European Journal of Drug Metabolism and Pharmacokinetics (2023) 48:311-327
https://doi.org/10.1007/513318-023-00822-y

ORIGINAL RESEARCH ARTICLE ;')

Check for
updates

Pharmacokinetics of N,N-dimethyltryptamine in Humans

Meghan Good'® . Zelah Joel' - Tiffanie Benway' - Carol Routledge’ - Chris Timmermann? - David Erritzoe? -
Richard Weaver® - Graham Allen* - Charlotte Hughes® - Helen Topping® - Amy Bowman® - Ellen James'

Accepted: 22 February 2023 / Published online: 22 April 2023
© The Author(s) 2023

Abstract

Background and Objective N,N-dimethyltryptamine (DMT) is a psychedelic compound under development for the treatment
of major depressive disorder (MDD). This study evaluated the preclinical and clinical pharmacokinetics and metabolism of
DMT in healthy subjects.

Methods The physiochemical properties of DMT were determined using a series of in vitro experiments and its metabolic
profile was assessed using monoamine oxidase (MAO) and cytochrome P450 (CYP) inhibitors in hepatocyte and mitochon-
drial fractions. Clinical pharmacokinetics results are from the phase I component of a phase I/Ila randomised, double-blind,
placebo-controlled, parallel-group, dose-escalation trial (NCT04673383). Healthy adults received single escalating doses
of DMT fumarate (SPL026) via a two-phase intravenous (IV) infusion. Dosing regimens were calculated based on pharma-
cokinetic modelling and predictions with progression to each subsequent dose level contingent upon safety and tolerability.
Results In vitro clearance of DMT was reduced through the inhibition of MAO-A, CYP2D6 and to a lesser extent CYP2C19.
Determination of lipophilicity and plasma protein binding was low, indicating that a high proportion of DMT is available for
distribution and metabolism, consistent with the very rapid clinical pharmacokinetics. Twenty-four healthy subjects received
escalating doses of DMT administered as a 10-min infusion over the dose range of 9-21.5 mg (DMT freebase). DMT was
rapidly cleared for all doses: mean elimination half-life was 9—12 min. All doses were safe and well tolerated and there was
no relationship between peak DMT plasma concentrations and body mass index (BMI) or weight.

Conclusion This is the first study to determine, in detail, the full pharmacokinetics profile of DMT following a slow IV
infusion in humans, confirming rapid attainment of peak plasma concentrations followed by rapid clearance. These findings
provide evidence which supports the development of novel DMT infusion regimens for the treatment of MDD.

Clinical Trial Registration Registered on ClinicalTrials.gov (NCT04673383).

Peak plasma levels of N,N-dimethyltryptamine (DMT) are
rapidly attained and cleared following intravenous doses

The authors confirm that the Principal Investigator was Dr. Malcolm of 9-21.5 mg DMT administered as a 10-min infusion.
Boyce (HMR, 44 Cumberland Ave, London NW10 7EW) and he

had direct clinical responsibility for the study subjects. Dr. David

DMT is rapidly metabolised by monoamine oxidase

Erritzoe was the Chief Investigator. (MAO) A. Additionally, these are the first published
findings to our knowledge that identify specific human
>4 Meghan Good cytochrome P450 (CYP) isozymes (2D6 and 2C19) can
meghan.good @smallpharma.co.uk contribute to the metabolism of DMT in active MAO-A

1" Small Pharma, 6-8 Bonhill Street, London EC2A 4BX, UK sparce environments.

2 Department of Brain Sciences, The Centre for Psychedelic Body weight and body mass index were not shown to
Research, Faculty of Medicine, Imperial College London, correlate with the peak DMT exposure and pharmacoki-
London, UK netic variability.

?  Sygnature Discovery, Nottingham, UK These findings contribute to the development of

4 AllenPK, Grantham, UK improved pharmacokinetic and metabolic models of

5 Hammersmith Medicines Research (HMR), London, UK DMT and to the design of IV infusion regimens for the

p treatment of mental health disorders.
Pharmaron UK Ltd., Rushden, UK

A\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s13318-023-00822-y&domain=pdf
http://orcid.org/0000-0002-3829-0723

312

M. Good et al.

1 Introduction

A number of clinical trials have supported the use of psyche-
delics for the treatment of major depressive disorder (MDD)
[1-6]. Dose-dependent increases in therapeutic efficacy have
been observed, attributed to the complex receptor pharma-
cology and the quality of subjective effects elicited by psy-
chedelic drugs [7]. N,N-dimethyltryptamine (DMT) is the
principal psychedelic compound contained in the psycho-
active plant brew ayahuasca [8]. A number of studies have
evaluated the pharmacokinetics (PK) of DMT in humans,
although these have largely been limited to investigations
following oral ingestion of ayahuasca [9-13]. However,
ayahuasca contains harmala alkaloid constituents which
function as monoamine oxidase (MAQ) inhibitors to DMT
metabolism, rendering it orally bioavailable. In contrast,
DMT is not orally bioavailable when administered indepen-
dently [14]. Injected formulations of DMT are extremely
short acting because of its rapid metabolism leading to the
formation of its primary metabolite, indole-3-acetic acid
(TAA), via oxidative deamination [15-17].

A study following bolus intravenous (IV) administration
of DMT in healthy volunteers showed that peak blood con-
centrations were reached at approximately 2 min; however, no
other PK variables were reported [16]. Similarly, psychedelic
effects are apparent almost immediately and resolve within
approximately 30 min. Plasma levels of DMT correlate with
changes in brain activity and intensity of psychedelic experi-
ence [17, 18] and therefore provide a proxy measure to under-
lying neuropharmacology. Moreover, it has been suggested
that a more complete psychedelic experience can be achieved
through modified IV infusion regimens which maintain thera-
peutic concentrations of DMT over a longer time period [19].

The purpose of the studies presented here was to investi-
gate the PK and metabolism of DMT in humans. We report
results evaluating, for the first time to our knowledge, the PK
profile of escalating doses of DMT administered as a slow
(10 min) IV infusion in psychedelic-naive healthy subjects,
which was conducted in the phase I component of a phase
I/I1a clinical trial, hereinafter referred to as phase 1. The
objective of the phase I study was to determine a safe and
well-tolerated infusion dose of DMT that elicits a ‘break-
through’ psychedelic experience (defined as an immersive
and intense experience in which almost all connection to the
real world is lost) to give to patients with MDD in the phase
IIa component of the clinical trial.

2 Methods
2.1 InVitro Studies

Methods for the in vitro studies were performed by Sygna-
ture Discovery Ltd. (Nottingham, UK). The in vitro data
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described were performed as part of a larger investigation
of deuterated DMT (SPL028) where DMT was used as a
reference control. Only data relating to DMT are presented
here to compliment interpretation of clinical PK. Analytical
assays were validated by the inclusion of positive control
compounds and results were compared to historical control
data (full validation data is presented in the supplementary
material). All analyses were performed using ultra-high-per-
formance liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Materials and reagents used in the in vitro
studies were supplied by Sigma-Aldrich (controls and inhibi-
tors), Tebu-bio (mitochondrial fraction), Pharmaron (Male
mouse CD-1 blood) and platelet services (Human blood).

2.1.1 Human Hepatocytes

Human hepatocytes from ten donors (male and female) were
thawed in a water bath at 37 °C and decanted into hepato-
cyte buffer solution (26.2 mM NaHCO;, 9 mM HEPES, 2.2
mM D-fructose, Dulbecco’s Modified Eagle Medium, in
MilliQ purified water), which was centrifuged, the superna-
tant removed and resuspended in hepatocyte buffer solution
at the final assay concentration (nominal 0.5 million cells/
ml). DMT fumarate and compound positive control stocks
[sumatriptan (MAO-A), benzylamine (MAO-B), serotonin
(MAO-A), diltiazem (CYP3A4 metabolism) and diclofenac
(CYP2C9, CYP3A4 and glucuronidation metabolism)] were
prepared at 10 mM in DMSO and diluted to 100 X the assay
concentration in 9:1 acetonitrile:DMSO.

To investigate the impact of MAO-A and MAO-B inhibi-
tion, the stability of a final concentration of DMT fumarate
at 5 uM was tested with and without (100 nM clorgyline and
100 nM deprenyl/selegiline), which was added as a cassette
15 min prior to the addition of a final compound stock. A
concentration of 1 pM diltiazem and diclofenac markers was
selected as in accordance with validated study site stand-
ard procedures whereas a concentration of 5 uM for DMT
fumarate and MAO substrate markers was initially chosen to
increase the signal-to-noise ratio relative to analytical sensi-
tivity. A separate study was also conducted investigating the
stability of a final concentration of DMT fumarate at 1 pM
in the absence of inhibitors.

Hepatocytes were added to pre-warmed incubation tubes
(37 °C) together with compound stock solution 0.9% (v/v)
acetonitrile and 0.1% (v/v) DMSO to achieve a final count
of 0.362 million viable cells/ml, shaken orbitally though the
experiment. Aliquots were taken from the incubation tubes
at4, 8, 15, 30, 45 and 60 min and quenched 1:4 with ice-
cold acidified methanol or acetonitrile-containing internal
standard before protein precipitation at —12 °C for a mini-
mum of 12 h before centrifugation at 4 °C. Supernatants
were transferred to 96-well plates for ultra-high-performance
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liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis.

2.1.2 Human Mitochondrial Fraction

Human liver mitochondrial fractions (XenoTech, Sekisui,
mixed gender, 5-donor pool) were assayed, in the presence
or absence of selective inhibitors of monoamine oxidase
(MAO)-A (clorgyline, 100 nM final concentration) and
MAO-B (deprenyl/selegiline, 100 nM final concentration).
Similar methodology to the human hepatocyte experiments,
with a final liver mitochondrial concentration of 0.5 mg/ml,
was used.

For the irreversible inhibition of MAO-A and MAO-B,
the inhibitors (100 nM final concentration) were added 15
min prior to the addition of DMT fumarate at 5 pM final
concentration. Positive control substrates for MAO-A
(serotonin) and MAO-B (benzylamine) were included and
screened at 5 pM final substrate concentration. A separate
study investigated the metabolic stability of DMT fumarate
at 1 uM final concentration without the inclusion of MAO-A
or MAO-B inhibitors.

The time points used in the assay were 2, 4, 8, 15, 30,
45 and 60 min and intrinsic clearance (CLint) and t;,,
were calculated in the same way as the human hepatocyte
experiment.

2.1.3 Cytochrome P450 (CYP) Phenotyping

Cytochrome P450 (CYP) phenotyping was assessed using
DMT fumarate and marker compounds for eight human CYP
isozymes (bactozomes) prepared at 10 mM in DMSO and
further diluted to 100 X the assay concentration. Marker
compounds included carvedilol (CYP1A2, CYP2C9,
CYP2C19, CYP2D6, CYP3A4), verapamil (CYP2CS,
CYP3AS), bupropion and ticlopidine (CYP2B6), mon-
telukast (CYP2CS), diclofenac (CYP2C9), propranolol
(CYP2C19), dextromethorphan (CYP2D6) and midazolam
(CYP3A4).

Individual CYP bactosomes (CYPEX Ltd., UK) were
thawed at room temperature and diluted to 200 pmol/ml in
0.1 M phosphate buffer. DMT fumarate and marker com-
pounds were added to incubation tubes together with CYP
bactosomes and pre-warmed for 5 min at 37 °C before
the addition of pre-warmed NADPH (10 mM in 0.1 M

phosphate buffer) to achieve final concentrations of 1 pM
DMT fumarate/marker compounds and 100 pmol/ml CYP
bactosomes in phosphate buffer and 1% (v/v) DMSO.

At each predetermined time point (2, 5, 15, 30, 45 and
60 min) samples were taken and quenched 1:4 with ice-
cold methanol- or acetonitrile-containing internal standard.
Quenched samples were mixed before protein precipitation
at —12 °C for a minimum of 12 h before centrifugation at
4 °C. Supernatants were transferred to 96-well plates for
LC-MS/MS analysis. MS peak areas were used to generate
In (MS response) vs. time plots, from which intrinsic clear-
ance (uM/min/nmol CYP) and half-life (¢, min) values
were calculated using Eqgs. 1, 3 and 5.

—1000k

Intrinsic clearance (CLint) =
st d (CLint) CYP concentration M

Projected CYP isozyme intrinsic clearance (Eq. 2)
accounting for estimated CYP abundance in human liver
microsomes (LM/min/mg microsomal protein) is calcu-
lated using Eq. (5) and estimated CYP abundance values
(Table 1).

Projected CYP isoform intrinsic clearance

2
= Estimated CYP abundance X CLint @

2.1.4 Blood:Plasma Ratio

Blood:plasma ratio was determined using fresh human
blood and plasma samples from a donor panel aliquoted and
pre-incubated at 37 °C for 5 min. DMT fumarate (1pM),
diclofenac (positive control, 1 pM) and verapamil (positive
control, 1 pM) were prepared at 2 mM in DMSO, while
chloroquine (positive control, 1 pM) was prepared at 2 mM
in water, before all were further diluted to 100 X the final
assay concentration in methanol.

Stocks of DMT and controls were separately spiked 1:100
into the blood and plasma samples, which were incubated
at 37 °C for 30 min, with shaking for 15 s at 15 and 30 min.
After 30 min plasma samples were quenched 1:3 into ice-
cold methanol-containing internal standard; blood samples
were centrifuged, and an aliquot of the plasma was taken and
supernatant quenched 1:3 into ice-cold methanol-containing
internal standard before protein precipitation between the
matrix-matched plasma samples at —12 °C for a minimum

Table 1 Abundance for
cytochrome P450 isozymes

CYP450 isoform

1A2  2B6 2C8 2C9 2C19 2D6 3A4 3A5

Abundance (nmol CYP/mg H mic protein) 0.032 0.023 0.024 0.060 0.009 0.012 0.075 0.009

CYP cytochrome P450

*Estimated CYP abundance is taken as mean from three published sources (44—46)
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of 12 h before centrifugation at 4 °C. Supernatants were
transferred to 96-well plates for LC-MS/MS analysis.

MS peak areas were used to generate In (MS response)
vs. time plots. Subsequent intrinsic clearance (ul/min/million
cells) and half-life (t;, min) values were calculated using
the following Egs. 3-5:

Half Life = @ 3)
o —1000k
Intrinsic clearance = o 4)
cell density (%)
k = slope of In (MS peak response or area) vs. plot 5)

2.1.5 Plasma Protein Binding

Plasma protein binding was assayed using thawed pooled
donor plasma, which was centrifuged, and the resulting
supernatant decanted into a fresh vessel, with pH adjusted
to 7.4 using lactic acid or NaOH. DMT fumarate and marker
stocks were prepared at 10 mM in DMSO and further diluted
to 100 X the assay concentration, which was then spiked
1:100 into the plasma samples to achieve a final concentra-
tion of 5 uM, except for DMT fumarate, which was prepared
at 1.64 pM because of a technical error.

For each sample, 200 pl of the spiked plasma was added
to the red compartment of a Rapid Equilibrium Dialysis
(RED) plate (Thermo Fisher Scientific, UK) with 350 ul
PBS added to the buffer compartment before sealing the
RED plate with a breathable lid and shaking on an orbital
shaker in a 37 °C incubator at 5% CO, for 4 h. A sample of
the plasma/DMT was taken and mixed with an equal vol-
ume of PBS, and a sample was taken from the buffer side
and mixed with an equal volume of blank plasma before
quenching 1:3 with ice-cold acetonitrile-containing inter-
nal standard. The matrix-matched quenched samples were
mixed before protein precipitation at — 12 °C for a minimum
of 12 h before centrifugation at 4 °C.

Supernatants were transferred to 96-well plates for
LC-MS/MS analysis; values were derived for fraction of
unbound and bound drug, together with recovery, follow-
ing the preparation of matrix-matched standard curve and
quality control samples to allow for quantification of the
concentration in each sample.

2.1.6 Lipophilicity
The distribution coefficient logD, , measures the partition

of substances in octanol and aqueous solutions in a solution
at pH 7.4, i.e., approximating that of blood. A 10 mM stock
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of DMT fumarate diluted in DMSO was prepared together
with 10 mM control markers (ketoconazole, propranolol and
verapamil). These were added to incubation tubes together
with octanol before shaking for 5 min; buffer was added and
the tubes shaken for a further 90 min at room temperature.
The tubes were then centrifuged at room temperature and
samples taken from both octanol and buffer fractions, which
were diluted to give similar responses on LC-MS/MS before
being transferred to 96-well plates with methanol-containing
internal standard prior to LC-MS/MS analysis.

2.1.7 Liquid Chromatography-Tandem Mass Spectrometry

Samples were analysed by LC-MS/MS using Thermo TSQ
Quantiva with Thermo Vanquish UPLC system (Thermo
Fisher Scientific, Hemel Hempstead, UK) with a calibration
range of 2.5-1000 nM for DMT. Separation of analytes was
performed using Luna Omega 2.1 X 50 mm, 2.6 um column
at 65 °C with a 1 pl/sample. The mobile phase consisted of
solvent A [0.1% (v/v) formic acid in water] and solvent B
[0.1% (v/v) formic acid in acetonitrile] using a gradient of
5-99% of B (0—~1.35 min), 5% (1.36-11.8) and flow rate of
0.8 ml/min. MS was performed with an electrospray ionisa-
tion (ESI) source in the positive-ionization mode with mul-
tiple reaction monitoring and a sheath gas of 54 Arb and
aux gas of 17 Arb. The ion spray voltage was set at 4000 V
and the source temperature was 450 °C. The mass-to-charge
transition (m/z) of precursor and product ions for DMT was
identified as: (m/z) 189.13 — 58.15, 144.04.

2.2 Phasel Clinical Study
2.2.1 Subjects

To be eligible to participate in the phase I clinical study male
and female subjects were required to be aged > 25 years,
with no previous exposure to serotonergic psychedelic sub-
stances, and registered with a general practitioner within the
UK. Subjects were also required to have a body mass index
(BMI) 18.0-30.9 kg/m?, no clinically relevant physical find-
ings and no abnormal electrocardiogram (ECG) or clinical
laboratory parameters at the screening visit.

Subjects with a current or past diagnosis of a mental
health disorder as defined by the American Psychiatric Asso-
ciation Diagnostic and Statistical Manual of Mental Disor-
ders, fifth edition (DSM-5), a history of suicide attempts or
any first- or second-degree relative with a psychotic or bipo-
lar disorder were excluded from the study. The minimum age
restriction was set to minimise the risk of recruiting subjects
with a predisposition to or undiagnosed non-affective psy-
chosis disorder.



DMT Human Pharmacokinetics

315

2.2.2 Study Design and Treatment

The phase I study was a single-centre, randomised, double-
blind, placebo-controlled, parallel-group dose-escalation
trial (ClinicalTrials.gov: NCT04673383; EudraCT: 2020-
000251-13). The study was conducted to meet criteria of
European Medicines Agency (EMA) guidelines and Good
Clinical Practice (GCP). It was approved by the UK Medi-
cines and Healthcare Products Regulatory Agency (MHRA)
and London Brent ethics committee.

Due to the psychedelic effects of DMT and the absence
of comprehensive safety and tolerability data from previ-
ous clinical studies, EMA guidelines for risk identification
and risk mitigation were followed [20] together with scien-
tific advice from the MHRA. Additionally, the study was
designed in accordance with published guidelines regard-
ing the clinical assessment of hallucinogenic substances in
humans [21].

The phase I study was exploratory and there were no
null hypotheses; therefore, study data were not subject to
formal statistical analyses or sample size calculations. The
sequential single ascending dose escalation group design
(described below) was based on the Association of the Brit-
ish Pharmaceutical Industry (ABPI) phase I clinical trial
guideline example [22].

At the screening visit, subjects provided written informed
consent and attended a structured interview with the study
psychiatrist using the Mini-International Neuropsychiatric
Interview. All subjects participated in individual or group
preparation sessions, including advice on what to expect and
how to respond to the psychedelic experience at screening
and again the day prior to study drug administration.

Subjects were admitted to the clinical pharmacology
unit [Hammersmith Medicines Research (HMR), London,
UK] the day before study drug administration. No intake of
alcohol or caffeine for 24 h before and during the treatment
period was permitted. On the day of treatment, study drug
was administered in a room set up according to best practice
principles for psychedelic studies [21], including soft light-
ing, soft furnishings, music and photographs/art depicting
scenes of nature; subjects were also asked to wear an eye
mask during study drug administration. A therapist and a
psychiatrist were present in the room, with additional clini-
cal staff supervising study drug administration and blood
sampling.

Subjects were carefully monitored for adverse events
(AEs) using non-leading questions such as “How are you
feeling?”” and spontaneously according to subject responses.
Drug-related AEs were categorised by severity as either
mild, moderate or severe using the following definitions:
mild, an AE causing mild discomfort which did not inter-
fere with the subject’s daily routine and did not require

intervention; moderate, an AE causing moderate discomfort
which interferes with some aspects of the volunteer’s rou-
tine or requires intervention, but is not damaging to health;
severe, an AE clearly damaging to health which results in
alteration, discomfort or disability. Any clinically significant
changes in physical findings, ECG or laboratory parameters
were also recorded as AFEs.

Subjects were required to remain in the clinical unit
overnight for further psychological and safety evaluations
and discharged the next morning dependent on satisfactory
assessment outcomes. Follow-up was conducted by phone or
video call for up to 3 months after study treatment.

Four single ascending dose levels of DMT were stud-
ied (Table 2); escalation to the next dose was dependent on
the safety, tolerability and the PK profile of each prior dose
level. Further details of the clinical study and psychotherapy
methodology will be published elsewhere (in preparation).

A fumarate salt of DMT (SPL026) drug substance and
drug product was manufactured in a 1:1 ratio in the UK in
accordance with Good Manufacturing Practice (GMP) with
2.5 mg/ml DMT free base in 10 ml aqueous sterile solution;
placebo consisted of the same ingredients and volume with
the exception of the active substance. Active and placebo
treatments were identical in appearance and administered in
the same volume. The synthesis of SPL026 will be reported
elsewhere (publication submitted).

2.2.3 Dosing Procedure

Study drug was administered as a continuous 10-min IV
infusion, split into two phases. Due to the rapid metabolism
of DMT, it was reasoned that an initial slow injection to
gradually increase plasma concentrations would provide a
gentler onset of subjective psychedelic experience for sub-
jects to begin the DMT infusion. The second infusion phase
was designed to achieve similar peak plasma concentrations
and therefore peak subjective psychedelic effects attained in
previous clinical studies [16, 17].

Table 2 Final dosing regimens for DMT in healthy subjects

Cohort Total dose (free base  Duration of IV infusion
DMT)

1 9 mg Phase 1: 6 mg over 5 min
Phase 2: 3 mg over 5 min

2 12 mg Phase 1: 6 mg over 5 min
Phase 2: 6 mg over 5 min

3 17 mg Phase 1: 6 mg over 5 min
Phase 2: 11 mg over 5 min

4 21.5 mg Phase 1: 6 mg over 5 min

Phase 2: 15.5 mg over 5 min

DMT N,N-dimethyltryptamine, /V intravenous
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A single cannula was inserted in the forearm vein with
two separate syringes and two separate syringe pumps con-
nected by a three-way tap to provide different infusions
rates for the two phases of infusion. The first syringe pump
infused study drug over 5 min (phase 1) followed by another
5-min infusion from the second syringe pump (phase 2).

Four dosing regimens of DMT were used (Table 2)
and each dose cohort was randomised so that six subjects
received DMT and two received placebo. First, two subjects
(sentinel subjects) at each dose level received study treat-
ment (1 randomised to DMT and 1 to placebo) and were
dosed prior to the remaining subjects within that cohort. Pro-
vided the tolerability and safety in the sentinel subjects were
acceptable, the remaining subjects at that dose level received
study treatment (5 randomised to DMT and 1 to placebo).

Following the completion of each dose level, the PK
data were reviewed alongside all safety and tolerability data
before progression to the next dose cohort group. All sen-
tinel subjects were included in the safety analyses but only
the sentinel subjects receiving DMT were included in the
pharmacokinetic analyses.

2.2.4 Dose Rationale

The dosing regimen used in this study was selected based on
PK modelling of existing clinical data. Prior to study start,
compartmental analysis was performed using plasma con-
centration-time data from 12 healthy adults over 3 different
IV (30 s) bolus doses of DMT fumarate collected in a previ-
ous clinical study [17, 23] (3 subjects at 7 mg, 4 subjects at
14 mg and 5 subjects at 20 mg). These data were used gener-
ate a single PK model for each dose level. Various weighting
schemes were evaluated based on visual fit, parameter errors
and runs of residuals. A final one-compartment IV model by
an iteratively reweighted non-linear least squares (IRWLS)

algorithm and 1/concentration weighting scheme was used
to fit the data with the following equation (Eq. 6):

_ kO A -\t
C= m(e — e™ (6)
where #* represents ¢ (actual time) post start of infusion.
V, and 4, represent the volume and elimination rate,
respectively.

A series of two-compartment models were also consid-
ered; however, parameter errors and overall visual appear-
ance of the fitted lines were determined unsuitable.

2.2.5 Dose Simulation

Estimated V; and K, model parameters (Table 3) derived
from 14 mg dose level (known to produce marked psyche-
delic effects [17, 23]) were used to simulate a series of two-
phase IV infusion doses. The first infusion phase (phase 1)
was designed to slowly bring subjects to the fringe or early
stages of a psychedelic experience and was the same across
all dose cohorts. An infusion dose of 6 mg over 5 min was
modelled to support the intent of a gradual onset of psy-
chedelic experience and peak exposure level equivalent to
a previously administered 7 mg DMT fumarate (30 s IV
bolus) dose which was considered to produce mild psyche-
delic effects [17, 23]. The second infusion phase (phase 2)
was intended to either maintain or further intensity the psy-
chedelic effects attained in phase 1 and was increased with
each dose escalation.

A starting dose (cohort 1) was modelled to attain (phase
1: 6 mg over 5 min) and maintain (phase 2: 3 mg over 5 min)
the exposure level and mild psychedelic effects reached in
the first phase of infusion, while the intention of the final
dose level was to reach peak concentration levels equivalent

Table 3 One-compartment

Parameter Mean of individual parameters Parameters derived from mean
model parameters of both
individual and mean DMT Vi) K, 1, (min) Vi) K. t,, (min)
plasma concentration data [17,
23] Dose 4.3* mg 327.8 0.152 4.6 327.9 0.153 4.5
%Error 5.2 5.7 6.5 7.0
Dose 8.6* mg 175.3 0.120 5.8 182.0 0.124 5.6
%Error 15.0 18.1 6.8 8.1
Dose 12.4* mg 196.8 0.109 6.4 208.4 0.109 6.4
%Error 11.1 14.1 8.8 11.2

“Doses stated are freebase equivalent of 7 mg, 14 mg and 21 mg fumarate. The parameters were derived
by modelling both the individual subject and mean PK data. V| compartment volume; K, elimination rate
constant; ¢, half-life (calculated via first order reaction equation, 0.693/K,). The derived parameters indi-
cate a robust and good-fit model because the mean and individual-derived parameters are very similar, and
percent % errors are low (< 20%) [24]
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to those previously reported following a 17 mg DMT fuma-
rate (30 s IV bolus) dose [17, 23]. This exposure was con-
sidered to produce a sufficiently intense ‘breakthrough’ psy-
chedelic experience (defined above) which is safe and well
tolerated. Following the completion of each dose cohort, the
pharmacokinetic profile and tolerability data were reviewed
with the objective of attaining a complete psychedelic expe-
rience with minimal somatic effects in subjects. Each dose
escalation step was carefully modelled to achieve incre-
mental increases in exposure from the previous cohort to
ensure that the safety and tolerability of each infusion regi-
men could be investigated in a dose-dependent manner. A
total of four dose cohorts were evaluated; the final infusion
regimens of DMT are given in Table 2.

Compartmental and simulated pharmacokinetic analyses
were conducted using PCModfit version 6.9 for Windows
running with Microsoft Excel [24].

2.2.6 Pharmacokinetics

Blood samples were drawn using a cannula inserted in the
forearm vein (the opposite side to where study treatment was
administered) pre-dose and at a nominal 2, 5, 6, 7, 10 (end
of IV infusion), 11, 13, 15, 30, 60, 120 and 240 min after
the start of the infusion. Blood samples (3 ml) were taken
into 3-ml K,EDTA tubes and immediately placed on ice.
Samples were centrifuged at 1500 X g for 10 min at 4 °C,
divided into two aliquots of approximately equal volume
(minimum of 0.5 ml in the primary aliquot) in screw-capped
polypropylene cryotubes and frozen at < — 80 °C within 2 h
after collection, and stored until bioanalysis.

Plasma concentrations at actual time points for each sub-
ject were analysed. The following pharmacokinetic param-
eters were calculated using noncompartmental analysis of all
available data for each evaluable subject after IV administra-
tion: maximum (peak) plasma concentration (C,,,,,); concen-
tration at 5 min (Cs,,,), time to peak plasma concentration
(Tha0)» area under the plasma concentration-time curve from
time zero to time of last measurable concentration (AUC
last); area under the plasma concentration-time curve from
time zero to infinity (AUC,,); terminal half-life (¢;,,); clear-
ance (CL); apparent volume of distribution during terminal
phase (V,); volume of distribution at steady state (V,); mean
residence time (MRT;).

Determination of DMT and IAA in human plasma was
conducted using ultra-high-performance LC-MS/MS sys-
tem (Pharmaron UK Ltd., Rushden). The bioanalytical
method for the determination of DMT in human plasma
(K,EDTA) using LC-MS/MS was fully validated over the
calibration range 0.0619 ng/ml to 310 ng/ml in accordance
with GCP and following full validation procedures based on

bioanalytical guidelines [25, 26]. The calibration range for
TIAA was 2.00-1000 ng/ml. Ultra-high-performance liquid
chromatography (UHPLC) was performed using ExionLC
system with autosampler set at 4 °C. An analytical column
(Acquity BEH C18 2.1 x 50 mm, 1.7 pm) maintained at
60 °C was used to separate analytes with a gradient elu-
tion programme using mobile phase A [0.1% (v/v) formic
acid in water]| and mobile phase B (acetonitrile) as follows:
0.00 min (90% A, 10% B); 2.00-2.50 min (5% A, 95 % B);
2.51-3.00 min (90% A, 10% B). The flow rate was 350 pl/
min. MS analysis was performed using Applied Biosystems
API6500+, with an ESI source in the positive-ionization
mode with multiple reaction monitoring. Source conditions
were optimized with the curtain gas at 40 psi, IonSpray Volt-
age at 5500 V and temperature 400 °C. The mass-to-charge
transition (m/z) of precursor and product ions for DMT was
identified as: (m/z) 189.5 — 58.2 and for IAA was identi-
fied as: (m/z) 176.2 — 130.3. The precision and accuracy
of the bioanalytical method were within acceptance criteria
[+ 15% (£ 20% for lower limit of quantification, LLOQ)]
as determined by measurement of DMT in replicate (n=06)
quality control (QC) samples at four different concentration
levels (LLOQ, low, medium and high) on a minimum of
three occasions. The internal standard used for DMT was
a,o,bis-deuterio-N,N-hexadeuterio-dimethyltryptamine
(DMT-dg) and control blank was human plasma (K,EDTA;
BiolVT Ltd.).

2.2.7 Statistical Analyses

The pharmacokinetic concentration population comprised
subjects who received at least one dose of study treatment
and for whom a blood sample had been analysed. The phar-
macokinetic parameter population comprised subjects in the
pharmacokinetic concentration population for whom phar-
macokinetic parameters could be derived.

Actual sampling times were used to derive pharmacoki-
netic parameters and missing data were not imputed. Plasma
concentrations of DMT below the LLOQ of the LC-MS/MS
were either treated as zero (if they occurred before T,,,) or
considered missing.

Plasma concentrations and pharmacokinetic parameters
were summarised by treatment, using descriptive statistics.
For log-transformed parameters, the primary measure of
central tendency was the geometric mean, and for other
parameters, it was the arithmetic mean or median.

Dose proportional relationship between C,,,, and AUC
last dose were assessed using the power model [27] (log phar-
macokinetic parameter = a + f X log(dose) + &), where
a=intercept and f=slope. The power model was fitted by
restricted maximum likelihood (REML) mixed effect model,
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with intercept and log(dose) as fixed effects. The dose pro-
portionality of each PK parameter was confirmed if the 90%
confidence interval (CI) of # (log pharmacokinetic parameter
vs. log dose) included the value 1.0.

The relationship between BMI and body weight vs. dose-
normalised C,,,, and concentration at 5 min (Cs,,;,) was
determined by separate hierarchical regression analyses; age
and sex were included as control variables. These analyses
were conducted post hoc to investigate the relationship of
BMI and body weight regarding pharmacokinetic variability
and to confirm that fixed dosing (rather than weight-based
dosing) of DMT was appropriate.

Pharmacokinetic analysis was conducted by the Statistics
and Data Management Department at HMR, using WinNon-
lin version 8.1 or higher. Descriptive statistics were derived
using SAS version 9.4 or higher, including mean, standard
deviation (SD), median, minimum and maximum values.
Additionally, for pharmacokinetic variables percent coeffi-
cient of variation (%CV) and 95% CI of the arithmetic mean
were derived. The adjusted coefficient of determination (R%
measured the goodness of fit for the linear regression model
(where values range from 0-1, O indicating that the pre-
dictor variable accounts for no variation in the dependent
variable and 1 predictor variable accounts for all variation
in dependent variable values). Post-hoc analyses were per-
formed using IBM SPSS version 28.0 and tested at the p <
0.05 significance level.

3 Results
3.1 Invitro experiments

The intrinsic hepatocyte clearance of DMT [0.62 (1) uM]
was 19.4 + 0.8 pul/min/million cells with a half-life of 98.9
+ 3.9 min (mean + SD). Separately, MAO inhibition had a
minimal impact on the intrinsic hepatocyte clearance rate
of DMT [3.1 (5) uM], 13.8 ul/min/million cells (half-life,
92.4 min) with MAO inhibitors vs. 13.24 pl/min/million
cells (half-life, 96.1 min) in the absence of MAO inhibition
(Table 4).

The contribution of MAO in the metabolism of DMT was
further assessed in human liver mitochondrial fractions. The
intrinsic clearance of DMT (0.62 uM, n=2) was 175.0 pl/min/
mg protein (half-life, 7.9 min). At a higher concentration, the
intrinsic clearance of DMT (3.1 uM) was reduced by > 90%
(approximately 11-fold) by the MAO-A inhibitor compared
to vehicle control (<3.9 vs. 42.9 ul/min/mg protein), with an
accompanying increase in half-life (>373.7 vs. 33.7 min);
however, there was no influence of MAO-B inhibition (intrin-
sic clearance, 42.7 pl/min/mg protein; half-life, 32.5 min)
(Table 4).

Serotonin (MAO-A) and benzylamine (MAO-B) sub-
strate controls demonstrated the effective blocking of
MAO activity with the inclusion of inhibitors in hepato-
cyte and mitochondrial fractions (Table 4).

Table 4 In vitro metabolic stability of DMT in human (A) whole cell hepatocytes and (B) hepatic mitochondrial fraction

Compound [concentration, ‘Without inhibitors With inhibitors
a
KM Half-life (min) Intrinsic clearance (ul/min/mil-  Half-life (min) Intrinsic clearance
lion cells) (u/min/million cells)
DMT [0.6] 98.9 19.4 - -
DMT [3.1] 924 13.8 96.1 13.2
Sumatriptan [5] 448.0 2.8 >460.0 <3.0
Benzylamine [5] 76.3 16.7 >460.0 <3.0
Serotonin [5] 33.0 38.6 125.7 10.1
Diltiazem [1] 91.8 18.9 - -
Diclofenac [1] 18.4 92.4 - -
Compound [con- Without inhibitors With clorgyline With deprenyl
centration, uM]* - - — - - — - - —
Half-life (min)  Intrinsic clearance Half-life (min)  Intrinsic clearance Half-life (min) Intrinsic clearance
(ul/min/million cells) (uW/min/million cells) (uW/min/million cells)
DMT [0.6] 7.9 175.0 - - - -
DMT [3.1] 33.7 429 >373.7 <39 32.5 42.7
Benzylamine [5] 26.4 53.9 - - 300.2 4.7
Serotonin [5] 10.0 140.8 >420.2 <33 - -

DMT N,N-dimethyltryptamine

#Concentration expressed as freebase DMT: 0.6 uM [1 uM DMT fumarate]; 3.1 pM [5 uM DMT fumarate]
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Table 5 Human plasma protein
binding DMT

Table 6 Human blood:plasma
(B/P) ratio of DMT

Table 7 Subject characteristics (safety population)

319
Compound  Fraction unbound % bound Recovery
Sample 1 Sample2 Mean  Sample 1 Sample2 Mean Sample 1 Sample2 Mean
DMT 0.699 0.655 0.677  30.1 345 323 99 98 98.5
Sumatriptan ~ 0.648 0.709 0.679 352 29.1 322 93 98 95.5
Verapamil 0.049 0.053 0.051 95.1 94.7 949 98 98 98
Warfarin <0.010 <0.010 <0.010 >99.0 >99.0 >99.0 109 101 105
DMT N,N-dimethyltryptamine, % bound percent bound
Compound Plasma MS response Mean B/P ratio
Blood incubations Plasma incubations
Sample |  Sample2  Mean Sample 1  Sample 2  Mean
DMT 114.24 116.69 11547  180.46 173.02 176.74  1.53
Chloroquine 1.01 1.10 1.06 5.26 5.14 520 493
Verapamil 31.56 35.23 33.40 26.30 25.70 26.00  0.68
Diclofenac 1.42 1.63 1.53 0.97 0.94 096 0.63

MS mass spectrometry, DMT N,N-dimethyltryptamine, B/P ratio blood plasma ratio

Parameter Placebo (n=28) Cohort 1 (n=06) Cohort 2 (n=06) Cohort 3 (n=06) Cohort 4 (n=06)
Age, years

Mean (SD) 31.9(6.7) 34.3(7.1) 34.5(8.7) 43.0(17.4) 40.0 (8.5)
Range 26-42 2743 2544 28-76 28-50
Sex, n (%)

Male 7 (87.5) 5(83.3) 2(33.3) 5(83.3) 5(83.3)
Female 1(12.5) 1(16.7) 4 (66.7) 1(16.7) 1(16.7)
Race, n (%)

Asian 0 3 (50.0) 0 1(16.7) 1(16.7)
Black/African American 1(12.5) 0 1(16.7) 1(16.7) 1(16.7)
Latin American 1(12.5) 0 0 0 0

White 5(62.5) 2(33.3) 3 (50.0) 3 (50.0) 4 (66.7)
Other 1(12.5) 1(16.7) 2(33.3) 1(16.7) 0
Ethnicity, n (%)

Hispanic/Latino 3(37.5) 0 1(16.7) 0 0
Non-Hispanic/Latino 5(62.5) 6 (100.0) 5(83.3) 6 (100.0) 6 (100.0)
Weight, kg

Mean (SD) 84.5 (4.8) 79.5(14.2) 59.6 (5.5) 74.2 (12.8) 80.6 (7.9)
Range 75.9-92.3 63.0-98.9 51.6-65.7 61.8-90.2 66.4-89.4
Body mass index, kg/m?

Mean (SD) 26.5 (2.0) 25.7 (3.0) 21.4 (2.3) 25.0 (4.0) 26.0 (2.4)
Range 24.0-29.8 23.1-30.6 19.0-24.1 20.0-30.1 23.6-29.8

SD standard deviation, % percent
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CYP phenotyping using eight human enzymes showed
DMT intrinsic clearance was 801 pl/min/nmol CYP (half-
life, 9 min) for CYP2D6 and 37 pl/min/nmol CYP (half-life,
189 min) for CYP2C19. These data correspond to an estimated
clearance rate of 9.5 and 0.3 pl/min/mg microsomal protein
with CYP2D6 and CYP2C19, respectively, indicating a role for
CYP2D6 and minor role of CYP2C19 in DMT metabolism in
human liver. No turnover of DMT was detected with CYP1A2,
CYP2B6, CYP2CS8, CYP2C9, CYP3A4 and CYP3AS (<29 ul/
min/nmol CYP) for the duration of the study indicating that
DMT is not a substrate for these isozymes.

Mean logD, , (n=2) was 0.15 demonstrating a low lipo-
philicity indicative of poor permeability and low non-spe-
cific binding of DMT which was supported by the plasma
protein binding result of 67.7% unbound DMT (Table 5).
The blood:plasma ratio was 1.53 for DMT (Table 6) dem-
onstrating partitioning into blood cells.

3.2 Clinical Study
3.2.1 Clinical Findings

Baseline demographics were similar across dosing cohorts
with a mean age of 36.4 (range 25-76) years and mean BMI
of 25.0 kg/mz; eight subjects were female (25%) (Table 7).
All four doses of DMT were found to be safe and well tol-
erated in all subjects. All 32 enrolled subjects completed
study treatment and a total of 13 subjects had drug-related
treatment-emergent AEs (drTEAEs), which were catego-
rised as either mild or moderate; all were transient in nature
(Table 8) and no serious AEs were recorded.

3.2.2 Pharmacokinetic Analysis

As mean measured concentrations of DMT at the 120 min
and 240 min time points were low (< 0.1 ng/ml) (Table 9),
these time points were excluded from Fig. 1 to improve
graphical data representation. Due to dosing errors, one
subject from cohort 1 and one subject from cohort 3 were
excluded from pharmacokinetic analyses. The pharmacoki-
netic parameters from each dosing group are presented in
Table 10.

Pharmacokinetic analysis of five evaluable subjects from
cohort 1 that received a total dose of 9 mg DMT (Table 10)
had a large observed inter-individual variability for both
Cphax (mean 20.8 ng/ml; range 5.0-34.9) and AUC,,, (mean
349 ng-min/ml; range 71-705) (Table 10, Fig. 1). Mean ¢,
was 12.1 min (range 5.8-18.3).

For the six subjects in cohort 2 that received 12 mg DMT
(6 mg over 5 min and then 6 mg over 5 min), mean DMT
Coax = 30.6 ng/ml (range 12.7-62.3), mean AUC,, = 451
ng-min/ml (range 245-755) (Table 10, Fig. 1) and mean t;,,
was 9.5 min (range 6.0-17.0).

Regarding the five subjects from cohort 3 that received
a dose of 17 mg DMT (6 mg over 5 min then 11 mg over
5 min), sampling cannula issues for pharmacokinetic data
resulted in nine missing data points. It was therefore not pos-
sible to calculate any parameters for DMT other than C,,,
(mean 72.1 ng/ml; range 16.2-126.0) and AUC,,; (mean 842
ng-min/ml; range 204—1298) (Table 10).

The final cohort (cohort 4) received DMT infused as 6 mg
over 5 min followed by 15.5 mg over 5 min (total dose 21.5

mg). For these six subjects mean C,,,, was 62.7 ng/ml (range

Table 8 Summary of drug-related treatment-emergent adverse events (safety population)

Adverse event Placebo (n=8) Cohort 1 (n=6)

Cohort 2 (n=06) Cohort 3 (n=06) Cohort 4 (n=06)

101 212]

Sensation of pain/reaction at
administration site®

Sleep disorder
Euphoric mood
Anxiety

Abdominal discomfort
Nausea

S O ©O O o O

0
0
0
0
0
0

Heart rate increase/sensation
of heart rate increase

Pallor 0
Dizziness 0
Headache 0
Cold sweat 0

1

N O O O O

Total [1] [2]

1[1] 2[2] 1[1]
21(2] 0 0
212 0 0
1[1] 0 0
11] 0 0
11] 0 0
0 2[2] 0
0 212 0
0 11 0
0 2111 0
0 11 0
8 [4] 10 [5] 1[1]

#Adverse events at infusion cannula were all resolved by 1 h post-dose. n= number of adverse events determined as possibly drug related; [] =

number of subjects.
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Table9 Summary of DMT Time point Cohort 1 (1=5) Cohort2 (2=6)® Cohort3 (n=5)*  Cohort 4 (n=6)"
concentration-time profiles after
IV administration of DMT ng/ml ng/ml ng/ml ng/ml
Pre-dose Mean (SD) O 0 0 0
Median 0 0 0 0
2 min Mean (SD)  1.95 (1.57) 5.41 (1.80) 7.01 (11.8) 4.32 (2.88)°
Median 2.04 5.78 2.07 4.50°
5 min Mean (SD)  10.0 (7.01) 13.5 (3.29) 18.3 (16.6) 13.2 (5.65)
Median 7.88 11.9 8.58 13.6
6 min Mean (SD)  11.98 (8.69) 21.63 (18.6) 25.5(23.8) 17.5 (5.59)
Median 7.79 13.3 12.0 18.3
7 min Mean (SD) 15.9 (13.2) 23.6 (19.6) 37.4 (37.1) 25.73 (8.32)
Median 7.92 16.35 18.8 244
Ca. 10 min® Mean (SD) 16.3 (11.8) 26.1 (14.7) 62.3 (41.2) 62.2 (26.5)
Median 9.58 22.6 63.9 58.9
11 min Mean (SD)  17.5 (10.6) 23.1 (11.9)¢ 62.8 (46.1)¢ 53.0 (16.9)
Median 19.5 23.2¢ 61.14 529
13 min Mean (SD) 14.2 (8.2) 20.5 (8.94) 22.6 (9.12)f 40.9 (14.5)
Median 163 21.2 22.6' 422
15 min Mean (SD)  7.77 (4.46) 16.7 (7.89) 18.3 (8.63)¢ 30.2 (9.80)
Median 6.62 16.9 18.32 31.6
30 min Mean (SD)  7.02 (8.72) 3.78 (3.62) 3.68 (2.95)° 9.50 (5.65)
Median 2.74 2.41 3.96° 11.0
60 min Mean (SD)  0.43 (0.33) 0.65 (0.90) 0.49 (0.54) 1.19 (0.76)
Median 0.48 0.37 0.45 1.42
120 min Mean (SD)  0.05 (0.05) 0.06 (0.14) 0.05 (0.07) 0.09 (0.08)
Median 0.08 0 0 0.11
240 min Mean (SD) O 0 0 0.05 (0.12)
Median 0 0 0 0

“Time point immediately before the end of infusion (circa, ca., 10 min). % number as stated for all sam-
pling time points unless otherwise indicated: n = 5; % =4;°n =3;'In =2

DMT N,N-dimethyltryptamine, /V intravenous, SD standard deviation.

29.0-107) (Table 10) and mean AUC,,, was 835 ng-min/
ml (range 477-1052); mean ¢,,, (12.1 min; range 6.3-20.3)
was in line with the previous dose cohorts. Median T, for
each cohort was approximately 10 min (close to the end of
the infusion), before an observed gradual decline over the
remaining sampling period (Fig. 1).

Individual Cs,;, following a 6 mg dose ranged from 3.32
ng/ml to 43.0 ng/ml across all dose cohorts. A one-way
ANOVA revealed that there were no significant differences
between cohorts [F(3,20)=1.628, p=0.214].

IAA concentrations were measured from four subjects
from cohort 2 and cohort 4 as an exploratory measure to
provide a representative sample for determining IAA/DMT
concentration ratio. Pre-dose plasma concentrations of
IAA were measured in each of the eight evaluated subjects
(mean, 316 ng/ml; range, 169—-562 ng/ml); however, baseline

corrected analysis was not conducted as the lowest [AA con-
centration measurements were recorded from various differ-
ent time points from 0—7 min for seven subjects. Mean maxi-
mum plasma IAA concentrations were 1532.5 ng/ml (range
1350.0-1760.0 ng/ml; %CV 13.1, cohort 2) and 2182.5 ng/
ml (range 1640.0-3250.0; %CV 34.2, cohort 4), which were
recorded between 30—-60 min post the beginning of infusion
dosing of DMT. Of the subjects with IAA measurements,
the variation (%CV) in maximum plasma exposure of DMT
was 40.5% (cohort 2) and 24.0% (cohort 4). The C,,, of IAA
relative to DMT was between 39.5-102.4 times greater for
subjects in cohort 2 and 30-42 times greater for subjects
in cohort 4. IAA concentrations did not resolve to baseline
levels by 240 min.
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a -e- Cohort 1 —=- Cohort 2 —o- Cohort 3 —+— Cohort 4

0 5 10 15 20 25 30 35 40 45 50 55 60

Plasma concentration (ng/mL)

0.1 T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

Fig.1 Mean plasma concentration-time profiles for DMT on
a (A) linear and (B) logarithmic scale for all dose cohorts of
DMT. DMT N,N-dimethyltryptamine

3.2.3 Dose proportionality
The relationship of individual C,,, and AUC, vs. dose is
illustrated in Fig. 2. In the analysis of dose proportionality
of C,,, and AUC,,, using the power model, each slope ()
and corresponding 90% CI were 1.58 (0.84-2.33) and 1.35
(0.65-2.04), respectively. Owing to pharmacokinetic sam-
pling difficulties described above, a sensitivity analysis which
removed cohort 3 from analysis g (CI) for C,,, was 1.47
(0.74-2.20) and AUC,, 1.29 (0.59-2.00). As the 90% CI of
the slope for each analysis encompassed 1.0, these results are
consistent with dose proportionality. However, as 90% Cls
were wide, this conclusion should be interpreted with caution.

Post-hoc hierarchical regression analysis showed no rela-
tionship across all dose cohorts between BMI (=0.179,
p=0.508) or weight (#=0.107, p=0.671) with dose-nor-
malised C,,,, when controlling for sex, age and dose cohort.
Similarly, there was no relationship between BMI (f=—-0.490,
p=0.078) or weight (f=—0.215, p=0.426) with Cs,;, when
controlling for sex and age. None of the four models were pre-
dictive of dose-normalised C,,,, and Cs,;, outcome variables

with statistical significance (p > 0.05).
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4 Discussion

DMT is a short-acting psychedelic tryptamine which is cur-
rently being developed, with supportive therapy, as a treat-
ment for MDD. While data have previously been published
on the metabolism and pharmacokinetics of DMT, data have
been limited to a few pharmacokinetic parameters [15, 17,
18] on studies of ayahuasca [9—13] and in animals [28-30].
The in vitro and in vivo data presented in this paper aim to
strengthen the current understanding of DMT pharmacoki-
netics and metabolism, which can be used to inform future
dose selection in healthy adults and patients with MDD.

DMT metabolism is substantially slowed when admin-
istered with MAO inhibitors and is a known substrate for
MAO-A [14]. One study found DMT preferentially binds to
MAO-B [30], and CYP enzymes have been suggested to play
arole in DMT metabolism [31] although supporting experi-
mental data have not been published. The in vitro studies
reported here demonstrate a role for MAO-A, CYP2D6 and,
in part, CYP2C19 in the metabolism of DMT.

Intrinsic clearance was relatively low in whole cell hepat-
ocytes compared to mitochondrial fractions attributed to a
greater proportion of MAO enzymes present in mitochon-
dria, demonstrated by the slower clearance rate of MAO
substrate controls (benzylamine and serotonin) in hepato-
cyte vs. mitochondrial fractions (Table 4). DMT clearance
rate was not concentration-dependent and surprisingly was
not affected by MAO inhibition in hepatocytes (Table 4A).
These results suggest that a MAO-independent route of
metabolism (e.g., via CYP enzymes) can contribute to DMT
breakdown at a slower rate in certain physiological environ-
ments. This hypothesis is supported by CYP phenotyping
results which demonstrated a role for CYP2D6 and, to a
lesser extent, CYP2C19 in the clearance of DMT. Analo-
gously, CYP2D6 and CYP2C19 isoforms were also shown
to contribute to the O-demethylation of a similar family of
psychoactive N,N-dialkylated tryptamines [32] indicating
that CYP enzymes may contribute to the demethylation
of DMT and subsequent formation of N-methyltryptamine
metabolite. In contrast, in the mitochondrial fractions DMT
clearance rate was high and concentration dependent indicat-
ing a saturation of metabolism at the 3.1 pM concentration
level which was further slowed by MAO-A inhibition, but
not MAO-B inhibition (Table 4).

To improve interpretation of pharmacokinetic and metab-
olism data, specific physiochemical properties were deter-
mined for DMT. The preclinical data in this paper confirm
that DMT is a lipophobic molecule (logD, , = 0.15) which
remains largely unbound in human plasma (> 65%, Table 5),
indicating a high proportion of drug available for distribu-
tion and metabolism, consistent with the very rapid clinical
pharmacokinetic and clearance results (Table 10). The high
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Table 10 Clinical

A Parameter Cohort 1 (n=5) Cohort 2 (n=06) Cohort 3* (n=5) Cohort 4 (n=06)
pharmacokinetics of
DMT following IV DMT C, o /Ml
administration Mean (SD) 20.8 (12.9) 30.6 (18.1) 721 (47.1) 62.7(25.8)
Range 5.0-34.9 12.7-62.3 16.2-126.0 29.0-107.0
CV (%) 62.1 59.2 65.3 41.2
T pax> Min
Median (range) 9.6 (7.0-11.0) 10.5 (6.0-11.2) 9.8(9.7-11.3) 9.7 (9.7-11.0)
AUC,,» ng-min/ml
Mean (SD) 349 (253) 451 (229) 842 (453) 835 (231)
Range 71-705 245-755 204-1298 477-1052
CV (%) 72.4 50.7 53.8 27.7
AUC,;, ng-min/ml
Mean (SD) 352 (252) 455 (229) - 837 (231)
Range 75-707 249-763 - 478-1054
CV (%) 71.6 50.4 - 27.6
1,5, Min
Mean (SD) 12.1 (4.7) 9.5 (4.0) - 12.1(5.2)
Range 5.8-18.3 6.0-17.0 - 6.3-20.3
CV (%) 39.3 42.4 - 42.6
CL, 1/min
Mean (SD) 46.0 (43.6) 32.4 (14.6) - 27.9 (9.7)
Range 12.7-120.0 15.7-48.2 - 20.4-45.0
CV (%) 94.8 45.1 - 34.6
V, 1
Mean (SD) 611 (308) 425 (214) - 456 (157)
Range 241-996 172-683 - 218-653
CV (%) 50.5 50.2 - 344
Vo 1
Mean (SD) 551 (346) 375 (173) - 400 (149)
Range 246-1094 157-587 - 215-673
CV (%) 62.7 46.1 - 374
MRT;, min
Mean (SD) 14.6 (4.1) 12.4 (5.6) - 15.0 (5.0)
Range 9.1-19.3 8.6-23.3 - 8.4-20.1
CV (%) 27.8 452 - 334

“Insufficient data for calculation of other pharmacokinetic variables

DMT N,N-dimethyltryptamine, IV intravenous, SD standard deviation, CV(%) coefficient of variation, C,,,,

maximum (peak) plasma concentration, 7,,,. time to peak plasma concentration, AUC,,,, area under the

plasma concentration-time curve from time zero to time of last measurable concentration, AUC,,, area
under the plasma concentration-time curve from time zero to infinity, #;, terminal half-life, CL clear-

ance, V, apparent volume of distribution during terminal phase, V,; volume of distribution at steady state,

MRT,,, mean residence time

ratio of blood to plasma concentration (1.53, Table 6) indi-
cates that DMT is likely distributed into erythrocytes and
therefore should be considered when evaluating blood and
plasma pharmacokinetics. Cohort 4 (21.5 mg IV) plasma
clearance was 27.9 1/min, which equates to an estimated
blood clearance rate of 18.2 1/min when divided by the 1.53
blood:plasma ratio factor. This value far exceeds average

liver blood flow (approximately 1.45 1/min, based on a 70-kg
man [33]), indicating that IV-administered DMT is largely
cleared before reaching the human liver. CYP enzymes are
mainly expressed in the liver whereas MAO enzymes are
found in many tissues including the lung, brain, heart, gas-
trointestinal tract and liver [34]. Therefore, while DMT is a
substrate for CYP2D6 and CYP2C19 in vitro, these enzymes
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Fig.2 C, . (A) and AUC,, (B) for all doses of DMT. Linear regres-

sion equations: (A) C, = —11.0 + 3.83-dose; (B) AUC, = —24.2
+ 42.9-dose. DMT N,N-dimethyltryptamine

are unlikely to play a significant role in DMT metabolism
following IV administration in humans; however, they may
contribute to its poor oral bioavailability [14]. We predict
that DMT is primarily metabolised by MAO-A expressed
throughout the body.

The general clinical pharmacokinetic profiles obtained
from administration of different doses of DMT were simi-
lar to those obtained in previous studies [16, 17], demon-
strating a very short plasma half-life of 10—12 min. Median
T,2x (10-12 min) was notably different from other studies
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because of the longer IV infusion regimen in this study.
Administration of each infusion regimen was well toler-
ated and there were no safety concerns: only 1 drTEAE was
recorded in placebo and cohort 4 groups (Table 8). There
was an overall statistical trend of dose-proportional increases
in C,,, and AUC,,, for doses of DMT between 9 mg and
21.5 mg; however, these results should be interpreted with
caution given the high level of inter-individual variability
in Cp,, and AUC,, across all dosing cohorts (Table 10).
The variability of DMT pharmacokinetics observed in this
study is in broad agreement with previously published data.
In the study conducted by Strassman and Qualls, reported
C,..x for ten subjects ranged from 32 to 204 ng/ml following
an IV bolus of 0.4 mg/kg DMT [16]. It is possible that the
variability may be explained, at least in part, by the rapid
clearance rate causing small deviations in pharmacokinetic
sampling time points to contribute to concentration differ-
ences. The most notable variability in DMT concentrations
was around T, .., which could be explained by first-order
reaction principles, i.e., clearance rate is proportional to
drug concentration.

A number of post-hoc analyses explored potential sources
of pharmacokinetic variability; however, no significant predic-
tors were detected. Weight-based dosing is commonly used in
pharmacological research as body weight and BMI have been
shown to influence drug distribution and metabolism [35, 36].
Based on this, many studies using DMT and other psychedelics
have applied a weight-adjusted approach to dosing with the
aim of reducing subjective psychedelic response variability
[15, 16, 19, 37-39]. However, fixed dosing of DMT, particu-
larly when given as an IV infusion, is preferable in terms of
practicality and clinical feasibility. Within this study, BMI and
weight were not shown to be predictive of peak DMT expo-
sure, measured via dose-normalised C,,,, and Cs,;, parame-
ters, demonstrating the appropriateness of fixed infusion doses
of DMT. These findings support previous analyses showing no
association between the subjective effects of psilocybin and
weight or BMI [40-42].

The preclinical and clinical data reviewed thus far suggest
that, following I'V administration, DMT is rapidly distributed
and is primarily metabolised by MAO-A in the circulatory
system and/or brain. To further explore the metabolism of
DMT, additional exploratory analyses were performed to esti-
mate potential differences in DMT metabolism through deter-
mination of TAA concentrations in a total of eight subjects
from cohort 2 (12 mg) and cohort 4 (21.5 mg). Plasma IAA
concentrations were substantially larger than DMT; a similar
result has recently been reported following IV bolus dosing
[18, 43]. This counterintuitive finding may be explained by
DMT’s rapid clearance rate and/or larger volume of distribu-
tion, relative to IAA. The high baseline and oscillating IAA
concentrations within the first 7 min of pharmacokinetic
sampling obscure interpretation relative to DMT breakdown.
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Nevertheless, by 13 min IAA levels were doubled compared
to baseline for all eight analysed subjects, confirming the
rapid degradation of DMT in plasma. IAA to DMT C,,,,, ratio
appeared to be higher in cohort 2 (12 mg) compared to cohort
4 (21.5 mg), which supports a theory of potential saturation
of metabolism, consistent with in vitro mitochondrial fraction
data described above. However, dose-normalised C,,,, and
AUC,,, of DMT did not increase with dose (calculated from
Table 10) and, when excluding cohort 3 (17 mg) results, were
relatively consistent across cohorts 1 (9 mg), 2 (12 mg) and 4
(21.5 mg), which contradicts results expected from a system
with saturated metabolism. Additionally, baseline IAA concen-
tration and DMT C_,,, did not correlate with maximum IAA
concentration in cohort 2 or cohort 4 upon visual inspection
of data (data not shown) indicating that the rate of oxidative
deamination may contribute to, but is unlikely to account for,
the variability in DMT pharmacokinetics. However, small sam-
ple sizes, high variability and lack of appropriate IAA AUC
calculations mean that these interpretations should be treated
with caution. To provide a more reliable analysis of the DMT-
TAA relationship, future clinical studies should monitor the
pharmacokinetic profile of IAA metabolite over a longer dura-
tion and in a larger population size to determine the complete
pharmacokinetic profile of IAA. In addition, efforts should be
made to validate a more sensitive bioanalytical method for JAA
detection prior to future studies.

There were several other limitations in the clinical study
that may impact the results presented here. First, missing
samples from cohort 1 and 3 prevented the calculation
of pharmacokinetic parameters for all subjects in these
cohorts. While the sample sizes were determined in accord-
ance with a standard phase 1 study, a larger sample size
would be beneficial to better understand the variability of
DMT pharmacokinetics. Population models investigating
the pharmacokinetic-pharmacodynamic effects of DMT
have been developed, [18] however, have not performed
covariate analysis to shed light on the driving factors lead-
ing to the rapid clearance, distribution and variability in the
pharmacokinetic profile of DMT. The development of such
population models would be of interest to investigate the
potential within subject variability in pharmacokinetic and
pharmacodynamic effects of DMT.

5 Conclusion

This is the first study to our knowledge to determine the full
pharmacokinetic profile and parameters of DMT in humans
following administration via a slow IV infusion over 10
min, confirming the rapid attainment of peak plasma levels
of DMT and its subsequent clearance via MAO-A. Addi-
tionally, these are the first published findings that identify

specific human CYP isozymes (2D6 and 2C19) that can con-
tribute to the metabolism of DMT in active MAO-A sparce
environments. These findings contribute to the development
of improved pharmacokinetic and metabolic models of DMT
and to the design of IV infusion regimens for the treatment
of mental health disorders.
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