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Introduction
Psychedelics are a class of drugs that can produce profound 
changes in perception, cognition, and emotion in moderate to 
high doses. The low-dose use of psychedelics, colloquially 
known as “microdosing,” has increased in recent years in both 
popular practice and academic attention paid to it (Polito and 
Liknaitzky, 2022). Microdosing involves sub-hallucinogenic 
doses that are not overtly intoxicating, often taken chronically 
over a longer period of time (Kuypers et al., 2019; Liechti and 
Holze, 2022). Surveys indicate that a microdose is typically in 
the range of 5–10% of a full psychedelic dose (Fadiman and 
Korb, 2019) and that people partake in microdosing for a variety 
of purposes, including improving cognition and mood, enhancing 
creativity, or treating health conditions like headaches or neuro-
logical problems (Hutten et al., 2019; Lea et al., 2020b; Petranker 
et al., 2022; Rootman et al., 2021).

Although microdosing is aimed at benefiting health and 
wellness, there are currently little data to assess the clinical 
safety profile of chronic microdosing. Most prospective clinical 
studies of psychedelics have consisted of single doses or multi-
ple doses over a short period of several weeks (Polito and 
Liknaitzky, 2022). Other studies were observational or retro-
spective surveys, which have significant limitations for safety 
assessment (Polito and Liknaitzky, 2022). Furthermore, many 
different psychedelics, both natural and synthetic, are used for 

microdosing. Lysergic acid diethylamide (LSD) and psilocybin 
are by far the most common substances, but surveys show that 
some respondents use other psychedelics, such as mescaline, 
N,N-dimethyltryptamine (DMT), and 2C compounds (Cameron 
et al., 2020; Hutten et al., 2019; Kaertner et al., 2021; Lea et al., 
2020a; Petranker et al., 2022; Polito and Stevenson, 2019; 
Rootman et al., 2021; Rosenbaum et al., 2020). 3,4-methylene-
dioxymethamphetamine (MDMA) is not a classical psychedelic 
due to having a distinct mechanism of action and subjective 
effects (Dunlap et al., 2018), but it has activity at the 5-HT2 
receptors and is also sometimes used in a microdosing fashion 
(Cameron et al., 2020; Hutten et al., 2019). In addition, there is 
no set dose or schedule for microdosing. Although one dose 
every 2 or 3 days is common, reported schedules range from 
less than once per week to multiple doses per day (Hutten et al., 
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2019; Kaertner et al., 2021; Lea et al., 2020a; Rosenbaum et al., 
2020). With this complexity, the safety profiles of all possible 
microdosing scenarios cannot be easily characterized through 
clinical studies. Yet, given the number of people who are cur-
rently practicing psychedelic microdosing, we must make some 
safety assessments based on the currently available data to best 
inform users of possible risks.

One theoretical safety risk of chronic microdosing is the devel-
opment of valvular heart disease (VHD). VHD can lead to hemo-
dynamic overload on ventricles, with eventual myocardial 
dysfunction, congestive heart failure, and sudden death (Elangbam, 
2010). Drug-induced VHD and primary pulmonary hypertension 
were first widely recognized following a 1997 report of patients 
who had been taking the combination of fenfluramine and phenter-
mine (fen-phen) for weight loss (Connolly et al., 1997), although 
cases had been reported since the 1960s with ergot alkaloids 
(Elangbam, 2010). Within several years, the mechanism of drug-
induced VHD was identified, as all drugs associated with VHD or 
their metabolites were potent agonists of the serotonin 5-HT2B 
receptor (Fitzgerald et al., 2000; Rothman et al., 2000). Activation 
of the 5-HT2B receptor stimulates myofibroblast mitogenesis and 
extracellular matrix deposition that leads to thickened valve leaf-
lets and the symptoms described above (Elangbam, 2010). The 
reversibility of these changes remains unclear. Several reports 
have described specific cardiac changes that persisted for years 
following the discontinuation of the drug that induced VHD (Dahl 
et al., 2008; Graham, 1967; Greffe et al., 2007).

This risk of VHD with psychedelic microdosing was first pro-
posed by Kuypers et al. (2019) based purely on receptor interac-
tion profiles (Kuypers et al., 2019). Psychedelics exert their acute 
subjective effects almost entirely through activation of the sero-
tonin 5-HT2A receptor (Preller et al., 2017; Vollenweider et al., 
1998), but many also exhibit high affinity to the structurally simi-
lar 5-HT2B receptor. An accompanying commentary by Fadiman 
and Korb called the worry about VHD “excessive” and predicted 
that media sites would describe this risk with varying degrees of 
accuracy (Kuypers et al., 2019). To some extent, this has indeed 
happened. Various websites have published articles on the car-
diac risk of microdosing, including psilocybin, LSD, and MDMA 
(Smith, 2017; Thomas, 2019, 2022) in addition to mainstream 
media (Davids Landau, 2022; Eschner, 2022). This risk also con-
tinues to be mentioned in academic articles (e.g., Polito and 
Liknaitzky, 2022).

Despite the potential severity of VHD, the risk of psychedelic 
and MDMA microdosing has not yet been assessed in a compre-
hensive manner. Past articles have cited only a limited number of 
available studies and focused only on LSD and psilocybin. In the 
current review, we summarize strategies for risk assessment of 
5-HT2B agonist-induced VHD at the levels of in vitro, animal, 
and clinical data. We apply these risk assessments to the most 
commonly microdosed psychedelics of LSD, psilocybin, mesca-
line, and DMT, in addition to the non-psychedelic MDMA.

Risk assessment strategies for VHD
Several articles have previously covered safety assessments for 
5-HT2B agonists (e.g., Cavero and Guillon, 2014; Papoian et al., 
2017). Below, we review how VHD risk can be assessed using in 
vitro, animal, and clinical studies.

In vitro

Ligand-binding assays are a starting point for assessing the risk 
of 5-HT2B-mediated VHD. Generally, radioligand-binding assays 
are utilized, which test the ability of a substance to displace a 
known radiolabeled ligand from its receptor-binding sites. An 
inhibition constant (Ki) is calculated from these data which indi-
cates the binding affinity of the ligand for the receptor. If a sub-
stance can potently bind to the 5-HT2B receptor, it is necessary to 
characterize its functional activity using cell-based assays. These 
experiments will indicate whether the ligand is an agonist and if 
so, its potency (EC50) and intrinsic activity (Emax). In addition to 
profiling effects at the 5-HT2B receptor, there is an in vitro model 
of VHD that uses primary cultures of human cardiac valve inter-
stitial cells (hVICs). This model was first used in 2003, where it 
was demonstrated that known 5-HT2B agonists elicited rapid 
ERK phosphorylation within 10 min accompanied by a pro-
longed proliferative response (Setola et al., 2003). Huang et al. 
also observed a proliferative response to 5-HT2B agonists in 
5-HT2B-expressing HEK-293 cells (Huang et al., 2009).

A safety margin can be established by comparing the maxi-
mum free plasma level of a drug (Cmax) to either the Ki or EC50 
from functional assays (e.g., Ki/Cmax), with a higher value reflect-
ing a better safety margin. Drug metabolites should be evaluated 
as well. There are various cases, such as fenfluramine and methy-
sergide, where a metabolite appeared to contribute more to VHD 
than the parent drug itself (Elangbam, 2010). Although accepta-
ble safety margins have been established for other cardiac targets 
(i.e., ERG and Nav1.5), there is currently no consensus on what 
constitutes an appropriate safety margin for 5-HT2B (Papoian 
et al., 2017). There are various complications to establishing a 
safety margin for 5-HT2B ligands, as described below.

The 5-HT2B receptor can initiate several intracellular signal-
ing cascades through both Gq proteins and β-arrestin2 (Wang 
et al., 2021). Activation of Gq stimulates the effector protein 
phospholipase Cβ (PLCβ). Diacylglycerol (DAG) and inositol 
triphosphate (IP3) produced from this increase intracellular cal-
cium ions and activates protein kinase C (PKC) (Wang et al., 
2021). Activation of β-arrestin proteins may lead to receptor 
desensitization, but can also initiate signaling, such as through 
Akt pathway (Liu et al., 2018).The 5-HT2B receptor may also 
activate mitogenic pathways through Src kinase and extracellular 
regulated kinases (ERK) and further enhance the activity of 
transforming growth factor β (TGF-β) (Wang et al., 2021). 
Studies of 5-HT2B agonists have used assays for a variety of sec-
ond messengers, including inositol phosphates, calcium flux, β-
arrestin translocation, MAPK2 phosphorylation, and NFAT-bla 
activity (Cavero and Guillon, 2014; Huang et al., 2009). Agonists 
of the 5-HT2B receptor exhibit biased signaling, also known as 
functional selectivity, where certain signaling pathways are acti-
vated more strongly than others (Fernandez et al., 2020). For 
example, LSD can activate the β-arrestin pathway with an EC50 
approximately 50-fold lower than that for Gq proteins (Wacker 
et al., 2017).

The functional assay that best predicts VHD risk is not clearly 
established. One analysis assessed 2200 FDA-approved or inves-
tigational medications, including seven known valvulopathogens 
(Huang et al., 2009). They concluded that calcium flux-based 
screening was adequate for the initial identification of 5-HT2B 
receptor agonists, but not discrimination of drugs that have a high 
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or low risk of VHD. Although the known valvulopathogens all 
had relatively high potencies across multiple functional assays, 
no single pattern of functional selectivity appeared to predict 
VHD risk (Huang et al., 2009). Later analysis showed that the 
MAPK1/2 and NFAT assays showed greater sensitivity than IP 
accumulation, calcium flux, and β-arrestin translocation assays 
(Papoian et al., 2017). However, this same paper concluded that 
using drug affinity (Ki values) relative to serotonin was a better 
method of predicting VHD risk than using EC50 values from any 
functional assay (Papoian et al., 2017). One caveat is that the 
functional assay results came from multiple laboratories with 
varying experimental conditions that likely resulted in inconsist-
ent EC50 values. If functional assays are performed under strict 
experimental conditions, as described further below, they may 
have a greater capability of differentiating drugs with risk for 
VHD.

The results of functional assays can be strongly impacted by 
both drug-specific factors (Fernandez et al., 2020; Unett et al., 
2013) and experimental conditions (Fernandez et al., 2020).The 
most commonly utilized tissue for both radioligand binding and 
functional assays is cultured cells transfected with the human 
version of the 5-HT2B receptor, but transfection can result in 
receptor expression that is far in excess of physiological levels. 
Under these conditions, agonists do not need to occupy all recep-
tors to produce a maximum response (Fernandez et al., 2020). 
The extra unoccupied receptors, referred to as “receptor reserve,” 
can affect EC50 values and thus safety margins (Cavero and 
Guillon, 2014). One example of this was shown with lorcaserin, 
a drug that was developed for weight loss. Controlling for 5-HT2B 
receptor expression levels increased the EC50 estimates 29-fold 
(IP accumulation assay) and 3-fold (intracellular calcium assay), 
without changing the binding affinity (Cavero and Guillon, 2014; 
U. S. Food and Drug Administration, 2012). Given the lack of 
standardization of receptor densities, it has also been proposed to 
use published EC50 values relative to those of serotonin to miti-
gate variability between assay conditions (Papoian et al., 2017). 
Receptor reserve may cause even greater issues when trying to 
determine functional selectivity, particularly between pathways 
that are signal amplifying (e.g., G protein pathways) and non-
amplifying (e.g., β-arrestin pathways) (Fernandez et al., 2020).

Animal

Valvular changes are easily missed in the histopathology of 
chronic toxicology studies in rodents due to anatomy (e.g., thin 
valve leaflets) and methodological issues (e.g., inconsistent sec-
tioning) (Elangbam, 2010). Thus, standard toxicology studies 
have missed valvular changes, even when they were present. 
Histopathologic assessment of heart valves has improved since 
the risk of 5-HT2B agonists was recognized (e.g., with lorcaserin) 
(U. S. Food and Drug Administration, 2012).

Attempts have been made to develop a reliable animal model 
of drug-induced VHD. These include administration of the test 
drug to adult rodents as well as prenatal administration (Bratter 
et al., 1999; Donnelly, 2008). Administration of daily subcutane-
ous serotonin to Sprague Dawley (SD) rats for 3 months resulted 
in valvular changes that recapitulated those seen in human carci-
noid heart disease, both morphologically and on echocardio-
grams (Gustafsson et al., 2005). Subsequent studies extended this 
finding to drug-induced VHD. Pergolide administration for 

5 months to male Wistar rats induced valvular regurgitation 
observed on echocardiogram with histopathology that was simi-
lar to that of human VHD (Droogmans et al., 2007a, 2009a). 
Although these results appeared promising, dosing with the 
known valvulopathogen fenfluramine failed to induce signs of 
VHD in rats (Therapeutic Goods Administration, 2018). Thus, 
there is currently no animal model that is considered validated for 
predicting VHD risk (Elangbam, 2010).

Clinical

The gold standard for assessing drug-induced VHD in human 
studies is echocardiography. VHD is typically characterized by 
the thickening of the valvular leaflets, and the thickening and 
shortening of the subvalvular apparatus of the mitral, aortic, and 
or less commonly, tricuspid valves, leading to restrictive valve 
dysfunction (Andrejak and Tribouilloy, 2013; Cosyns et al., 
2013; Droogmans et al., 2009b). Coaptation of the damaged 
valves may eventually lead to regurgitant jets that can be visual-
ized and quantified by color and Doppler echocardiographic 
assessments.

The most recent example of a comprehensive assessment of 
clinical VHD risk using echocardiography is lorcaserin. This 
drug is a selective 5-HT2C agonist which was approved by the 
FDA in 2012 for weight loss (Miller, 2013), although it was sub-
sequently taken off the market due to the potential for increased 
cancer risk (de Andrade Mesquita et al., 2021). The FDA had 
concerns over VHD, despite one animal model showing that a 
1400-fold higher dose would be required to stimulate 5-HT2B 
receptors compared to brain 5-HT2C receptors (Halpern and 
Halpern, 2015). Thus, echocardiography was performed at multi-
ple time points in all phase 3 studies, including at baseline and 
weeks 24, 52, 76, and 104 in one study and baseline, 24, and 
52 weeks in two others (Halpern and Halpern, 2015). These stud-
ies, together totaling 5249 subjects, did not show a significant 
risk of lorcaserin-induced VHD (Weissman et al., 2013). Even 
with these results, the FDA label included a warning about the 
possibility of VHD. In particular, this agency pointed out that 
safety is unknown in patients with congestive heart failure, where 
5-HT2B receptors may be overexpressed, and that lorcaserin 
should not be used in combination with other 5-HT2B agonists. A 
post-marketing safety study required by the FDA compared 
12,000 patients randomized to lorcaserin or placebo treatment for 
1 year and confirmed that there was no greater risk of VHD in 
those treated with lorcaserin (Bohula et al., 2018).

Clinical studies must have a treatment period long enough to 
observe VHD. Valvular regurgitation was detected on echocardi-
ography as early as 3 months after fenfluramine use (Jollis et al., 
2000). A meta-analysis of fenfluramine studies showed that the 
risk of valvular regurgitation increased significantly with time up 
to a period of over 2 years (Hopkins and Polukoff, 2003). 
Furthermore, any clinical study must be sufficiently powered to 
detect an increased incidence of VHD or to confirm a lack of 
increased incidence. There are many drug and study design fac-
tors that would affect the ability to detect a signal, particularly the 
length of the treatment period as mentioned above, the drug phar-
macodynamics in terms of the potency, and efficacy for activat-
ing the 5-HT2B receptor, drug pharmacokinetics and dosing 
regimen for determining exposure, and how high plasma levels 
reach relative to that needed for 5-HT2B activation. In addition, 
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specific populations may be more sensitive to developing drug-
induced VHD than others. For example, people with certain car-
diac risk factors, conditions that upregulate the 5-HT2B receptor, 
or who are taking multiple drugs that may interact to increase risk 
(Droogmans et al., 2009b).

Beyond performing echocardiograms, VHD could potentially 
be detected through the assessment of adverse events (AEs). 
Signs and symptoms of VHD include shortness of breath, ortho-
pnea, exercise intolerance, peripheral edema, and palpitations. 
The main advantage of this approach is that it can be utilized in 
studies where echocardiography assessments were not per-
formed, including observational and retrospective studies. 
However, this approach has a number of limitations. Symptomatic 
VHD is primarily a manifestation of late-stage disease (Iung 
et al., 2002). Echocardiographic abnormalities were often not 
accompanied by clinically significant symptoms in drug-induced 
VHD (Rothman and Baumann, 2009). Additionally, the symp-
toms of VHD overlap with many other disease processes. There 
are often differences between studies in how AEs are collected 
and reported. In many past studies of psychedelics and MDMA, 
AEs were not systematically assessed (Breeksema et al., 2022). 
Thus, this approach should not be depended upon by itself for the 
assessment of VHD risk.

Lysergic acid diethylamide
LSD is a semi-synthetic psychedelic derived from ergot alkaloids 
that is one of the most common psychedelic substances used for 
microdosing. In most surveys, about half of respondents who 
engaged in microdosing reported having used LSD for this prac-
tice (Anderson et al., 2019; Hutten et al., 2019; Lea et al., 2020a, 
2020b; Petranker et al., 2022; Rosenbaum et al., 2020). A typical 
LSD microdose is around 10 µg, with a reported range of 

approximately 5–20 µg (Cameron et al., 2020; Hutten et al., 
2019; Kuypers et al., 2019; Lea et al., 2020c; Polito and 
Stevenson, 2019), which is supported by several clinical studies 
with dose–response data showing generally subtle effects in this 
dose range (e.g., Bershad et al., 2019; Greiner, 1958; Holze et al., 
2021).

In vitro LSD studies

Studies of the affinity and functional activity of LSD at the 
5-HT2B and 5-HT2A receptors are shown in Table 1. LSD affinity 
for the human 5-HT2B receptor in transfected cell lines was very 
strong, with Ki or Kd (dissociation constant) values ranging from 
0.91 to 30 nM (Knight et al., 2004; Nichols et al., 2002; Wacker 
et al., 2013, 2017). Binding to the 5-HT2A receptor ranged from 
being equipotent to about 10-fold stronger than 5-HT2B (Knight 
et al., 2004; Nichols et al., 2002; Ray, 2010; Wacker et al., 2017).

Several studies have assessed the functional activity of LSD 
at the 5-HT2B receptor (Table 1). Two groups reported EC50 val-
ues for the intracellular calcium assay in the low nM range 
(Porter et al., 1999; Wacker et al., 2017). A third group originally 
reported an EC50 value of 12,000 nM (Rickli, et al., 2015b), but 
then reported an updated value of 207 nM (Luethi et al., 2019a) 
after reoptimizing the assay (personal communication with prin-
cipal investigator Matthias Liechti). The variability in potency 
estimates between different groups may reflect differences in 
receptor reserve or other experimental conditions. LSD was a 
partial agonist with low to moderate intrinsic activity as Emax val-
ues ranged from 13 to 73%. LSD signaling at the 5-HT2B receptor 
was strongly biased toward β-arrestin2 over the Gq pathway, as 
measured by intracellular calcium (Wacker et al., 2013, 2017). 
Specifically, the EC50 value for β-arrestin2 was 0.68 nM, whereas 
it was 34 nM for calcium influx (Wacker et al., 2017). Signaling 

Table 1. Binding and functional assays with LSD (values in nM).

5-HT2A 5-HT2B Assay details Reference

Ki (Radioligand) EC50 [Emax]a (Assay) Ki (Radioligand) EC50 [Emax]a (Assay)

3.5 ([125I]-DOI) 15 [23%] (PI) 30 ([125I]-DOI) NIH3T3 cells transfected with rat 
receptors

Nichols et al. 
(2002)

 21.4 [44%] (Calcium) 8.91 [51%] (Calcium) CHO-K1 cells transfected with 
human receptors.

Porter et al. 
(1999)

0.76 ([125I]-DOI) 0.97 ([3H]-5-HT) HEK-239 cells transfected with 
human receptors.

Knight et al., 
(2004)

11.3 ([3H]-LSD) 30 ([3H]-LSD) GF62 cells transfected with human 
receptors.

Ray (2010)

 3.27 ([3H]-LSD) HEK-293T cells transfected with 
human receptors.

Wacker et al. 
(2013)

4.2 ([3H]-ketanserin) 261 [28%] (Calcium) 12,000 [71%] (Calcium) HEK-293 cells transfected with 
human receptors.

Rickli et al. 
(2015b)

3.1 ([3H]-ketanserin) 225 [60%] (Calcium) 207 [13%] (Calcium) NIH-3 T3 (5-HT2A) or HEK-293 
cells (5-HT2B) transfected with 
human receptors.

Luethi et al. 
(2019a)

0.33b ([3H]-LSD) 3.61 [81%] (Calcium) 0.912 ([3H]-LSD) 34 [73%] (Calcium) HEK-293T cells transfected with 
human receptors.

Wacker et al. 
(2017)0.52 [60%] (β-arrestin2) 0.68 [62%] (β-arrestin2)

Calcium: intracellular calcium assay; PI: phosphoinositol hydrolysis assay.
aAll Emax values are relative to serotonin.
bRepresents Kd value instead of Ki.
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bias in the same direction was seen at the 5-HT2A receptor, where 
the EC50 values were 0.52 and 3.61 nM for the respective signal-
ing pathways.

In vivo LSD studies

Few clinical studies of LSD have been conducted that would be 
capable of detecting VHD if it were to occur. Most multiple-dose 
studies of LSD focusing on full psychedelic dosing tested sched-
ules of once every three or four weeks. It is not expected that this 
infrequent dosing would be capable of inducing VHD. A limited 
number of studies dosed LSD with more frequent schedules and 
for periods long enough to potentially observe symptoms of 
VHD. One study dosed LSD nightly for 36 consecutive nights in 
12 subjects (Muzio et al., 1966). In another study, children with 
schizophrenia (N = 27) were administered daily LSD (100–
150 µg) for periods of between 5.5 and 35 months (Bender, 1966). 
No cardiac effects were reported in either study, yet no specific 
safety monitoring was described and the subject numbers were 
low.

The majority of clinical microdosing studies tested single 
LSD doses (e.g., Bershad et al., 2019, 2020; Greiner, 1958; 
Hutten et al., 2020; Murray et al., 2021). Only two multiple-dose 
studies have been reported, with schedules consisting of a pla-
cebo, 5, 10, or 20 µg every 4th day over a 21-day period (Family 
et al., 2020; Yanakieva et al., 2019) and placebo, 13, or 26 µg 
LSD tartrate (equivalent to 10 or 20 µg LSD) once every 3 to 
4 days for a total of four doses (de Wit et al., 2022). No cardiovas-
cular-related adverse events were reported in either study, and no 
ECG abnormalities were observed in the study by Family et al. 
However, several months of chronic dosing is typically needed 
for VHD symptoms to emerge (Elangbam, 2010), so these dosing 
periods were too short to assess possible VHD, especially with no 
echocardiography assessments.

Additional reports of LSD microdosing involved online sur-
veys (Polito and Liknaitzky, 2022), although these have many 
limitations. Subjects procure their own LSD and so the purity and 
actual doses taken are typically unknown. Many surveys did not 
report the length of time that subjects engaged in microdosing. 
Subjects were mostly current microdosers, thereby missing out 
on people who stopped microdosing due to side effects. 
Furthermore, there is no physician monitoring, especially cardiac 
monitoring, such as an ECG or echocardiogram. Despite these 
limitations, no symptoms indicative of VHD were reported in 
these studies.

Animal toxicology data following chronic LSD dosing are 
limited (Bonson, 2018). One study focused on modeling schizo-
phrenia assessed chronic dosing with a schedule similar to com-
mon microdosing schedules (LSD tartrate at 0.08 mg/kg or 
0.16 mg/kg i.p. every other day for 3 months, and 0.16 mg/kg 
every other day for 26 weeks) (Marona-Lewicka et al., 2011). 
However, a lack of cardiovascular assessments (echocardiogram 
or histopathology) means that the study did not contribute to 
knowledge about cardiac safety.

Risk assessment of LSD

There is insufficient in vivo data, either animal or clinical, to 
assess the risk of VHD with LSD microdosing. Thus, we must 

rely on calculating safety margins from available in vitro data. 
The two clinical studies of LSD microdosing that included PK 
assessments following a 10 µg dose reported a median plasma 
Cmax value of 0.323 ng/mL (1.0 nM) (Family et al., 2020) and a 
geometric mean Cmax value of 0.279 ng/mL (0.86 nM) (Holze 
et al., 2021). Considering a free fraction in plasma of 0.1 (Axelrod 
et al., 1957), the safety margin (Ki/Cmax) compared to the lowest 
reported Ki of 0.91 nM is approximately 10. Other compounds 
known to induce VHD generally had a free Cmax at least as high 
as their Ki value for 5-HT2B, if not several-fold higher (Papoian 
et al., 2017). Thus, LSD microdosing appears to have a relatively 
low risk.

As demonstrated in the case of fenfluramine, we must also 
consider the pharmacology of major metabolites. The two main 
metabolites of LSD are 2-oxo-3-hydroxy-LSD (O-H-LSD) and 
N-demethyl-LSD (nor-LSD) (Luethi et al., 2019a). The plasma 
Cmax of O-H-LSD following a 100 µg LSD dose was 15.5% of its 
parent (0.11 ng/mL vs. 1.7 ng/mL) (Holze et al., 2019), but it had 
very limited activity at the 5-HT2B receptor using a calcium assay 
(Luethi et al., 2019a). Although the in vitro activity of nor-LSD 
was higher (EC50 of 72 nM) (Luethi et al., 2019a), plasma levels 
of nor-LSD were below the quantifiable limit (<25 pg/mL) fol-
lowing a 100 µg LSD dose (Holze et al., 2019). Thus, neither 
metabolite is likely to pose much risk considering the extremely 
low plasma concentrations that would be produced following 
microdoses.

Psilocybin
Psilocybin is a naturally occurring psychedelic compound found 
in the fruiting bodies of a variety of mushroom species, mostly of 
the Psilocybe genus; commonly referred to as “magic mush-
rooms”. Psilocybin was the most frequently reported psychedelic 
substances used for microdosing apart from LSD (Cameron 
et al., 2020; Hutten et al., 2019; Lea et al., 2020a, 2020b; 
Petranker et al., 2022; Rootman et al., 2021), with a typical 
microdose range considered to be approximately 1-3 mg (Hutten 
et al., 2019; Kuypers et al., 2019; Lea et al., 2020a; Polito and 
Stevenson, 2019). Psilocybin is a prodrug of psilocin, an active 
metabolite almost entirely responsible for its psychedelic effects. 
The parent psilocybin molecule is almost completely metabo-
lized during absorption, and thus is itself not a risk for VHD 
(Brown et al., 2017; Eivindvik et al., 1989). For this reason, we 
present in vitro data only for psilocin.

In vitro Psilocin studies

Studies of the affinity and functional activity of psilocin at the 
5-HT2B and 5-HT2A receptors are shown in Table 2. Using cell 
lines with transfected human receptors, psilocin bound to the 
5-HT2B receptor with a Ki of 4.6 to 8 nM (Glatfelter et al., 2022; 
Halberstadt and Geyer, 2011; Ray, 2010). As reported in the same 
publications, this represented a 23- to 72-fold stronger affinity 
compared to the 5-HT2A receptor (Glatfelter et al., 2022; 
Halberstadt and Geyer, 2011; Ray, 2010). Additional studies that 
assessed binding in the rat and bovine cortex showed the opposite 
pattern (McKenna and Peroutka, 1989; McKenna et al., 1990), 
but we do not place much weight on these results considering the 
different species and potentially non-selective radioligands used.
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Various functional assays have shown that psilocin is an ago-
nist at the 5-HT2B receptor, with a relatively similar potency to 
the 5-HT2A receptor. The EC50 of psilocin was 58 nM (phosphoi-
nositol hydrolysis assay), 2.37 to 8.0 nM (intracellular calcium 
assay), and 1.07 nM (Gq dissociation assay), and 34 nM (β-
arrestin2 assay) (Glatfelter et al., 2022; Kargbo, 2021; Klein 
et al., 2021; Kozikowski et al., 2020; Sard et al., 2005). One 
study reported outlying data showing that psilocin was not an 
agonist of the 5-HT2B receptor (Rickli et al., 2016). However, as 
described in the prior section, this group has subsequently opti-
mized their assay, which resulted in significantly stronger 
potency estimates for LSD. Among the studies showing agonism, 
psilocin demonstrated moderate intrinsic activity compared to 
serotonin, with Emax values ranging from 38 to 84% (Glatfelter 
et al., 2022; Kargbo, 2021; Klein et al., 2021; Kozikowski et al., 
2020; Sard et al., 2005).

In vivo Psilocybin studies

Clinical studies of low-dose psilocybin consisted of assessing 
single doses (e.g., Cavanna et al., 2022; Prochazkova et al., 2018) 
or three weeks of dosing (Marschall et al., 2022; van Elk et al., 
2022). One planned study will assess four weeks of dosing 1 mg 
psilocybin with schedules ranging from twice weekly to three 
times daily for 5 days per week (NCT04754061, registered at 
clinicaltrials.gov). Other multiple-dose studies have consisted of 
medium to high doses administered intermittently every 3 or 
4 weeks. None of these studies are sufficient in dosing frequency 
or duration to adequately assess the risk of VHD.

Similar to the situation with LSD, there have been a number 
of observational and survey studies (Polito and Liknaitzky, 

2022). Although no signals indicating VHD were identified in 
these studies in terms of subject-reported symptoms, safety mon-
itoring and reporting were most likely inadequate to have cap-
tured any signal.

Toxicological studies of psilocybin or psilocybin mushroom 
extract were generally limited to single-dose studies (e.g., Zhuk 
et al., 2015). Although studies have been performed with 1 month 
of dosing (e.g., Huang et al., 2022), cardiovascular endpoints that 
could demonstrate potential signals of VHD were not 
performed.

Risk assessment of psilocybin

There are insufficient in vivo data, either animal or clinical, to 
assess the risk of psilocybin microdosing. Thus, we must rely on 
the available in vitro data. Psilocybin itself is almost completely 
metabolized during absorption, and thus is not a risk for VHD by 
itself (Brown et al., 2017; Eivindvik et al., 1989).

The geometric mean plasma Cmax value from 15 mg psilocy-
bin was 13 ng/mL of psilocin (63.5 nM) (Holze et al., 2022). Both 
psilocybin and psilocin have demonstrated dose-proportional 
exposure, so we may assume that the psilocin Cmax from the typi-
cal microdose of 2 mg is 8.4 nM. The plasma protein binding of 
psilocin is publicly unknown to the best of our knowledge. The 
safety margins (Ki/Cmax) of the total plasma concentrations rela-
tive to the lowest reported Ki of 4.6 nM is 0.55. This safety mar-
gin by itself is a concern, but even more so considering that the 
EC50 values from some functional assays were actually lower 
than the reported Ki values.

The main metabolites of psilocin are psilocin glucuronide and 
4-hydroxindole-3-acetic acid (4-HIAA). Glucuronide metabolites 

Table 2. Binding and functional assays with psilocin (values in nM).

5-HT2A 5-HT2B Details Reference

Ki (Radioligand) EC50 [Emax]a (Assay) Ki (Radioligand) EC50 [Emax]a (Assay)

12 ([3H]-ketanserin) 450 ([3H]-ketanserin) Rat cortex (2A) and bovine 
cortex (2B).

McKenna and 
Peroutka (1989)

6.0 ([3H]-ketanserin) 410 ([3H]-ketanserin) Rat cortex (2A) and bovine 
cortex (2B).

McKenna et al. 
(1990)

 24 [43%] (PI) 58 [45%] (PI) Cells transfected with hu-
man receptors.

Sard et al. (2005)

339.6 ([3H]-LSD) 4.7 ([3H]-LSD) GF62 cells transfected with 
human receptors.

Ray (2010)

107.2 ([3H]-ketanserin) 4.6 ([3H]-LSD) HEK-293 cells transfected 
with human receptors.

Halberstadt and 
Geyer (2011)

49 ([3H]-ketanserin) 721 [16%]  
(Calcium)

>20,000 [ND]  
(Calcium)

HEK-293 cells transfected 
with human receptors.

Rickli et al. (2016)

 2.40 [98.4%]  
(Calcium)

2.37 [39.2%]  
(Calcium)

Flp-In T-Rex 293 cells 
transfected with human 
receptors.

Klein et al. (2021)

 8.34 [82%] (Gq) 1.07 [63%] (Gq) HEK-293 cells transfected 
with human receptors

Kargbo (2021); 
Kozikowski et al. 
(2020)

180 ([3H]-ketanserin) 13 [67%] (Calcium) 8 ([3H]-LSD) 8 [38%] (Calcium) HEK-293T cells transfected 
with human receptors

Glatfelter et al. 
(2022)81 [76%] (β-arrestin2) 34 [84%] (β-arrestin2)

Calcium: intracellular calcium assay; Gq: Gq dissociation BRET assay; ND: not determined; PI: phosphoinositol hydrolysis assay.
aAll Emax values are relative to serotonin.
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are typically inactive due to steric hindrance of binding to the 
receptor, although with notable exceptions. The plasma Cmax of 
4-HIAA has been reported as 7 to 18-fold higher than psilocin 
following an oral dose of psilocybin (Hasler et al., 1997; 
Kolaczynska et al., 2021). The pharmacology of 4-HIAA at the 
5-HT2B receptor remains unknown.

Mescaline
Mescaline (3,4,5-trimethoxyphenethylamine) is a naturally 
occurring psychedelic molecule that is produced by some mem-
bers of the Cactaceae plant family. Microdosing with mescaline 
is relatively rare compared to LSD and psilocybin, with only 
1.0 to 2.3% of survey respondents reporting that they utilized 
this substance (Hutten et al., 2019; Kaertner et al., 2021; Lea 
et al., 2020a; Polito and Stevenson, 2019). An early publication 
reported the psychedelic dose of mescaline as 180 to 360 mg or 
higher (Shulgin and Shulgin, 1991) whereas a survey indicated 
that the typical full psychedelic dose was 400 mg (Hutten et al., 
2019). A recent clinical study indicated that the effects of 
500 mg of mescaline were comparable to 20 mg psilocybin or 
100 µg LSD (Ley et al., 2023). The range of microdoses for 
mescaline has not been well characterized but is 40 mg if we 
consider it to be 10% of a standard 400 mg full dose. This is 
consistent with the microdose reported in one survey of 50 mg 
(Hutten et al., 2019). Although another reported a lower aver-
age microdose of 10 mg, this was based on only two respond-
ents (Polito and Stevenson, 2019). This number is also roughly 
consistent with a microdosing website that claimed 10 to 40 mg 
of synthetic mescaline is the typical microdosing range (Third 
Wave, 2022).

In vitro mescaline studies

There are relatively few experiments that have assessed the affin-
ity and functional effects of mescaline at the 5-HT2B and 5-HT2A 
receptors (Table 3). The affinity of mescaline was approximately 
equipotent between the two receptors in one study, but another 
study showed at least 10-fold more potent binding at the 5-HT2B 
receptor (Monte et al., 1997; Ray, 2010). A third study showed 

minimal binding of mescaline to 5-HT2B, but this older study had 
methodological issues as discussed in prior sections (McKenna 
and Peroutka, 1989).

Activation of the 5-HT2B receptor using an intracellular cal-
cium assay was not demonstrated with mescaline (Kolaczynska 
et al., 2022; Rickli et al., 2015b). However, this group has subse-
quently reoptimized their calcium assay, which resulted in sig-
nificantly stronger potency estimates of LSD, as described in that 
section. It is also possible that the potency of mescaline was sim-
ply too low to be adequately assessed with the range of concen-
trations tested. Data by the same laboratory using IP/AA 
activation assays also indicated that mescaline is equally potent 
as an activator of the 5-HT2A versus 5-HT2B receptor (personal 
communication with principal investigator Matthias Liechti). 
Since psychedelics tend to be biased toward β-arrestin signaling, 
the potency for activating this pathway could be lower.

In vivo mescaline studies

No clinical studies have been performed with mescaline that 
would be adequate to assess the risk of VHD. Published (Ley 
et al., 2023) and ongoing clinical studies (e.g., NCT02033707, 
NCT04849013 in clinicaltrials.gov) all involve single doses of 
mescaline. There has also been a study of long-term peyote users 
(Halpern et al., 2005). However, this study focused on psycho-
logical endpoints, and despite the high number of lifetime uses of 
mescaline by study subjects, the actual dosing frequency was not 
clear. No animal studies were identified that would allow evalua-
tion of risk for VHD.

Risk assessment of mescaline

There is a lack of clinical and animal studies to assess the 
VHD risk with mescaline. Recently, the first PK data were 
published with a validated bioanalytical assay, which quanti-
tated mescaline and its two metabolites 3,4,5-trimethoxyphe-
nylacetic acid (TMPAA) and N-acetyl mescaline (NAM) (Ley 
et al., 2023; Thomann et al., 2022). The geometric mean 
plasma Cmax values for mescaline were 858 ng/mL (3460 nM) 
and 1217 ng/mL (4900 nM) after doses of 300 and 500 mg 

Table 3. Binding and functional assays with mescaline (values in nM).

5-HT2A 5-HT2B Assay Details Reference

Ki (Radioligand) EC50 [Emax]a (Assay) Ki (Radioligand) EC50 [Emax]a (Assay)

150 ([3H]-ketanserin) >10,000 ([3H]-ketanserin) Rat cortex (2A) and bovine 
cortex (2B).

McKenna and  
Peroutka (1989)

550 ([125I]-DOI) 795 ([3H]-5-HT) AV12 cells transfected with 
human receptors.

Monte et al. (1997)

>10,000 ([3H]-LSD) 793 ([3H]-LSD) GF62 cells transfected with 
human receptors.

Ray (2010)

6300 ([3H]-ketanserin) 10,000 [56%]  
(calcium)

>20,000 [ND]  
(calcium)

HEK-293 cells transfected 
with human receptors.

Rickli et al. 
(2015b)

9400 ([3H]-ketanserin) >10,000 [ND]  
(calcium)

HEK-293 cells transfected 
with human receptors.

Kolaczynska et al. 
(2022)

Calcium: intracellular calcium assay; ND: not determined.
aAll Emax values are relative to serotonin.
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mescaline hydrochloride, respectively (Ley et al., 2023). 
Assuming dose proportionality, a microdose of 40 mg is expected 
to achieve a plasma Cmax of approximately 848 nM, which gives 
a safety margin of 1.07 relative to the lowest reported Ki of 
793 nM. This safety margin is concerning, but it is relative to the 
total plasma concentration instead of the free plasma concentra-
tion since plasma protein binding is currently unknown.

The Cmax values of TMPAA were in a similar range to those of 
parent mescaline, although Cmax values for NAM were 20 to 
25-fold lower (Ley et al., 2023). The activity of these metabolites 
at the 5-HT2B receptor has not yet been characterized to the best 
of our knowledge. TMPAA has been described as non-psychoac-
tive (Dinis-Oliveira et al., 2019) and because potencies at the 
5-HT2A and 5-HT2B receptors are highly correlated, it is not likely 
to have significant potency at the 5-HT2B receptor. Nonetheless, 
a 40 mg microdose is predicted to achieve a plasma Cmax of 
430 nM for TMPAA, which could result in additional 5-HT2B 
activation in combination with parent mescaline, even without a 
very strong potency.

N,N-dimethyltryptamine
DMT is a psychedelic synthesized by a wide variety of plants, but 
is also found endogenously in humans and other animals 
(Carbonaro and Gatch, 2016). It has near complete first-pass 
metabolism by monoamine oxidases (MAOs) and is thus typi-
cally inhaled or consumed orally in a brew with other plants con-
taining enzyme inhibitors of MAOs (e.g., ayahuasca) (Barker, 
2022). Not every survey reported on the use of DMT, but several 
have found that it was used by 1.5 to 5.7% percent of people 
engaging in microdosing, with an additional 0.8 to 1.3% utilizing 
ayahuasca (Cameron et al., 2020; Hutten et al., 2019; Lea et al., 
2020a). Of those who microdosed DMT, it was consumed almost 
entirely by inhalation (e.g., vaporization or smoking) (Hutten 
et al., 2020; Lea et al., 2020a). Median DMT doses were in the 
range of 8 to 10 mg (Hutten et al., 2019; Lea et al., 2020a), com-
pared to a typical full inhaled dose of 40 to 50 mg (Barker, 2022). 
These reported DMT microdoses are therefore 20% of the full 

dose, which is notably higher than other commonly microdosed 
compounds, but may be due to the different route of administra-
tion. There has been little experimental study of DMT micro-
doses, but a dose-ranging study with IV bolus administration 
showed that 3.75 mg/75 kg DMT fumarate (equivalent of 
2.32 mg/75 kg DMT freebase) had mild effects consistent with a 
typical microdose (Strassman, 1994a). This dose had general 
relaxing effects without overt changes in perception, and several 
subjects thought it was a placebo. Given the rapid absorption 
from the lungs and onset of effects, the PK profile of inhaled 
DMT is likely to be similar to IV with the exception of incom-
plete bioavailability. Although one survey reported the typical 
ayahuasca microdose was 15 mg, two thirds of respondents stated 
that they did not know the actual dose they were taking (Hutten 
et al., 2019).

In vitro DMT studies

Studies of the affinity and functional activity of DMT at the 
5-HT2B and 5-HT2A receptors are shown in Table 4. DMT exhib-
ited potent binding affinity for the human 5-HT2B, with Ki values 
ranging from 101 to 184 nM (Blair et al., 1999; Keiser et al., 
2009; Ray, 2010). Binding to the human 5-HT2A receptor was 
about a third more potent compared to 5-HT2B in two publica-
tions (Blair et al., 1999; Keiser et al., 2009). A third publication 
reported that DMT binding to 5-HT2B was about 20-fold more 
potent than 5-HT2A, but the Ki value for 5-HT2A binding in this 
study was unusually high compared to others (Ray, 2010).

The functional effects of DMT at the 5-HT2B receptor have 
not yet been well characterized. A single study reported an 
EC50 value of 3400 nM using the intracellular calcium assay 
(Rickli et al., 2016), although this assay method has subse-
quently been optimized, resulting in typically more potent esti-
mates (personal communication with PI Matthias Liechti). The 
Emax value of 19% was notably low compared to the other 
psychedelics (Rickli et al., 2016), but this needs confirmation 
using the same assay and further characterization in additional 
functional assays.

Table 4. Binding and functional assays with DMT (values in nM).

5-HT2A 5-HT2B Assay details Reference

Ki (Radioligand) EC50 [Emax]a (Assay) Ki (Radioligand) EC50 [Emax]a (Assay)

42 ([3H]-ketanserin) 550 ([3H]-ketanserin) Rat cortex (2A) and bovine cortex 
(2B).

McKenna and 
Peroutka (1989)

75 ([3H]-ketanserin) 450 ([3H]-ketanserin) Rat cortex (2A) and bovine cortex 
(2B).

McKenna et al. 
(1990)

65 ([125I]-DOI) 101 ([3H]-5-HT) AV12 cells transfected with human  
receptors

Blair et al. 
(1999)

127 ([3H]-LSD) 184 ([3H]-LSD) HEK-293 cells transfected with 
human receptors

Keiser et al. 
(2009)

2323 ([3H]-LSD) 108 ([3H]-LSD) GF62 cells transfected with human 
receptors

Ray (2010)

237 ([3H]-ketanserin) 76 [40%]  
(Calcium)

3400 [19%]  
(Calcium)

HEK-293 cells transfected with 
human receptors.

Rickli et al. 
(2016)

Calcium: intracellular calcium assay
aAll Emax values are relative to serotonin.



884 Journal of Psychopharmacology 37(9)

In vivo DMT studies

Several repeat-dose toxicology studies with histological evalua-
tion of the heart have been performed with ayahuasca. A 28-day 
study of daily oral ayahuasca in male and female rats at doses up 
to 2-fold the typical full ceremonial dose (0.52 mg/kg DMT) did 
not result in any histological alterations in the heart (Colaço 
et al., 2020). An earlier 14-day study of daily oral ayahuasca 
administered to female rats at up to 50-fold the ceremonial dose 
(15.1 mg/kg DMT) also did not result in histological alterations 
(Pic-Taylor et al., 2015). Other repeat-dose toxicology studies 
have been performed with daily dosing up to 70 days, but did not 
include histological evaluation (e.g., Santos et al., 2017). Some 
rodent studies have dosed ayahuasca on intermittent schedules 
for 2 months and even up to 1 year (e.g., Cameron et al., 2019; 
Correa-Netto et al., 2017), but did not include cardiac 
assessments.

Various clinical studies of DMT have been performed, but all 
were single doses or short series of doses that would not be ade-
quate to assess the risk of VHD (e.g., Good et al., 2023; Riba 
et al., 2015; Timmermann et al., 2019; Vogt et al., 2023; 
Strassman, 1994a, 1994b). The health status of long-term ritual-
istic users of ayahuasca has also been assessed (e.g., Barbosa 
et al., 2012), but with significant limitations. No studies made 
specific cardiac assessments relevant to VHD and furthermore, 
the typical frequency of use was only once every two weeks.

Risk assessment of DMT

There are insufficient in vivo data to fully assess the risk of DMT 
microdosing. It is promising that 28-day toxicology studies in 
rats with high DMT doses did not result in histopathological 
changes to heart valves. However, not all known valvulopatho-
gens induce VHD-like effects in rats (Therapeutic Goods 
Administration, 2018) and studies that did demonstrate drug-
induced VHD-like effects utilized several months of dosing 
(Droogmans et al., 2007a, 2009a). There are not yet any human 
studies adequate for assessment of VHD with DMT 
microdosing.

The PK data following inhaled DMT are very limited (Riba 
et al., 2015), although the PK of IV administration has been stud-
ied fairly extensively in recent years (Good et al., 2023; 
Timmermann et al., 2019; Vogt et al., 2023). A dose-ranging 
study showed that a 0.05 mg/kg IV bolus of DMT fumarate 
resulted in an effect intensity equivalent to a microdose and a 
plasma Cmax value of approximately 10 ng/mL (Strassman, 1994a, 
1994b). Although DMT microdoses are generally administered 
in an inhaled fashion, we can assume that users would titrate their 
dose to a similar Cmax value. Considering an unbound plasma 
fraction of 0.677 (Good et al., 2023), the free Cmax would be 
6.8 ng/mL (36 nM). Compared to the lowest reported Ki value of 
101 nM (Blair et al., 1999), the safety margin of this unbound 
Cmax is 2.8. Although this represents a minimal safety margin, the 
extremely short half-life of inhaled DMT means that plasma con-
centrations are only transiently in this range. It is possible that 
users could compensate for the shorter duration of effect by 
microdosing DMT more often, but preliminary survey evidence 
does not indicate that this is the case (Hutten et al., 2020). The 
mean number of DMT microdoses per week was 2.26, which was 
not significantly greater than the values for LSD or psilocybin.

Two DMT metabolites have also been assessed in clinical 
studies. DMT-N-oxide plasma Cmax values were approximately 
60-fold lower than those of parent DMT following an IV bolus 
dose (Vogt et al., 2023), and so are not likely to represent much 
risk. Concentrations of indole-3-acetic acid (IAA) can reach 
much higher levels than DMT (Good et al., 2023; Vogt et al., 
2023). However, this molecule is also part of normal tryptophan 
metabolism and a typical serum level in healthy subjects was 
reported to be 1.9 µM (Dou et al., 2015).

The PK of full ayahuasca doses has been assessed (dos Santos 
et al., 2011; Ramaekers et al., 2023), but not that of ayahuasca 
microdoses. We cannot assume dose-proportionality between full 
doses and microdoses because not only are DMT doses decreased, 
but also doses of the enzyme inhibitors of MAO in ayahuasca 
that permit DMT to escape first-pass metabolism. Although rela-
tively higher doses may be consumed to compensate for this, sur-
vey respondents are generally not aware of the DMT doses they 
are consuming in microdoses of ayahuasca (Hutten et al., 2020). 
Given these uncertainties, no meaningful analysis of safety mar-
gins can be performed at this time with ayahuasca microdoses.

3,4-methylenedioxymethamphetamine
MDMA is not considered a psychedelic but rather falls under a 
class of drugs called empathogens or entactogens, which are 
characterized by feelings of euphoria, emotional openness, and 
connection with others. MDMA produces a distinct pattern from 
psychedelics on psychometric scales of altered states of con-
sciousness (Studerus et al., 2010). The primary target of MDMA 
is the serotonin reuptake transporter (SERT), whereby it induces 
serotonin release from neurons (Dunlap et al., 2018). However, 
the 5-HT2B receptor may be a secondary target that contributes to 
serotonin release (Doly et al., 2008). MDMA is worth assessing 
in this review as 6.5 to 12% of respondents in some online sur-
veys reported microdosing MDMA (Cameron et al., 2020; Hutten 
et al., 2019), and the potential for the development of VHD fol-
lowing microdosing of MDMA has been mentioned in internet 
articles (e.g., Smith, 2017). The number of people engaging in 
microdosing of MDMA compared to psychedelics is not clear 
since the majority of surveys did not report on MDMA.

A microdose of psychedelics is generally considered to be 
roughly 10% of the full psychedelic dose. If MDMA were to fol-
low the same pattern, we would expect microdoses of 12.5 to 
20 mg based on the full MDMA dose range that is generally 
between 125 and 200 mg. Popular media articles have claimed 
that a typical microdose range is 20 to 40 mg (Weiss, 2022) or 5 
to 25 mg (Reality Sandwich, 2021). One survey reported the typi-
cal MDMA microdose to be 50 mg, although with an extremely 
broad range of 0.02 to 100 mg (Hutten et al., 2019). It is possible 
that MDMA microdoses may follow a different pattern compared 
to psychedelics. Users may not be seeking a true microdose in the 
sense of being subperceptual, but more of a “mini-dose” (Liechti 
and Holze, 2022). In addition, MDMA may be unknowingly 
microdosed as low levels can be added to the mixtures that form 
various party drugs (Shaw, 2022).

In vitro MDMA studies

Studies of the affinity and functional activity of MDMA and its 
active N-demethylated metabolite MDA at the 5-HT2B receptor 
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are listed in Table 5. Both bind to the human 5-HT2B receptor, 
although with a 5-fold lower Ki value for MDA compared to 
MDMA (Ray, 2010; Setola et al., 2003). Both compounds were 
agonists in an assay of PI hydrolysis, with MDA (EC50 = 190 nM) 
10-fold more potent than MDMA (EC50 = 2000 nM) in addition to 
greater intrinsic efficacy (90% vs 32%) (Setola et al., 2003). For 
comparison, the EC50 for the primary mechanism of 5-HT release 
was 74.3 nM (Baumann and Rothman, 2009). MDA, but not 
MDMA, also stimulated intracellular calcium release (Rickli 
et al., 2015a; Luethi et al., 2019b), with the more potent EC50 
value of the later publication explained by further optimization of 
this group’s assay. Other groups have not reported potency values 
using the intracellular calcium assay for comparison. Both 
MDMA and MDA stimulated a mitogenic response at 10 µM in 
human valvular interstitial cells (Setola et al., 2003).

In vivo MDMA studies

To assess the occurrence of VHD, 29 subjects using or having 
used MDMA were compared to age and sex-matched controls 
who did not take MDMA (Droogmans et al., 2007b). The MDMA 
group had all used MDMA for at least 6 months, with a mean 
duration of 6.1 years and a mean dose of 3.6 tablets per week. 
Echocardiography showed that 28% of subjects who took 
MDMA had signs of VHD compared to no subjects in the control 
group. An effect of cumulative dose was observed, as subjects 
with higher grades of regurgitation had taken an average of 943 
tablets compared to those with lower grades of regurgitation, 
who took an average of 242 tablets (Droogmans et al., 2007b). A 
subsequent case study appeared to confirm that MDMA induced 
histopathology and echocardiogram findings consistent with 
drug-induced VHD in a man who self-reportedly took several 
MDMA pills per week for 16 years (Montastruc et al., 2012). 
However, there are several limitations to these studies, including 
that the exact dosing, frequency, and purity of MDMA was 
unknown.

No animal studies were identified that would be adequate to 
assess VHD. The closest was a study where the effects of MDMA 
were tested in rats (dosing 3 consecutive days per week for 
6 weeks), but no measures related to VHD, such as echocardiog-
raphy or heart valve histopathology, were assessed (Jaehne et al., 
2008).

Risk assessment of MDMA

Although many unknowns remain, the risk of chronic microdosing 
with MDMA seems higher than with common psychedelics such 
as LSD and psilocybin. Retrospective studies appear to show that 
chronic administration of full MDMA doses resulted in the devel-
opment of VHD. The risk of regular microdosing is less clear, but 
may be of clinical relevance given that typical microdoses have 
been reported to be as high as 50 mg (Hutten et al., 2019).

A 50 mg dose of MDMA resulted in a mean plasma Cmax 
266 nM for MDMA and 28.5 nM for MDA (de la Torre et al., 
2000). Free fractions were considered to be 0.57 for MDMA and 
0.37 for MDA (Belhadj-Tahar et al., 2010; Wan Aasim et al., 
2017). Therefore, the free Cmax safety margin for MDMA com-
pared to the Ki of 500 nM is 3.29 and the safety margin for MDA 
compared to the Ki of 91 nM is 8.6.

Other phase I metabolites are formed from MDMA, including 
3,4-dihydroxymethamphetamine (HHMA) and 4-hydroxy-
3-methoxymethamphetamine (HMMA). However, these are rap-
idly conjugated to sulfates or glucuronides, such that no 
unconjugated metabolites were detected in human plasma fol-
lowing a 125 mg dose of MDMA (Steuer et al., 2015). 
Furthermore, the metabolites HHMA, HMMA, HHA, and HMA, 
did not activate the 5-HT2B receptor at concentrations up to 
10 µM (Luethi et al., 2019b). Thus, other metabolites besides 
MDA can be considered a minimal risk.

Elevated plasma serotonin in combination with 5-HT2B acti-
vation may be an additional risk factor for the development of 
VHD (Rothman and Baumann, 2009). MDMA significantly ele-
vated plasma serotonin levels in rats (Baumann and Rothman, 
2009; Yubero-Lahoz et al., 2012; Zolkowska et al., 2006). 
Although we could not find data on plasma serotonin following 
MDMA dosing in humans, there are many reported cases of 
symptoms of serotonin syndrome (Parrott, 2002). Furthermore, if 
someone does develop VHD, its effects may be compounded by 
the other cardiac toxicities of MDMA (Bonsignore et al., 2019; 
Shenouda et al., 2008).

Conclusions
We have summarized the available data for assessing the risk  
of VHD with four psychedelics and MDMA. All of these 

Table 5. Binding and functional assays with MDMA and MDA (values in nM).

5-HT2B Assay details Reference

Ki (Radioligand) EC50 [Emax]a (Assay)

MDMA = 500 MDMA = 2000 [32%] HEK-293 cells transfected with human receptors.b Setola et al. (2003)
MDA = 100 ([3H]-LSD) MDA = 190 [80%] (PI)
MDMA = 500 GF62 cells transfected with human receptors. Ray (2010)
MDA = 91 ([3H]-LSD)  
 MDMA >20,0000[ND] HEK-293 cells transfected with human receptors. Rickli et al. (2015a)
 MDA = 850 [52%] (Calcium)
 MDMA > 10,000 [ND] HEK-293 cells transfected with human receptors. Luethi et al. (2019b)
 MDA = 200 [51%] (Calcium)

Calcium: intracellular calcium assay; P: phosphoinositol hydrolysis assay.
aAll Emax values are relative to serotonin.
bValues are from MDMA and MDA as racemic mixtures, although stereoselectivity was demonstrated.
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compounds are used for microdosing, where over a long enough 
period of time, VHD could become a risk if the 5-HT2B receptor 
is activated. However, this risk assessment should be considered 
preliminary, as all compounds had at least some missing data that 
would have significantly improved our analysis.

LSD has a potential risk for VHD considering that the 5-HT2B 
potency is similar to that of the main target 5-HT2A. Although 
there is some safety margin, this may not be sufficient consider-
ing variability in pharmacokinetics and doses and schedules that 
are used. Psilocin binds to 5-HT2B much more potently than 
5-HT2A and also appears to act as an agonist at 5-HT2B. This indi-
cates it may have a relatively higher risk compared to LSD. 
Mescaline is not as well characterized because its low potency 
led to inconclusive results on its actions at the 5-HT2B receptor, 
but its safety margin based on binding affinity and total plasma 
concentrations was minimal. DMT also had minimal safety mar-
gin, but may be lower risk given its extremely short half-life. 
MDMA has the highest demonstrated risk of these compounds. 
Along with its metabolite MDA, it is a potent 5-HT2B agonist 
with minimal safety margins for reported microdoses and addi-
tional factors that increase cardiac risk. Furthermore, VHD 
appears to have developed in a group of regular long-term users 
of full MDMA doses, confirming the risk of this compound. 
Although we have included the most common psychedelics used 
for microdosing, there are dozens more that are used by a small 
percentage of people. Each of these compounds has a distinct 
safety profile, yet little is known about them in order to assess the 
risk of VHD.

There are a number of caveats and unknowns for calculating 
the risk of VHD with microdosing. Many microdosing schedules 
involve every other day or every third day dosing. While this 
theoretically lowers the VHD risk compared to daily dosing, it is 
not clear by how much. Almost all known valvulopathogens uti-
lized daily dosing, and thus there is no dataset to evaluate how 
intermittent dosing affects VHD risk. This question may be 
addressed using a rat model of VHD.

We are further limited by not knowing which pathway or 
assay is most related to VHD risk. Psychedelics tend to be 
strongly biased toward β-arrestin signaling, which may give 
them a different risk profile compared to other 5-HT2B agonists. 
The functional assays most strongly associated with VHD were 
MAPK1/2 phosphorylation and NFAT activation (Papoian et al., 
2017), but psychedelics have not yet been assessed using these 
assays. Furthermore, the functional assays that have been 
reported were not necessarily performed in systems that mimic 
physiological receptor expression and could have biased esti-
mates of potency (Cavero and Guillon, 2014). Although we relied 
heavily on safety margins of binding affinity versus plasma con-
centrations in our analysis, we must reiterate that there is no 
established safety margin for VHD. It is impossible at this time to 
calculate an absolute risk for VHD based on in vitro data alone.

It is notable that out of a large number of people engaging in 
microdosing, there have not been reports of VHD. However, this 
is a phenomenon that has only recently gained popularity and it 
could be that relatively few people have consistently dosed for a 
long enough period for symptoms of VHD to develop. Although 
thousands of people have been included in various internet sur-
veys (Polito and Liknaitzky, 2022), these included periods of 
time that were too short to develop VHD (e.g., Polito and 
Stevenson, 2019) or in many cases the duration and consistency 

of microdosing was simply not clear (e.g., Hutten et al., 2019). 
One survey indicated that 78.5% of respondents had microdosed 
for up to 6 months, but also did not ask about AEs experienced 
during this time (Lea et al., 2020b). Furthermore, there are vari-
ous types of bias inherent to surveys. Thus, although it is encour-
aging that VHD symptoms have not yet been reported, we do not 
consider this methodology strong enough to determine that there 
is no risk.

A number of steps should be taken to better characterize the 
risk of VHD with psychedelic microdosing. The best way to con-
firm the safety of microdosing would be a placebo-controlled 
clinical trial lasting at least 6 months that includes echocardiogra-
phy assessments. We recognize that the number of different psy-
chedelic substances and microdosing schedules is a complication. 
Animal studies may be of limited utility for assessing VHD risk 
considering the questions about their predictive ability. However, 
replicating and extending in vitro binding and functional assays 
with 5-HT2B should be a high priority to quickly gather additional 
information contributing to risk assessment. Cell proliferation 
assays using hVICs will also be useful considering the uncertain-
ties around which specific assay or pathway is most predictive of 
VHD.
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