Taylor & Francis
Taylor & Francis Group

Xenobiotica
the fate of foreign compounds in biological systems

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ixen20

N, N-dimethyltryptamine forms oxygenated
metabolites via CYP2D6 - an in vitro investigation

Emma Eckernas, Alicia Macan-Schénleben, Moa Andresen-Bergstrom, Sofia
Birgersson, Kurt-Jirgen Hoffmann & Michael Ashton

To cite this article: Emma Eckernas, Alicia Macan-Schénleben, Moa Andresen-Bergstrom, Sofia
Birgersson, Kurt-Jurgen Hoffmann & Michael Ashton (2023) N, N-dimethyltryptamine forms
oxygenated metabolites via CYP2D6 - an in vitro investigation, Xenobiotica, 53:8-9, 515-522,
DOI: 10.1080/00498254.2023.2278488

To link to this article: https://doi.org/10.1080/00498254.2023.2278488

8 © 2023 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

A
h View supplementary material &

ﬂ Published online: 26 Nov 2023.

N\
CJ/ Submit your article to this journal &

||I| Article views: 401

A
& View related articles &'

@ View Crossmark data (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ixen20


https://www.tandfonline.com/action/journalInformation?journalCode=ixen20
https://www.tandfonline.com/loi/ixen20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00498254.2023.2278488
https://doi.org/10.1080/00498254.2023.2278488
https://www.tandfonline.com/doi/suppl/10.1080/00498254.2023.2278488
https://www.tandfonline.com/doi/suppl/10.1080/00498254.2023.2278488
https://www.tandfonline.com/action/authorSubmission?journalCode=ixen20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ixen20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00498254.2023.2278488
https://www.tandfonline.com/doi/mlt/10.1080/00498254.2023.2278488
http://crossmark.crossref.org/dialog/?doi=10.1080/00498254.2023.2278488&domain=pdf&date_stamp=26 Nov 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/00498254.2023.2278488&domain=pdf&date_stamp=26 Nov 2023

XENOBIOTICA
2023, VOL. 53, NOS. 8-9, 515-522
https://doi.org/10.1080/00498254.2023.2278488

Taylor & Francis
Taylor &Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS ‘ ] Checkforupdates‘

N, N-dimethyltryptamine forms oxygenated metabolites via CYP2D6 - an in vitro
investigation

Emma Eckernas®, Alicia Macan-Schonleben®, Moa Andresen-Bergstrom®?, Sofia Birgersson?,

Kurt-Jirgen Hoffmann® and Michael Ashton®

Unit for Pharmacokinetics and Drug Metabolism, Department of Pharmacology, Sahlgrenska Academy at University of Gothenburg,
Gothenburg, Sweden; PToxicological Centre, University of Antwerp, Wilrijk, Belgium; “Laboratory of Clinical Chemistry, Sahlgrenska
University Hospital, Gothenburg, Sweden; “Department of Laboratory Medicine, Institute of Biomedicine, Sahlgrenska Academy, University
of Gothenburg, Gothenburg, Sweden

ABSTRACT

1.

N, N-dimethyltryptamine (DMT) is a psychedelic compound that has shown potential in the treat-
ment of depression. Aside from the primary role of monoamine oxidase A (MAO-A) in DMT
metabolism, the metabolic pathways are poorly understood. Increasing this understanding is an
essential aspect of ensuring safe and efficacious use of DMT.

This work aimed to investigate the cytochrome 450 (CYP) mediated metabolism of DMT by incu-
bating DMT with recombinant human CYP enzymes and human liver microsomes (HLM) followed
by analysis using high-resolution mass spectrometry for metabolite identification.

DMT was rapidly metabolised by CYP2D6, while stable with all other investigated CYP enzymes.
The metabolism of DMT in HLM was reduced after inclusion of harmine and SKF-525A whereas
quinidine did not affect the metabolic rate, likely due to MAO-A residues present in HLM. Analysis
of the CYP2D6 incubates showed formation of mono-, di- and tri-oxygenated metabolites, likely
as a result of hydroxylation on the indole core.

More research is needed to investigate the role of this metabolic pathway in vivo and any
pharmacological activity of the proposed metabolites. Our findings may impact on safety issues
following intake of ayahuasca in slow CYP2D6 metabolizers or with concomitant use of CYP2D6
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Introduction

N, N-dimethyltryptamine (DMT) is a psychedelic compound
that is naturally occurring in a variety of plants. It is the
active ingredient in the traditional Amazonian brew aya-
huasca, which also contains harmala alkaloids such as har-
mine, harmaline and tetrahydroharmine (Dobkin de Rios
1971). In recent years, DMT/ayahuasca has gained increased
attention, as it has been shown to reduce symptoms in
patients suffering from severe depression (Sanches et al.
2016; Palhano-Fontes et al. 2019; D'Souza et al. 2022).
Consequently, there is increasing research ongoing aimed at
investigating DMT as a potential future therapeutic option in
mental disorders. However, aside from studying the thera-
peutic benefits, much remains to be known about the dis-
position of DMT in the human body before it can be safely
administered in a wider population. This includes having a
detailed understanding of the metabolic pathways and the
contribution of different enzymes to the drug’s disposition in

order to understand the risk for potential drug-drug interac-
tions (Food and Drug Administration 2020).

While the primary role of monoamine oxidase A (MAO-A)
in DMT metabolism is well established, it is not clear which
other enzymes may be involved. Furthermore, the metabolic
pattern of DMT appears to shift depending on the method
of administration. When DMT is administered orally alone, it
is not active due to extensive first pass metabolism (Riba
et al. 2015). This metabolism is primarily mediated by MAO-A
resulting in formation of the inactive metabolite indole 3-
acetic acid (IAA) (Riba et al. 2012). After intravenous adminis-
tration of DMT alone, IAA is the only metabolite that has
been measured in any substantial amount, while lesser
amounts of DMT N-oxide (DMT-NO) have also been observed
(Eckernas et al. 2022; Luethi et al. 2022; Vogt et al. 2023).
However, when administered orally as ayahuasca, the har-
mala alkaloids act as MAO-A inhibitors enabling DMT to
reach the systemic circulation without a significant first-pass
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metabolism (Buckholtz and Boggan 1977). After administra-
tion of ayahuasca, several metabolites of DMT have been
observed in urine and plasma, with IAA being the most
prominent, followed by DMT-NO (Mcllhenny et al. 2012; Riba
et al. 2012). Lesser amounts of the demethylated product
N-methyltryptamine (NMT) as well as a hydroxylated product
have also been reported (Szara and Axelrod 1959; Riba et al.
2012). After smoking of DMT, a decrease in conversion to
IAA has been observed and an increase in formation of DMT-
NO, as compared to after oral intake of DMT alone (Riba
et al. 2015). A recent in vitro investigation showed that DMT
is a substrate for the cytochrome P450 (CYP) enzymes
CYP2D6 and CYP2C19 (Good et al. 2023). However, no
metabolite profiling or identification data was presented.

Currently, the metabolic pathways of DMT are not fully
understood. Furthermore, while several potential metabolites
have been identified after administration of ayahuasca, the
complexity of the ayahuasca brew makes it difficult to con-
clude which metabolites are formed specifically from DMT.
No human in vivo metabolic profiling has been performed
and there may still be unidentified metabolites.

To increase the understanding of DMT metabolism, the
aim of this work was to further study the role of CYP
enzymes in the metabolism of DMT in vitro and to investi-
gate which metabolites are formed via these enzymes. This
was conducted using human liver microsomes (HLM) as well
as recombinant CYP enzymes.

Methods and materials
Materials

DMT hemifumarate, DMT-NO, 5-hydroxy DMT (bufotenine) and
4-hydroxy DMT (psilocin) were purchased from Chiron AS
(Trondheim, Norway). NMT, SKF-525A, quinidine and harmine
were purchased from Sigma Aldrich (St. Louis, MO, USA).
Deuterated N, N-dimethyltryptamine (DMT-D¢) was purchased
from Toronto Research Chemicals (North York, ON, Canada).
IAA and 2-methyl-indole 3-acetic acid (Me-2 IAA) were pur-
chased from Alfa Aesar (Kandel, Germany). Na,HPO, was pur-
chased from Scherlau (Steinheim, Germany) and NaH,PO, from
Fluka (Barcelona, Spain). Formic acid (FA), LC-MS grade metha-
nol and acetonitrile (ACN) were purchased from Fisher Scientific
(Hampton, NH, USA). Water was deionised by a Milli-Q system
(Millipore, Burlington, MA, USA). HLM pooled from 150 donors
(both male and female), recombinant CYP isoforms (CYP1A2,
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1,
CYP3A4, CYP3A5) expressed in baculovirus-transfected insect
cells, NADPH generating solutions and negative controls pre-
pared from insect cells were purchased from Corning (Woburn,
MA, USA). All experiments were performed using 1.5mL
SafeSeal polypropylene tubes purchased from Sarstedt AG &
Co.KG (Numbrecht, Germany)

Preparation of stock and working solutions

Stock solutions of all compounds were prepared in methanol
and stored at —20°C. Stock solutions were prepared at the

following concentrations; DMT 150 uM, IAA 1 mM, DMT-NO
100 uM, quinidine 10 mM, harmine 10 mM, SKF-525 A 10 mM,
psilocin 1 mM, bufotenine 100 M. Working solutions were
prepared fresh daily by diluting stock solutions of each ana-
lyte with water to the appropriate concentrations.

Incubations with recombinant CYP enzymes

To investigate the involvement of CYP enzymes in DMT
metabolism, DMT (1 uM) was incubated with each CYP isoen-
zyme (20nM) and an NADPH regenerating system (2.6 mM
NADP+, 6.6mM glucose-6-phosphate, 6.6 mM MgCl, and
4U/mL glucose 6-phosphate dehydrogenase) in phosphate
buffer (100mM, pH 7.4) at a final volume of 1 mL. Samples
were pre-incubated at 37°C for 5min before the reaction
was initiated by addition of enzyme. Incubations proceeded
at 37°C for 60 min and aliquots of 100 uL were removed at 0
(before the reaction was initiated), 5, 10, 20, 30 and 60 min.
Reactions were quenched by addition of ice-cold acetonitrile
(300 pL) spiked with DMT-Dg (100 nM) and 2-Me-lIAA (300 nM)
as internal standards. Samples were centrifuged at 10.000 x g
for 2min, supernatants were transferred into new vials and
were either analysed directly or stored at —80 °C before ana-
lysis. Experiments were performed in duplicates.

DMT half-life was calculated by log-linear regression of
the terminal decline of DMT concentrations using Microsoft
Excel (Microsoft Corporation; Redmond, WA, U.S.).

Inhibition of CYP enzymes in HLM

To further assess the contribution of specific CYP enzymes to
DMT metabolism, DMT (1uM) was incubated with HLM
(0.5mg/mL) and an NADPH regenerating system (1.3mM
NADP + 3.3mM Glucose-6-phosphatase + 3.3mM magne-
sium chloride, 0.4 U/mL glucose-6-phosphate dehydrogenase)
in phosphate buffer (100mM, pH 7.4) in the presence or
absence of quinidine (a CYP2D6 inhibitor), harmine (inhibitor
of MAO-A and CYP2D6) or SKF-525A (a general CYP inhibitor)
at a total volume of 1mL. Samples were pre-incubated at
37°C for 5min before the reaction was initiated by addition
of HLM. Incubations proceeded at 37°C for 60 min and ali-
quots of 100 uL were removed at 0 (before the reaction was
initiated), 5, 10, 20, 30 and 60 min. Reactions were quenched
by addition of ice-cold acetonitrile (300 uL) spiked with the
internal standards DMT-Dg (100 nM) and 2-Me-IAA (300 nM).
Samples were centrifuged at 10.000 x g for 2 min, superna-
tants were transferred into new vials and were either
analysed directly or stored at —80°C before analysis.
Experiments were performed in duplicates. DMT half-life was
calculated in the same way as for the incubations with
recombinant CYP enzymes.

Quantitative analysis by LC-MS/MS

Samples were analysed for presence of DMT, IAA and DMT-
NO using a previously published liquid chromatography tan-
dem mass spectrometry (LC-MS/MS) method (Eckernas et al.
2022). In brief, multiple reaction monitoring was performed



with an API 4000 triple quadrupole mass spectrometer (AB
Sciex, Framingham, MA, USA) operated in positive ion mode.
Analytes were separated on a SpeedCore Diphenyl column
(50 x 2.1 mm, 2.6 um, Fortis Technologies Ltd, Cheshire, UK)
with gradient elution using water with 0.1% formic acid as
mobile phase A and methanol with 0.1% formic acid as
mobile phase B. The gradient program was initiated with a
2min hold at 5% mobile phase B followed by a linear ramp
over 1min to 95% mobile phase B and a 2min hold. This
was followed by a linear decrease to 5% mobile phase B
over 1Tmin and a final re-equilibration step at 5% mobile
phase B for 2min before injection of the next sample.
Injection volume was 10puL and mobile phase flow rate
0.4 mL/min. Data acquisition and processing was performed
in Analyst 1.6.3 (AB Sciex, Framingham, MA, USA).

Calibration standards were prepared by diluting working
solutions of each analyte in 1:3 phosphate buffer:acetonitrile
spiked with the internal standards. Nine-point calibration
curves were constructed with the concentrations of all analy-
tes being 0.25, 5, 20, 75, 100, 125, 175, 200 and 250 nM.
Quality control samples, prepared in the same way as calibra-
tion standards but from separate stock solutions at 10, 110
and 220 nM, were analysed in duplicates on each experimen-
tal occasion. Quantitation was considered acceptable if accur-
acy was within £15% of nominal concentration.

Metabolite identification with LC-HRMS

After incubating DMT with HLM and CYP2D6, samples were
further analysed to screen for unidentified metabolites.
Analysis was performed using a Waters Aquity I-class ultra-
performance liquid chromatography (UPLC) system coupled
to a Vion ion-mobility spectrometry (IMS)-quadrupole time-
of-flight tandem mass spectrometer (Waters Corporation)
equipped with an electrospray interface. Analytes were sepa-
rated on a Waters Acquity UPLC HSS T3 analytical column
(2.1 x 150 mm, 1.8 um particle size). An injection volume of
1uL was used at a flow rate of 0.4mL/min. Mobile phase A
consisted of 5mM ammonium formate and 0.1% formic acid
in water and mobile phase B of 0.1% formic acid in aceto-
nitrile. A linear gradient of 2-15% B over 15min was fol-
lowed by a second gradient of 15-95% B over 0.5 min and
ended in isocratic elution at 95% B for 2min. The column
was equilibrated at 2% B for 2.2 min before the next injec-
tion. Positive electrospray ionisation mode was used with
capillary and cone voltages of 0.3kV and 30V, respectively.
The source and desolvation temperatures were 150°C and
550°C, and the cone and desolvation gas flows were 20 and
600 L/h, respectively. MS data were acquired in MSF mode, a
data-independent acquisition mode which uses alternating
high and low collision energies for collection of full-scan
data. The scan range was m/z 50-800 and the scan time was
0.15s. A collision energy of 6eV was applied during the low
energy phase and a ramp of 28-56eV during the high
energy phase, with nitrogen as collision gas. Product ion
scans (MSMS) were acquired for detected major metabolites
using a precursor ion window of approximately 1Da, a prod-
uct ion scan range of m/z 50-300 and fixed collision energies
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of 10, 20 or 30eV. The Waters UNIFI software v 3.1 was used
for data acquisition and processing. Metabolites were
detected using accurate mass screening of MSF data and
transformation generation within the Waters UNIFI software.
The software automatically searched for selected phase |
metabolites and cleaved metabolites. All tentative metabo-
lites with a mass accuracy <5ppm and a response over 300
were considered.

Results
CYP enzymes involved in DMT metabolism

After incubation of DMT with ten different CYP isoforms,
only CYP2D6 was shown to metabolise DMT to any signifi-
cant extent, with a DMT half-life of 10.5 min. DMT was stable
in the incubations with CYP1A2, CYP2A6, CYP2B6, CYP2CS,
CYP2C9, CYP2C19, CYP2E1, CYP3A4 or CYP3A5. IAA or DMT-
NO were not detected in any of the incubations.

Metabolic stability of DMT in human liver microsomes

After incubation of DMT with HLM, DMT was rapidly metab-
olised with substantial amounts of IAA formed. No DMT-NO
could be detected. When co-incubated with harmine (an
inhibitor of both MAO-A and CYP2D6), DMT metabolism was
completely inhibited. Co-incubation with the CYP2D6 specific
inhibitor quinidine did not appear to affect DMT disappear-
ance to any substantial degree. The general CYP inhibitor
SKF-525A had a larger impact on DMT metabolism compared
to quinidine (2.1-fold increase in half-life). Results are sum-
marised in Table 1.

Metabolite identification

After incubation of DMT with CYP2D6, four major metabo-
lites were detected and denoted as M1-M4 according to
ascending retention time (Table 2). The metabolic pattern
changed over time (Figure 1) with the mono-oxygenated
metabolite M4 being the dominant peak at early time points.

Table 1. Average half-life of DMT after incubation with human liver micro-
somes in the absence or presence of different enzyme inhibitors.

Inhibitor Half-life (min)
No inhibitor 11.3
Harmine NA
Quinidine 1.6
SKF-525A 24.2

Harmine: MAO-A inhibitor; Quinidine: CYP2D6 inhibitor; SKF-525A: general
CYP-enzyme inhibitor; NA: not applicable

Table 2. Proposed formula, transformation, retention time (RT), mass of
molecular ion and mass error (ppm) of DMT and metabolites after incubation
with CYP2Dé.

ID Proposed formula Transformation RT (min) m/z ppm
M1 Cy,H16N>03 Tri-oxygenation (43 0) 1.30 2371230 -14
M2 Ci5H16N20, Di-oxygenation (+20) 3.25 221.1281 -1.5
M3 Cy5H46N,0, Di-oxygenation (+20) 3.42 221.1281 -1.5
M4 CyoH46N0 Oxygenation (+0) 4.26 205.1329 -3.0
DMT  Cy5H46N, - 9.37 189.1384 —-1.2
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Figure 1. Combined extracted chromatogram of detected metabolites at different time points after incubation of DMT with CYP2D6.

At later time points, the M4 peak was reduced and the tri-
oxygenated metabolite M1 as well as the di-oxygenated
metabolites M2 and M3 appeared. This indicates a sequential
metabolism with M1, M2 and M3 being formed from M4. In
addition, some of the metabolites had slightly shifting reten-
tion times when re-injected (data not shown). As quality con-
trols and system suitability tests were run daily without
indicating any chromatographic problems, and as it was only
the retention time of some metabolites and not DMT that
shifted, this would indicate chemical instability. Individual
chromatograms of the major metabolites are provided in the
Supplementary information (Figures S1-S3). The response of
each metabolite over time is presented in Figure 2. Some
minor metabolites were also detected, including NMT, DMT
N-oxide, psilocin and bufotenine. However, the peak areas of
these metabolites were substantially smaller than for M1-M4.
No metabolites were detected using HR-MS after incubation
with HLM.

M4 eluted at 4.26min with a molecular shift of
+15.9873Da from DMT, indicating oxygenation. M4 had a
fragmentation pattern similar to DMT with the metabolic
transformation on fragments 160 and 132 (Figure 3 and
Figure S8), indicating hydroxylation on the indole core. As
injected reference standards of psilocin (4-OH) and bufote-
nine (5-OH) had different retention times than M4, hydroxyl-
ation at the 4- and 5-position can be excluded, leading to
the conclusion that 6-OH-DMT or 7-OH-DMT are the most
likely metabolites formed in these experiments. Alternatively,
hydroxylation at the 2-position and subsequent keto-enol
tautomerism to the corresponding ketone could also occur.
At the same retention time as M4 and with an exactly over-
lapping chromatographic peak profile, a peak with a mass
shift of +20 (4+31.9819 Da) compared to DMT was detected.
A similar phenomenon was observed for the psilocin and
bufotenine reference standards with observed peaks corre-
sponding to a+20 mass shift appearing at the same

retention times. Consequently, it was concluded that this
was likely due to in source adduct formation, i.e. the result
of a chemical reaction in the MS electrospray source.
Therefore, the + 02 peak observed at 4.26 min in the incuba-
tion mixtures from DMT was not considered to be an actual
metabolite.

M2 and M3 had retention times of 3.25 and 3.42min
respectively with a+31.9819Da shift from DMT, correspond-
ing to the molecular weight of two oxygen atoms. Their
fragmentation pattern suggests that the metabolic trans-
formation has occurred on the indole core (Figure 3 and
Figures S6 and S7). The molecular structures of M2 and M3
cannot be elucidated from these experiments but a possible
explanation is the formation of diols via hydroxylation of M4.

M1 had a retention time of 1.30min and a+ 47.9780Da
shift from DMT, corresponding to three oxygen atoms. The
fragmentation pattern again suggests that the oxidation has
occurred at the indole core as fragment of m/z 58 (corre-
sponding to an unchanged dimethylamine substituent on
the side chain) and m/z 164 (corresponding to the indole
core +30) were observed (Figure 3 and Figure S5). In add-
ition, as M1 appeared at later time points while M2 and M3
decreased over time, indicating a stepwise metabolism, it
seems likely that M1 might be formed from M2 and M3,
meaning that at least two of the oxygenations have occurred
on the indole core. A suggested metabolic pathway of DMT
via CYP2D6 is presented in Figure 4.

Discussion

This work aimed to investigate the involvement of CYP
enzymes in the metabolism of DMT as well as to identify
which metabolites are formed via these enzymes.

After incubation with a battery of recombinant CYP
enzymes, DMT was shown to be a substrate for CYP2D6
while no DMT depletion was observed with any of the other
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Figure 2. Signal response of DMT and the four major metabolites over time after incubation of DMT with CYP2D6.

investigated isozymes. These findings support a newly pub-
lished paper by Good et al. (Good et al. 2023) which showed
that DMT is a substrate for CYP2D6, although they also
reported a minor role for CYP2C19. Admittedly, no positive
controls were used in the present study and it is possible
that this discrepancy could be explained by failed experi-
ments with CYP2C19 in our case. Nevertheless, the reported
CYP2C19 activity was substantially lower than that of
CYP2D6 and with the combined results of this study and the
aforementioned study by Good et al. it is likely that CYP2D6
is indeed the most relevant enzyme for the CYP-mediated
metabolism of DMT. CYP2D6 has also been shown capable
of metabolising several similar psychoactive tryptamine
derivatives (Michely et al. 2015; 2017; Caspar et al. 2018). The
results of our experiments further confirm a potential role for
CYP2D6 in DMT metabolism. However, as metabolism by
MAO-A is the major metabolic pathway in vivo, the impor-
tance of CYP2D6 metabolism is likely minor after administra-
tion of DMT alone. Nevertheless, as CYP2D6 is a known
polymorphic enzyme (Taylor et al. 2020) as well as a subject
for inhibition by several common therapeutic drugs (Crewe
et al. 1992), this metabolic pathway warrants further investi-
gation to ensure safe and efficacious administration of DMT
in the future, especially when taken together with MAO-
inhibitors.

DMT was also observed to be rapidly metabolised in HLM
with substantial amounts of IAA forming. HLM are subcellular
fractions derived from the endoplasmic reticulum of hepato-
cytes. While MAO-A is mainly bound to the mitochondrial

membrane in cells, smaller amounts of microsomal MAO
have also been reported (Tipton 1986). It is clear from the
rapid formation of IAA in our experiments that some MAO-A
was indeed present, making it difficult to study CYP medi-
ated metabolism in isolation using HLM. This could be due
to intrinsic microsomal MAO-A but it is also possible that
HLM contains traces of cytosolic MAO-A. Harmine, which is
one of the main constituents of ayahuasca, significantly
reduced DMT metabolism in HLM. Harmine is known to be
an inhibitor of both MAO-A and CYP2D6 (Zhao et al. 2011),
and the large reduction in metabolic rate of DMT in the HLM
incubations with harmine is likely explained by inhibition of
these enzymes. However, as these incubations were not ana-
lysed for CYP2D6-specific metabolites, we cannot say if com-
plete inhibition of CYP2D6 occurred at these concentrations.
After incubation with quinidine, no reduction in metabolic
rate was observed, likely explained by the rapid metabolism
of DMT via MAO-A. Interestingly, the general CYP inhibitor
SKF-525A had a larger impact on metabolic rate than quini-
dine, which would indicate the involvement of additional
CYP enzymes in the metabolism of DMT or inhibition of
MAO-A by SKF-525A.

Subsequent analysis of samples generated by incubation
of DMT with CYP2D6 resulted in the proposed metabolic
pathway presented in Figure 4. Interestingly, similar meta-
bolic pathways have been suggested for several other di-
alkylated tryptamines. Mono-, di- and tri-hydroxylation have
been reported to occur on the indole core of N, N-diallyl-
tryptamine, 5-methoxy-N, N-diallyltryptamine and 5-fluoro-
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Figure 4. Proposed metabolic pathway of DMT via CYP2D6.

diallyltryptamine (Michely et al. 2015; 2017). Mono- and/or
di-hydroxylation on the indole core has also been reported for
7-methyl-diallyltryptamine, 5,6-methylenedioxy-diallyltryptamine,
5-methoxy-N, N-diisopropyltryptamine, N-ethyl-N-propyltrypt-
amine, a-methyltryptamine and O-acetylpsilocin (Kamata et al.
2006; Michely et al. 2017; Manier et al. 2021; Malaca et al.
2023). However, in contrast to most previously published stud-
ies, we detected only one mono-hydroxylated metabolite in
any significant amounts in our study. Albeit not likely, as a very
flat chromatographic gradient was used, it cannot be excluded
that the peak observed may consist of two or more co-eluting
isobaric metabolites. In addition to the reports on other trypta-
mine derivatives, 7-OH-DMT has previously been reported as a
potential metabolite of DMT (Szara and Axelrod 1959).

DMT has also been shown to be a substrate for peroxi-
dases leading to formation of di-oxidated metabolites with
the same molecular mass as M2 and M3 reported here
(Gomes et al. 2014). The authors suggested that these would
result from an opening of the indole-ring. However, since
the fragmentation pattern of M2 and M3 is very similar to
that of DMT, it seems unlikely that a ring opening has
occurred. Nevertheless, as the MSMS spectra do not give suf-
ficient information regarding the exact position of the trans-
formations, further studies are needed to confirm their
identity. Furthermore, as both the 4- and 5-hydroxylated ver-
sions of DMT (psilocin and bufotenine) are psychoactive, any
potential role of the proposed metabolites in the psycho-
active effects of DMT should be further investigated. On the



assumption that the CYP2D6 metabolites are active and that
MAO-inhibitors would significantly shift DMT metabolic path-
ways, it is conceivable that this could partly explain any dif-
ferences in subjective experiences after administration of
intravenous or smoked DMT compared to that of ayahuasca.

None of the M1-M4 metabolites were detected with HR-
MS after incubation of DMT with HLM. However, as already
mentioned, the formation of IAA was confirmed using a
quantitative LC-MS/MS method indicating the presence of
MAO-A in these experiments. The failure to detect any of
the M1-M4 metabolites in these experiments indicates that
CYP2D6 may be of minor importance when MAO-A is
present.

To conclude, the current study confirms the involvement
of CYP2D6 in the metabolism of DMT. Furthermore, CYP2D6
metabolism likely leads to hydroxylation on the indole core,
resulting in mono-, di- and tri-hydroxylated metabolites.
While the role of this metabolic pathway in vivo may be of
minor importance when DMT is administered as monother-
apy, this could change after concomitant intake of MAO
inhibitors. The results of this study indicate that more
research is needed on the metabolic pathways of DMT to
understand any potential risk for short-term drug-drug inter-
actions, especially following ayahuasca intake. As CYP2D6 is
a polymorphic enzyme, the potential impact of being a poor
metabolizer with regards to CYP2D6 also needs to be taken
into consideration. Further research to investigate the
molecular structures of the proposed metabolites and to
understand if they could contribute to the psychoactive
effects of DMT administration when combined with MAO
inhibitors is needed.
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