternative to MDMA for patients 
with cardiovascular risk factors, assuming both compounds demonstrate therapeutic efficacy 
for a particular condition. Psilocybin caused a slight increase in body temperature, similar to 
the effect observed with LSD [18]. The project also compiled frequent adverse effects of 
various doses of psilocybin, which included general exhaustion, fatigue, lack of concentration, 
lethargy, vertigo, feeling of weakness, and decreased appetite. These adverse effects were 
similar to those observed with LSD [18]. As shown with the VAS, significant “anxiety” on the 
List of Complaints was only induced by the 25 and 30 mg doses of psilocybin. Acute anxiety 
could be alleviated with verbal support, and benzodiazepines were not used. There were no 
cases of severe anxiety, panic attacks, or acute suicidality. It is important to note that these 
participants were all healthy volunteers, and individuals with preexisting psychiatric 
conditions may react differently. Therefore, it seems wise to have emergency medications like 
ketanserin on hand, which has been shown to stop psychedelic effects induced by LSD within 
2 hours of administration [9]. Overall, adverse effects of psilocybin were transient and not 
sufficiently disabling or severe to require medical intervention. Single-dose administrations 
of psilocybin up to 30 mg were safe regarding acute psychological and physical harm in 
healthy volunteers in a controlled setting. However, risks and benefits of using psilocybin in 
patients need further study. 

The third project reported overall comparable effects of MDMA, S-MDMA and R-
MDMA. S-MDMA induced slightly stronger effects and significant higher ratings of “bad drug 
effects,” “visual alterations,” and “synesthesia” on the VAS compared to MDMA and R-
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MDMA. S-MDMA produced greater increases in blood pressure, cortisol, and prolactin. S-
MDMA was the only substance that induced significant depressive symptoms 1 to 3 days 
after administration. R-MDMA produced lower subjective effects on most VASs, and 
increased introversion compared to MDMA and S-MDMA. MDMA, S-MDMA, and R-MDMA 
induced comparable psychedelic- and mystical-type effects. It is important to note that we 
did not achieve dose equivalence with MDMA and both its enantiomers, therefore it remains 
unclear whether the differences observed are due to their different binding profiles or the 
dosing. The results indicate dose equivalence regarding the overall acute effects of 125 mg 
MDMA, 100 mg S-MDMA, and 300 mg R-MDMA. The potential of S-MDMA to increase blood 
pressure more significantly may be due to dosing differences or its higher potency interacting 
with the norepinephrine transporter and releasing norepinephrine compared with R-MDMA 
[35]. The stronger depressed mood ratings observed 1 to 3 days after S-MDMA administration 
could reflect greater serotonin depletion [98] and could indicate more neurotoxic properties 
[99] compared with R-MDMA. Additionally, S-MDMA induced higher ratings of “drug high” 
on the VAS, suggesting it may be more addictive in humans, as shown in animal studies [47, 
100], compared with R-MDMA. These effects were anticipated based on in vitro and animal 
data indicating the potential of S-MDMA to be a stronger releaser of monoamines and its 
more pronounced psychostimulant effects [35]. Contrary to our expectation, R-MDMA did not 
seem to induce more psychedelic-like effects. However, the fact that R-MDMA induced overall 
lower ratings on almost all subjective effects but the same amount of psychedelic- and 
mystical-type effects, suggest that if dosed equivalently, it might exhibit stronger 
psychedelic-like effects than S-MDMA or MDMA. Nevertheless, S-MDMA induced 
significantly higher ratings on the VAS items “alteration of vision” and “synesthesia,” which 
are characteristic effects of psychedelics, compared with R-MDMA. Psychedelics typically 
induce lower ratings of social interaction, such as “talkative,” “open,” “trust,” “I feel close to 
others,” and “I want to be with others” compared with MDMA [94]. Therefore, if R-MDMA 
had more psychedelic-like effects it would align with the observation that these social 
interaction ratings were less pronounced with R-MDMA, contrary to the higher social 
interaction suggested by previous animal research [47, 101]. In contrast to previous research 
indicating no significant increase in body temperature with R-MDMA in animals and the 
assumption of fewer adverse effects [99, 101, 102], R-MDMA induced similar increases in 
body temperature and showed a comparable number of adverse effects on the List of 
Complaints as MDMA and S-MDMA. Regarding pharmacokinetics, the present study 
confirmed that R-MDMA has a greater exposure and a longer elimination half-life compared 
with S-MDMA after racemic MDMA administration. Additionally, we reported 
pharmacokinetic data of S-MDMA and R-MDMA without the influence of the other 
enantiomer. The elimination half-life of R-MDMA increases dose-dependently from 11 hours 
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with racemic MDMA to 12 hours with 125 mg R-MDMA to 14 hours with 250 mg R-MDMA. 
Conversely. the elimination half-life of S-MDMA decreased by 1 hour when administered 
without R-MDMA. Furthermore, we found that the formation of 4-Hydroxy-3-
methoxymethamphetamine (HMMA), a metabolite produced via CYP2D6, did not increase 
with higher doses of R-MDMA. These findings confirm that R-MDMA dose-dependently 
inhibits CYP2D6, thereby inhibiting its own inactivation as well as that of S-MDMA in 
racemic MDMA. If and how much CYP2D6 is inhibited by S-MDMA has yet to be 
investigated. 

The strengths of these studies include the use of relatively large samples sizes, with 
both conducted clinical studies including 24 healthy volunteers and equal numbers of male 
and female participants. The safety pharmacology analysis with 85 healthy individuals and 
113 individual psilocybin session resulted in a comprehensive dataset. Four of the five studies 
in this thesis featured robust within-subject comparisons and randomized double-blind 
placebo-controlled designs. The substances were pharmacologically well characterized, and 
plasma concentrations were determined at close intervals using validated analytical 
methods. Additionally, all studies included internationally established psychometric outcome 
measurements, facilitating comparison and pooling of the data across different clinical 
studies. 

Limitations of the studies included a restricted number of doses or one dose 
combination, leading to numerous alternative study designs that might have been better. All 
studies were conducted in a highly controlled hospital setting with only healthy volunteers. 
Individuals in different environments and patients with psychiatric disorders may respond 
differently to these substances. Furthermore, the second project pooled data from three 
different studies with different participants. These substances induce highly variable 
individual effects, and our outcome measurements may not have been sufficiently sensitive 
to capture all aspects of the psychedelic or MDMA experience, especially the very subtle 
differences in acute and subacute effects. There were also no long-term follow-ups after the 
end of study visit, to assess positive or negative long-term effects. Although all doses were 
well-defined, individual differences in the bioavailability or metabolism of the substances 
were not accounted for in these studies. 

 

Conclusion & Outlook 

This thesis focused on the safety, pharmacology, and subjective effects of five 
psychoactive compounds: LSD, psilocybin, MDMA and its enantiomers R-MDMA and S-
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MDMA. In summary, the projects revealed new findings about these compounds, which can 
be used to inform and guide future clinical studies in healthy volunteers and in patients. 

First, the LSD-MDMA study reported the effects of the combined administration of 
LSD and MDMA, which did not result in different subjective effects compared with LSD alone 
but confirmed the role of CYP2D6 in LSD metabolism. It remains unclear whether enhancing 
psychedelic effects with MDMA is possible. Nevertheless, altering the doses or 
administration timings of both substances could potentially achieve different combination of 
effects. The idea of ameliorating the psychedelic effects warrants further investigation. We 
plan to conduct a clinical study in healthy volunteers, administering psilocybin and MDMA 
together. Based on the safety analysis of psilocybin, we anticipate the cardiovascular risks to 
be similar to those with the combination of LSD and MDMA, and the effect duration of 
psilocybin and MDMA are more closely aligned. This study will also investigate whether 
psilocybin is significantly metabolized by CYP2D6, although we currently do not believe this 
to be the case. 

The safety analysis involving 113 administrations of psilocybin in the 15 to 30 mg dose 
range is already comprehensive. However, future additions to this dataset are anticipated. 
Another clinical study is currently underway using a 25 mg psilocybin dose, and our 
upcoming study combining psilocybin with MDMA will include additional administrations of 
pure 20 mg doses. Nevertheless, a dose-response study encompassing lower doses than 15 mg 
and higher than 30 mg would further enhance the completeness and value of our safety 
pharmacology analysis. This research is particularly relevant given that psilocybin is 
currently the most extensively studied psychedelic for substance-assisted therapy, and phase 
I data remains limited.  

The third study indicated that the effects of MDMA and its enantiomers, R-MDMA 
and S-MDMA, may not differ as significantly as previously suggested by in vitro and animal 
data. Of particular interest was the finding that R-MDMA appears to inhibit CYP2D6 to a 
greater extent than S-MDMA. The impact of R-MDMA and S-MDMA on the inhibition of 
CYP2D6 will be further investigated through additional in vitro analyses by the 
Psychopharmacology Lab and in another clinical study involving healthy volunteers. This 
study will focus exclusively on the enantiomers administered at our proposed equivalent 
doses of 300 mg for R-MDMA and 100 mg for S-MDMA. Furthermore, we plan to include 
additional measures to explore changes in empathy induced by the substances using 
computer testing and tools for CYP2D6 phenotyping, to determine if there is any inhibition 
of CYP2D6 by S-MDMA. 
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