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Abstract
Background and Objective  Mescaline is a classic serotonergic psychedelic with a long history of human use. The present 
study analyzed the pharmacokinetics, pharmacokinetic-pharmacodynamic relationship, and urinary recovery of oral mes-
caline hydrochloride.
Methods  Data from 105 single-dose administrations (100–800 mg) in 49 participants from two phase I trials were analyzed 
with compartmental pharmacokinetics and pharmacokinetic-pharmacodynamic modeling. A one-compartment model with 
first-order absorption, elimination, and a lag time was used to describe mescaline plasma concentrations. Acute subjective 
effects, assessed by visual analog scales (range 0–100%), were modeled using a sigmoid Emax model linked to plasma con-
centrations via a first-order rate constant (ke0).
Results  Mescaline showed dose-proportional increases in total exposure and maximal concentrations, with a peak concen-
tration reached within 2.0 h (geometric mean) and a half-life of 3.5 h across all doses. Mean model-predicted onset of “any 
drug effect” occurred around 1 hour post-dose. Maximum predicted effect intensity and duration increased with dose, from 
13% and 2.8 h at 100 mg to 89% and 15 h at 800 mg. Over all conditions, 53% of the dose was excreted into urine unchanged, 
and 31% was excreted as the main metabolite 3,4,5-trimethoxyphenylacetic acid over 24–30 h.
Conclusions  These findings provide the first detailed pharmacokinetic-pharmacodynamic characterization of mescaline in 
humans and indicate an oral bioavailability of at least 53%, limited by first-pass metabolism to 3,4,5-trimethoxyphenylacetic 
acid, followed by predominant renal elimination of both analytes.
Clinical Trial Registration  ClinicalTrials.gov identifier: NCT04227756 and NCT04849013.
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1  Introduction

Mescaline (3,4,5-trimethoxyphenethylamine) is a psy-
chedelic phenethylamine alkaloid that is naturally found 
in different species of cacti, such as the North American 
peyote (Lophophora williamsii) and South American San 
Pedro (Echinopsis pachanoi) [1]. It is considered a classic 

serotonergic psychedelic like lysergic acid diethylamide 
(LSD), psilocybin, and N,N‑dimethyltryptamine, defined 
by a shared common mechanism of action as agonists at the 
serotonin 5-hydroxytryptamine-2A (5-HT2A) receptor [2, 3]. 
The 5-HT2A receptor antagonist ketanserin blocked acute 
psychedelic effects of mescaline in humans [4].

Interest in psychedelics has surged in recent years, 
prompting studies to explore their clinical pharmacology 
in healthy participants [5–8] and evaluate their therapeutic 
potential for various psychiatric conditions [9–15]. Most of 
these trials have focused on psilocybin and LSD, but very 
few have investigated mescaline [16].

Among classic psychedelics, mescaline has the lowest 
affinity for 5-HT2A receptors [3, 17–19]. The low affinity of 
mescaline for 5-HT2A receptors [3] and poor blood–brain 
barrier permeability [20] contribute to the comparatively 
high oral doses of 300–800 mg of mescaline hydrochloride 
(HCl) that are typically required to induce a full psychedelic 
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Key Points 

The study describes the pharmacokinetic-pharmacody-
namic relationship and urinary recovery of oral mesca-
line hydrochloride single doses in healthy participants 
using a non-compartmental analysis and compartmental 
modeling.

A one-compartment model with first-order absorption 
and elimination, as well as a lag time described mesca-
line plasma concentrations well. Mescaline showed dose 
linearity between 100 and 800 mg. Subjective effects 
were linked to plasma concentrations using a first-order 
rate constant (ke0) to account for a pharmacokinetic-
pharmacodynamic delay.

After an oral first-pass metabolism to its main metabolite 
3,4,5-trimethoxyphenylacetic acid, renal excretion seems 
to be the primary eliminatory route of both mescaline 
and 3,4,5-trimethoxyphenylacetic acid. The oral mesca-
line bioavailability could be indirectly estimated and is at 
least 53%. The present data can be used in future studies 
with mescaline to define dosing in healthy participants 
and patients, especially with impaired renal function.

volunteers at the University Hospital Basel [4, 21]. Overall, 
we analyzed data from 113 mescaline HCl administrations 
in 49 individuals.

In Study 1, 32 participants were included. Sixteen partici-
pants received 300 mg of mescaline HCl, and 16 participants 
received 500 mg of mescaline HCl. Study 1 compared the 
acute subjective effects of oral single doses of LSD (100 
µg), psilocybin (20 mg), mescaline HCl (300 or 500 mg), 
and placebo in a randomized double-blind crossover design 
[21]. Because of weaker acute subjective effects at 300 mg 
of mescaline compared with LSD (100 µg) and psilocybin 
(20 mg) in the first 16 participants, the mescaline HCl dose 
was increased to 500 mg for the second 16 participants. Only 
data of the mescaline conditions were used for the present 
analysis.

Study 2 investigated acute subjective effects of different 
oral doses of mescaline HCl in 17 participants using a rand-
omized double-blind crossover design [4]. Each participant 
received single doses of mescaline HCl (100, 200, 400, and 
800 mg) and a combination of mescaline HCl (800 mg) 
with ketanserin (40 mg). One participant dropped out after 
experiencing distress during the first session (800 mg of 
mescaline HCl) and was excluded from within-subject com-
parisons [4] but was retained in the present analysis. The co-
administration of mescaline HCl (800 mg) with ketanserin 
(40 mg) markedly reduced the acute subjective response to 
mescaline and mescaline-induced emesis compared with 800 
mg of mescaline HCl alone. Frequent emesis after adminis-
tration of the highest dose of mescaline HCl (800 mg) may 
have reduced the absorption of mescaline [4]. In the present 
analysis, we included the mescaline and ketanserin condition 
in the PK analysis but not in the PK-PD analysis.

The washout periods between sessions were at least 10 or 
14 days for Studies 1 and 2, respectively [4, 21]. All partici-
pants provided written informed consent and received com-
pensation for their participation. Both studies were approved 
by the local ethics committee and registered at ClinicalTri-
als.gov (NCT04227756 and NCT04849013). The research 
was conducted in accordance with the Declaration of Hel-
sinki and International Conference on Harmonization Guide-
lines for Good Clinical Practice. Approval for administer-
ing psychedelics to healthy participants was granted by the 
Swiss Federal Office for Public Health, Bern, Switzerland.

2.2 � Participants

Physically and mentally healthy people, 25–65 years of age 
with a body mass index of 18–29 kg/m2, were eligible for the 
studies. Key exclusion criteria were pregnancy, breastfeed-
ing, a personal or first-degree relative history of major psy-
chiatric disorders, chronic somatic illness, and/or the use of 
medications that might interfere with the studies. Complete 

experience in humans compared with psilocybin dihydrate 
(20–40 mg) and LSD base (100–200 µg) [5, 21].

Only limited data on the pharmacology of mescaline in 
humans have been available until now. The only earlier study 
used 14C‑labeled mescaline HCl to study the metabolism of 
mescaline in 12 healthy male subjects using an oral dose of 
500 mg of mescaline HCl [22]. Our group recently investi-
gated the acute effects, pharmacology, and safety of different 
oral mescaline HCl doses in healthy participants across two 
separate trials [4, 21, 23], providing the first modern con-
trolled data on mescaline in humans. In the present study, 
we report urinary recovery data from these trials for the first 
time, improving our understanding of the metabolism and 
elimination of mescaline. Pharmacokinetic-pharmacody-
namic (PK-PD) modeling was previously used by our group 
to describe PK-PD relationships of LSD and psilocybin [6, 
7, 24–26]. The present study was also the first to investigate 
the pharmacokinetics and PK-PD relationship of mescaline 
in humans using compartmental modeling.

2 � Methods

2.1 � Study Design

The present analysis included data from two different pre-
viously published studies that were conducted in healthy 
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inclusion and exclusion criteria are provided in the Elec-
tronic Supplementary Material (ESM).

2.3 � Study Drug

Mescaline HCl was synthesized by ReseaChem GmbH, 
Burgdorf, Switzerland. In both studies, capsules that con-
tained 100 mg of mescaline HCl and identical capsules that 
contained mannitol as placebo were produced according to 
Good Manufacturing Practice (Apotheke Dr. Hysek, Biel, 
Switzerland). The exact analytical contents of mescaline 
HCl in the dosing units, together with the corresponding cal-
culated mescaline contents that were used as dosing inputs 
for all analyses, are provided in the ESM.

2.4 � Study Procedures

After providing written informed consent, the eligibility of 
participants was assessed at a screening visit based on a 
medical history, physical examination, psychiatric assess-
ment, electrocardiogram, vital parameters, and analyses of 
blood chemistry and hematology. The included participants 
attended four 25-h or six 31-h dosing sessions in Studies 1 
and 2, respectively. Dosing sessions were conducted in a 
calm hospital room and began at 8 a.m. with baseline meas-
urements and a standardized small breakfast. The study 
medication was administered at 9 a.m., after which outcome 
measures were repeatedly assessed for 24 or 30 h, respec-
tively. The participants remained under constant supervision 
during the acute effect phase, and an investigator spent the 
night in the room next to the participants. After all sessions, 
an end-of-study visit was conducted to assess the overall 
study experience and the participants’ health status [4, 21].

2.5 � Blood and Urine Samples

Blood samples were drawn and collected into lithium hepa-
rin tubes 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 3.5, 4, 5, 6, 7, 8, 10, 
12, 14, 16, and 24 h after dosing for Study 1 and 0, 0.5, 1, 
1.5, 2, 3, 4, 5, 6, 8, 9, 10, 11, 12, 14, 16, 20, 24, and 30 h 
after dosing for Study 2. Blood samples were immediately 
centrifuged, and plasma was stored at −80 °C until analy-
sis. In Study 1, urine was collected over time intervals of 
8 h (0–8, 8–16, and 16–24 hours). In Study 2, urine was 
collected cumulatively from 0 to 30 h after dosing. Urine 
samples were frozen and stored at −80 °C until analysis. 
Cases of incomplete urinary sampling because of strong psy-
chedelic effects were excluded from the analysis. Concen-
trations of mescaline and its metabolites 3,4,5-trimethoxy-
phenylacetic acid (TMPAA) and N-acetylmescaline (NAM) 
were determined by a fully validated, high-performance 
liquid chromatography-tandem mass spectrometry method 
[27].

2.6 � Acute Subjective Effects

Single-item visual analog scales (VASs), presented as 100-
mm horizontal lines (0–100%) and marked from “not at 
all” on the left to “extremely” on the right, were repeatedly 
used to assess acute subjective effects over time. The VASs 
included “any drug effect,” “good drug effect,” “bad drug 
effect,” “nausea,” and “the boundaries between me and my 
surroundings seem to blur,” the latter measuring “ego disso-
lution” (i.e., loss of sense of self), a subjective effect that is 
characteristic of psychedelics [5, 8, 28–30]. In both studies, 
VASs were administered at the same timepoints as blood 
samples were drawn [4, 21].

2.7 � PK Analyses and PK‑PD Modeling

All analyses were performed using Phoenix WinNonlin 8.4 
(Certara, Princeton, NJ, USA) using the actual sampling 
times. Doses were adjusted to the analytically exact content 
of mescaline in the capsules. For urinary recovery, molar 
doses and concentrations were used. As vomiting could lead 
to incomplete absorption after oral drug administration, pro-
files were excluded if emesis occurred within 1 hour after 
dosing or up to 1 h after the observed peak plasma (Cmax) 
concentration.

We first conducted non-compartmental analyses (NCAs) 
for mescaline, TMPAA, and NAM. Peak plasma concentra-
tion and time to Cmax (tmax) were obtained directly from the 
observed data. The terminal elimination rate constant (ʎz) 
to calculate the half-life (t1/2) was estimated by log-linear 
regression after semilogarithmic transformation of the data 
using at least three data points of the linear phase of the 
concentration–time curve. The area under the concentra-
tion–time curve from 0 to the last post-dosing timepoint 
was computed by employing the linear‑up log‑down method. 
The infinite area under the concentration–time curve (AUC​
∞) was derived by extrapolating the area under the concen-
tration–time curve from 0 to the last post-dosing timepoint 
using the constant ʎz. Because the two studies used differ-
ent sampling timepoints, we report the AUC​∞ together with 
the percentage of extrapolation of the AUC​∞. Total (µmoL) 
and relative (% of dose) urinary recovery was calculated for 
mescaline and its metabolites. Renal clearance (L/h) was 
calculated as urinary recovery/AUC​∞.

Subsequently, we conducted sequential compartmental 
PK and PK-PD modeling of mescaline plasma concentra-
tions and acute effects. Datasets were modeled individually 
for each participant and condition. All models were devel-
oped using the naïve pooled engine in Phoenix WinNonlin, 
which applies a quasi-Newton Broyden–Fletcher–Gold-
farb–Shanno algorithm to minimize the −2 Log likeli-
hood (−2LL) objective function. A stepwise approach was 
applied to evaluate model performance using visual fits of 
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predicted versus measured concentrations/effects, the −2LL, 
Akaike information criteria (AIC), coefficients of variation 
of parameter estimates, parameter correlations, and residual 
error plots during the model fitting process. The addition 
of a parameter to the model was evaluated using likelihood 
ratio tests by comparing the difference −2LL values between 
nested models. Statistical significance was determined using 
the chi-squared distribution with degrees of freedom equal 
to the number of additional parameters in the more complex 
model. A drop of 3.84 in the −2LL value was considered 
statistically significant for the addition of one parameter, 
corresponding to a p-value of 0.05. We counted the number 
of profiles showing a significant improvement. Further, the 
mean, standard deviation (SD), and 95% confidence intervals 
(CIs) of the differences in −2LL and AIC across individual 
profiles were calculated. Plasma concentrations below the 
lower limit of quantification occurring before dose admin-
istration were manually set to zero. Post-dose below the 
lower limit of quantification values were handled using a 
censored likelihood approach equivalent to the M3 method 
[31], implemented in Phoenix WinNonlin.

For the PK model development, a one-compartment 
model with first-order absorption and first-order elimina-
tion was initially created after visual inspection of raw 
plasma concentrations of mescaline. The addition of a lag 
time (tlag) to account for dissolution of the capsule after oral 
administration, and of a second compartment was evaluated 
as described above. The absorption rate constant (ka), tlag, 
apparent clearance (Cl/F), and apparent volume of distribu-
tion (Vd/F) were the primary estimated model parameters. 
Secondary parameters were derived as follows: ke = (Cl/F)/
(Vd/F), tmax = log (ka/ke)/(ka–ke) + tlag, Cmax = Dose/Vd 
e–(ke(tmax-tlag)), AUC = dose/(Vd/F)/ke, t1/2 = ln2/ke. A multi-
plicative residual error model was used to account for pro-
portional residual variability.

After fitting the PK model, a combined PK-PD model 
was developed. Individually estimated PK parameters were 
frozen for PK-PD modeling. For the PD modeling, the VAS 
item “any drug effect” was used as the primary outcome. A 
sigmoid maximum effect (Emax) model (EC50, Emax) with 
an Emax of 100%, according to the range of VASs from 0 to 
100% was selected. The addition of a steepness parameter 
(γ) and a first-order equilibrium rate constant (ke0), connect-
ing plasma concentration to a virtual effect compartment, 
was evaluated using the same stepwise process described 
above. An additive residual error model was used for the PD 
effects. The PK-PD model was developed primarily for the 
VAS item “any drug effect,” which reflects the overall effect 
strength. The same model structure was then applied to the 
VAS items “good drug effect” and “ego dissolution.” These 
measures include further emotional components of the 
experience that depend on a variety of other factors partly 

independent of the mescaline plasma concentration and are 
to be considered explorative. “Bad drug effect” and “nausea” 
showed a poor correlation with plasma concentrations and 
were not modeled. EC50, ke0, and γ were determined as pri-
mary model PD parameters. The secondary PD parameters 
area under the effect-time curve, maximal reached effects 
(Emax), time of Emax (tmaxE), time of effect onset (tonset), and 
effect duration were derived using an NCA on the model-
predicted individual effect-time profiles at 10-min intervals. 
This NCA applied linear trapezoidal integration for calcula-
tion of the area under the effect-time curve and a threshold 
of 10% of the individual Emax for estimation of tonset and 
effect duration. Primary and secondary model parameters 
were then summarized using standard statistics.

3 � Results

3.1 � Participants

Characteristics of the participants who were included in the 
present study are shown in Table S1 of the ESM. Overall, 49 
participants (25 female, 24 male) with a mean ± SD age of 
30 ± 7 years were included in the present analysis. A total 
of 34 participants (69%) had prior experience with psych-
edelics (five ± four times).

Early vomiting occurred in eight participants (1 after 400 
mg, 5 after 800 mg, and 2 after 800 mg plus ketanserin). 
After exclusion of these profiles, data from a total of 105 
administrations remained in the final analysis.

3.2 � Results from the NCA and Urinary Recovery

Urinary recovery data are provided in Table 1. Over all con-
ditions, 53% (geometric mean) of the administered dose was 
recovered as unchanged mescaline and 31% as TMPAA. In 
Study 1, the total and relative recovery of mescaline and 
TMPAA was nominally lower than in Study 2, where almost 
the complete dose was recovered. More than 50% of recov-
ered mescaline, TMPAA, and NAM appeared in urine in the 
first 8 h after dose administration, with diminishing amounts 
at later time intervals (Table S4 of the ESM).

Both mescaline and TMPAA showed dose linearity 
between 100 and 800 mg (Fig. S1 and Table S2 of the ESM). 
Mescaline and TMPAA exhibited very similar concentra-
tion–time profiles, characterized by rapid absorption and 
comparable Cmax, tmax, and t1/2. This is further illustrated 
by individually plotting raw concentrations of both analytes 
(Fig. S3 of the ESM). Peak plasma concentration and AUC 
values of NAM were considerably lower and <10% com-
pared with mescaline.
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3.3 � Model Building

A one-compartment model with first-order absorption and 
elimination was initially built to describe mescaline pharma-
cokinetics. The addition of a second compartment did not 
improve the visual fit, and while a significant drop in −2LL 
was observed in 40 out of 105 profiles, the two volumes 
of distribution were strongly correlated. We therefore dis-
carded the second compartment. Adding a lag time param-
eter improved the visual fit around Cmax in many profiles and 
led to a significant improvement in −2LL in 59 out of 105 
profiles. Mean ± SD (95% CI) differences across profiles 
were 11 ± 12 (8.4–13) for −2LL and 8.7 ± 12 (6.4–11) for 
AIC, supporting the inclusion of the lag parameter in the 
final PK model.

For the PK-PD model, a simple Emax model was initially 
evaluated, but it substantially underestimated peak effects 
and overestimated later responses. Adding a sigmoidicity 
parameter (y) greatly improved the visual fit and resulted 
in a significant drop in −2LL in 81 out of 91 profiles. A ke0 
parameter was subsequently tested to account for a coun-
terclockwise hysteresis observed in the concentration-effect 
data (Fig. S2 of the ESM). This addition further improved 
the visual fit, particularly at peak effect times, and led to 
a significant drop in −2LL in 74 out of 91 profiles. Mean 
± SD (95% CI) differences across profiles were 30 ± 25 
(20–35) for −2LL and 28 ± 25 (23–33) for AIC, favoring 
the inclusion of ke0 in the final PK-PD model.

3.4 � Results from PK and PK‑PD modeling

Figure 1a presents the geometric mean of model-predicted 
mescaline concentrations over time, and Table 2 summarizes 
the corresponding primary and secondary PK parameters. 
The interindividual variability of drug exposure is illustrated 
in overlayed individual predictions over time in Fig. S5 of 
the ESM. The PK model successfully captured concentra-
tion–time profiles of mescaline, and the results aligned well 
with the NCA (Table S2 of the ESM). Model diagnostic 
plots and curves of individual estimated versus observed 
concentrations that illustrate the visual fit are provided in 
Figs. S4 and S6 of the ESM, respectively.

Mean model-predicted subjective effect-time curves for 
single-item VAS ratings of “any drug effect,” “good drug 
effect,” and “ego dissolution” are illustrated in Fig. 1b–d. 
Figure 2 shows the interindividual variability of “any 
drug effect” by plotting individual predicted effect-time 
curves. Corresponding plots for “good drug effect” and 
“ego dissolution” are provided in Figs. S10 and S13 of 
the ESM. Diagnostic plots for all PK-PD models and indi-
vidual curves of observed versus predicted effects over 
time are provided in Figs. S7–9, S11–12, and S14 of the 
ESM. Primary and secondary parameters of the PK-PD Ta
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model are presented in Table 3. In profiles where observed 
effects were consistently very low or remained at zero, the 
estimated EC50 values were extreme outliers, often unrea-
sonably high. To avoid skewing, profiles with estimated 
maximal effects <1% were excluded from the summary 
statistics for primary PD parameters. However, for the 
calculation of secondary PD parameters using an NCA of 
predicted effect-time profiles, these profiles were retained. 
Their low predicted effects over time were deemed valid as 
they predicted the zero effects and excluding them might 
have led to an overestimation of the effects. Again, a good 
alignment between acute drug effects that were predicted 
by the PK-PD model and those from the NCA (Table S3 of 
the ESM) was observed. Mean model-predicted “any drug 
effects” started around 1 hour after dosing, and maximal 
effects were reached between 1.9 (100 mg) and 4.2 h (500 
mg). Maximal effect strength and effect duration for “any 
drug effect” increased with higher doses from 13% and 
2.8 h (100 mg) to 89% and 15 h (800 mg), respectively.

4 � Discussion

The present study was the first to analyze the pharmacokinet-
ics and PK-PD relationship of orally administered mescaline 
HCl in humans and the first to report modern human data of 
mescaline urinary recovery, covering a broad dosing range 
between 100 and 800 mg. We analyzed 105 complete and 
richly sampled PK profiles using compartmental modeling 
of combined data from two previously published studies in 
49 healthy volunteers.

Mescaline exhibited dose-proportional increases in AUC 
and Cmax from 100 to 800 mg. A one-compartment model 
that used first-order absorption and elimination, as well as 
a lag time to account for dissolution of the gelatine capsule, 
adequately predicted plasma mescaline concentrations over 
time for all doses. Mescaline showed rapid oral absorption, 
with maximal plasma concentrations that were reached 
2.0 h (geometric mean) after administration and a lag time 
of 0.2 h. Estimated half-lives in plasma were around 3.5 h 
for all doses. Overall, model‑predicted parameters were in 
good alignment with results from the NCA.

Fig. 1   Results of the pharmacokinetic (a) and pharmacokinetic-
pharmacodynamic (b–d) models for different doses of mescaline. 
a Model-predicted plasma concentrations of mescaline over time 
(geometric mean over a total of 105 individual profiles). b–d Model-

predicted acute subjective effects over time (mean over a total of 91 
individual profiles) for b “any drug effect,” c “good drug effect,” and 
d “ego dissolution.” h hours
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Mescaline and its main metabolite TMPAA showed very 
similar concentration–time profiles. The early and similar 
tmax and Cmax for both analytes could best be attributed to a 
first‑pass metabolism of approximately 50% of the oral dose. 
After this first‑pass metabolism, only limited further mesca-
line metabolism appeared to occur, illustrated by a parallel 
decline of concentrations of mescaline and TMPAA and the 
fact that 53% of the total administered dose was recovered 
as unchanged mescaline in urine over all doses. Addition-
ally, our urinary recovery data showed, that in many cases, 
nearly 100% of the administered dose was excreted as either 
mescaline or TMPAA over 24–30 h. Assuming an oral bio-
availability of about 50% for mescaline, the observed renal 
clearance of 22 L/h would essentially represent the total 
clearance. This aligns with the Cl/F of 42 L/h being reduced 
to approximately 21 L/h when corrected for bioavailability 
(i.e., 42 L/h × 0.5). Despite their similar concentration–time 
profiles, the recovery of TMPAA was lower than mesca-
line, particularly in Study 1. This study used a sampling 
time of 24 h, whereas sampling in Study 2 continued up 
to 30 h. However, most of the recovered TMPAA in Study 
1 appeared in urine early, with only 5.2–9.2% of the total 
amount recovered between 16 and 24 h for 300 and 500 mg, 
respectively. We assume only small amounts were excreted 
beyond 24 h. In Study 1 (300 mg), we also observed higher 
dose-corrected area under the concentration–time curve val-
ues, which — together with the lower recovery — resulted in 
lower renal clearance estimates for mescaline and TMPAA. 
The cause of these inconsistencies is unclear, but they may 
be partly explained by differences in the participant popula-
tions between the two studies.

Several further metabolites in addition to TMPAA have 
previously been described [32]. N-acetylmescaline is one 
such metabolite, which could also be quantified in the pre-
sent study, but concentrations were very low, and the elimi-
nation half-life of ~2 h was comparatively short. Based on 
these findings, NAM is unlikely to be of clinical relevance. 
No further minor metabolites were determined in the present 
study.

Based on our data, we conclude that the oral bioavail-
ability of mescaline is at least 53%, with first-pass metabo-
lism to TMPAA likely accounting for the reduction. Follow-
ing first-pass metabolism, mescaline is primarily excreted 
unchanged in urine. This likely has implications in cases 
where renal function is impaired. Furthermore, the calcu-
lated renal clearance of mescaline was 22 L/h or 366 mL/
min over all doses, which is higher than typical glomerular 
filtration rates in healthy adults, possibly indicating active 
secretion. In contrast to mescaline, LSD is entirely (99%) 
metabolized, inactivated, and eliminated, likely independent 
of renal function [7].

Only limited data on the pharmacology of mescaline in 
humans have been available until now. The only earlier study Ta
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used 14C‑labeled mescaline HCl to study the metabolism of 
mescaline in 12 healthy male subjects using an oral dose 
of 500 mg of mescaline HCl [22]. The biological half-life 
of the ingested radioactivity was approximately 6 hours, 
whereas we consistently observed shorter half-lives of both 
mescaline (3.5–3.8 h) and TMPAA (3.7–4.1 h). In this previ-
ous study, 87% of the ingested radioactivity was excreted in 

urine within 24 h, and 92% was excreted within 48 h [22], 
similar to our observed rates of total recovery. Mescaline 
was mainly excreted unchanged in urine (55–60%), and the 
main metabolite was TMPAA (27–30%), which was con-
firmed by our findings.

We found that acute subjective effects of mescaline were 
closely linked to the plasma mescaline concentrations but 

Fig. 2   Mean (bold black line) and individual (gray lines) model-predicted curves of “any drug effect” over time for different doses of mescaline. 
h hours
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occurred with a delay as seen in the counterclockwise hys-
teresis. Accordingly, our modeling approach that used an 
effect compartment that was connected to the plasma mes-
caline concentration using a first-order equilibrium rate con-
stant (ke0) adequately described the observed acute effects. 
This finding is consistent with a delayed central distribu-
tion of mescaline. Notably, similar results could have been 
obtained for TMPAA, given the close relationship between 
its plasma concentrations and those of mescaline. However, 
the TMPAA metabolite has previously been shown to be 
inactive [33].

Similar modeling approaches were previously used to 
describe PK-PD relationships of LSD and psilocybin [6, 
7, 24–26]. The PK-PD relationship of mescaline is similar 
to LSD and psilocybin and consistent with the view that 
these 5-HT2A receptor agonists produce subjective effects 
provided they are present in the plasma/brain and occupy 
the 5-HT2A receptor [7, 25, 34–36].

The present study has several strengths. A large and com-
plete set of richly sampled data over a wide dose range was 
analyzed. Our studies used highly controlled settings and 
analytically confirmed doses of mescaline HCl. The combi-
nation of PK and urinary recovery data allowed an indirect 
first estimation of oral mescaline bioavailability.

However, several limitations should be noted. Our 
healthy and mostly young sample limits external validity, 
especially in older people or patients with impairments in 
kidney function. Prior experience with psychedelics may 
have some influence on the participants’ PD response. 
Methodological differences between the two studies may 
have influenced the total recovery of mescaline and its 
metabolites. Study 1 analyzed two different cohorts of 
16 participants for the 300- and 500-mg doses, whereas 
Study 2 used a crossover design where the participants 
received all doses. The estimated PK lag time was low, and 
its addition did not significantly improve the model fit in 
46/105 profiles. This may be because of rapid absorption 
with tmax being the first or second measured concentra-
tion, as the studies were not primarily designed to model 
the absorption phase. The significance of the lag param-
eter could further be evaluated using a population-based 
PK-PD modeling approach. Additionally, in PD profiles 
with minimal or no observed effects, estimated EC50 
values were estimated unrealistically high and therefore 
excluded from the summary statistics. A population-based 
approach could have addressed this issue more effectively 
and allowed for a further differentiation between intra- 
and interindividual variability. We used a sigmoid Emax 
model to describe the PD effects assessed by VASs. While 
this approach has a mechanistic background given that the 
acute subjective effects of mescaline are primarily medi-
ated through 5-HT₂A receptor agonism, which follows a 
sigmoidal binding relationship, it remains a simplification. 

Most importantly, it ignores downstream biochemical, 
neurophysiological, and emotional processes that con-
tribute to the subjective experience and its intensity. To 
confirm our estimation of the oral bioavailability of mesca-
line, an additional intravenous administration of mescaline 
would be needed in a future study.

5 � Conclusions

Mescaline exhibited dose-proportional pharmacokinetics 
and was well described by a one-compartment model with 
first-order absorption and elimination. The subjective effects 
were closely related to the course of plasma concentrations 
within subjects with a short response lag and according to a 
sigmoidal Emax model and without evidence of acute toler-
ance. The data are consistent with an oral bioavailability of 
mescaline HCl of at least 53% due to first-pass metabolism 
to TMPAA, and renal excretion appears to be the primary 
route of elimination of both mescaline and TMPAA.
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