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Introduction 

 
1. New Psychoactive Substances 

 
New psychoactive substances (NPS) are "substances of abuse, whether in a pure 

form or a preparation, that are not prohibited by the 1961 Single Convention on Narcotic 

Drugs or the 1971 Convention on Psychoactive Substances"; the term "new" indicates the 

recent commercialization of the substances on the drug market and does not refer to newly 

manufactured drugs. NPS are intended to mimic the recreational effects of conventional 

drugs of abuse while evading legislation and analytical detection and can be found on the 

drug market as “legal highs”, “bath salts” and “research chemicals” The quick spread of 

NPS poses a serious risk to public health as they have been involved in many cases of 

intoxication and fatalities throughout the world. Moreover, the emergence of different 

substances every year poses a problem for drug regulation [1]. 

 
2. Tryptamines 

 
Psychedelic tryptamines are a diverse group of naturally occurring and synthetic 

NPS that induce distorted states of consciousness, perception, thinking and feeling [2]. 

Tryptamines share their core structure with the neurotransmitter serotonin, also named 5- 

hydroxytryptamine (5-HT). The effects of tryptamines, are mediated by the 5-HT2A 

receptor [3–7] but may also be modulated by interactions with other 5-HT receptors, 

monoamine transporters, and trace amine-associated receptors [7–15]. Furthermore, Luethi 

et al. presented a brief report based on correlations between in vitro human 5-HT receptor 

affinities and their dose estimates [13], reporting that human doses for psychedelics were 

significantly correlated with 5-HT2A and 5-HT2C receptor binding but not with 5-HT1A 

receptor binding. 5-HT2A receptors expressed on neocortical pyramidal cells are involved in 

the psychedelic effects of tryptamines [4]. The activation of 5-HT2A receptors increases 

cortical glutamate levels by a presynaptic receptor-mediated release from thalamic 

afferents. As serotonin receptor agonists, psychedelics can produce synesthesia and altered 

perceptions of reality, where senses usually experienced separately are combined. The 

status of control for different psychedelics varies, many are controlled under the 

Convention on Psychotropic Substances of 1971 (e.g. diethyltryptamine (DET), DMT, α- 

ethyltryptamine (α-ET)), although some synthetic psychedelics are not currently under 

international control. 
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Many countries report the use of psilocybin or magic mushrooms to the United 

Nations Office on Drugs and Crime (UNODC) [2]. The ranking of drugs by Member 

States, based on prevalence data from 123 countries, including 78 countries providing 

psychedelic data, suggests that the use of this drug class is currently ranked on average 5.3 

from 2013–2017, being less of a threat than the use of cannabis, sedatives and 

tranquillizers, opioids and cocaine. From the available data on trends in the use of different 

substances from 2001-2017, the majority of countries reported no significant change in 

psychedelic use over time. Nonetheless, there are signs of an increase in the overall use of 

psychedelics in recent years, particularly from 2012 to 2016, with the number of countries 

reporting increases in the use of psychedelics greater than the number of countries reporting 

decreases. Furthermore, according to the 2019 Global Drug Survey (GDS) [16], 

psychedelics were consumed by 40% of drug users, with tryptamines the psychedelic class 

with the greatest increase in use. The psychedelics with the greatest prevalence of use were 

lysergic acid diethylamide (LSD) (17.5%), psilocybin or magic mushrooms (14.8%), DMT 

(4.2%), magic truffles (3.3%) and ayahuasca (1.1%) [17]. 

Several tryptamines occur naturally in a variety of plants, fungi and animals [2]. 

Some tryptamines are also chemically synthesized, with several DMT analogs, such as 

alpha-methyltryptamine (α-MT) and 5-methoxy-diisopropyltryptamine (5-MeO-DiPT), 

currently popular. Several reviews report the toxicology of different NPS [18–24]; 

however, only two focused on tryptamines [25,26]. In 2015, Tittarelli et al. [25] presented a 

summary of all the currently available information on tryptamines and their derivatives, 

including pharmacology, chemical structures, and effects related to routes of 

administration, and toxicities. Data were provided for twelve tryptamines and/or derivatives 

and some intoxication reports. In the same year, Araújo et al. [26] provided an overview for 

the same classic tryptamines plus other derivatives, providing additional detail on the 

drugs’ toxicodynamics, preclinical physiological studies and adverse effects in humans. 

NPS and tryptamines are constantly evolving, with new drugs appearing rapidly onto the 

market. The morbidity associated with tryptamine intake is considerable, and it is important 

for toxicologists to be informed of the latest data on this public health threat. The aim is to 

present the latest tryptamine intoxication cases and new analytical methods to identify and 

quantify tryptamines in conventional and non-conventional biological matrices over the last 

five years. 

Tryptamines are psychedelic drugs derived from decarboxylation of the amino acid 

tryptophan, which produces the typical indole ring [27], giving these compounds the name 

“indolealkylamines”. A compound’s chemical structure determines which receptors it can 

bind and activate, its absorption, distribution, metabolism and elimination, and its effects. 
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In fact, minor additions and modifications to the indolealkylamine backbone provide an 

endless supply of novel tryptamine structures, each with a unique pharmacology. Table 1 

presents the most common and newest tryptamines and metabolites, with their common 

backbone structure and numerous ring substitutions. 

 
Figure 1. Tryptamines base structure. 
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Table 1. Chemical structures of tryptamines. 
 

 

Abbreviation 

 

Chemical name 
Molecular 

formula 

Chemical 

structure 

Molecular 

weight 

(g/mol) 

 

R1 

 

R2 

 

R3 

 

R4 

 

R5 

 

R6 

 

R7 

 

R8 

 

Tryptamine 

 

Tryptamine 

 

C10H12N2 

 

 

 

160.2 

 

H 

 

H 

 

H 

 

H 

 

H 

 

H 

 

H 

 

H 

Ring unsubstituted tryptamines 

 

α-MT 

 

α-methyltryptamine 

 

C11H14N2 

 

 

 

174.2 

 

H 

 

H 

 

CH3 

 

H 

 

H 

 

H 

 

H 

 

H 

 

α-ET 

 

α-ethyltryptamine 

 

C12H16N2 

 

 

 

188.3 

 

H 

 

H 

 

CH2CH3 

 

H 

 

H 

 

H 

 

H 

 

H 

 
DMT 

N,N- 

dimethyltryptamine 

 
C12H16N2 

 

 
188.3 

 
CH3 

 
CH3 

 
H 

 
H 

 
H 

 
H 

 
H 

 
H 

 

DET 
N,N- 

diethyltryptamine 

 

C14H20N2 

 

 

 

216.3 

 

CH2CH3 

 

CH2CH3 

 

H 

 

H 

 

H 

 

H 

 

H 

 

H 
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MET 
N-methyl-N- 

ethyltryptamine 

 

C13H18N2 

 

202.3 

 

CH3 

 

CH2CH3 

 

H 

 

H 

 

H 

 

H 

 

H 

 

H 

 

NMT 

 

N-methyltryptamine 

 

C11H14N2 

 

174.2 

 

H 

 

CH3 

 

H 

 

H 

 

H 

 

H 

 

H 

 

H 

 

DPT 
N,N- 

dipropyltryptamine 

 

C16H24N2 

 

244.4 

 

CH2CH2CH3 

 

CH2CH2CH3 

 

H 

 

H 

 

H 

 

H 

 

H 

 

H 

 

DiPT 
N,N- 

diisopropyltryptamine 

 

C16H24N2 

 

244.4 

 

CH(CH3)2 

 

CH(CH3)2 

 

H 

 

H 

 

H 

 

H 

 

H 

 

H 

4-Substituted tryptamines 

 

Psilocin 
4-Hydroxy-N,N- 

dimethyltryptamine 

 

C12H16N2O 

 

204.3 

 

CH3 

 

CH3 

 

H 

 

OH 

 

H 

 

H 

 

H 

 

H 

 

Psilocybin 

4-Phosphoryloxy- 

N,N- 

dimethyltryptamine 

 

C12H17N2O4P 

 

284.3 

 

CH3 

 

CH3 

 

H 

 

OPO3H2 

 

H 

 

H 

 

H 

 

H 

 

4-OH-MET 
4-Hydroxy-N-methyl- 

N-ethyltryptamine 

 

C13H18N2O 

 

218.3 

 

CH3 

 

CH2CH3 

 

H 

 

OH 

 

H 

 

H 

 

H 

 

H 
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4-OH-DPT 

 

 
 

4-Hydroxy-N,N- 

dipropyltryptamine 

 

 

 
C16H24N2O 

 

 

 
260.4 

 

 

 
CH2CH2CH3 

 

 

 
CH2CH2CH3 

 

 

 
H 

 

 

 
OH 

 

 

 
H 

 

 

 
H 

 

 

 
H 

H 

 

4-OH-DET 
4-Hydroxy-N,N- 

diethyltryptamine 

 

C14H20N2O 

 

232.3 

 

CH2CH3 

 

CH2CH3 

 

H 

 

OH 

 

H 

 

H 

 

H 

 

H 

 

4-OH-MiPT 

4-Hydroxy-N-methyl- 

N- 

isopropyltryptamine 

 

C14H20N2O 

 

232.3 

 

CH3 

 

CH(CH3)2 

 

H 

 

OH 

 

H 

 

H 

 

H 

 

H 

 
4-OH-DiPT 

4-Hydroxy-N,N- 

diisopropyltryptamine 

 
C16H24N2O 

 
260.4 

 
CH(CH3)2 

 
CH(CH3)2 

 
H 

 
OH 

 
H 

 
H 

 
H 

 
H 

 

4-OH-DALT 
4-Hydroxy-N,N- 

diallyltryptamine 

 

C16H20N2O 

 

256.3 

 

CH2CHCH2 

 

CH2CHCH2 

 

H 

 

OH 

 

H 

 

H 

 

H 

 

H 

 
4-AcO-MET 

4-Acetoxy-N-methyl- 

N-ethyltryptamine 

 
C15H20N2O2 

 
260.3 

 
CH3 

 
CH2CH3 

 
H 

 
OCOCH3 

 
H 

 
H 

 
H 

 
H 
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4-AcO-DPT 
4-Acetoxy-N,N- 

dipropyltryptamine 

 

C18H26N2O2 

 

302.4 

 

CH2CH2CH3 

 

CH2CH2CH3 

 

H 

 

OCOCH3 

 

H 

 

H 

 

H 

 

H 

 

4-AcO-DALT 
4-Acetoxy-N,N- 

diallyltryptamine 

 

C18H22N2O2 

 

298.4 

 

CH2CHCH2 

 

CH2CHCH2 

 

H 

 

OCOCH3 

 

H 

 

H 

 

H 

 

H 

5-Substituted tryptamines 

 

Bufotenine 
5-Hydroxy-N,N- 

dimethyltryptamine 

 

C12H16N2O 

 

204.3 

 

CH3 

 

CH3 

 

H 

 

H 

 

OH 

 

H 

 

H 

 

H 

 

5-OH-DiPT 
5-Hydroxy-N,N- 

diisopropyltryptamine 

 

C16H24N2O 

 

260.4 

 

CH(CH3)2 

 

CH(CH3)2 

 

H 

 

H 

 

OH 

 

H 

 

H 

 

H 

 

5-MeO-α-MT 
5-Methoxy-alpha- 

methyltryptamine 

 

C12H16N2O 

 

204.3 

 

H 

 

H 

 

CH3 

 

H 

 

OCH3 

 

H 

 

H 

 

H 

 

5-MeO-DMT 
5-Methoxy-N,N- 

dimethyltryptamine 

 

C13H18N2O 

 

218.3 

 

CH3 

 

CH3 

 

H 

 

H 

 

OCH3 

 

H 

 

H 

 

H 

 

5-MeO-DPT 
5-Methoxy-N,N- 

dipropyltryptamine 

 

C17H26N2O 

 

274.4 

 

CH2CH2CH3 

 

CH2CH2CH3 

 

H 

 

H 

 

OCH3 

 

H 

 

H 

 

H 
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5-MeO-DiPT 
5-Methoxy-N,N- 

diisopropyltryptamine 

 

C17H26N2O 

 

274.4 

 

CH(CH3)2 

 

CH(CH3)2 

 

H 

 

H 

 

OCH3 

 

H 

 

H 

 

H 

 

5-MeO-MiPT 

5-Methoxy-N- 

methyl-N- 

isopropyltryptamine 

 

C15H22N2O 

 

246.4 

 

CH3 

 

CH(CH3)2 

 

H 

 

H 

 

OCH3 

 

H 

 

H 

 

H 

 

5-MeO-IPT 
5-Methoxy-N- 

isopropyltryptamine 

 

C14H20N2O 

 

232.3 

 

H 

 

CH(CH3)2 

 

H 

 

H 

 

OCH3 

 

H 

 

H 

 

H 

 

5-MeO-MET 

5-Methoxy-N- 

methyl-N- 

ethyltryptamine 

 

C14H20N2O 

 

232.3 

 

CH3 

 

CH2CH3 

 

H 

 

H 

 

OCH3 

 

H 

 

H 

 

H 

 

5-MeO-DET 
5-Methoxy-N,N- 

diethyltryptamine 

 

C15H22N2O 

 

246.4 

 

CH2CH3 

 

CH2CH3 

 

H 

 

H 

 

OCH3 

 

H 

 

H 

 

H 

 

5-MeO-DALT 
5-Methoxy-N,N- 

diallyltryptamine 

 

C17H22N2O 

 

270.4 

 

CH2CHCH2 

 

CH2CHCH2 

 

H 

 

H 

 

OCH3 

 

H 

 

H 

 

H 

 

5-Me-DALT 
5-Methyl-N,N- 

diallyltryptamine 

 

C17H22N2 

 

254.4 

 

CH2CHCH2 

 

CH2CHCH2 

 

H 

 

H 

 

CH3 

 

H 

 

H 

 

H 

 

5-F-DALT 
5-Fluoro-N,N- 

diallyltryptamine 

 

C16H19N2F 

 

258.3 

 

CH2CHCH2 

 

CH2CHCH2 

 

H 

 

H 

 

F 

 

H 

 

H 

 

H 
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5-Cl-DALT 
5-Chloro-N,N- 

diallyltryptamine 

 

C16H19N2Cl 

 

274.8 

 

CH2CHCH2 

 

CH2CHCH2 

  

H 

 

H 

  

Cl 

 

H 

 

H 

 

H 

 

5-Br-DALT 
5-Bromo-N,N- 

diallyltryptamine 

 

C16H19N2Br 

 

319.2 

 

CH2CHCH2 

 

CH2CHCH2 

  

H 

 

H 

  

Br 

 

H 

 

H 

 

H 

5-MeO-2-Me- 

DALT 

5-Methoxy-2-methyl- 

N,N- 

diallyltryptamine 

 

C18H24N2O 

 

284.4 

 

CH2CHCH2 

 

CH2CHCH2 

  

H 

 

H 

  

OCH3 

 

H 

 

H 

 

CH3 

 

5-EtO-DALT 
5-Ethoxy-N,N- 

diallyltryptamine 

 

C18H24N2O 

 

284.4 

 

CH2CHCH2 

 

CH2CHCH2 

  

H 

 

H 

 

OCH2CH3 

 

H 

 

H 

 

H 

Others 

 

5,6-MD-DALT 

5,6-Methylenedioxy- 

N,N- 

diallyltryptamine 

 

C17H20N2O2 

 

284.4 

 

CH2CH 

 

CH2CH 

  

H 

 

H 

  

OCH2O * 

  

H 

 

H 

 

7-Et-DALT 
7-Ethyl-N,N- 

diallyltryptamine 

 

C18H24N2 

 

268.4 

 

CH2CHCH2 

 

CH2CHCH2 

  

H 

 

H 

  

H 

 

H 

 

CH2CH3 

 

H 

 

7-Me-DALT 
7-Methyl-N,N- 

diallyltryptamine 

 

C17H22N2 

 

254.4 

 

CH2CHCH2 

 

CH2CHCH2 

 

H 

 

H 

  

H 

 

H 

 

CH3 

 

H 

*Both R5 and R6 groups take part of the methylenedioxy ring. 
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Some tryptamine structures facilitate crossing the blood brain barrier, with a rapid 

onset of highly potent effects, and other structures prevent rapid metabolic degradation, 

increasing the duration of effects [28]. Some tryptamines and derivatives are potent and 

short-acting psychedelics, whose total duration of action is less than thirty min [28]. Such 

compounds must be taken parenterally or enterally to experience the psychedelic effects. 

MAO is a mitochondrial flavin-dependent enzyme that oxidatively deaminates serotonin 

and other biogenic and neuroactive amines and is present in the liver, gut and brain of 

humans and other mammals. If tryptamines are orally ingested, protection from peripheral 

degradation by a monoamine oxidase inhibitor (MAOI) may be necessary for activity. 

Consequently, MAOI generally increases the pharmacological effects of such bioactive 

amines. 

 
2.1. Tryptamines of Natural Origin 

 
• Dimethyltryptamine (DMT) 

DMT shares psychedelic and hallucinogenic activity with lysergic acid 

diethylamide (LSD) and mescaline in terms of intensity and characteristics [25]. Common 

routes of DMT administration are oral, insufflation, intravenous (IV) and smoking [27]. 

The time course of DMT administered via inhalation of vaporized freebase or IV injection 

of a water-soluble salt is brief. The onset is rapid, with full effects noted within 2 min of 

administration and subjective effects fully resolving within 20–30 min [28]. Szára et al. 

also reported a rapid onset (2–5 min) of effects and a duration of action of 30–60 min 

following intramuscular (IM) administration of 0.2–1 mg/kg DMT [29]. These authors 

reported that 0.7 mg/kg IM DMT resulted in diarrhea, nausea and vomiting. Additionally, 

elevated heart rate, blood pressure, and rectal temperature were reported by others 

following DMT administration [30]. Psychologically, DMT can cause short-term emotional 

distress, and in some cases precipitate long-lasting psychosis. DMT is an agonist at the 5- 

HT1A, 5-HT2A, and 5-HT2C serotonin receptors, and at the sigma-1 receptor. DMT’s broad 

agonist activity includes modulation of physiological processes and regulation of 

inflammation through the sigma-1 and 5-HT receptors, and changing immune responses 

through the sigma-1 receptor. IM effects are usually less intense than those following IV or 

inhalation. Oxidative deamination of DMT by monoamine oxidase (MAO) produces 

indole-3-acetic acid (3-IAA) and 3-indole-aceturic acid [31]. Other metabolic pathways 

include N-oxidation, N-demethylation and cyclization. DMT-N-oxide (DMT-NO), N- 

methyltryptamine (NMT), 2-methyl-1,2,3,4-tetrahydro-beta-carboline (2-MTHβC) were 

also identified as minor DMT metabolites [31]. 
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DMT was first isolated from Mimosa hostiles, Mimosa tenuiflora, and Mimosa root 

bark and is also present in Psychotria viridis leaves and Virola plants, all parts of the 

beverage Ayahuasca [28]. Ayahuasca is produced by mixing different plants by native 

populations of the basin of the Amazon river, suggested to be a drink with magic and 

curative powers. For the decoction preparation, the natives boil the bark or crushed stems of 

Banisteriopsis caapi together with other plants, including the leaves of Psychotria viridis, a 

member of the Rubiaceae family. The two plants are distinguished by the content of active 

compounds. Psychotria viridis contains DMT and Banisteriopsis caapi contains harmala 

alkaloids (Peganum harmala or Syrian Rue) harmine, tetrahydroharmine, and harmaline 

[32]. DMT is a hallucinogen and the harmala alkaloids are MAO inhibitors that enhance 

DMT’s effects. Ayahuasca is used to treat depression, anxiety, and alcohol, tobacco [33] 

and drug addiction [34]. DMT is also found as a minor alkaloid in the bark, pods, and beans 

of Anadenanthera peregrina and Anadenanthera colubrina [35]. 

In 2015, Paterson et al. [36] reported an acute intoxication in Los Angeles, 

California of an unknown amount of smoked DMT by a 42-year-old male with no 

psychiatric history other than multiple substance use disorders. He was on an involuntary 

legal hold for bizarre and disorganized behavior that ultimately led to his hospitalization. 

During the interview in the emergency department (ED), he reported smoking cannabis and 

three weeks before hospitalization, he began smoking DMT. The subject was agitated, 

underweight and exhibited a marked disorientation to time. The patient received supportive 

therapy, including sedation with benzodiazepines. After 21 days hospitalization, he was 

discharged without complications. The urine toxicology analysis was performed 5 days 

after ED admission and resulted positive only for benzodiazepines and negative for DMT. 

In 2017, Bilhimer et al. [37] reported an acute intoxication involving DMT in the 

U.S. A 25-year-old male with a history of mental illness had strong hallucinations and 

suicidal thoughts after injecting DMT intravenously. The subject had dilated pupils, 

tachycardia (88 bpm) and systolic and diastolic blood pressure of 116/71 mm Hg. His urine 

was immunoassay positive for amphetamines and DMT at a concentration greater than 

2000 ng/mL. 

 
• Psilocybin and Psilocin 

Psilocybin (4-Phosphoryloxy-N,N-dimethyltryptamine) and psilocin (4-Hydroxy- 

N,N-dimethyltryptamine or 4-OH-DMT), are contained in about 190 species of Psilocybe 

mushrooms, but the most well-known varieties are Psilocybe cubensis, Psilocybe 

semilanceata and Psilocybe Mexicana. Psilocybin is a 4-substituted indoleamine that is 

dephosphorylated to psilocin, its pharmacologically active metabolite [38]. Albert Hofmann 
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[35] first isolated and identified psilocin from the Psilocybe Mexicana mushroom in 1958. 

Psilocybe cubensis contains the highest concentrations of these two tryptamines, and is 

available frozen, or as a dry powder or capsule [39]. In addition to its natural origin, 

synthetic psilocin is available fresh or treated/preserved (dried or cooked). Psilocin is 

highly unstable in solution, and in the presence of oxygen and alkaline pH, it forms bluish 

and black degradation products. This tryptamine is an isomer of bufotenine, differing only 

in the position of the hydroxyl group [38]. Psilocin is orally active with a duration of action 

of 4-6 h [28]. Psilocin undergoes oxidative deamination and forms the minor metabolite 4- 

hydroxyindole acetic acid (4-HIAA). This tryptamine is also subject to phase II metabolism 

to the O-glucuronide, the main metabolite detected in human urine. In recent years, fungis’ 

sclerotia, commonly called “magic truffles”, frequently supply the psychoactive Psilocybe 

alkaloids, as Psilocybe sclerotia are not specifically included in the laws banning the sale, 

the purchase and the use of such substances [40]. Terms for magic truffles include The 

Philosopher Stones, Space truffles, Sclerotia Stones or Sclerotia. Psilocybin mushroom 

ingestion produces hallucinations as early as 10 min post ingestion of 1-2 mg dried 

mushrooms and typically lasts from 4 - 12 h. Common symptoms include dizziness, 

giddiness, nausea, weakness, muscle aches, shivering, anxiety, restlessness and abdominal 

pain [41,42]. In 2018, Honyiglo et al. described the death of an 18 year old male in France 

who jumped from the second floor and died following “hallucinogenic mushroom” intake 

[43]. The intoxication was confirmed by identification and quantification of psilocin in 

cardiac and femoral blood (67 and 60 ng/mL respectively), urine (2,230 ng/mL), bile (3,102 

ng/mL), and vitreous humor (57 ng/mL). Gas chromatography time-of-flight detection with 

electron impact ionization (GC-EI-TOF) was the analytical technique employed for 

identification and quantification. 

Currently, there is great interest in psilocybin in combination with psychotherapy to 

treat psychiatric disorders like anxiety, depression, and addiction to nicotine and drugs 

[44,45]. For example, Grob et al. dispensed 0.2 mg/kg oral psilocybin, with a niacin 

placebo control to advanced-stage cancer patients with anxiety [46]. There was a significant 

reduction in anxiety at 1 and 3 months after treatment based on patients’ Speilberg State- 

Trait Anxiety Inventory (STAI). Carhart et al. [47] administered psilocybin to treat 12 

patients with moderate-to-severe, unipolar, treatment-resistant major depression with two 

oral doses of psilocybin (10 mg and 25 mg, 7 days apart) in a supportive setting. In 

addition, two randomized blinded controlled clinical trials demonstrated significant long- 

term reductions in anxious depressed mood after psilocybin treatment [45,48]. Essential 

distress also decreased and quality of life improved in terminally ill cancer patients after a 

single oral dose of psilocybin. An open-label pilot study provided psilocybin in 
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combination with cognitive behavioral therapy to 15 treatment-resistant tobacco/nicotine- 

dependent smokers [49]. Smoking abstinence was observed in 67% of patients at follow-up, 

documenting that psilocybin was more effective than the most successful FDA-approved 

medication, varenicline [41]. Finally, a recent open-label pilot study investigated psilocybin 

for the treatment of 10 alcohol-dependent individuals, with alcohol use decreasing 

dramatically after the first psilocybin administration [50]. 

 
• 5-Methoxy-N,N-dimethyltryptamine (5-MeO-DMT) 

5-MeO-DMT is a natural tryptamine [28] that requires the presence of a MAOI to 

produce psychedelic effects [25]. 5-MeO-DMT is ingested, but unpublished reports 

describe inhalation as a common mean of consumption with effects appearing within 60 sec 

and lasting 5-20 min [50]. Effects include auditory, visual, and time perception distortions, 

emotional experiences, memory impairment, asthma (12%), high blood pressure (9%) and 

chronic fatigue syndrome (8%) [51]. There is also evidence that some people use 5-MeO- 

DMT for treating psychiatric conditions, including depression, anxiety, post-traumatic 

stress disorder, and problematic substance use [51,52]. Tryptamine derivates like DMT, 5- 

OH-DMT and 5-MeO-DMT are metabolized by MAO-A that catalyzes an oxidative 

deamination forming IAA [52,53]. 

Brush et al. reported a poisoning related to 5-MeO-DMT and harmaline ingestion 

[25,54]. The victim was a 17 year old male found collapsed after insufflation of 15-20 mg 

5-MeO-DMT. GC/MS analysis of urine only confirmed the presence of both harmaline and 

harmine. At ED admission, the patient had hypertension and tachycardia (186 bpm) and 

was hyperthermic (40.7°C). After administration of 2.5 mg lorazepam, the symptoms began 

to resolve, and the patient was discharged without complication. 

Sklerov et al. described the death of a 25 year old white male found unresponsive in 

a national park following ingestion of 5-MeO-DMT. Toxicological analyses revealed the 

presence of 5-MeO-DMT in blood, urine, gastric contents, bile, kidney, brain, and liver. 

Moreover, the heart blood sample contained DMT (0.02 mg/L), 5-MeO-DMT (1.88 mg/L), 

tetrahydroharmine (0.38 mg/L), harmaline (0.07 mg/L), and harmine (0.17 mg/L). The 

medical examiner pronounced the death as due to psychedelic amine intoxication [25,55]. 

 
2.2. Tryptamines of Synthetic Origin 

 
2.2.1. Ring Substituted Tryptamines 

 
• Αlpha-methyltryptamine (α-MT) 
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α-MT is a psychedelic tryptamine sold as a white crystalline powder [56]. It was 

first developed in 1960 as an antidepressant in the Soviet Union, but its marketing was 

unsuccessful. α-MT’s duration of effects is 8-14 h if ingested and 3-6 h when inhaled. α- 

MT effects are similar to those of 3,4-methylenedioxymethamphetamine (MDMA); both 

are empathogens and strong stimulants [56]. α-MT strongly inhibits re-uptake and release 

of monoamines dopamine, serotonin and norepinephrine in mouse brain synaptosomes, also 

being a strong MAO inhibitor. 

In September 2004, the U.S. Controlled Substances Act placed α-MT in Schedule I. 

α-MT is a hallucinogen [56] and a stimulant with an alpha methyl group similar to 

amphetamine [57]. α-MT is generally available as a powder, tablet, or capsule with oral 

doses of 5-10 mg producing stimulation, 20-30 mg hallucinogenic effects for up to 24 h, 

60-80 mg considered a “strong” dose, and up to 150 mg α-MT was previously self- 

administered. Generally, 5-20 mg free base is smoked. Snorting or insufflation is an 

infrequent route of administration due to burning of the mucosa and a bad odor. Inadequate 

solubility and lack of increased pharmacological effects limits IV administration [58]. The 

most frequent adverse effects described in the literature are anxiety, muscle tightness, 

vomiting, hyperthermia, mild increase in blood pressure or respiratory rate, tachycardia, 

salivation, nausea, impaired coordination, nervousness and restlessness [58,59]. 

Recently, Holstege et al. reported the intoxication and ED admission of a 21-year- 

old man following α-MT ingestion [25]. He was hypertensive (BP 183/93 mmHg, heart rate 

52 bpm), had a high fever, felt disoriented, nervous, and trembling. After medical 

treatment, the patient was discharged without complication. No analytical confirmation was 

performed. In the same year, another α-MT intoxication involved a 17-year-old male found 

naked and hallucinating [60]. In the ED, he was hyperthermic and tachycardic (160 

beats/min), presented with fever (37.3ºC), sweating and reactive 6-7 mm mydriatic pupils. 

α-MT was identified in his urine by high-performance liquid chromatography coupled with 

mass spectrometry (HPLC-MS). He was discharged with supportive therapy including 

benzodiazepines. Boland et al., reported the first known α-MT death of a 22 year old male 

found unresponsive by his roommate, who said he consumed 1 g α-MT 12 h prior. Iliac 

vein blood, gastric contents, liver and brain were all α-MT positive at 2.0 mg/L, 9.6 mg/kg; 

24.7 mg/kg and 7.8 mg/kg, respectively [61]. 

There are few α-MT pharmacokinetic data. Hydroxylation or oxidation of the indole 

ring at the 2-, 6- and/or 7-positions was observed in male Wistar rats [62]. 2-oxo-α-MT, 6- 

hydroxy-α-MT, 7-hydroxy-α-MT and 10-hydroxy-α-MT metabolites were identified in rat 

urine. Other rat α-MT metabolic pathways include deamination to indole-3-acetone 
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followed by oxidation to indole-3-carboxylic acid [62]. Also, an isomer of α-MT, 5-(2- 

aminopropyl) indole (5-IT, 5API), appeared on the European drug market in 2011 [63]. 

 
• Alpha-ethyltryptamine (α-ET) 

α-ET was first synthesized in 1947 as a potential synthetic precursor to the β- 

carbolines but appeared on the clandestine market as an antidepressant (Monase) in the 

mid-1980s [64]. In 1986, Daldrup et al. described its first illicit use in Germany [65] and in 

1993 the U.S. Drug Enforcement Administration (DEA) included it on the Schedule I list 

[66]. α-ET may produce serotonin neurotoxicity [67], but the exact mechanism is not 

understood. Serotonin neurotoxicity was produced by the combined administration of a 

non-neurotoxic serotonin releasing agent and the dopamine releasing agent S-amphetamine 

[68,69]. Other authors added that α-ET was the first tryptamine derivative, indeed, the first 

non-phenylisopropylamine, shown to produce stimulus effects similar to those of MDMA 

on unconditioned motor behaviour in rats [70,71]. Like α-MT, other simple synthetic 

tryptamines, such as α-ET, possess a methyl group on the alpha carbon, providing 

protection from MAO metabolism [61]. α-ET has a duration of action of 6–8 h when taken 

orally[26]. 

Morano et al., described a fatal intoxication involving α-ET ingestion [65]. The 

victim’s autopsy revealed bilateral “pulmonary edema and generalized visceral congestion 

with some epicardial petechiae”. α-ET intake was confirmed in blood (5.6 mg/L), urine 

(80.4 mg/L), vitreous (2.4 mg/L), bile (22.0 mg/L), stomach contents (52.9 mg/g), liver 

(18.3 mg/g), kidney (24.0 mg/g) and brain (16.2 mg/g ). Daldrup et al. described another 

fatal case in which a psychotic man presented with agitation and hyperpyrexia [65]. Blood 

toxicological analysis identified α-ET at 1.1 mg/L, with the cause of death listed as 

malignant hyperthermia with α-ET contribution. 

 
• Diethyltryptamine (DET) 

DET is the ethyl analogue of DMT. It is orally active because the ethyl group 

prevents MAO degradation. The active dose is 50–100 mg, with psychoactive effects 

lasting 2-4 h [72,73]. DET’s most common effects include slight generalized tremors to 

gross athletic movements, visual distortion, hypersensitivity to light, visual hallucinations, 

auditory perceptual distortions and olfactory hallucinations [74]. 

 
• N-methyl-N-ethyltryptamine (MET) 

MET is structurally related to DMT, but little scientific information is available on 

its pharmacology or toxicity in humans. Inhalation of 15 mg freebase MET or 80-100 mg 
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oral freebase MET produce effects [75]. Anecdotal reports describe the most common 

physical and psychological effects as physical euphoria, tactile enhancement, increased 

heart rate and blood pressure, muscle cramps, teeth grinding, pupil dilation, hallucinations 

and cognitive effects [75]. 

 
• N-methyltryptamine (NMT) 

NMT is the product of methyl group additions to tryptamine by the enzyme 

indolethylamine-N-methyltransferase [76]. In 2014, Gardner et al. demonstrated that NMT 

was a teratogen in pregnant rats, producing fetal skeletal malformations and cleft palates 

[77]. MAO metabolism produces its IAA metabolite. 

 
• Dipropyltryptamine (DPT) 

DPT is a synthetic tryptamine with a crystalline hydrochloride salt and an oily or 

crystalline base, first reported in 1973 as a treatment for alcoholism [77]. DPT is a 

hallucinogen, also known as “The Light”. DPT increases the intensity [77]of music and 

color, with pleasant flashes of light and sparkles, causing one to lose one’s ego and 

producing visual experiences [25]. DPT was an adjunct to psychotherapy in the 1960s and 

1970s, but few peer-reviewed experimental studies were conducted [77]. Anecdotal internet 

reports describe it as a hallucinogen in humans following oral administration of 100-250 

mg. Adverse physical and psychological “positive” effects include auditory hallucinations, 

music enhancement, stimulation, euphoria, and relaxation, as well as “negative” effects 

such as paranoia, psychosis, anxiety, nausea, dizziness, increased heart rate and general 

tremor [78]. 

DPT strongly inhibited 5-HT reuptake into rat synaptosomes [13] and had moderate 

affinity and partial agonism at the human 5-HT1A receptor [79]. In 2008, Fantegrossi et al. 

reported that DPT elicited head-twitches in mice and rats suggesting that a primary site of 

action for DPT is the 5-HT2A receptor [80]. Dailey et al. described a DPT intoxication case 

of a 19-year-old female [81]. The patient arrived at the ED with tachycardia (200 bpm) and 

psychomotor agitation, and was immediately sedated with 3 mg lorazepam. No analytical 

confirmation was performed, but a vial of DPT labelled “for research purposed only” was 

found at the scene. 

 
• Diisopropyltryptamine (DiPT) 

DiPT is a synthetic hallucinogen, closely related structurally to DMT, a 5HT2A 

agonist and a partial 5HT1A agonist that inhibits the serotonin transporter and vesicular 

monoamine transporter [82]. DiPT produces short-term visual and auditory hallucinations 
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including hearing voices, and bizarre dream states at high doses, and auditory distortion 

with deep tones at low doses [83]. 

 
2.2.2. 4-Substituted Tryptamines 

 
• 4-Hydroxy-N-methyl-N-ethyltryptamine (4-OH-MET) 

4-OH-MET is one of the most common synthetic tryptamines available online. 4- 

OH-MET, synthesized by Shulgin et al. [83], has effects lasting 4-6 h. 4-OH-MET can 

produce a wide range of effects including prickling, decreased ability to move, and later 

anxiety, nervousness, paranoia, tiredness and insomnia [34]. 

 
• 4-Hydroxy-N,N-dipropyltryptamine (4-OH-DPT) 

4-OH-DPT is the 4-hydroxylated DPT derivative first synthesized by Shulgin et al. 

[83]. 4-OH-DPT is a light beige or white powder [56] that acts as a 5-HT2A partial agonist. 

4-OH-DPT also shares structural similarity with psilocin [84]. Effects are dose dependent, 

with onset at 15-45 min and duration of 5-8 h. According to user reports, synthetic 4-OH- 

DPT produces visual effects and hallucinatory states [85]. 

 
• 4-Acetoxy-N,N-dipropyltryptamine (4-AcO-DPT) 

4-AcO-DPT is the 4-acetoxy derivative of DPT, is structurally similar to 4-AcO- 

DMT and 4-acetoxy-N,N- diisopropyltryptamine (4-AcO-DiPT), and is available as a white 

powder [56]. It is available online and typically administrated orally or by insufflation. Its 

effects are dose dependent and include hallucination, dissociation, confusion and 

flashbacks, as reported on Erowid by a 4-AcO-DPT user [86]. 

 
• 4-Acetyloxy-N,N-diallyltryptamine (4-AcO-DALT) 

4-AcO-DALT is a tryptamine derivative structurally linked to DALT and 5-MeO- 

DALT [56]. Users report taking 15-30 mg doses, with effects similar to those of 

hallucinogenic mushrooms or 4-AcO-DMT [86]. Effects lasted 1 h and were similar to 

those following mushroom intake, including mental and visual effects, and a slight cough 

and gagging [86]. 

 
• 4-Acetoxy-N-methyl-N-ethyltryptamine (4-AcO-MET) 

4-AcO-MET, also known as matacetin, is a homolog of O-acetylpsilocin (4-AcO- 

DMT), an acetate ester of 4-OH-MET and a homologue of 4-AcO-DMT. It is also a 

structural and functional psilocin analogue and the 4-hydroxyl MET analogue [72]. 
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Other synthetic 4-substituted tryptamines for which no scientific data are available 

are: 4-Hydroxy-diethyl-tryptamine (4-OH-DET), 4-OH-DiPT, 4-Hydroxy-N-methyl-N- 

isopropyltryptamine (4-OH-MiPT), 4-Hydroxy-N-methyl-N-propyltryptamine, or meprocin 

(4-OH-MPT), 4-Methoxy-N-methyl-N-isopropyltryptamine (4-MeO-MiPT), 4-Methoxy- 

N,N-dimethyltryptamine (4-MeO-DMT), 4-Hydroxy-N,N-tetramethylenetryptamine (4-OH- 

pyr-T) and their acetic acid derivatives (e.g. 4-Acetoxy-N,N-dimethyltryptamine (4-AcO- 

DMT), 4-Acetoxy-N,N-diethyltryptamine (4-AcO-DET), and 4-Acetoxy-N,N- 

diisopropyltryptamine (4-AcO-DiPT). 

 
2.2.3. 5-Substituted Tryptamines 

 
• Bufotenine or 5-Hydroxy-N,N-dimethyltryptamine (5-OH-DMT) 

5-OH-DMT is a serotonin derivative found in the skin secretions of some Brazilian 

Rhinella toads [87], as well as in plants of the Leguminosae family and psychoactive 

mushrooms (Amanita muscaria) [88]. When Bufo species are ingested, toxicity ensues, 

including hemiparesis, muscle jerking and twitching, convulsions, altered mental status, 

slurred speech, headache, nausea, vomiting, severe dyspnea, and death [89–91]. 

Furthermore, effective dosage, route of administration and psychedelic effects are widely 

known and reported in the literature [92,93]. It is metabolized by the enzyme monoamine 

oxidase A (MAO-A) that catalyzes an oxidative deamination forming IAA [87]. 

 
• 5-Methoxy-α-methyltryptamine (5-MeO-α- MT) 

At low dosages (15-30 mg orally, 5-20 mg smoked), 5-MeO-α-MT produces 

powerful hallucinations [60]. Depending upon the individual, negative effects, including 

death, are more typical at higher dosages (80-100 mg oral 5-MeO-α-MT) [7,94]. 

Neurologic manifestations that may occur include agitation, restlessness, confusion, and 

lethargy. Physical manifestations include vomiting, papillary dilation, jaw clenching, 

tachycardia, mydriasis, salivation, diaphoresis, and mild elevations in blood pressure, 

temperature, and respiratory rate may also occur [94]. 

 
• 5-Methoxy-N,N-dipropyltryptamine (5-MeO-DPT) 

5-MeO-DPT is a 5-MeO-DMT structural isomer available as a white powder [56]. 

This molecule is orally active, with dose-dependent effects. The most common reported 

effects included dizziness, increased heart rate, tremor, anxiety and agitation. 

 
• 5-Methoxy-N,N-diisopropyltryptamine (5-MeO-DiPT) 
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“Foxy Methoxy” or 5-MeO-DiPT is a well-known psychedelic tryptamine in the 

illicit market [95]. The common routes of administration are oral, smoked and insufflations 

[96]. Noworyta-Sokołowska et al. showed that 5-MeO-DIPT at doses of 5, 10, and 20 

mg/kg induced head-twitch, hallucinations, vomiting and tachycardia in rats [96]. 

Moreover, long-term exposure to 5-MeO-DIPT resulted in development of post- 

hallucinogenic perception disorder. As described by Shulgin et al., users feel the effects of 

6-10 mg 5-MeO-DiPT 20 to 30 min after administration for 3-6 h [97]. 5-MeO-DIPT is 

metabolized by five pathways, including hydroxylation, N-dealkylation [98] and reactions 

of O-demethylation, with the N,N-diisopropyl groups converted to 5-hydroxy-N,N- 

diisopropyltryptamine (5-OH-DiPT) that is further partly sulfated and glucuronidated [99]. 

The literature contains several reports of 5-MeO-DiPT intoxications. A 23-year-old 

male arrived at the ED with paranoia and sensory distortion after ingesting 5-MeO-DiPT. 5- 

MeO-DiPT intake was confirmed in blood and urine (0.14 and 1.6 μg/mL, respectively), 

suggesting consumption shortly before intoxication [100]. Smolinske et al. investigated an 

intoxication case of a psychotic 19-year-old male following ingestion of “Foxy”, 

transported to the ED and immediately treated with lorazepam [101]. Urine analysis was 

positive for phencyclidine and cocaine but was negative for 5-MeO-DiPT. In 2003, 

Meatherall et al. described the intoxication of a 21-year-old man found in a state of 

confusion [102]. At ED admission, the patient was alert and oriented, with the only clinical 

observation his inability to move his limbs. After 3.5 h, he was discharged from the 

hospital. Gas chromatography-mass spectrometry (GC-MS) analysis of his urine revealed 

1.7 µg/mL 5-MeO-DiPT, codeine, nicotine, cotinine, acetaminophen and caffeine. 

 

• 5-Methoxy-N,N-diallyltryptamine (5-MeO-DALT) 

5-MeO-DALT was first synthesized by Shulgin et al. in 1980 [97] and was seized 

by police in 2006 as a “plant fertilizer” or “plant food” [32]. Active oral doses ranged from 

12–20 mg [103], with administration by the oral, nasal insufflation and IV routes. This drug 

produced dose-dependent effects 15 to 30 min after oral administration that lasted for 2 to 4 

h. Adverse effects included vasoconstriction, increased blood pressure, rapid heartbeat, 

headache, sweating, dilated pupils, bruxism, anxiety and nausea. Meatherall et al. reported 

a fatal road crash following ingestion of 350 mg 5-MeO-DALT by a 26 year old male 

[102]. Toxicological findings included the presence of 5-MeO-DALT but there were no 

data on drug quantification. 

Michely et al. [104] identified 5-MeO-DALT phase I and II metabolites by liquid 

chromatography–high-resolution mass spectrometry (LC–HRMS/MS). Metabolites were 
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primarily derived from hydroxylations, oxidations to oxo metabolites, N-dealkylations and 

O-demethylations. 

 

• 5-Methoxy-N-methyl-N-isopropyltryptamine (5-MeO-MiPT) 

5-MeO-MiPT, or “moxy” was marketed as a “plant fertilizer”. Oral doses ranged 

from 1-3 mg (light), 3-8 mg (common) and 8-12 mg (strong), with typical 10-20 mg doses 

if inhaled [105]. The principal effects lasted 3-7 h and included a general heightening of 

awareness, mild euphoria, psychedelic visual effects, such as enhanced colors, but also 

anxiety, nausea, confusion and paranoia. Repke et al. studied if the effects of the drug 

would differ depending upon route of administration [106]. If ingested the effects were 

stimulating, with visual hallucinations prevailing. 5-MeO-MiPT metabolism studied by LC- 

HRMS/MS identified six phase I metabolites following N-demethylation, O-demethylation, 

demethylation and hydroxylation and N-oxide formation and hydroxylation of the parent 

compound and N-O-bis-demethylation of the metabolite 5-OH-MiPT [107]. 

In 2019, Grafinger et al. reported that a 32 year old male went to the ED after the 

ingestion of an “LSD‐like substance” [108]. The cause of the intoxication was attributed to 

the combined use of psychoactive substances. 5‐MeO‐MiPT was identified by LC-HR- 

MS/MS and quantified by liquid chromatography coupled with mass spectrometry in 

tandem (LC-MS/MS) at 160 ng/mL in blood and 3380 ng/mL in urine. The most abundant 

metabolites were identified as 5‐methoxy‐N‐isopropyltryptamine (5‐MeO‐NiPT), 

5‐hydroxy‐N‐methyl‐N‐isopropyltryptamine (5‐OH‐MiPT), 

5‐methoxy‐N‐methyl‐N‐isopropyltrypt-amine-N‐oxide (5‐MeO‐MiPT‐N‐oxide) and 

hydroxy‐5‐methoxy‐N‐methyl‐N‐isopropyl-tryptamine (OH‐5‐MeO‐MiPT). 

Shimizu et al. reported an acute intoxication in a 27-year old male from 

5‐MeO‐MiPT and methylone use [109]. At the ED, he had psychomotor agitation, was 

sweating, had pyrexia (37.8°C) and tachycardia (150 bpm) and was hypertensive. The 

unknown powder that the man took was analyzed by high-performance liquid 

chromatography (HPLC) and GC-MS to determine the intoxicating drug(s). The powder 

contained 60% methylone (120 mg), a synthetic cathinone, and 38% 5-MeO-MiPT (76 

mg). No analytical confirmation was performed and rapid drug screening tests did not show 

immunoreactivity for other common drugs of abuse in urine and gastric fluid samples. He 

was discharged the day after admission without complications. 

 
• 5-Methoxy-N-methyl-N-ethyltryptamine (5-MeO-MET) 

5-MeO-MET is a tryptamine structurally similar to 4-OH-MET and 4-AcO-MET 

[56]. This drug is available in powder and crystal forms, with the common routes of 
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administration ingestion and insufflation. A drug-forum site reported a “threshold” dose of 

1-4 mg, a “normal” dose 5-8 mg and a “strong” dose 9-10 mg [110]. The onset of effects 

occurred at 1 min, with a limited duration of action of only 40 min. The main adverse 

effects reported by users include euphoria, hallucinations, visual alterations and anxiety. 

 
• 5-Methoxy-N, N-diethyltryptamine (5-MeO-DET) 

5-MeO-DET is an indolealkylamine structurally similar to DMT [107], with little 

data on its behavioural effects. In 2011, Gatch et al. observed stimulant effects and 

increased locomotor activity in rats [82]. After intraperitoneal and intraocular injection of 

0.05 to 10 mg/kg 5-MeO-DET, effects occurred within 30 min and lasted 80 to 90 min. 

 

• 5-Methoxy-N,N-trimethyltryptamine (5-MeO-TMT) 

5-MeO-TMT is a psychedelic tryptamine first synthesized by Shulgin et al. [86] that 

is smoked or orally administered [106]. Toxicological information is still scarce but users 

suggest the oral dose is 75-150 mg, but no duration of effects was reported. The effects 

include euphoria, visual distortions and difficulty in sleeping. 

 
2.3. Analytical Methods to Determine Tryptamines and/or Metabolites in 

Conventional and Non-Conventional Biological Matrices 

 
From 2010 to 2023, thirty-four analytical methods were presented to determine 

tryptamines and metabolites. Table 2 summarizes the analytical methods reported for the 

determination of tryptamines in biological matrices, including information on sample size, 

sample preparation, instrumentation and validation parameters. 
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Table 2. Analytical methods to determine tryptamines in conventional and non-conventional biological matrices. 
 

 

Analytes 
Sample 

(µL) 

Sample 

preparation 

 

Method 

 

Mobile phase 

Linear 

range 

(ng/mL) 

LOD 

(ng/mL) 

LOQ 

(ng/mL) 

Recovery 

(%) 

Concentration 

(ng/mL) 

 

References 

5-MeO-DMT 

α-MT 

DiPT 

DMT 

DPT 

MiPT 

 

 
P: 1000 

Dilute; 

SPE; 

Evaporate; 

Resuspend 

 
LC-MS/MS 

(positive ESI; 

MRM) 

A: 1mM AmFo 

with 

0.1 % FA; 

 

B: MeOH with 
0.1 % FA 

 

 
NA 

1.0 

2.5 

1.0 

2.5 

1.0 
2.5 

 

 
NA 

 

 
NA 

 

 
NA 

 
 

Wohlfarth, 

2010 [111] 

 
 

DMT 

 
 

B: 1000 

Dilute; 

SPE; 

Evaporate; 

Resuspend 

LC- 

QTrap/MS 

(positive ESI; 

MRM) 

A: 5 mM AmFo 

with 0.1% FA; 
 

B:MeOH with 

0.1% FA 

 
 

NA 

 
 

0.1 

 
 

0.2 

 
94.0- 

102.9 

 
 

1.2-19.8 

 
Oliveira, 

2012 [112] 

 

 

 

Psilocin 

 

 

 

P: 500 

 

Dilute; 

Centrifuge; 

SPE; 

Evaporate; 

Resuspend 

 

 

LC-MS/MS 

(positive EI; 

MRM) 

 

A: MeOH with 

0.1% FA; 

 

B: 2 mM AmAc 

with 0.1 % FA 

 

 

 

2-100 

 

 

 

0.1 

 

 

 

0.3 

 

 

 

86 

 

 

 

NA 

 

 

 
Martin, 2012 

[113] 

 
 

Psilocin 

Bufotenine 

 

 
S: 1000 

 
Dilute; 

Centrifuge 

 
LC-MS/MS 

(positive EI; 

MRM) 

A: ACN with 0.1 

% FA; 

 

B: 2 mM AmAc 

buffer with 0.1 
% FA (pH3) 

 

 
1-17.5 

 
0.05 

0.05 

 
 

0.17 

0.1 

 
 

95 

91.6 

 
 

0.2-0.5 

0.5 

 
 

Martin, 2013 

[114] 



26 
 

 
 

 
 

Psilocin 

Bufotenine 

 

 
P: 1000 

 
 

Dilute; 

Centrifuge 

 
LC-MS/MS 

(positive EI; 

MRM) 

A: ACN with 0.1 

% FA; 

 

B: 2 mM AmAc 

buffer with 0.1 
% FA (pH3) 

 

 
1-17.5 

 
 

0.05 

0.07 

 
 

0.15 

0.27 

 
 

93.5 

91.3 

 

 
NA 

 
 

Martin, 2013 

[114] 

 
 

Psilocin 

Bufotenine 

 

 
U: 500 

Enzymatic 

hydrolysis; 

Centrifuge; 

SPE; 

Evaporate; 

Resuspend 

 
LC-MS/MS 

(positive EI; 

MRM) 

A: ACN with 0.1 

% FA; 

 

B: 2 mM AmAc 

buffer with 0.1 
% FA (pH3) 

 

 
1-17.5 

 
 

0.2 

0.1 

 
 

0.2 

0.14 

 
 

91.8 

88.8 

 
 

11-13 

1.6-5.9 

 
 

Martin, 2013 

[114] 

5-MeO- 

DALT 

5-MeO-DMT 

α-MT 

DiPT 

DMT 

DPT 

 

 

B: 10 

Dilute; 

DBS; 

Evaporate; 

Resuspend. 

 
 

LC-MS/MS 

(positive ESI; 

MRM) 

 

A: water with 

0.1 % FA; 

 

B: ACN with 

0.1% FA; 

 

 

NA 

1.0 

1.0 

2.5 

1.0 

1.0 

1.0 

 

 

NA 

 

 

NA 

 

 

NA 

 

 
Ambach, 

2014 [115] 

5-MeO- 

DALT 

5-MeO-DMT 

α-MT 

DiPT 

DMT 

DPT 

B: 500 
Dilute; 

Centrifuge; 

SPE; 

Wash; 

Evaporate; 

Resuspend. 

 
A: 10 mM 

AmFo with 0.1% 

FA; 

 

B: MeOH with 

0.1% FA 

  
2.5 

2.5 

2.5 

2.5 

5 

2.5 

   

 
LC-MS/MS 

(positive ESI; 

sMRM) 

 

2.5- 

1000 

 
NA 

 
NA 

 
NA 

 

Ambach, 

2015 [116] 

5-MeO- 

DALT 

5-MeO-DMT 

α-MT 
DiPT 

 
 

U: 250 

LLE: 

Dilute; 

Centrifuge; 

Organic phase: 

evaporated; 

 

LC-MS/MS 

(positive 

ESI; sMRM) 

A: 10 mM 

AmFo with 0.1% 

FA; 

 
B: MeOH with 

 
 

NA 

 
 

NA 

1 

1 

2.5 

1 
2.5 

 
 

NA 

 
 

NA 

 
Ambach, 

2015 [116] 
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DMT 

DPT 

 Residue: 
resuspended. 

 0.1% FA   1    

 
 

5-MeO- 

DALT 

 

 
B: 500 

Protein 

precipitation; 

DLLME; 

Centrifuge; 

Resuspend 

 
LC–MS/MS 

(positive ESI; 

sMRM) 

A:5mM AmFo 

with.1% AF; 

 

B: MeOH with 

0.1% FA 

 

 
2-1000 

 

 
0.2-2 

 

 
NA 

 

 
5-110 

 

 
NA 

 
 

Odoardi, 

2015 [117] 

 
 

Psilocin 

Bufotenine 

  
Wash; 

Centrifuge; 

Resuspend 

 
LC-MS/MS 

(positive EI; 

MRM) 

A: ACN with 

0.1% FA; 
 

B: 2 mM AmAc 

buffer with 0.1% 

FA 

  
 

10 

pg/mg 

16 

pg/mg 

22 

pg/mg 

  
0.14- 1.45 

 
 

Martin, 2015 

[118] 
H: 50 mg 0.04–2 NA  

 

 
DALT 

5-MeO- 

DALT 

 

 

 
U:100 

 
Dilute; 

Centrifuge; 

Evaporate; 

Resuspend 

 

LC-HR- 

MS/MS 

(positive 

ionization; 

full scan & 

DDA) 

A: 2 mM AmFo 

with 0.1 % FA; 
 

B: 2 mM AmFo : 

ACN:MeOH 

(50:50, v/v; 1 % 

water) with 0.1 
% FA 

 

 

 
NA 

 

 

 
1 

 

 

 
NA 

 

 

 
NA 

 

 

 
NA 

 

 

Michely, 

2015 [104] 

DALT 

5-MeO- 

DALT 

 
U: 5000 

 

Acid hydrolysis 
GC–MS 

SUSA 

(positive EI; 

full scan) 

 

helium 
 
NA 

 

10 

50 

 
NA 

 
NA 

 
NA 

 

Michely, 

2015 [104] 

4-OH-DET  Dilute;  A: ACN with  0.06     

4-OH-DIPT 

4-OH-MET 
4-OH-MIPT 

 

B: 200 
Protein 

precipitation; 
Centrifuge; 

LC-MS/MS 

(positive ESI; 

dMRM) 

0.1% FA; 

 
B: water with 

 

1-100 

1.05 

NA 

NA 

 

NA 

 

17.1 

 

DMT:11.1 
Adamowicz, 

2016 [119] 

4-MeO-DMT  Evaporate;  0.1% FA  2.98     
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4- AcO-DiPT 

5- MeO-α-MT 

5-Meo-DALT 

5-MeO-DiPT 

5-MeO-DMT 

5-MeO-MiPT 

α-MT 

DiPT 

DMT 

DPT 

MET 

NMT 

DET 

 Resuspend    0.99 

0.11 

1.11 

0.15 

2.61 

NA 

2.61 

0.88 

0.08 

0.30 

NA 

1.50 
0.72 

    

DALT 

2-Ph-DALT 

4-AcO-DALT 

4- OH-DALT 

5- Me-DALT 

5-MeO- 

DALT 

5-MeO-2-Me- 

DALT 

5-EtO-DALT 

5-F-DALT 

5-F-2-Me- 

DALT 

5-Cl-DALT 

5-Br-DALT 

6-F-DALT 

7-Me-DALT 
7-Et-DALT 

 

 

 

 

 

 
B, P, U: 

NA 

 

 

 

 

 

 

 
Dilute and 

shoot 

 

 

 

 

 

 
GC-MS; sIR; 

(positive ESI; 

full scan & 

PDA) 

 

 

 

 

 

 

 
helium 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 
Brandt, 2016 

[120] 
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DALT 

2-Ph-DALT 

4-AcO-DALT 

4- OH-DALT 

5- Me-DALT 

5-MeO- 

DALT 

5-MeO-2-Me- 

DALT 

5-EtO-DALT 

5-F-DALT 

5-F-2-Me- 

DALT 

5-Cl-DALT 

5-Br-DALT 

6-F-DALT 

7-Me-DALT 
7-Et-DALT 

 

 

 

 

 

 
B, P, U: 

NA 

 

 

 

 

 

 

 
Dilute and 

shoot 

 

 

 

 

 
 

LC-MS; sIR; 

(positive 

HESI; full 

scan & 

DDA) 

 

 

 

 

 
A: water with 

0.1% FA; 

 

B: ACN with 

0.1% FA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 

 
 

NA 

 

 

 

 

 

 
Brandt, 2016 

[120] 

 
5-MeO-DiPT 

4-OH-DiPT 

 
 

B: 200 

Protein 

precipitation; 

Centrifuge; 

Evaporate; 
Resuspend 

LC-MS/MS 

(positive 

ESI; MRM; 

full scan & 

DDA) 

A: 5 mM FA 

B: ACN 

 
 

1–100 

 
 

0.1 

 
0.3 

 
84 

91 

 
 

NA 

 
Vaiano, 2016 

[121] 

 

DMT 

5-MeO-DMT 

α-MT 

 
 

OF: 500 

Dilution; 

LLE; 

Centrifuge; 

Evaporate; 

Resuspend 

UHPLC- 

MS/MS 

(positive ESI; 

MRM) 

A:10mM AmFo 

B: meOH 

 
 

NA 

 
 

NA 

 
 

NA 

 
 

NA 

 
 

NA 

 
Gjerde, 2016 

[122] 
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5-MeO-MiPT 

 

 
S: 100 

Dilute; 

Centrifuge; 

Evaporate; 

Resuspend 

UHPLC- 

HRMS 

XEVO G2 

QTOFMS 

(positive 

ESI) 

A: water with 

0.01% FA; 

 

B:MeOH with 

0.01% FA 

 

 
NA 

 

 
NA 

 

 
NA 

 

 
NA 

 

 
NA 

 
Fabregat- 

Safont, 2017 

[123] 

 

 

5-MeO-MiPT 

 

 

U: 200 

 

Enzymatic 

hydrolysis; 

Protein 

precipitation; 

Centrifuge 

UHPLC- 

HRMS 

interfaced to 

a XEVO G2 

QTOF MS 

(positive 

ESI) 

 

A: water with 

0.01% FA; 

 

B:MeOH with 

0.01% FA 

 

 

NA 

 

 

NA 

 

 

NA 

 

 

NA 

 

 

NA 

 
 

Fabregat- 

Safont, 2017 

[123] 

 

 

5-MeO-MiPT 

 

 

U: 100 

 
 

Protein 

precipitation; 

Centrifuge 

UHPLC- 

HRMS 

interfaced to 

a XEVO G2 

QTOF MS 

(positive 

ESI) 

 

A: water with 

0.01% FA; 

 

B:MeOH with 

0.01% FA 

 

 

NA 

 

 

NA 

 

 

NA 

 

 

NA 

 

 

NA 

 
 

Fabregat- 

Safont, 2017 

[123] 

 

 

 

5-F-DALT 

7-Me-DALT 

6-MD-DALT 

 

 

 

 

U: 100 

 

 

Dilute; 

Centrifuge; 

Evaporate; 

Resuspend 

 

 
LC- 

HRMS/MS 

(positive 

HESI; full 

scan & 

DDA) 

A: 2 mM 

aqueous AmFo 

with 0.1% FA 

(pH 3); 

 

B: 2 mM 

aqueous AmFo 

with 

ACN:MeOH 

(1:1, v/v; 1% 
water) with 0.1% 

 

 

 

 

NA 

 

 

 

 

NA 

 

 

 

 

NA 

 

 

 

 

NA 

 

 

 

 

NA 

 

 

 

 
Michely, 

2017 [124] 



31 
 

 

FA 

 
DALT 

2-Ph-DALT 

4-AcO-DALT 

4- OH-DALT 

ED-DALT 

5- Me-DALT 

5-MeO- 

DALT 

5-MeO-2-Me- 

DALT 

5-EtO-DALT 

5-F-DALT 

5-F-2-Me- 

DALT 

5-Cl-DALT 

5-Br-DALT 

MD-DALT 

6-F-DALT 

7-Me-DALT 

7-Et-DALT 

 

 

 

 

 

 

 

 

synthesized Dilute 

 

 

 

 

 

 

 

GC-MS; GC- 

sIR; (positive 

ES; full scan) 

 

 

 

 

 

 

 

helium 

 

 

 

 

 

 

 

 

NA NA NA NA NA 

 

 

 

 

 

 

 
Brandt, 2017 

[120] 

 

Psilocin 

DMT B: 1000 

5-MeO-DMT 

Centrifuge; 

Evaporate; 

Resuspend 

LC-MS/MS 

(positive ESI; 

dMRM) 

A: 5mM AmFo 

in water with 

0.01% FA; 
NA 2.50 NA NA NA 

Fagiola, 2018 

[125] 

B: ACN with 

0.01% FA 

5-F-DALT 

7-Me-DALT 

5,6-MD- 

DALT 

U: 2500 Acid hydrolysis 

GC-MS 

SUSA 

(positive ESI; 

full scan) 

helium 
NA NA NA NA NA 

Michely, 

2017 

[124] 
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Psilocin 

DMT 

5-MeO-DMT 

 

 
U: 1000 

 
Centrifuge; 

Evaporate; 

Resuspend 

 
LC-MS/MS 

(positive ESI; 

dMRM) 

A: 5mM AmFo 

in water with 

0.01% FA; 
 

B: ACN with 

0.01% FA 

 

 
NA 

 

 
2.50 

 

 
NA 

 

 
NA 

 

 
NA 

 
 

Fagiola, 2018 

[125] 

 

 

5-MeO-DiPT 

 

 

H: 30 mg 

 
 

Wash; 

Pulverize; 

Centrifuge 

 
LC-MS/MS 

(positive ESI; 

MRM) 

A: 20 mM 

AmAc, 5% ACN 

and water with 

0.1% FA; 
 

B: ACN with 

0.1% FA 

 

 
0.1-100 

pg/mg 

 

 

NA 

 
 

0.1 

pg/mg 

 

 

91.1-112 

 

 
0.2–7533 

pg/mg 

 

 
Roujia, 2019 

[126] 

 
DMT 

Psilocybin 

 
 

U: NA 

 
 

Dilute 

 

LC-QTOF 

(positive 

ESI) 

A: 5 mM AmFo 

(pH 3); 
 

B: ACN with 

0.1% AF 

 
 

NA 

 
 

1-2 

 
 

NA 

 
 

NA 

 
 

NA 

 
Pope, 2019 

[127] 

5-MeO-DiPT 

5-OH-DiPT 

5-MeO-IPT 

 
U:1000 

 

Centrifuge; 

Resuspend 

GC- 

Orbitrap- MS 

(positive EI; 

full scan) 

 

helium 
 
2-300 

 
1 

 

2 
 

92.4-98.4 

 
2-2.8 

 

Yan, 2020 

[128] 

 
5-MeO-DiPT 

 
 

DUS: 10 

 

Dry; 

Sonicate; 

Centrifuge 

 

LC-MS/MS 

(positive EI; 

MRM) 

A: 10 mM 

AmAc and water 

with 0.1% FA; 

 
B: ACN 

 
 

0.2-100 

 
 

0.1 

 
 

0.2 

 
 

78.8- 82.8 

 
 

0.3- 2.3 

 
Yan, 2020 

[129] 

5-MeO-DiPT 

5-MeO-MiPT 

5-MeO- 

DALT 

 
H: 20 mg 

Wash; 

Pulverize; 

Centrifuge 

UHPLC- 

MS/MS (ESI; 

MRM) 

A: water with 

0.1% FA; 
 
B: ACN with 

 

3- 800 

pg/mg 

0.1 

0.1 

0.1 
1 

3 

3 

3 
3 

85.5- 

101.8 

93.8- 94.0 
85.3-99.0 

5-MeO-DiPT: 

110-130000 

pg/mg 
5-MeO-NiPT: 

 

Shi, 2020 

[130] 
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5-MeO-DMT 

5-MeO-α-MT 

5-OH-DiPT 

5-MeO-NiPT 

DPT 

NiPT 

DMT 

Psilocin 

Psilocybin 

4-OH-MiPT 

4-OH-DiPT 

4-AcO-DiPT 

4-OH-MET 

   0.1% FA  5 

1 

5 

0.1 

20 

0.3 

5 

5 

1 

0.1 

0.3 

5 

50 

3 

10 

3 

50 

3 

10 

10 

10 

3 

10 

10 

93.2- 

104.5 

93.4- 

102.6 

85.6- 99.0 

90.1- 99.7 

92.3- 95.0 

96.4- 

101.6 

90.2- 

109.7 

86.0- 

101.7 

88.2- 

100.8 

85.6- 93.6 

85.9- 

107.7 

85.2- 88.0 
86.9- 94.7 

130- 37000 

pg/mg 

5-OH-DiPT: 

310- 13000 

pg/mg 

4-OH-DiPT: 

570 pg/mg 

 

DMT 

5-MeO-DMT 

5-MeO-α-MT 

5-MeO-MiPT 

5-MeO- 

DALT 

4- AcO-DiPT 

5- MeO-DPT 

α-ET 

 

 

 

H: 25 mg 

 
 

Wash; 

Dilute; 

Hydrolysis; 

Evaporate; 

Reconstitute 

 

 

UHPLC- 

MS/MS 

(ESI; MRM) 

 
A: water with 

0.1% FA; 

 

B: CAN:water 

(95:5) with 0.1% 

FA 

 

 

 
10- 500 

pg/mg 

7.6 

2.6 

4.3 

2.7 

1.3 

4.3 

1.5 

10.3 

25.3 

8.5 

14.2 

9.1 

4.3 

14.3 

5.1 

34.4 

78.3 

86.3 

36.2 

72.1 

65.4 

34.6 

71.3 

53.2 

 

 

 

NA 

 

 

 
Nzekove, 

2021 [131] 

DMT P: 50 
Protein 
precipitation; 

LC-MS/MS 
A: water with 
0.1% FA; 

0.25- 250 NA 0.25 95.5-99.0 44.5± 12.7 
Luethi, 2022 
[132] 
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  Centrifuge         

    B: MeOH with 
0.1% FA 

      

 
 

DMT 

 
 

P: 200 

Protein 

precipitation; 

Centrifuge; 

Evaporate; 
Reconstitute 

 
QTRAP LC- 

MS/MS 

A: water with 

0.1% FA; 
 

B: MeOH with 

0.1% FA 

 
0.25- 

200 

 
 

NA 

 
 

0.25 

 
 

66.2- 68.8 

 
 

NA 

 
Eckernas, 

2022 [133] 

Abbreviations: 5-MeO-DMT, 5-Methoxy-N,N-dimethyltryptamine; α-MT, α-methyltryptamine; DiPT, N,N-diisopropyltryptamine; DMT, N,N-dimethyltryptamine; DPT, N,N-dipropyltryptamine; 

DET; N,N-diethyltryptamine; MiPT, N-methyl-N-isopropyltryptamine; 5-MeO-DALT, 5-Methoxy-N,N-diallyltryptamine; DPT, N,N-dipropyltryptamine; 4-OH-DET, 4-Hydroxy-N,N- 

diethyltryptamine; 4-OH-DIPT, 4-Hydroxy-N,N-diisopropyltryptamine; 4-AcO-DiPT, 4-Acetoxy- N,N-diisopropyltryptamine; 4-OH-MET, 4-Hydroxy-N-methyl-N-ethyltryptamine; 4-OH-MIPT, 

4-Hydroxy-N-methyl-N-isopropyltryptamine; 4-MeO-DMT, 4-Methoxy-N,N-dimethyltryptamine; 5-MeO-α-MT, 5-Methoxy-alfa-methyltryptamine; 5-MeO-DiPT, 5-Methoxy-N,N- 

diisopropyltryptamine; 5-MeO-DMT, 5-Methoxy-N,N-dimethyltryptamine; 5-MeO-MiPT, 5-Methoxy-N-methyl-N-isopropyltryptamine; MET, N-methyl-N-ethyltryptamine; DET, N,N- 

diethyltryptamine; NMT, N-methyltryptamine; DALT, N,N-diallyltryptamine; 5-MeO-DALT, 5-Methoxy-N,N-diallyltryptamine; 2-Ph-DALT, 2-Phenyl-N,N-diallyltryptamine; 4-AcO-DALT, 4- 

Acetoxy-N,N-diallyltryptamine; 4-OH-DALT, 4-Hydroxy-N,N-diallyltryptamine; 5-Me-DALT, 5-Methyl-N,N-diallyltryptamine; 5-MeO-2-Me-DALT, 5-Methoxy-2-methyl-N,N-diallyltryptamine; 

5-EtO-DALT, 5-Ethoxy-N,N-diallyltryptamine; 5-F-DALT, 5-Fluoro-N,N-diallyltryptamine; 5-F-2-Me-DALT, 5-Fluoro-2-methyl-N,N-diallyltryptamine; 5-Cl-DALT, 5-Chloro-N,N- 

diallyltryptamine; 5-Br-DALT, 5-Bromo-N,N-diallyltryptamine; 6-F-DALT, 6-Fluoro-N,N-diallyltryptamine; 7-Me-DALT, 7-Methyl-N,N-diallyltryptamine; 7-Et-DALT, 7-Ethyl-N,N- 

diallyltryptamine; 6-MD-DALT, 6-Methylenedioxy-N,N-diallyltryptamine; 5,6-MD-DALT, 5, 6-Methylenedioxy-N,N-diallyltryptamine; 5-MeO-IPT, 5-Methoxy-isopropyltryptamine; 5-MeO- 

NiPT, 5-Methoxy-N-isopropyltryptamine; NiPT, N-isopropyltryptamine; H, hair; B, blood; U, urine; S, serum; P, plasma; SPE, solid phase extraction; LLE, liquid liquid extraction; DLLME, 

dispersive liquid-liquid microextraction; DBS, dried blood spots; DUS, dried urine spots; UPLC, ultra-performance liquid chromatography; LC-MS/MS, liquid chromatography coupled with mass 

spectrometry in tandem; LC- HRMS/MS, liquid chromatography high resolution coupled with mass spectrometry in tandem; DDA, data dependent acquisition; PDA, photodiode array acquisition; 

sMRM, scheduled multiple reaction monitoring; dMRM, dynamic multiple reaction monitoring; QTrap, triple quadrupole linear ion trap mass spectrometer; UHPLC-HRMS, ultra-performance 

liquid chromatography-high resolution mass spectrometry; GC-Orbitrap-MS, gas chromatography coupled with Orbitrap mass spectrometry; HPLC, high performance liquid chromatography; 

UHPLC, ultra high performance liquid chromatography; LC-QTOF, liquid chromatography coupled to a Quadrupole Time of Flight mass spectrometer; GC-MS, gas chromatography coupled with 

mass spectrometry; ESI, electrospray ionization; HESI, heated electro spray ionization; EI, electron ionization; MRM, multiple reaction monitoring; GC-sIR, Gas chromatography solid-state 

infrared analysis; AmAc, ammonium acetate; FA, formic acid; ACN, acetonitrile; AmFo, ammonium formate; MeOH, methanol; LOD, lower limit of detection; LOQ, limit of quantification; NA, 

not available. 
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Different biological matrices were employed for forensic purposes including 

conventional matrices urine, blood, plasma, serum, and unconventional matrices oral fluid 

and hair. Protein precipitation is a simple sample preparation method, providing sufficient 

extraction efficiency while simplifying extraction and preparation time. Different protein 

precipitation methods include different solvents for blood extraction, but methanol is the 

most common solvent. Different sample preparation techniques include protein 

precipitation for urine, serum and blood samples, acid hydrolysis for urine, centrifugation 

for blood, plasma and urine samples, washing for plasma, blood and hair samples, 

enzymatic hydrolysis for urine samples, solid phase extraction (SPE), liquid-liquid 

extraction (LLE), dispersive liquid-liquid microextraction (DLLME) and a solvent 

extraction for dried blood spots (DBS). Tryptamine is a relatively labile analyte, but it 

remains stable in an acidic environment. Some analytical methods described the use of 

acidic solvents to extract drugs from blood. 

Most analytical methods included chromatographic separations and mass 

spectrometry detection. LC-MS/MS, LC-HRMS/MS, GC-MS, LC-MS, and ultra- 

performance liquid chromatography-high resolution mass spectrometry (UHPLC- 

HRMS/MS) analytical methods are most common for forensic toxicology purposes. 

Different approaches utilized triple quadrupole full-scan mode, triple quadrupole multiple 

reaction monitoring (MRM) with data dependent acquisition (DDA) and photodiode array 

acquisition PDA, single quadrupole time of flight (TOF). Even with powerful analytical 

instrumentation, these substances’ identification can be missed for many reasons including 

the fact that the reference mass spectrum may not be available in libraries for full-scan 

mode, and fragments generated in single ion monitoring (SIM) mode show nondescript 

fragmentation patterns [25]. 

Low limits of detection (LOD) are key for identifying tryptamines; two analytical 

methods achieved LODs of 0.10–0.15 ng/mL for 5-MeO-DiPT, with the same sample 

volume and LC-MS/MS technology, but different sample preparation techniques[120,122]. 

Michely et al. had LODs of 10-50 ng/mL for DALT and 5-MeO-DALT by GC-MS, with a 

2.5 mL urine sample [119], but later achieved LODs of 1-5 ng/mL using LC-HRMS/MS 

and fifty times lower sample volume [134]. Also, Martin et al. determined psilocin in 500 

µL plasma with a 0.1 ng/mL LOD [113], whereas in their more recent method they present 

an LOD of 0.05 ng/mL using 1 mL of the same matrix with a different sample preparation 

[114]. Fagiola et al. detected DMT in blood with a 2.5 ng/mL LOD [134], while 

Adamowicz et al. identified DMT with a 0.88 ng/mL LOD in a smaller blood volume but a 

longer sample preparation procedure [119], both with LC-MS/MS. For 5-MeO-DMT, 

Fagiola et al. [134] had a similar LOD as Adamowicz et al. (2.50 and 2.61 ng/mL, 

respectively), but the first author employed a higher sample volume. More rigorous sample 

preparation can reduce background noise and improve detectability. Adamowicz et al. 
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accomplished a lower 4-MeO-DiPT LOD compared to that of Vaiano et al. [121] with the 

same sample volume and mass spectrometer. 

Yan et al. [128] analyzed urine for 5-MeO-DiPT and metabolites using a GC- 

Orbitrap-MS method characterized by LODs of 1 ng/mL and a concentration range of 1-2.8 

ng/mL in five authentic urine samples. In this study the authors also identified two 

metabolites, 5-OH-DiPT and 5-MeO-DiPT, but without presenting their LODs. LODs from 

0.06-2.98 ng/mL blood were described for 16 tryptamines but sensitivities for some 

metabolites were not included in the method of Adamowicz et al. [119]. Michely et al. 

[124] achieved the same LOD for 5-MeO-DALT as Ambach et al. [116], with 100 µL urine 

without an extraction technique, while the latter group required 250 µL urine but had a 

more comprehensive LLE sample cleanup. Ambach et al. also developed an analytical 

method for tryptamines in 10 µL dried blood spots (DBS), reaching LODs of 1-2.5 ng/mL 

for 5-MeO-DALT, 5-MeO-DMT, AMT, DiPT, DMT and DPT [113]. In the Brandt et al. 

method for 15 tryptamines, the LODs were not provided, despite their being used to 

propose a metabolic pathway for tryptamines [121,126]. Generally, the most commonly 

detected compounds were 5-MeO-DiPT, 5-MeO-DALT and DMT, perhaps because their 

metabolic pathways are already well known and toxicologists know how to identify the 

drugs. 

Since 2020, other five analytical methods were developed to detect different 

tryptamines [129–133]. Two of them detected DMT in plasma samples using different 

sample volume sample preparations. The same LOQ was obtained from both methods. 

Another author [131] detect 8 tryptamines in 25 mg hair, using a UHPLC-MS/MS as 

chromatographic separation. Other 16 tryptamines were studied using 20 mg hair and a 

simple sample preparation. In this case, LODs varied between 0.1 and 20 pg/mg and 

authors were able to quantify four tryptamines: 5-MeO-DiPT, 5-MeO-NiPT, 5-OH-DiPT 

and 4-OH-DiPT. 
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Aims 

 
Tryptamines are not routinely detected in emergency department screening panels 

and are not included in routine analysis in forensic and clinical settings, which can lead to 

incorrect interpretation of symptoms or autopsy findings. Indeed, tryptamines induce non- 

specific effects, and the consumption of specific molecules can only be determined through 

the analysis of biological samples such as blood and urine. However, analytical methods for 

identifying many analogues in biological samples and comprehensive screening for 

tryptamines and metabolites in urine are lacking. Moreover, tryptamines can be active at 

low doses and quickly metabolized, making drug detection difficult, and focusing on 

specific metabolite biomarkers to improve detection and prove consumption is frequently 

preferred. Currently, however, there are few data on the metabolic pathways or specific 

enzymes involved in tryptamines biotransformation. Data suggest that not all tryptamines 

have a common metabolic pathway, and those pathways vary based on the nature and 

position of chemical substitutions. As such, in vitro metabolism profiling of NPS is critical 

for identifying specific consumption markers and elucidating the pharmacokinetic profile. 

This dissertation had two main goals: 

Part I: Assess the human metabolism of 4-AcO-DiPT, 4-OH-MPT, and α-MT and identify 

optimal biomarkers of intake in clinical and forensic toxicology. These tryptamines were 

incubated with 10-donor-pooled human hepatocytes to simulate in vivo conditions; samples 

were analyzed by liquid chromatography-high-resolution tandem mass spectrometry (LC- 

HRMS/MS) and software-assisted data mining; LC-HRMS/MS analysis and data mining 

were supported by in silico metabolite predictions. Samples from authentic cases of 

consumption were analyzed in the same conditions when available. 

Part II: Develop and validate following international guidelines in forensic toxicology a 

comprehensive LC-HRMS/MS method to detect or, when possible, to quantify tryptamines 

and metabolites in urine for forensic and clinical applications. All commercially available 

reference standards for tryptamines and results from the metabolite identification studies 

presented in Part I were included in the method. 
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Part I: Tryptamines’ Metabolite Profiling 

 
Tryptamine intoxications and fatalities are increasing, although these NPS are not 

controlled in most countries. There are few data on the metabolic pathways and enzymes 

involved in tryptamines biotransformation. This class of NPS have non-specific effects, and 

the consumption of specific molecules can only be determined in forensic and clinical 

settings through the analysis of biological samples such as blood and urine. They can, 

however, be active at low doses and quickly metabolized, making drug detection difficult. 

As a result, targeting specific metabolite biomarkers is frequently preferred to improve 

detection and demonstrate consumption. 

Therefore, in this first chapter it is presented the metabolic profiling in human 

hepatocyte incubations for three molecules: 4-AcO-DiPT, 4-OH-MPT and α-MT. A brief 

introduction is given about the studied molecule, followed by the results obtained, a fully 

detailed discussion and conclusion. 

 
1. 4-AcO-DiPT Metabolic Profiling in Human Hepatocyte Incubations 

 
4-AcO-DiPT is a synthetic tryptamine related to 4-hydroxy-N,N- 

diisopropyltryptamine (4-OH-DiPT), 4-acetyloxy-N,N-dipropyltryptamine (4-AcO-DPT) 

and 4-acetoxy-N,N-dimethyltryptamine (4-AcO-DMT) that currently are not controlled in 

many countries. 4-AcO-DiPT was identified as early as July 2004, with charges against 

vendors selling the drug to the public; however, there were no convictions and no 

determination of the legal status of 4-AcO-DiPT [17]. Although the current use of 

psychedelics is low, tryptamine intake is increasing [7,68] despite limited data on 

prevalence and patterns of intake. According to psychonaut’s experiences reported on 

Erowid website, 4-AcO-DiPT is available online and typically administrated orally with 

effects similar to those of hallucinogenic mushrooms and 2-(4-bromo-2,5- 

dimethoxyphenyl)-ethanamine (2C-B) [135]. 4-AcO-DiPT is a white powder available as 

the free base and the HCl salt. Both are orally active, with the lower molecular weight 

freebase about 10% more potent than the same weight of the HCl salt. 4-AcO-DiPT and 4- 

OH-DiPT have similar effects if taken orally, though dosage might be different. Oral 4- 

AcO-DiPT doses start at 3-5 mg, 5-15 mg is considered a “light” dose, while higher doses 

range between 25 and 40 mg. Users self-report 15–30 mg doses, with onset of effects in 20- 

60 min, depending on dosage form and stomach contents, and duration of 2 to 4 h. Its 

effects, that can appear from 1 to 4 h, are dose dependent and include hallucination, 

dissociation, confusion, and flashbacks, as reported on Erowid by a 4-AcO-DPT user [135]. 

Over the last decade, there were few intoxication cases and even fewer fatalities due to 

tryptamines reported in the European Union and North America, although this is likely an 

underestimation due to missed detections. There are few data on metabolic pathways and 

specific enzymes involved in tryptamine biotransformation, but it appears that there is not a 
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common metabolic pathway, with the nature and position of substituents changing 

metabolism. Overall, psychedelic tryptamine use is increasing, raising the importance of 

laboratory identification of specific metabolites to verify intake and identify potential 

public health NPS outbreaks. The aim of this study was to determine optimal 4-AcO-DiPT 

metabolite biomarkers of consumption for clinical and forensic applications, using in silico 

metabolite prediction, human hepatocyte metabolism, LC-HRMS/MS analysis, and 

software-assisted data-mining. 

 
1.1. Material and Methods 

 
1.1.1. In Silico Metabolites Prediction 

 
The metabolites were predicted with the online GLORYx freeware [136,137]. The 

metabolite list was generated using the tryptamine of interest with the “phase I and phase II 

metabolism” option. Metabolites with a score higher than 0.40 were selected and 

reprocessed to simulate a second-step metabolism; the second-generation metabolite score 

was multiplied by the first-generation metabolite score and scores higher than 0.20 were 

added to the inclusion list (Table 3). 

 
1.1.2. Chemicals and Reagents 

 
4-AcO-DiPT and 4-OH-MPT were obtained from Cayman Chemical (Ann Arbor, 

MI, USA), α-MT was purchased from Toronto Research Chemicals (Milan, Italy) and 

diclofenac was acquired from Sigma Aldrich (Milan, Italy). Stock standards of these 

chemicals were prepared to 1 mg/mL in LC-MS grade methanol (Carlo Erba; Cornaredo, 

Italy). Standards were stored at –20°C until analysis. Ten-donor-pooled cryopreserved 

human hepatocytes, thawing medium (TM), and 0.4% trypan blue were purchased from 

Lonza (Basel, Switzerland). l-Glutamine, HEPES (2-[4-(2-hydroxyethyl)-1- 

piperazinyl]ethane-sulfonic acid), and Williams’ Medium E were from Sigma Aldrich. l- 

Glutamine and HEPES were dissolved in Williams’ Medium E to 2 and 20 mmol/L, 

respectively, prior to analysis. The supplemented Williams’ Medium E (sWME) was stored 

at 4°C until incubation. LC-MS grade acetonitrile, water, and formic acid were obtained 

from Carlo Erba (Cornaredo, Italy). 

 
1.1.3. Hepatocytes Incubation 

 
Incubations were conducted as previously described, with small adjustments [28]. 

Hepatocytes, thawed at 37°C, were lightly mixed in 50 mL TM in a 50-mL polypropylene 

conical tube maintained at the same temperature. The tube was centrifuged at 100 g for 5 

min and the pellet washed with 50 mL sWME at 37°C. After centrifugation under the same 



40  

conditions, cells were resuspended in 2 mL sWME. Hepatocyte viability was evaluated 

with the trypan blue exclusion test, and sWME volume adjusted to 2 x 106 viable cells/mL. 

Incubations were prepared in sterile 24-well culture plates with 250 μL hepatocyte 

suspension and 250 μL analyte at 20 μmol/L in sWME at 37°C. Metabolic reactions were 

then interrupted with 500 µL ice-cold acetonitrile. Negative controls, i.e., hepatocytes in 

sWME without 4-AcO-DiPT and 4-AcO-DiPT in sWME without hepatocytes, were 

incubated for 3 h under the same conditions. Diclofenac was also incubated under the same 

conditions to ensure proper metabolic activity. 

 
1.1.4. Sample Preparation 

 
100 μL hepatocyte supernate was vortexed with 100 μL acetonitrile, centrifuged at 

15,000 g for 10 min at room temperature, and supernates dried under nitrogen at 37°C. 

Residues were reconstituted with 150 μL mobile phase A (MPA): mobile phase B (MPB) 

(8:2 v/v), mixed well, centrifuged for 10 min at 15,000 g at room temperature, and 

supernates transferred into glass inserts in LC autosampler vials. The sample injection 

volume was 15 μL. 

 
1.1.5. Instrumental Conditions 

 
LC-HRMS/MS analyses were performed on a DIONEX UltiMate 3000 liquid 

chromatograph coupled with a Q-Exactive quadrupole-Orbitrap hybrid high-resolution 

mass spectrometer with a heated electrospray ionization (HESI) source (Thermo Scientific, 

Waltham, MA, USA). 

 
1.1.6. Liquid Chromatography 

 
Chromatographic separation occurred on a Kinetex® Biphenyl column (150 x 2.1 

mm, 2 μm) (Phenomenex, Castel Maggiore, Italy) maintained at 37 ± 1°C. The 30-min run 

utilized 0.1% formic acid in water (MPA) and 0.1% formic acid in acetonitrile (MPB) at a 

0.4 mL/min flow rate. The gradient was started at 5% MPB for 2 min, increased to 25% 

MPB by 18 min, increased to 95% MPB within 2 min, and held for 5 min. The return to 

initial conditions occurred within 0.1 min, followed by a 4.9-min equilibration, for a total 

run time of 30 min. Autosampler temperature was 10 ± 1°C. 

 
1.1.7. Mass Spectrometry Conditions 

 
Samples were injected twice, once in positive and once in negative ionization mode. 

HESI source parameters were 50 sheath gas flow rate, 10 auxiliary gas flow rate, ±3 kV 

spray voltage, 300°C capillary and auxiliary gas heater temperature, 50 S-lens radio 
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frequency and sweep gas was not applied. The orbitrap was calibrated prior to analysis, 

with a lock mass list for better accuracy. Data were acquired from 1 to 25 min in full scan 

HRMS (FullMS)/data dependent MS/MS (ddMS2) mode. The FullMS acquisition range 

was m/z 120-700 with a resolution of 70,000 at full width at half maximum (FWHM) at m/z 

200. The automatic gain control (AGC) target was 106 and maximum injection time (IT) 

200 ms. Up to 5 ddMS2 scans were triggered, with a dynamic exclusion of 2.0 s and an 

intensity threshold of 104, for each FullMS scan depending on a priority inclusion list of 

putative metabolites based on in silico predictions and the metabolic fate of 4-AcO-DiPT 

analogues (Table 3). Other ions not in the inclusion list might also trigger ddMS2 scans. 

Additionally, background m/z values with high intensity were assessed during injection of 

blank controls and compiled in an exclusion list in positive and negative-ion modes. ddMS2 

isolation window was m/z ±1.2 with a resolution of 17,500 and the normalized collision 

energy (NCE) was 30, 60, and 90 a.u. ddMS2 AGC target was 2 x 105 and maximum IT 

was 64 ms. 

 
1.1.8. Final Metabolite Identification 

 
LC-HRMS data were processed with Thermo Scientific Compound Discoverer (v. 

3.1.1.12), using a partially automated approach. Briefly, the ions detected in HRMS were 

compared to a list of theoretical metabolites (intensity threshold, 5x103; mass tolerance, 5 

ppm). The HRMS/MS spectra and theoretical elemental composition of the ions were 

compared to online databases (intensity threshold, 105; HRMS mass tolerance, 5 ppm; 

HRMS/MS mass tolerance; 10 ppm). The chromatographic peaks detected in controls with 

a similar or higher intensity than that of the peaks detected in the samples were filtered out. 

 
1.2. Results 

 
1.2.1. In Silico Metabolite Predictions 

 
In silico metabolite predictions are reported in Table 3. A total of 47 phase I and II 

metabolites were predicted, with 10 first-generation metabolites (P 1- P 10) and 37 were 

second-generation metabolites (P X.1, P X.4, by decreasing score, MX indicating the 

corresponding first-generation metabolite) (Table 3). First-generation metabolites included 

hydroxylation, deisopropylation, carboxylation, ester hydrolysis, glucuronidation and 

deamination. Second-generation metabolites involved phase I (hydroxylation, dealkylation, 

carboxylation, deisopropylation) and phase II (glucuronidation and sulfation) reactions. All 

predicted metabolites were incorporated in a ddMS2 inclusion list to support LC- 

HRMS/MS analyses and all predicted metabolic transformations were incorporated in the 

list of potential reactions to support automatic data mining. 
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Table 3. Molecular structure, elemental composition, metabolic transformation, and 

predictive score of in silico predicted 4-AcO-DiPT metabolites. 
 

Predicted Metabolite 

(M) 

Transformation Elemental composition Score (%) 

P1 N-Hydroxylation C18H27N2O3 63 

P1.1 O-Glucuronidation C25H30N2O8 30 

P1.2 N-Deisopropylation C16H21NO3 22 

P1.3 Hydroxylation C19H28NO4 22 

P1.4 Hydroxylation (C1'') C18H26N04 21 

P2 Hydroxylation (C2'') C18H26N2O3 63 

P2.1 O-Sulfation C18H24N3O7S 60 

P2.2 O-Glucuronidation C24H32N2O10 39 

P 2.3 Dealkylation C17H24N2O2 21 

P 2.4 Hydroxylation (C11) C19H26N2O4 21 

P 2.5 Carboxylation (C9) C19H24N2O5 21 

P3 Deisopropylation C15H20N2O2 63 

P3.1 Hydroxylation (C1'') C16H20N2O3 35 

P3.2 Depropylation C13H14O3 35 

P3.3 N-Hydroxylation C15H20N2O3 35 

P3.4 N-Deisopropylation C12H14N2O2 35 

P4 Hydroxylation (acetyl) C18H26N2O3 34 

P4.1 O-Glucuronidation C23H32N209 28 

P4.2 O-Sulfation C17H24N206S 24 

P5 Carboxylation (acetyl) C19H26N2O3 34 

P5.1 O-Glucuronidation C26H36N2O9 31 

P5.2 N-Hydroxylation C18H25N2O5 20 

P5.3 Deisopropylation C15H18N204 20 

P5.4 Hydroxylation (C1'') C18H24N2O5 20 

P6 Ester hydrolysis C19H26N2O 34 

P6.1 O-Sulfation C16H24N2O4S 32 

P6.2 O-Glucuronidation C22H32N2O7 29 

P6.3 Hydroxylation (C1'') C16H24N2O2 20 

P6.4 N-Hydroxylation C16H25N2O2 20 

P7 Hydroxylation (C2) C16H24N2O2 25 

P8 N-Glucuronidation C12H13NO3 20 

P9 Deamination (to aldehyde) C12H13NO3 20 

P10 Deamination (to alcohol) C12H11NO3 20 

 
1.2.2. 4-AcO-DiPT Fragmentation Pattern 

 
The 4-AcO-DiPT fragmentation pattern is shown in Figure 2. In positive-ionization 

mode, ions m/z 202.0866 resulted from a loss of the diisopropyl amine group followed by 
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loss of the acetyl group producing m/z 160.0758, the fragment with the most intense signal. 

Further fragmentation yielded ions m/z 132.0808 then 115.0539 through carbon monoxide 

and ammonia losses, respectively. Ion m/z 117.0573 was a radical cation typically yielded 

by hydroxylindole alkylamines [138]. α- and β-cleavage at the nitrogen of the ethylamine 

chain yielded fragments m/z 114.1275 and 102.1278, respectively. Fragment m/z 72.0805 

was further produced by isopropyl loss from m/z 114.1275. In addition, the fragment m/z 

259.1815 on negative ionization mode indicates an acetyl loss on the parent drug. 
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Figure 2. 4-AcO-DiPT high-resolution tandem mass spectrometry spectrum and suggested 

fragmentation in positive-ionization mode. 
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1.2.3. Metabolite Identification 

 
LC-HRMS data were automatically processed to produce a list of six potential 

metabolites that were manually checked by the operators. 4-AcO-DiPT LC-HRMS peak 

area was 3.00 × 107 in the 3 h incubation with hepatocytes, i.e., 375 times lower than that of 

the 0 h incubation (1.12 × 1010). Six metabolites were identified after 3 h incubation 

following ester hydrolysis, O-glucuronidation, O-sulfation, N-oxidation and N-dealkylation. 

All second-generation metabolites derived from the only first-generation metabolite 

detected, which was produced by ester hydrolysis (4-OH-DiPT, M4). The metabolites are 

listed from M1 to M6 by ascending retention time (Table 4). As for the five remaining 

metabolites, they all derived from M4 with further phase I and II transformations, including 

N-deisopropylation (4-OH-iPT, M1 and 4-OH-iPT-sulfate, M2) and N-oxidation at the 

ethylamine chain (4-OH-DiPT-N-oxide, M6), and O-sulfation (M2 and 4-OH-DiPT-sulfate, 

M5) and O-glucuronidation (4-OH-DiPT-glucuronidate, M3) in the indole ring. The 

fragmentation pattern of 4-AcO-DiPT metabolites is shown in Figure 2. The metabolic 

pathway of the major metabolites is suggested in Figure 3. An extracted-ion chromatogram 

of 4-AcO-DiPT and metabolites in positive-ionization mode obtained after 3-h incubation 

with human hepatocytes is presented in Figure 4. 
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Table 4. Metabolic transformation, retention time (RT), accurate mass of molecular ion (hydrogen adduct in positive-ionization mode 

[M+H]+), elemental composition, deviation from theoretical accurate mass, and liquid chromatography-high-resolution mass 

spectrometry peak area of 4-AcO-DiPT and metabolites after 3 hours incubation with human hepatocytes (HESI positive mode, HESI 

negative mode). 
 

ID Transformation RT (min) [M+H]+ Elemental 

composition 

Mass 

error 

(ppm) 

Peak Areas (HESI 

+, HESI-) 

M1 Ester hydrolysis + N-Deisopropylation 6.31 219.1489 C13H18N2O -1.21 1.10 × 108 

M2 Ester hydrolysis + N-Deisopropylation + O-Sulfation 7.24 299.1057 C13H18N2O4S -1.23 3.50 × 107, 5.90 × 107 

M3 Ester hydrolysis + O-Glucuronidation 8.30 437.2277 C22H32N2O7 -1.45 2.94 × 108, 2.60 × 107 

M4 Ester hydrolysis 11.82 261.1955 C16H24N2O -2.25 4.19 × 109 

M5 Ester hydrolysis + O-Sulfation 12.11 341.1525 C16H24N2O4S -1.42 4.47 × 107, 2.79× 107 

M6 Ester hydrolysis + N-Oxidation 12.53 277.1907 C16H24N2O2 -1.35 7.76 × 106 

Parent no transformation 15.02 303.2059 C18H26N2O2 -2.67 3.00 × 107 
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Figure 3. 4-AcO-DiPT suggested metabolic fate. Bold indicates major transformations. 
 

 

 

 

Figure 4. Extracted-ion chromatogram of 4-AcO-DiPT and metabolites in positive- 

ionization mode obtained after 3-h incubation with human hepatocytes. Mass tolerance, 5 

ppm; m/z values, 219.1489, 261.1955, 277.1907, 299.1057, 303.2059, 341.1525, 437.2277. 
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1.2.3.1. Phase I Metabolites 

 
• Ester Hydrolysis 

M4, eluted at 11.82 min, was the metabolite detected with the most intense signal 

with a base peak at m/z 261.1954. 4-OH-DiPT transformation occurred with the loss of the 

acetyl group and with hydrolysis occurring in the hydroxyl group of the indole ring, as 

demonstrated by the production of fragments m/z 160.0753, 114.1274 and 117.0573. The 

fragments on negative ionization mode m/z 132.0243, 114.1275, 132.0804 and 72.0806 

showed that the indole core and the ethylamine chains were intact. The acetyl loss is 

indicated by the mass shift of +42.0104 Da from parent and a difference of -2C -2H -1O on 

the elemental composition. 

M1, M2, M3, M5 and M6 were produced after ester hydrolysis and other metabolic 

reactions. M3 was detected as a double peak with the same fragmentation pattern. 

 
• Ester Hydrolysis and N-Deisopropylation 

M1 eluted at 6.31 min, and was formed after N-deisopropylation following ester 

hydrolysis. Fragment m/z 160.0752 in the MS/MS spectrum clearly identifies that this 

reaction occurred in the isopropyl group. 4-OH-iPT revealed a mass shift of +84.0570 Da 

and a difference of elemental composition of -5C -8H – 1O proves this metabolic reaction. 

 
• Ester Hydrolysis and N-Oxidation 

M6 was detected at 12.53 min and was produced by oxidation on the indole ring 

after ester hydrolysis. Fragments m/z 160.0752, 107.0492 and 115.0539 showed that this 

transformation did not occur in the indole ring, but instead in the diisopropyl amine group 

of the molecule. This metabolite presented a mass shift of + 26.0152 Da and a difference of 

elemental composition of -2C -2H. 4-OH-DiPT-N-oxide retention time was later than that 

of M4 (4-OH-DiPT), indicating N-oxidation [14-16]. 

 
1.2.3.2. Phase II Metabolites 

 
• Ester Hydrolysis and O-Glucuronidation 

M3, detected at 8.20 min, was the second most intense metabolite. This metabolite 

was formed after ester hydrolysis and glucuronidation. 4-OH-DiPT-glucuronidate presented 

a mass shift of -134.0218 Da differing in +4C +6H +5O from the elemental composition of 

the parent drug. The presence of fragments m/z 160.0753, 114.1274 clearly indicates no 

transformation in the indole core or the ethylamine chain. Actually, the signal that was 

detected in negative ionization mode suggests that a glucuronidation reaction occurred. 
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• Ester Hydrolysis and O-Sulfation 

M5 eluted at 12.11 min, with fragments m/z 160.0752 and 115.0539 indicating no 

reaction at the indole core or the ethylamine chain. 4-OH-DiPT-sulfate showed a mass shift 

of -37.9466 Da and a difference of -2C -2H +2O +1S on its elemental composition. 

 
• Ester Hydrolysis, N-Deisopropylation and O-Sulfation 

M2, eluting at 7.24 min, resulted from a ester hydrolysis, N-deisopropylation and 

sulfation (produced by M1 O-sulfation). The fragment m/z 120 proves that no changes were 

made in the indole core. 4-OH-iPT-sulfate had a mass shift of +4.1002 Da and a difference 

of -5C -8H +2O +1S on its elemental composition. M2 produced fragment m/z 219.1487 by 

sulfate loss, and similar fragments to those of M1. The fact that a signal was also identified 

in negative ionization mode, suggests that a sulfation reaction it occurred to generate both 

metabolites (M2 and M5). 

 
1.3. Discussion 

 
In silico metabolite predictions alone are not sufficient to identify the metabolism of 

specific drugs; however, compilation of HRMS/MS inclusion and exclusion lists and a list 

of potential metabolic transformations is key to successful Compound Discoverer 

processing workflow and helping manual metabolite identification. All 6 metabolites were 

predicted. The main phase I and II reactions occurred in the hydroxyl group of the indole 

ring and in the isopropyl group after ester hydrolysis. 

4-AcO-DiPT was incubated with human liver hepatocytes proven more suitable for 

metabolite profiling than human liver microsomes [139]. Hepatocytes are more 

representative of the physiological liver environment containing both phase I and II drug- 

metabolizing enzymes, cofactors, and drug transporters [140]. All of these factors allow a 

better estimation of in vivo metabolism. 

M4 was the most intense metabolite detected 3 h after incubation with hepatocytes, 

followed by glucuronidation generating M3. Interestingly, the most intense metabolite 

(M4), was also detected in the control samples without hepatocytes at 0 and 3 h and at 0 h 

incubation with hepatocytes but at a much lower intensity than after 3 h incubation, 

meaning that, although M4 is formed through an enzymatic reaction, it is also 

spontaneously formed during incubation to a lesser extent. This indicates that M4 formation 

was overestimated in our experiments. When analyzing authentic samples, digestion (with 

β-glucuronidase/sulfatase) is preferred to increase the M4 signal. To further understand 

where the glucuronidation occurred in M3, the 3 h incubations with hepatocytes was re- 

analyzed after enzymatic hydrolysis with β-glucuronidase, suggesting which part of the 

molecule was glucuronidated. β-Glucuronidase catalyzes the hydrolysis of O-glucuronides 

and not N-glucuronides. Comparing the control sample (same hydrolysis conditions but 

without β-glucuronidase) to the sample with β-glucuronidase, M3 was not present, 
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revealing that the reaction occurred at the hydroxyl group of the molecule and not on the 

amine group. 

An additional consideration is that samples were resuspended in a ratio of 80:20 

mobile phase (A:B) to guarantee maximum recovery of the analyte. This can explain the 

double peak detected for M3. Better peak shapes would be obtained if samples were 

resuspended with a lower percentage of acetonitrile (mobile phase B). To assure that the 

double peak was not an isomer, another test was made using a ratio of 95:5 mobile phase 

(A:B) where no double peak was detected. 

Since the parent drug is most likely degraded as the acetyl group is eliminated 

quickly, toxicologists could report 4-OH-DiPT (M4) positive cases as from 4-AcO-DiPT 

intake. The second most intense metabolite was M3 (4-OH-DiPT-glucuronide) followed by 

M1 (4-OH-iPT), indicating that glucuronidation and dealkylation are common in this 

tryptamine’s metabolic pathway. Others propose that tryptamines do not have a common 

metabolic pathway and that metabolism changes depending on the nature and position of 

their substituents, with demethylation, hydroxylation and dealkylation the most common 

phase I reactions, followed by glucuronidation or sulfation [99,104,108,123,141–143]. 4- 

OH-DiPT, 4-OH-iPT and 4-OH-DiPT-N-oxide are proposed as biomarkers of 4-AcO-DiPT 

consumption, but the rapid enzymatic hydrolysis and lower spontaneous hydrolysis of 4- 

AcO-DiPT to 4-OH-DiPT might create a problem in discerning 4-AcO-DiPT from 4-OH- 

DiPT consumption. If the parent drug is present even in low concentrations, the ingested 

drug would be clear, but there is no available information regarding detection of this drug 

in authentic samples. These results require in vivo confirmation, which is challenging due 

to the lower prevalence indicated by the small number of 4-AcO-DiPT seizures in recent 

years. 

 
1.4. Conclusion 

 
For the first time, we characterized the 4-AcO-DiPT metabolic profile in human 

hepatocytes using in silico metabolite predictions, LC-HRMS/MS analysis, and software- 

assisted data mining. We identified six metabolites through ester hydrolysis followed by N- 

Deisopropylation, O-sulfation, O-glucuronidation, and/or N-Oxidation. We recommend 4- 

OH-DiPT, 4-OH-iPT, and 4-OH-DiPT-N-oxide as metabolite biomarkers of 4-AcO-DiPT 

consumption in clinical and forensic toxicology. We propose incorporation of HRMS/MS 

fragmentation patterns in online libraries mzCloud and HighResNPS. These findings 

underscore the value of experimental data and demonstrate how challenging it is to predict 

NPS metabolism. Our in vitro model offers preliminary findings about 4-AcO-DiPT human 

metabolism; however, these findings should be verified using samples from authentic 

positive cases. These data enable analytical toxicologists to identify 4-AcO-DiPT exposure 

cases. 
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2. 4-OH-MPT Metabolite Profiling in Human Hepatocyte Incubations 

 
4-hydroxy-N,N-methylpropyltryptamine (4-OH-MPT), also known as meprocin, is 

a psychedelic tryptamine first identified in seizures in Sweden in October 2018 [144]. 4- 

OH-MPT is a higher homologue of psilocin, which is internationally controlled under the 

United Nations 1971 Convention on Psychotropic Substances (Schedule I) [145]. It is 

therefore regulated in several countries such as the United States under the Controlled 

Substances Act (Schedule I) and the United Kingdom under the Misuse of Drugs Act 1971 

(Class A). Whether in vitro or in vivo, there are currently no scientific data on 4-OH-MPT 

pharmacokinetics and pharmacodynamics, potency and efficacy, and active blood 

concentrations. Users, however, described 4-OH-MPT on drug forums as a hallucinogenic 

drug inducing visual distortion with exhilarating, calming, and dissociative properties; 

doses ranged from 8 to 50 mg orally or smoked, similar to DMT or psilocybin, and often 

taken with cannabis [146]. 4-OH-MPT intake was never reported in the scientific literature 

or early warning systems. 

Due to the lack of specific clinical effects, 4-OH-MPT consumption can be 

ascertained only through toxicological analyses. However, tryptamines are usually highly 

potent and active at traces amounts in blood [147] and rapidly metabolized [68], making 

their detection in biological matrices challenging. In clinical and forensic toxicology, 

aiming for metabolites is often preferred to preclude sample tampering and increase 

detection capabilities, as their concentrations is usually higher than that of the parent drug 

and they can be detected over an extended time course. Detecting specific metabolite 

biomarkers is therefore critical to document intake. In the present study, 4-OH-MPT human 

metabolism was assessed to identify optimal metabolite biomarkers of consumption in 

clinical and forensic cases. The substance was incubated with human hepatocytes, which 

contain the full range of phase I and II metabolic enzymes and necessary cofactors and 

transporters to effectively simulate human liver metabolism [137,148–152]. For a 

comprehensive screening, incubates were analyzed by liquid chromatography-high- 

resolution tandem mass spectrometry (LC-HRMS/MS) and software-assisted data mining 

supported by in silico metabolite predictions [137]. 

 
2.1. Materials and Methods 

 
2.1.1. In Silico Metabolite Prediction 

 
4-OH-MPT putative metabolites were predicted with open-access software 

GLORYx [143]. A list of metabolites was automatically produced with the “phase I and 

phase II metabolism” option; metabolites with a prediction score higher than 25% were 

reprocessed to simulate a second round of metabolic transformations. The score of second- 

generation metabolites was multiplied by the score of the corresponding first-generation 
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metabolite to calculate an “adjusted score”, and putative metabolites with an adjusted score 

higher than 25% were considered. 

 
2.1.2. Chemicals and Reagents 

 
LC-MS grade methanol, acetonitrile, water, and formic acid (FA) were from Carlo 

Erba (Cornaredo, Italy). 4-OH-MPT and diclofenac reference standards were from Cayman 

Chemical (Ann Arbor, MI, USA) and Sigma Aldrich (Milan, Italy), respectively. Standards 

were solubilized in LC-MS grade methanol stock solutions (1 mg/mL) and stored at -20°C 

until analysis. Ten-donor-pooled cryopreserved human hepatocytes and thawing medium 

were purchased from Lonza (Basel, Switzerland). Supplemented Williams’ Medium E 

(sWME) was prepared with 2 mmol/L l-glutamine and 20 mmol/L HEPES (2-[4-(2- 

hydroxyethyl)-1-piperazinyl]ethanesulfonic acid) in Williams’ Medium E (WME) from 

Sigma Aldrich, prior to the analysis. β-Glucuronidase (50 units/µL) from limpets (Patella 

vulgata L.) was purchased from Sigma Aldrich. 

 
2.1.3. Hepatocyte Incubation 

 
Human hepatocyte incubations were conducted as previously described [137]. 

Briefly, hepatocytes and thawing medium were warmed at 37°C, the medium was 

discarded and hepatocytes resuspended in sWME. A volume of 250 µL 10 µmol/L 4-OH- 

MPT in sWME was mixed with 250 µL 5 x 105 hepatocytes, after evaluating cell viability 

with the trypan blue exclusion test, in sWME in culture plates, which were then incubated 

for 0 or 3 h at 37°C. Negative controls including hepatocytes in sWME without 4-OH- 

MPT, and 4-OH-MPT in sWME without hepatocytes, were also incubated for 0 or 3 h to 

exclude interferences and non-enzymatic transformations. Diclofenac was also incubated 

under the same conditions to ensure proper metabolic activity. Reactions were interrupted 

with 500 µL ice-cold acetonitrile and samples were centrifuged. 

 
2.1.4. Sample Preparation 

 
The samples were analyzed within 30 min after interrupting metabolic reactions, 

and stored at -80°C in case of required re-analysis. After centrifugation, 100 µL supernatant 

was vortexed with 100 µL acetonitrile and centrifuged for 10 min at 15,000g, at room 

temperature. Supernatants were evaporated under a nitrogen stream at 37°C and residues 

were reconstituted in 150 µL 0.1% FA in water (mobile phase A):0.1% FA in acetonitrile 

(mobile phase B) (80:20, v/v). After centrifugation for 10 min at 15,000g, at room 

temperature, supernatants were transferred into LC autosampler vials, and 15 µL was 

injected for LC-HRMS/MS analyses. 
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2.1.4.1. β-Glucuronidase Hydrolysis 

 
To refine the structure elucidation of specific glucuronides, the 3 h hepatocyte 

incubate with 4-OH-MPT was re-analyzed after glucuronide hydrolysis. After thawing and 

centrifugation for 10 min, 15,000g, at room temperature, 100 µL supernatant was 

evaporated to approximately 50 µL under nitrogen at 37°C. The remaining volume was 

mixed with 50 µL β-glucuronidase (2,500 units) and incubated for 90 min at 37°C. After 

hydrolysis, the sample was vortexed with 150 µL acetonitrile and evaporated to dryness 

under nitrogen at 37°C. The residue was reconstituted with A:B (80:20, v/v) and 

centrifuged for 10 min, 15,000g, at room temperature. The supernatant was transferred into 

an LC autosampler vial with a glass insert, and 15 µL was injected onto the 

chromatographic system. A control was prepared with the 3 h hepatocyte incubate with 4- 

OH-MPT under the same conditions without β-glucuronidase, to ensure that the hydrolysis 

was enzymatic. 

 
2.1.5. Instrumental Conditions 

 
LC-HRMS/MS analysis was performed with a Dionex UltiMate 3000 

chromatographic system coupled with a Thermo Scientific (Waltham, MA, USA) Q 

Exactive mass spectrometer equipped with a heated electrospray ionization (HESI) source. 

Each sample was injected once in positive- and once in negative-ionization mode. 

 
2.1.6. Liquid Chromatography 

 
Separation was performed on a Kinetex Biphenyl column (150 x 2.1 mm, 2.6 μm) 

from Phenomenex (Castel Maggiore, Italy) with a mobile phase gradient composed of 0.1% 

FA in water (A) and 0.1% FA in acetonitrile (B) at 37 ± 1°C. LC run time was 20 min with 

a 0.4 mL/min flow rate. The gradient initiated with 2% B for 2 min; B was linearly 

increased to 17% at 10 min then 95% at 12 min; B was maintained at 95% for 4 min before 

returning to 2% at 16.1 min; the column was re-equilibrated for 3.9 min. The temperature 

of the autosampler was 10 ± 1°C. 

 
2.1.7. Mass Spectrometry Conditions 

 
HESI settings were ramped over multiple injections of 1 µg/mL 4-OH-MPT in A:B 

(80:20, v/v) in the LC conditions of the analysis to achieve the most intense 4-OH-MPT 

LC-HRMS signal. Optimized source parameters were: spray voltage, ±3.5 kV; sheath gas 

flow rate, 50 a.u.; auxiliary gas flow rate, 5 a.u.; auxiliary gas temperature, 300°C; capillary 

temperature, 300°C; S-lens radio frequency level, 50 a.u. 
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HRMS/MS data were acquired from 1 to 16 min of the gradient using full-scan 

HRMS (FullMS)/data dependent MS/MS (ddMS2) mode with Xcalibur (v. 4.1.31.9) from 

Thermo Scientific. FullMS parameters were: mass range, m/z 150–600, resolution, 70,000 

(full width at half maximum at m/z 200), automatic gain control (AGC) target, 106; max 

injection time (IT), 200 ms. ddMS2 parameters were: resolution, 17,500; isolation window, 

m/z 1.2; normalized collision energy, 30, 75, and 100 a.u.; AGC target, 2 x 105; max IT, 64 

ms; topN, 5 (pick others if idle); intensity threshold, 104; dynamic exclusion, 2.0 s. An 

inclusion list compiling potential metabolites based on in silico predictions and the 

metabolic transformations identified in 4-OH-MPT analogues [99,104,124,142,153–157] 

was employed (Table 6). An exclusion list based on the background noise detected after 

multiple injections of A:B (80:20, v/v) was also employed. The orbitrap was calibrated 

prior to analysis and a lock mass list with previously identified background ions (m/z 

279.0933, 279.1591, and 391.2843 from 1 to 5 min of the LC gradient) was used 

throughout the analysis for better accuracy [158]. 

 
2.1.8. Final Metabolite Identification 

 
LC-HRMS/MS raw data were mined with Compound Discoverer (v. 3.2.0.421) 

from Thermo Scientific in a single analysis, as previously described [137]. Briefly, the 

detected ions were compared to a list of theoretical metabolites generated using 

combinations of the following transformations: demethylation (C 3H > H, leaving group > 

arriving group), depropylation (3C 7H > H), desaturation (2H > ø), dihydrodiol formation 

(ø > 2O 2H), oxidation (ø > O), oxidative deamination to alcohol (2H N > H O), oxidative 

deamination to ketone (3H N > O), reduction (ø > 2H); acetylation (H > 2C 3H O), 

glucuronidation (H > 6C 9H 6O), glycine conjugation (H O > 2C 4H N 2O), 

glutathionylation (ø > 10C 17H 3N 6O S), methylation (H > C 3H), and sulfation (H > H 

3O S); the maximum number of dealkylations was 3, the maximum number of phase II 

reactions was 2, and the maximum number of transformations was 5. LC-HRMS intensity 

threshold was 5 x 103 and HRMS mass tolerance was 5 ppm. Besides, the HRMS/MS 

spectra and theoretical elemental composition of the ions were compared to mzCloud 

(Drugs of Abuse/Illegal Drugs, Endogenous Metabolites, and Natural Products/Medicines 

libraries), ChemSpider (Cayman Chemical and DrugBank libraries), and HighResNPS 

online databases. LC-HRMS intensity threshold was 105, HRMS mass tolerance was 5 

ppm, and HRMS/MS mass tolerance was 10 ppm. The chromatographic peaks detected in 

controls with a similar or higher LC-HRMS intensity than that of the peaks detected in the 

samples were filtered out. 

 
2.2. Results 

 
2.2.1. In Silico Metabolite Prediction 
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Twelve first-generation metabolites (P1–P12 by decreasing score) and 29 second- 

generation metabolites (PX-1–PX-11 by decreasing adjusted score, PX being the 

corresponding first-generation metabolite) were predicted with a score higher than 25%; 13 

metabolites were redundant. Phase II O-sulfation and O-glucuronidation at the 

hydroxylindole core were major transformations; other common reactions included 

hydroxylation and carboxylation at the propyl chain and further O-sulfation or O- 

glucuronidation, N-oxidation at the ethylamine side chain, N-demethylation, N- 

depropylation, and O-methylation at the hydroxylindole core. Predicted metabolites were 

reported in the LC-HRMS/MS inclusion list, prior to the analysis (Table 6). 
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Table 6. Inclusion lists for liquid chromatography-high-resolution tandem mass spectrometry analysis of human hepatocyte incubates. 
 

Transformation Elemental 

composition 

[M+H]+, 

m/z 

[M-H]-, 

m/z 

Reference transformation 

- C14H20N2O 233.1648 231.1503 None (parent) 

+3O +S C14H20N2O4S 313.1216 311.1071 Sulfation 

+6C +8H +6O C20H28N2O7 409.1969 407.1824 Glucuronidation 

+C +2H C15H22N2O 247.1805 245.1659 Methylation 

+O C14H20N2O2 249.1598 247.1452 Hydroxylation 

-3C -6H C11H14N2O 191.1179 189.1033 N-Depropylation 

-C -2H C13H18N2O 219.1492 217.1346 N-Demethylation 

-2H +2O C14H18N2O3 263.1390 261.1245 Carboxylic acid formation (ω-alkyl) 

-4C -9H -N +O C10H11NO2 178.0863 176.0717 N-Dealkylation to alcohol 

-4C -11H -N +O C10H9NO2 176.0706 174.0561 N-Dealkylation to aldehyde 

-2H C14H18N2O 231.1492 229.1346 Dehydrogenation 

-2H +O C14H18N2O2 247.1441 245.1296 Oxidation 

+4O +S C14H20N2O5S 329.1166 327.1021 Sulfation + Hydroxylation 

-3C -6H +3O +S C11H14N2O4S 271.0747 269.0602 Sulfation + N-Depropylation 

-C -2H +3O +S C13H18N2O4S 299.1060 297.0914 Sulfation + N-Demethylation 

-2H +5O +S C14H18N2O6S 343.0958 341.0813 Sulfation + Caboxylic acid formation (ω-alkyl) 

+6C +8H +7O C20H28N2O8 425.1918 423.1773 Glucoronidation + Hydroxylation 

+3C +2H +6O C17H22N2O7 367.1500 365.1354 Glucuronidation + N-Depropylation 

+5C +6H +6O C19H26N2O7 395.1813 393.1667 Glucuronidation + N-Demethylation 

+6C +6H +8O C20H26N2O9 439.1711 437.1566 Glucuronidation + Carboxylic acid formation (ω-alkyl) 

+C +2H +O C15H22N2O2 263.1754 261.1609 Methylation + Hydroxylation 

-2C +4H C12H16N2O 205.1336 203.1190 Methylation + N-Depropylation 

+C +2O C15H20N2O3 277.1547 275.1401 Methylation + Carboxylic acid formation (ω-alkyl) 
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+2O C14H20N2O3 265.1547 263.1401 Dihydroxylation 

-2C -6H +2O C12H14N2O3 235.1077 233.0932 N-Depropylation + N-Carboxylation 

-C -2H +O C13H18N2O2 235.1441 233.1296 N-Demethylation+ Hydroxylation 

+C +2H +4O +S C15H22N2O5S 343.1322 341.1177 Sulfation + Methylation + Hydroxylation 

+7C +10H +7O C21H30N2O8 439.2075 437.1929 Glucuronidation + Methylation + Hydroxylation 
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2.2.2. 4-OH-MPT Fragmentation Pattern 

 
LC-HRMS/MS analysis employed a ramped collision energy based on 4-OH-MPT 

fragmentation to generate suitable fragments for metabolite structure elucidation, although 

optimal collision energy might differ from one metabolite to another. 4-OH-MPT 

HRMS/MS fragmentation pattern in positive-ionization mode is displayed in Figure 5. The 

nitrogen atom of the ethylamine side chain was the main site of initial ionization, 4-OH- 

MPT yielding major fragments m/z 160.0756 (C10H10NO+) and 86.0963 (C5H12N
+) through 

α- and β-cleavage, respectively, at the ethyl linker. Further m/z 86.0963 β-cleavage at the 

propyl chain produced fragment m/z 58.0653 (C3H8N
+). Carbon monoxide loss and 

subsequent ammonia loss from m/z 160.0756 produced fragments m/z 132.0806 (C9H10N
+) 

and 115.0541 (C9H7
+), respectively, as confirmed by pseudo-MS/MS/MS experiments, 

which is a typical fragmentation pathway of hydroxylindole alkylamines [138]. Fragment 

m/z 160.0756 also yielded radical cation m/z 117.0572 (C8H7N
+●), another common 

fragment of hydroxylindole alkylamines [138,159]. 4-OH-MPT did not produce a signal in 

negative-ionization mode under the present analytical conditions. 

 
2.2.3. Metabolite Identification 

 
After automatic data mining, a list of 237 potential metabolites was manually 

checked by the operators. 4-OH-MPT LC-HRMS peak area was 1.1 x 109 and 5.1 x 108 in 

0-h and 3 h incubates, respectively. Three phase I and 4 phase II metabolites were 

identified and listed from M1 to M7 by ascending retention time (Figure 5). Phase I 

transformations were N-oxidation (M4 and M7) and N-demethylation (M3 and M5) at the 

ethylamine side chain. Phase II transformations were O-glucuronidation (M2 and M4) and 

sulfation (M5 and M6) at the hydroxylindole core; the LC-HRMS signal of phase II 

metabolites was approximately three quarters of the total signal of 4-OH-MPT metabolites. 

The fragmentation pattern of 4-OH-MPT metabolites is reported in Figures 6 (positive 

ionization) and 7 (negative ionization). 4-OH-MPT metabolic fate is suggested in Figure 8. 

The elemental composition, retention time, accurate mass of molecular ion, diagnostic 

HRMS/MS fragments, and LC-HRMS peak area of 4-OH-MPT and metabolites in 

positive- and negative-ionization mode after 3 h incubation with hepatocytes are reported in 

Table 7. Deviation from HRMS theoretical masses was low, i.e., -0.73–0.10 ppm in 

positive-ionization mode and -0.65–0.26 in negative-ionization mode, thanks to customized 

internal and external orbitrap calibration. 
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Table 7. Metabolic transformation, elemental composition, retention time, accurate mass of molecular ion, deviation from theoretical 

accurate mass, diagnostic product ions, and liquid chromatography-high-resolution mass spectrometry peak area of 4-OH-MPT and 

metabolites in positive- and negative-ionization modes after 3-h Incubation with human hepatocytes. Mass tolerance, 5 ppm. 
 

ID Transformation Elemental 
composition 

RT, 
min 

Positive-ionization mode  Negative-ionization mode 

    [M+H]+, 

m/z 

Mass 

error, 

ppm 

Diagnostic 

product 

ions, m/z 

Peak 

area at 

T3h 

[M-H]-, 

m/z 

Mass 

error, 

ppm 

Diagnostic 

product 

ions, m/z 

Peak 

area at 

T3h 

M1 +O +2H (indole) C14H22N2O2 6.60 251.1754 0.10 58, 86, 

117, 132, 
160 

2.2x107 249.1608 -0.05 131, 144, 

145, 231 

1.4x106 

M2 O-Glucuronidation C20H28N2O7 7.48 409.1967 -0.58 58, 86, 

115, 160, 
233 

3.1x108 407.1822 -0.38 85, 113, 

131, 144, 
231 

8.2x107 

M3 N-Demethylation C13H18N2O 7.96 219.1492 0.05 72, 115, 

117, 132, 
148, 160 

3.0x107 ND ND ND ND 

M4 O-Glucuronidation 

+ N-Oxidation 

(alkyl) 

C20H28N2O8 8.41 425.1915 -0.73 115, 117, 

132, 160, 
249 

1.6x107 423.1774 0.26 85, 113, 

131, 158, 
187 

4.2x106 

M5 Sulfation (indole) 

+ N-Demethylation 

C13H18N2O4S 8.62 299.1059 -0.35 115, 120, 

148, 160, 
219 

1.6x106 297.0915 0.03 80, 131, 

144, 158, 
217 

3.8x106 

4-OH-MPT Parent C14H20N2O 9.18 233.1648 -0.39 58, 86, 

115, 117, 
132, 160 

5.1x108 ND ND ND ND 

M6 Sulfation (indole) C14H20N2O4S 9.55 313.1214 -0.72 58, 86, 
115, 160, 

1.4x107 311.1069 -0.65 80, 131, 
144, 158, 

2.4x107 
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      233    231  

M7 N-Oxidation (alkyl) C14H20N2O2 10.20 249.1597 -0.22 115, 117, 
132, 160 

5.2x107 ND ND ND ND 

Abbreviation: RT, Retention time. 
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Figure 5. High-resolution tandem mass spectrometry spectrum and suggested 

fragmentation of 4-OH-MPT and metabolites in positive-ionization mode. 
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Figure 6. Extracted-ion chromatogram of 4-OH-MPT and metabolites in positive- and 

negative-ionization modes [HESI(+) and HESI(-), respectively] obtained after 3-h 

incubation with human hepatocytes. Mass tolerance, 5 ppm. 
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Figure 7. 4-OH-MPT metabolites high-resolution tandem mass spectrometry spectrum and 

suggested fragmentation in negative-ionization mode. 
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Figure 8. 4-OH-MPT suggested metabolic fate. Gluc, glucuronide; Sulf, sulfate; bold 

arrow indicates major transformation. 

 
2.2.3.1. O-Glucuronidation 

 
M2 was the metabolite with the highest LC-HRMS area, representing 

approximately 70% of total metabolite signal. M2 eluted at 7.48 min with a molecular ion 

of m/z 409.1967 in positive-ionization mode (+176.0319 Da mass shift from parent) and 

yielded characteristic fragment m/z 233.1646 by neutral loss of glucuronide, indicating 4- 

OH-MPT glucuronidation (+C6H8O6). Fragments m/z 58.0653, 86.0963, 115.0541, 

132.0806, and 160.0755, detected with a similar relative intensity after 4-OH-MPT 

fragmentation, confirmed the transformation. Minor fragment m/z 336.1066 was produced 

by amine α-cleavage at the ethyl linker, ruling out N-glucuronidation at the alkylamine side 

chain. Moreover, additional hydrolysis experiments showed that M2 was susceptible to β- 

glucuronidase (complete hydrolysis after 90 min incubation at 37°C), indicating O- 

glucuronidation. Therefore, M2 was formed by 4-OH-MPT O-glucuronidation at the 

hydroxylindole core. Due to the carboxylic acid of the glucuronide, M2 also produced a 

signal in negative-ionization mode (m/z 407.1822), yielding fragment m/z 231.1502 by 

glucuronide loss, and fragments m/z 158.0617, 144.0460, and 131.0383 by further 

fragmentation at the ethyl linker. M2 LC-HRMS trace presented a broad shoulder peak at 

7.25 min in positive- and negative-ionization modes, with consistent fragmentation 

throughout the signal. After re-preparing the samples with a reconstitution mix composed 

of A:B (98:2, v/v), i.e., identical to the initial gradient conditions, the peak was perfectly 

resolved without splitting or tailing. 
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2.2.3.2. Sulfation 

 
M6 molecular mass was m/z 313.1214 after positive ionization (+79.9566 Da mass 

shift from parent) and produced 4-OH-MPT fragments m/z 58.0653, 86.0963, 115.0541, 

117.00572, 132.0806, and 160.0755 with a similar relative intensity, suggesting sulfation 

(+SO3). Fragment m/z 233.1646 was produced by sulfate loss and was also detected in 

HRMS with a higher intensity than that of M6 (2.0 x 107), indicating substantial in-source 

fragmentation. Consistent with sulfation, M6 produced a high LC-HRMS signal in 

negative-ionization mode (m/z 311.1069), yielding fragments m/z 79.9575 and 231.1501 by 

sulfate cleavage, and fragments m/z 158.0615, 144.0459, and 131.0382 by further 

fragmentation at the ethyl linker. N-sulfation at the alkylamine side chain was excluded due 

to M6 signal in negative-ionization mode. O-sulfation is a well-known metabolic pathway 

of hydroxylindole analogues [99,104,124,154,155,160], while the formation of sulfamate 

indoles was not reported in humans, strongly pointing towards 4-OH-MPT O-sulfation. 

However, the sulfate position at the hydroxylindole core cannot be ascertained under the 

present analytical conditions. M6 retention time, i.e., 9.55 min, was delayed compared to 

that of 4-OH-MPT. 

 
2.2.3.3. N-Oxidation 

 
M7 molecular mass was m/z 249.1597 in positive-ionization mode, representing a 

+15.9949 Da mass shift from 4-OH-MPT, suggesting oxidation or hydroxylation (+O). 4- 

OH-MPT fragments m/z 160.0755, 132.0806, 117.0571, and 115.0541 were prominent in 

the M7 HRMS/MS spectrum, showing that the metabolic reaction did not occur at the 

hydroxylindole core or the ethyl linker, which was corroborated by the lack of fragments 

m/z 58.0653 and 86.0963. M7 eluted later than the parent (10.20 min), ruling out aliphatic 

hydroxylation and indicating N-oxidation, which typically delays retention times in 

reversed-phase liquid chromatography [150,155,161,162]. M7 was formed through 4-OH- 

MPT N-oxidation at the alkylamine side chain. 

M4 was produced by N-oxidation at the alkylamine side chain and O- 

glucuronidation at the hydroxylindole core (+O, +C6H8O6) as per the mass shift from 4- 

OH-MPT (+192.0267 Da); M4 fragmentation after positive and negative ionization, similar 

to that of M7 (4-OH-MPT N-oxide); and M4 retention time (8.41 min), higher than that of 

M2 (4-OH-MPT O-glucuronide). Interestingly, M4 LC-HRMS peak presented a shoulder, 

in positive- and negative-ionization modes, with identical HRMS/MS spectra throughout 

the signal. This double peak was also observed when using A:B (98:2, v/v) as 

reconstitution mix during sample preparation, which may indicate the resolution of two 

diastereoisomers depending on the N-oxide position. In this hypothesis, M7 
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diastereoisomers were not chromatographically resolved due to the late retention time, 

during a steeper part of the elution gradient. 

 
2.2.3.4. N-Demethylation 

 
M3 was formed by 4-OH-MPT demethylation (-CH2), as suggested by the -14.0156 

Da mass shift from parent. Fragments m/z 160.0755, 132.0806, 117.0571, and 115.0541 

indicated that the hydroxylindole core and the ethyl linker were not transformed, and 

fragment m/z 72.0807 (m/z 86.0963-CH2) indicated that the demethylation indeed occurred 

at the alkylamine side chain through N-dealkylation. 

M5 was produced by N-demethylation at the alkylamine side chain and sulfation at 

the hydroxylindole core (-CH2, +SO3), as suggested by the mass shift from parent 

(+65.9411 Da); M5 fragmentation after positive ionization, similar to that of M3 (N- 

demethyl 4-OH-MPT); M5 fragmentation in negative-ionization mode; and M5 retention 

time (8.62 min), higher than that of M3. M5 underwent substantial in-source fragmentation 

to m/z 219.1492 in positive-ionization mode due to sulfate loss (2.1 x 106). 

 
2.2.3.5. Other 

 
M1 molecular ion was m/z 251.1754 in positive-ionization mode, representing a 

+18.0106 Da mass shift from parent (+O, +2H). M1 might result from the opening of the 

phenyl ring of the hydroxylindole core at the α carbon of the hydroxyl group, forming a 

carboxylic acid, as suggested by M1 early retention time (6.60 min) and signal in negative- 

ionization mode. However, M1 HRMS/MS spectra were not conclusive, and the structure 

cannot be fully elucidated based on the present analytical conditions. During positive- 

ionization, fragment m/z 178.0861 was produced by β-cleavage at the nitrogen atom of the 

ethylamine side chain, similar to 4-OH-MPT fragmentation. Further water and carboxylic 

acid loss might produce fragments m/z 160.0756 and 132.0806, respectively, and further 

ammonia loss from m/z 132.0806 produced fragment m/z 115.0541. Fragment m/z 86.0963, 

detected in both 4-OH-MPT and M1 HRMS/MS spectra indicated that no reaction occurred 

at the alkylamine side chain. M1 spectrum in negative-ionization mode was not informative 

as there was interference by m/z 192.9293 and other fragments from trifluoroacetic acid 

([2M+Na-2H]-, m/z 248.9604), a common contaminant that was detected throughout the LC 

runtime and fragmented along with M1 [158]. Similar to M2, M1 LC-HRMS trace 

presented a double peak at 6.28 min. Re-preparing the samples with a reconstitution mix 

composed of mobile phases A:B (98:2, v/v) after evaporation resulted in a single perfectly 

resolved peak. 
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2.3. Discussion 

 
Alone, in silico metabolite predictions are insufficient to accurately anticipate drug 

metabolism, and in vitro or in vivo models are necessary as a first approach. For this 

purpose, predictions are an interesting tool to optimize LC-HRMS/MS analysis (inclusion 

and exclusion lists) and help metabolite identification [163]. However, it is important to 

consider the predictions with a critical eye to avoid skewed interpretation of the sample 

results. In the present experiments, 6 of 7 metabolites detected after 4-OH-MPT incubation 

with human hepatocytes were also predicted (Table 7). M2 was predicted with a 84.0% 

score (P2), M3 with a 43.0% score (P9), and M7 with a 43.0% score (P7). M4 was 

predicted twice with an adjusted score of 40.0% (P2-8) and 36.1% (P7-2). M6 likely 

matched P1 (93.0%), and M5 likely matched P1-6 (44.6%) and P9-1 (40.0%). M1 was not 

predicted. Conversely, 35 predicted metabolites were not detected in 4-OH-MPT 

hepatocyte incubations. 

Phase II transformations at the indole core, especially O-glucuronidation and O- 

sulfation, are major pathways of tryptamine metabolism in vivo, either by direct 

glucuronidation or following hydroxylation or O-dealkylation, consistent with the present 

results (M2, M4–6) [99,164,165]. O-glucuronide is the main metabolite of psilocin in 

human urine, through uridine 5’-diphospho-glucuronosyltransferase (UGT) 1A6, 1A7, 

1A8, 1A9, and 1A10, and is the main biomarker of Psilocybe mushroom species 

consumption in clinical and forensic toxicology [165]. O-glucuronide and O-sulfate are 

major 5-methoxy-N,N-diisopropyltryptamine (5-MeO-DiPT) metabolites after O- 

demethylation and/or indole hydroxylation in human urine [99]. 

N-demethylation also is a major metabolic pathway of N-methyl tryptamines, as 

observed with 4-OH-MPT (M3 and M5) [156,164]. Remarkably, due to the protective 

propyl group, no metabolites were produced by alkylamine side chain oxidative 

deamination in 4-OH-MPT, which is a typical detoxification pathway of N,N-dimethyl 

tryptamines such as DMT, bufotenine (5-OH-DMT), and 5-methoxy-N,N- 

dimethyltryptamine (5-MeO-DMT). These tryptamines are commonly taken along with 

monoamine oxidase inhibitors to prevent oxidative deamination and effectively induce 

psychedelic effects (e.g., DMT is taken with harmala alkaloids from Banisteriopsis plant 

species) [164]. 

Indole hydroxylation was reported as a minor metabolites of tryptamines in vivo 

[99,156,164,165], but was not detected in 4-OH-MPT metabolism with an intensity higher 

than the established threshold. N-oxidation at the alkylamine side chain also is a common 

metabolic reaction of tryptamines, as observed with 4-OH-MPT (M4 and M6), their 

occurrence depending on the amine substituents [104,124,142,156,164,166]. To the best of 

the authors’ knowledge, M1 transformation (+O, +2H) was not reported in the metabolic 

fate of structural analogues. 
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We suggest 4-OH-MPT-N-oxide (M7) and 4-hydroxy-N,N-propyltryptamine (4- 

OH-PT, M3) as metabolite biomarkers of 4-OH-MPT intake after glucuronide/sulfate 

hydrolysis in biological samples to improve 4-OH-MPT, M7, and M3 detection. When 

hydrolysis is not performed, we propose 4-OH-MPT-glucuronide (M2) as an additional 

biomarker of 4-OH-MPT use. The HRMS/MS spectra of M2, M3, and M7 were provided 

to online databases mzCloud and HighResNPS, which are openly available to analytical 

toxicologists to update their drug screenings. 

M2 and M7 were not reported as metabolites of structural analogues. However, M3 

was a major metabolite of N,N-ethylpropyltryptamine (EPT), through N-deethylation and 

hydroxylation, in incubations with human liver S9 fraction, and a minor metabolite in 

Wistar rat urine following EPT oral administration; M5 might be a major metabolite in S9 

fraction only [142]. Additionally, there are currently no data on 4-hydroxy-N,N- 

dipropyltryptamine (4-OH-DPT), 4-acetoxy-N,N-dipropyltryptamine (4-AcO-DPT), N,N- 

methylpropyltryptamine (MPT), and 4-acetoxy-N,N-methylpropyltryptamine (4-AcO- 

MPT) metabolism [68], although they can theoretically produce similar metabolites. M3 

might be produced by 4-OH-DPT N-depropylation and 4-AcO-DPT ester hydrolysis and N- 

depropylation, making M7 crucial to document 4-OH-MPT consumption. 4-OH-MPT and 

metabolites might be produced by MPT hydroxylation and subsequent reactions, as indole 

hydroxylation is a common metabolic transformation of tryptamines [104,142,156,165– 

167]; MPT, however, likely produces other specific metabolites. More importantly, similar 

to 4-hydroxy-N,N-diisopropyltryptamine (4-OH-DiPT) and 4-acetoxy-N,N- 

diisopropyltryptamine (4-AcO-DiPT) [167], 4-AcO-MPT and 4-OH-MPT might produce 

the same major metabolites, considering the reactivity of the ester bond in 4-AcO-MPT. 

Therefore, the distinction between 4-OH-MPT and 4-AcO-MPT consumption may be 

possible only through parent detection in cases of 4-AcO-MPT intake. 

Although NPS incubation with human hepatocytes has proved to provide similar 

results as in vivo in humans [137,148–152], the results need to be confirmed with biological 

samples after 4-OH-MPT intake. Except for a few molecules, clinical studies involving 

NPS controlled administration are not allowed, and 4-OH-MPT-positive samples can only 

be obtained through authentic cases of consumption. Unfortunately, we were unable to 

obtain such samples. This study will help toxicologists identify human cases of 4-OH-MPT 

intake and generate biological samples to refine the present results. 

Another study limitation is the lack of comparison of the metabolites to synthetic 

reference standards. These standards were not available at the time of writing, as the study 

provides the first data on 4-OH-MPT metabolism. The present results will help standard 

manufacturers orientate their synthesis effort to provide suitable standards. Although the 

structure of all metabolites beside M1 (minor) is unequivocal, considering their 

fragmentation pattern and the additional hydrolysis experiments, reference standards are 

critical to quantify the metabolites in biological samples to further understand 4-OH-MPT 

metabolism. 
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2.4. Conclusion 

 
The detection of tryptamine metabolites in biological samples is paramount to 

document consumption. Remarkably, however, tryptamines are structurally similar and 

often produce the same metabolites, especially when the substitution is located at the 

alkylamine side chain that is prone to N-dealkylation, or at position 4 of the indole core. 4- 

OH-MPT metabolic fate was consistent with the metabolism of structural analogues in 

humans: 4-OH-MPT-glucuronide (M2), 4-OH-MPT-N-oxide (M7), and 4-OH-PT (M3) 

were identified as metabolite biomarkers of 4-OH-MPT consumption. However, research 

on the metabolism of structural analogues, especially 4-OH-DPT, 4-AcO-DPT, MPT, and 

4-AcO-MPT, is necessary to evaluate M2, M3, and M7 specificity to identify 4-OH-MPT 

only. Additionally, the relative abundance of 4-OH-MPT metabolites likely varies with the 

dose, route of administration, collection time after consumption, and interindividual genetic 

variations, and further studies in humans are necessary to complete these results. Although 

4-OH-MPT was detected in illegal products, there are currently no reports of intoxications 

involving this tryptamine, possibly due to lack of intake biomarkers. The results were 

presented during the annual congress of The International Association of Forensic 

Toxicologists (TIAFT) in Versailles, France, in September 2022. 

 
3. α-MT Metabolite Profiling in Human Hepatocyte Incubations and Urine 

 
α-MT is a synthetic tryptamine available as a white and crystalline powder 

packaged in vials or capsules or pressed into tablets. It was initially developed in the Soviet 

Union in the 1960s as an antidepressant due to its monoamine oxidase inhibitor activity, but 

selling was unsuccessful [56]. Recreational use, however, has gained popularity in the 

2000s due to prolonged psychedelic effects such as visual hallucinations and euphoria [60]. 

However, anxiety and depression are often reported the day after use [168], and high blood 

pressure, tachycardia, hyper-vigilance, mydriasis, tremor, delayed response time, 

restlessness, and exaggerated startle reaction can be observed in acute intoxication cases 

[59,101]. α-MT was involved in several fatalities in the United States, Great Britain, 

Sweden, Norway, and Japan [169]. Boland et al. reported two α-MT-overdose deaths, with 

a postmortem peripheral blood concentration of 2.0 µg/mL in one case, and an antemortem 

serum concentration of 1.5 µg/mL in the other case [61]. Although not scheduled under the 

United Nations 1971 Convention on Psychotropic Substances, it is controlled in several 

countries such as the United States since 2003, Germany, Spain, and Austria [56]. 

Tryptamines induce non-specific effects, and the consumption of specific molecules 

can only be determined through the analysis of biological samples, such as blood and urine, 
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in forensic and clinical settings. However, they can also be active at low doses and quickly 

metabolized, making challenging the drug detection. For these reasons, targeting specific 

metabolite biomarkers is often preferred to improve detection and prove consumption 

[164]. α-MT metabolism was studied in vitro with rat liver microsomes [170], and in vivo 

with rat urine [170,171]. Incubation with rat liver microsomes produced 3-indolyacetone 

through oxidative deamination, 6-hydroxy-α-MT, and 6-hydroxy-3-indolyacetone, as 

identified by paper chromatography and color reactions; further glucuronide conjugates 

were also detected in rat urine [170]. More recently, Kanamori et al. identified four 

hydroxy-α-MT metabolites (1’-, 6-, and 7-hydroxy and 2-oxo) in rat urine by gas 

chromatography-mass spectrometry (GC-MS) after glucuronide/arylsulfate hydrolysis and 

derivatization; 4-, 5-, 3’-, and N- hydroxy-α-MT were not detected [171]. In the two 

studies, only specific metabolites were targeted, and the detection might not have been 

suitable due to lack of sensitivity [170] or potential thermosensitivity [171]. More 

importantly, whether in vitro or in vivo, there is currently no data on α-MT metabolism in 

humans. 

To identify the most relevant biomarkers of α-MT consumption in clinical and fo- 

rensic caseworks, we assessed α-MT human metabolism with 1) in silico metabolite 

predictions to assist sample analysis and data mining, 2) in vitro incubations with primary 

human hepatocytes to simulate phase I and phase II metabolism in conditions similar to in 

vivo [139,151,152,172–174], and 3) the analysis of postmortem samples from an authentic 

overdose death to verify the in vitro results. Incubates and samples were analyzed by liquid 

chromatography-high-resolution tandem mass spectrometry (LC-HRMS/MS) in positive- 

and negative-ionization modes and software-assisted data mining for an all-inclusive 

screening of α-MT metabolites. 

 
3.1. Materials and Methods 

 

3.1.1. In Silico Metabolite Prediction 

 
BioTransformer freeware (v.3.0) was employed to predict α-MT first- and second- 

generation metabolites in humans [163,175]. The metabolite list was generated using α-MT 

simplified molecular-input line-entry system (SMILES) string with the “Human and human 

gut microbial transformation (All human)” option and “combined” CYP450 mode. The 

accurate mass of predicted metabolites were compiled in an inclusion list for LC- 

HRMS/MS analysis to prioritize the fragmentation of specific targets. All predicted 

metabolic reactions and combinations were included in the list of possible transformations 

for data mining. 
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3.1.2. Chemicals and Reagents 

 
LC-MS grade methanol, acetonitrile, water, and formic acid (FA) were bought from 

Carlo Erba (Cornaredo, Italy). LC-MS grade acetic acid and ammonium acetate were 

acquired by Levanquimica (Bari, Italy). α-MT and diclofenac analytical standards were 

purchased from Toronto Research Chemicals (North York, Canada) and Sigma Aldrich 

(Milan, Italy), respectively. Standards were solubilized in LC-MS grade methanol to 1 

mg/mL stock solutions and stored at -20°C until analysis. Ten-donor-pooled cryo-preserved 

human hepatocytes and thawing medium (TM) were obtained from Lonza (Basel, 

Switzerland). Supplemented Williams’ Medium E (sWME) was prepared with 2 mmol/L l- 

glutamine and 20 mmol/L HEPES (2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic 

acid) in Williams’ Medium E from Sigma Aldrich, prior to the analysis. β-Glucuronidase 

(50 units/µL) from limpets (Patella vulgata L.) was purchased from Sigma Aldrich. 

 
3.1.3. Hepatocyte Incubations 

 
Incubations were carried out as previously described with a few minor 

modifications [137]. Hepatocytes were thawed at 37°C and gently mixed with 50 mL TM 

in a 50 mL polypropylene conical tube at 37°C. After centrifugation at 50g for 5 min, the 

cells were washed with 50 mL sWME at 37°C then resuspended in 2 mL sWME after 

centrifugation in the same conditions. Hepatocyte viability was 87%, as evaluated with the 

trypan blue exclusion test, and sWME volume adjusted to 1.65 x 106 viable cells/mL. In a 

sterile 24-well culture plate, 200 μL hepatocyte suspension was gently mixed with 200 μL 

α-MT at 20 μmol/L in sWME, and the plate was immediately incubated at 37°C. Metabolic 

re-actions were then interrupted with 400 µL ice-cold acetonitrile after 0 or 3 h incubation. 

The incubates were centrifuged at 15,000g for 5 min then stored at -80°C. Negative con- 

trols, i.e., hepatocytes in sWME without α-MT and α-MT in sWME without hepatocytes, 

were incubated for 0 or 3 h under the same conditions. Diclofenac was also incubated under 

the same conditions to ensure proper metabolic activity. 

 
3.1.4. Authentic Samples 

 
Femoral/peripheral blood, cardiac blood, urine, and bile were collected from a fatal 

case of acute cardiac circulatory collapse secondary to a polydrug intoxication involving α- 

MT. The subject was a 35-year-old Caucasian male weighing 50 kg and 178 cm tall. 

Samples were stored at -20°C until analysis and between tests. α-MT concentrations were 

4.7 µg/mL in peripheral and cardiac blood and higher than 5.0 µg/mL, the upper limit of 

quantification, in urine and bile. Additionally, in-house toxicology screenings and 

subsequent confirmation methods by gas or liquid chromatography-tandem mass 

spectrometry (GC- or LC-MS/MS, respectively) revealed co-exposure to ephedrine, 
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diazepam, and benzofuran derivative 5-MAPB. 5-MAPB concentrations were 101, 27.4, 

4,170, and 1,450 ng/mL in peripheral blood, cardiac blood, urine, and bile, respectively; 

concentrations of major metabolite 5-APB were 9.33, 5.74, 262, and 43.6 ng/mL, 

respectively. α-MT metabolite profiling was conducted in peripheral blood and urine, as de- 

scribed below. 

 
3.1.5. Sample Preparation 

 
3.1.5.1. Incubates 

 
After thawing at room temperature and mixing, incubates were centrifuged at 

15,000g for 5 min. A volume of 100 μL supernatant was vortexed with 100 μL acetonitrile 

and centrifuged at 15,000g for 10 min. The supernatants were dried under nitrogen at 37°C 

in conical glass tubes, and the residues were reconstituted with 100 μL 0.1% FA in water. 

After centrifugation at 15,000g for 10 min, the supernatants were transferred into glass 

inserts in LC autosampler vials with a glass insert. Controls were prepared with the samples 

under the same conditions without β-glucuronidase to rule out non-enzymatic hydrolysis. 

 
3.1.5.2. Urine and Blood 

 
Samples were thawed at room temperature, and 100 µL blood or 50 µL urine was 

mixed with 200, or 100 µL acetonitrile, respectively, and centrifuged at 15,000g for 10 min. 

The supernatants were evaporated to dryness under nitrogen at 37°C and the residues were 

reconstituted with 100 µL 0.1% FA in water. After centrifugation at 15,000g for 10 min, 

the supernatants were transferred in autosampler vials with a glass insert. 

Additionally, to study phase II metabolites, urine was prepared after glucuronide 

hydrolysis. A volume of 50 µL sample was mixed with 50 µL water, 10 µL 10 mol/L 

ammonium acetate, pH 5.0, and 100 µL β-glucuronidase in conical glass tubes and 

incubated at 37°C for 90 min. After hydrolysis, the samples were vortexed with 400 µL ice- 

cold acetonitrile and dried under nitrogen at 37°C in a conical glass tube. The residues were 

reconstituted with 100 μL 0.1% FA in water and centrifuged at 15,000g for 10 min. The 

supernatants were transferred into LC autosampler vials with a glass insert. Controls were 

prepared with the samples under the same conditions without β-glucuronidase to rule out 

non-enzymatic hydrolysis. 

 
3.1.6. Instrumental conditions 

 
LC-HRMS/MS analysis was performed with a Dionex UltiMate 3000 

chromatographic system coupled with a Thermo Scientific (Waltham, MA, USA) Q 
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Exactive mass spectrometer equipped with a heated electrospray ionization (HESI) source. 

Each sample was injected once in positive- and once in negative-ionization mode (15 µL). 

 
3.1.7. Liquid Chromatography 

 
Separation was performed with a Kinetex Biphenyl column (150 x 2.1 mm, 2.6 μm) 

from Phenomenex (Castel Maggiore, Italy) with a mobile phase gradient composed of 0.1% 

FA in water (MPA) and 0.1% FA in acetonitrile (MPB) at 37 ± 1 °C. Run time was 21 min 

with a 0.4 mL/min flow rate. The gradient started with 2% MPB for 2 min; MPB was 

increased to 15% within 10 min then 95% within 2 min and held for 4 min before returning 

to initial conditions within 0.1 min; re-equilibration time was 2.9 min. Autosampler 

temperature was 10 ± 1°C. 

 
3.1.8. Mass Spectrometry 

 
HESI source parameters were: sheath gas flow rate, 50 u.a.; auxiliary gas flow rate, 

10 u.a.; spray voltage, ±3.5 kV; capillary temperature, 300°C; auxiliary gas heater tem- 

perature, 100°C; S-lens radio frequency, 50 u.a.; sweep gas was not applied. The orbitrap 

was calibrated prior to analysis, and a lock mass list composed of previously identified 

contaminants was used during injections for better accuracy (phthalates with m/z 279.1591, 

301.1410, and 391.2843 in positive-ionization mode, and trifluoro-acetic acid with m/z 

248.9604 in negative-ionization mode [158]). 

Data were acquired from 1 to 18 min in full scan HRMS (FullMS)/data-dependent 

MS/MS (ddMS2) mode. The FullMS acquisition range was m/z 150-520 with a resolution 

of 70,000 at full width at half maximum (FWHM) at m/z 200; the automatic gain control 

(AGC) target was 106 and the maximum injection time (IT) 200 ms. Up to five ddMS2 

scans were triggered, with a dynamic exclusion of 2.0 s and an intensity threshold of 104, 

for each FullMS scan depending on a priority inclusion list of putative metabolites based on 

in silico predictions and the metabolic fate of α-MT analogues 

[62,99,104,124,142,153,154,156,157,170] (Table 8). ddMS2 isolation window was m/z 1.2 

with a resolution of 17,500 and the normalized collision energy (NCE) was 20, 90, and 110 

a.u.; AGC target was 2 x 105 and maximum IT was 64 ms. Additionally, background m/z 

values with high intensity were assessed during the injection of blank controls and 

compiled in an exclusion list in positive and negative-ionization modes. 

 
3.1.9. Final metabolite identification 

 
LC-HRMS data were processed with Thermo Scientific Compound Discoverer 

(v.3.1.1.12), using a partially automated targeted/untargeted approach, as previously 

described with minor modifications [137]. Briefly, the ions detected in HRMS were 
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compared to a list of theoretical metabolites based on in silico predictions, the metabolic 

fate of α-MT analogues, and postulation, and generated using combinations of the 

following transformations: desaturation (2H > ø), dihydrodiol formation (ø > 2O 2H), 

ketone formation (2H > O), oxidation (ø > O), oxidative deamination to alcohol (2H N > H 

O), oxidative deamination to ketone (3H N > O), reduction (ø > 2H); acetylation (H > 2C 

3H O), glucuronidation (H > 6C 9H 6O), glycine conjugation (H O > 2C 4H N 2O), 

glutathionylation (ø > 10C 17H 3N 6O S), methylation (H > C 3H), and sulfation (H > H 

3O S); in-source amine loss, abundant for α-MT, was added to the phase I transformation 

list (3H N > ø); the maximum number of dealkylations was 2, the maximum number of 

phase II reactions was 2, and the maximum number of transformations was 4. LC-HRMS 

intensity threshold was 5 x 103 and HRMS mass tolerance 5 ppm. The HRMS/MS spectra 

and theoretical elemental composition of the ions were compared to mzCloud (Drugs of 

Abuse/Illegal Drugs, Endogenous Metabolites, and Natural Products/Medicines libraries), 

ChemSpider (Cayman Chemical and DrugBank libraries), and HighResNPS online 

databases; intensity threshold, 105; HRMS mass tolerance, 5 ppm; HRMS/MS mass 

tolerance; 10 ppm. The chromatographic peaks detected in controls with a similar or higher 

intensity than that of the peaks detected in the samples were disregarded. Molecules with a 

signal intensity lower than 0.5% of that of the metabolite with the most intense signal were 

also disregarded. 

 
3.2. Results 

 
3.2.1. In Silico Metabolite Predictions 

 
A total of ten first-generation and 67 second-generation metabolites metabolites 

were predicted. First-generation metabolites were produced by hydroxylation, N-oxidation, 

terminal desaturation, and oxidative deamination, and second-generation metabolites also 

included desaturation to ketone, ketoreduction, O-glucuronidation, and O-sulfation; 

glucuronidation and sulfation were the only phase II reactions. To assist in LC-HRMS/MS 

analysis, all the predicted metabolites were included in an inclusion list. To support 

automatic data mining, all predicted metabolic transformations were included in the list of 

potential reactions. 

 
3.2.2. α-MT Fragmentation Pattern 

 
α-MT main site of ionization was the primary amine of the alkyl side chain in 

positive-ionization mode, major fragment m/z 158.0964 (C11H12N
+) being yielded through 

α-cleavage (amine loss). Further β-cleavage produced fragments m/z 143.0730 (C10H9N
+) 

and 130.0651 (C9H8N
+). Fragments m/z 117.0573 (C8H7N

+) and 115.0542 (C9H7
+) were 

typical of the indole group (Figure 9). Despite the optimization of the ion source settings, α- 
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MT signal intensity was low compared to that of other tryptamines in similar LC-HRMS 

conditions [157]. 

 

Figure 9. Fragmentation pattern of α-MT and major metabolites in liquid chromatog- 

raphy-high-resolution tandem mass spectrometry. We suggest MA, MF, and ML as 

biomarkers of α-MT use in non-hydrolyzed urine; α-MT and MB in hydrolyzed urine; and 
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α-MT, MF, ML, and MQ in blood. (+), positive-ionization mode; (-), negative-ionization 

mode; Ac, acetyl; Gluc, glucuronide; Sulf, sulfate; dotted box, Markush structure. 

This can be partly explained by a considerable in-source amine loss, as m/z 

158.0964 intensity was approximately 3.3 times higher than that of parent. α-MT did not 

produce a signal in negative-ionization mode in the experimental conditions. 

 
3.2.3. α-MT metabolites identification 

 
Diclofenac metabolization to 4’-hydroxydiclofenac and acyl-β-D-glucuronide 

diclofenac after 3 h incubation as a control alongside α-MT in the same conditions 

indicated that α-MT in vitro metabolism occurred properly. α-MT signal intensity was 6.0 x 

107 and 4.5 x 107 in human hepatocyte incubations for 0 and 3 h, respectively. Nine 

metabolites were identified after 3 h incubation and listed from Mhep1 to Mhep9 by 

ascending retention time. Metabolic reactions were hydroxylation (Mhep2 and Mhep4) and 

further O-sulfation (Mhep3 and Mhep6) or O-glucuronidation (Mhep1 and Mhep5), N- 

acetylation (Mhep9), and combinations (Mhep7 and Mhep8). 

The fragmentation pattern of α-MT major metabolites in positive- and negative- 

ionization mode (when applicable) is reported in Figure 9. The elemental composition, 

retention time, accurate mass of molecular ion, and LC-HRMS peak area of α-MT and 

metabolites in positive- and negative-ionization mode after 3 h incubation with hepatocytes 

are reported in Table 8. 

 
Table 8. Metabolic transformation, elemental composition, retention time (RT), accurate 

mass of molecular ion in positive- and negative-ionization modes ([M+H]+ and [M-H]-, 

respectively) with mass error, and liquid chromatography–high-resolution mass 

spectrometry peak area of α-MT and metabolites after 3 h incubation with human 

hepatocytes. 
 

ID Metabolic 

transformation 

Elemental 

composition 

RT, 

min 
m/z (Δppm): 

[M+H]+ 

[M-H]- 

Peak area 

[M+H]+ 

[M-H]- 

Mhep1 Hydroxylation (indole) 
+ O-Glucuronidation 

C17H22N2O7 3.06 367.1501 (0.39) 
365.1353 (-0.34) 

5.2 × 105 
3.6 × 105 

Mhep2 Hydroxylation (indole) C11H14N2O 4.65 191.1180 (0.42) 

ND 
4.5 × 106 

ND 

Mhep3 Hydroxylation (indole) 
+ O-Sulfation 

C11H14N2O4S 5.40 271.0747 (-0.2) 
269.0599 (-0.93) 

4.1 × 105 
1.6 × 106 

Mhep4 Hydroxylation (indole) C11H14N2O 6.15 191.1180 (0.63) 

ND 

1.2 × 105 

ND 
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Mhep5 Hydroxylation (indole) 
+ O-Glucuronidation 

C17H22N2O7 6.35 367.1502 (0.69) 
365.1353 (-0.34) 

1.6 × 105 
1.3 × 105 

Mhep6 Hydroxylation (indole) 
+ O-Sulfation 

C11H14N2O4S 7.48 271.0748 (0.28) 
269.0600 (-0.56) 

9.1 × 105 
3.1 × 106 

α-MT 
(Parent) 

No transformation C11H14N2 9.12 175.1231 (0.54) 

ND 
4.5 × 107 

ND 

Mhep7 Hydroxylation (indole) 

+ O-Sulfation 

+ N-Acetylation 

(indole) 

C13H16N2O5S 9.48 313.0854 (0.58) 

311.0707 (-0.05) 

1.2 × 105 

6.7 × 105 

Mhep8 Hydroxylation (indole) 

+ O-Glucuronidation 

+ N-Acetylation 

(indole) 

C19H24N2O8 9.62 409.1609 (0.85) 

407.1460 (0.02) 

2.9 × 105 

5.2 × 105 

Mhep9 N-Acetylation (indole) C13H16N2O 14.07 217.1336 (0.46) 

ND 

2.7 × 106 

ND 

 

3.2.4. α-MT Hydroxylation and Further O-Sulfation or O-Glucuronidation 

 
Mhep2 and Mhep4 eluted at 4.65 and 6.15 min of the LC run time, respectively, with a 

+15.9949 Da mass shift from parent, indicating oxidation (+O). Both molecules presented a 

fragmentation pattern similar to that of α-MT in positive-ionization mode, fragments m/z 

174.0913, 159.0679, 146.0600, and 133.0522 carrying the metabolic transformation (m/z 

158.0964, 148.0730, 130.0651, and 117.0573, respectively, from parent +O) and indicating 

an hydroxylation at the indole core. The exact position of the hydroxyl group at Mhep2 and 

Mhep4 indole core cannot be ascertained in the present analytical conditions. Mhep2 and 

Mhep4 were fragmented along with m/z 190.9795 and other minor ions detected during the 

whole LC separation, producing interferences such as m/z 105.9630, 149.9527, and 

167.9633. 

Mhep3 and Mhep6 eluted at 5.40 and 7.48 min of the chromatographic gradient, 

respectively, with a +95.9516 Da mass shift from parent, indicating oxidation (+O) and 

sulfation (+SO3). Interestingly, sulfation delayed retention times when compared to Mhep2 

and Mhep4, as observed previously with other tryptamines in similar LC conditions [176]. In 

positive-ionization mode, amine loss (m/z 254.0480) and fragments m/z 174.0914, 

159.0679, 146.0601, and 133.0522, also observed in hydroxy-α-MT metabolites, pointed 

towards O-sulfation at the indole core. Mhep3 and Mhep6 also produced a more intense 

signal in negative-ionization mode due to the sulfate proneness to form an anion. After 

negative ionization, sulfate cleavage produced fragments m/z 79.9576 and 189.1039, and 

fragments m/z 144.0459 and 131.0381 confirmed that the metabolic reactions occurred at 

the indole core. 

Mhep1 and Mhep5 eluted at 3.06 and 6.35 min, respectively, with a +192.0270 Da 

mass shift from α-MT, indicating oxidation (+O) and glucuronidation (+C6H8O6). In 
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positive-ionization mode, amine loss (m/z 350.1231) and fragments m/z 174.0913, 

159.0679, 146.0600, and 133.0522 pointed towards O-glucuronidation at the indole core in 

both molecules. 

 
3.2.5. α-MT N-Acetylation and Combinations 

 
Mhep9 was highly retained and eluted at 14.07 min of the LC  gradient with a 

+42.0105 Da mass shift from α-MT, indicating N-acetylation (+C2H2O). Mhep9 

fragmentation pattern after positive ionization contained ion m/z 200.1073 through amine 

loss, indicating that the reaction did not occur at the primary amine of the molecule but 

rather at the secondary amine of the indole core; fragments m/z 158.0965, 143.0730, 

130.0652, and 117.0574 were also detected in α-MT HRMS/MS spectrum. 

Mhep7 and Mhep8 eluted at 9.48 and 9.62 min, respectively. Based on Mhep7 retention 

time and HRMS/MS in positive- and negative-ionization modes, it was produced by 

hydroxylation (+O) and subsequent O-sulfation (+SO3) and N-acetylation (+C2H2O) at the 

indole core. Similarly, Mhep8 was the result of hydroxylation (+O) and subsequent O- 

glucuronidation (+C6H8O6) and N-acetylation (+C2H2O) at the indole core. 

 
3.2.6. α-MT Metabolites in Postmortem Urine 

 
Seventeen metabolites were identified in urine and listed from Murine1 to Murine17 

by ascending retention time. α-MT signal was 10 times higher than that of the metabolite 

with the most intense signal (Murine6). All the metabolites identified after 3 h incubation 

with human hepatocytes were detected in urine: Mhep1=Murine1, Mhep2=Murine2, 

Mhep3=Murine6, Mhep4=Murine8, Mhep5=Murine9, Mhep6=Murine12, Mhep7=Murine13, 

Mhep8=Murine14, and Mhep9=Murine17. Eight additional metabolites were identified with 

hydroxylation and further O-sulfation (Murine5) or O-glucuronidation (Murine3, Murine4, and 

Murine7), N-glucuronidation (Murine10, Murine11, and Murine15), and combination (Murine16). 

Beside Murine7, whose signal was approximately reduced of a factor 10, none of the O- 

glucuronides (Murine1, Murine3, Murine4, Murine9, and Murine14) were detected after hydrolysis. 

In contrast, the signal of hydroxy- α-MT metabolites Murine2 and Murine8 increased 34 and 

25 times, respectively. Considering their structure, the metabolites identified in postmortem 

samples could not be produced by the other substances detected during toxicology analyses, 

including the benzofuran derivative 5-MAPB. 

The fragmentation pattern of α-MT major metabolites in positive- and negative- 

ionization mode (when applicable) is reported in Figure 9. The elemental composition, 

retention time, accurate mass of molecular ion, and LC-HRMS peak area of α-MT and 

metabolites in positive- and negative-ionization mode in urine with and without hydrolysis 

in Table 9. 
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Table 9. Metabolic transformation, elemental composition, retention time (RT), accurate 

mass of molecular ion in positive- and negative-ionization modes ([M+H]+ and [M-H]-, 

respectively) with mass error, and liquid chromatography–high-resolution mass 

spectrometry peak area of α-MT and metabolites in postmortem urine with and without 

enzymatic hydrolysis with β-glucuronidase. 

 
ID Metabolic transformation Elemental 

composition 

RT, 

min 
m/z 

(Δppm): 

[M+H]+ 

[M-H]- 

Peak area 

[M+H]+ 

[M-H]- 

     Non- 

hydrolized 

Hydrolyzed 

Murine1 Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 2.86 367.1500 

(0.06) 

365.1357 
(0.75) 

2.4 × 108 

4.5 × 107 

ND 

Murine2 Hydroxylation (indole) C11H14N2O 4.62 191.1179 

(0.05) 

ND 

2.5 × 106 

ND 

8.4 × 107 

ND 

Murine3 Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 4.81 367.1499 

(-0.21) 

ND 

2.7 × 106 

ND 

ND 

Murine4 Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 4.88 367.1498 

(-0.48) 

ND 

2.1 × 106 

ND 

ND 

Murine5 Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 5.08 271.0746 

(-0.38) 

269.0604 
(1.00) 

4.4 × 107 

9.7 × 107 

3.9 × 107 

1.1 × 108 

Murine6 Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 5.36 271.0746 

(-0.38) 

269.0604 
(0.92) 

3.4 × 108 

5.3 × 108 

3.8 × 108 

5.6 × 108 

Murine7 Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 5.98 367.1502 

(0.60) 

365.1361 
(1.80) 

1.2 × 107 

5.2 × 106 

2.6 × 106 

1.0 × 106 

Murine8 Hydroxylation (indole) C11H14N2O 6.11 191.1181 

(1.10) 

ND 

8.5 × 105 

ND 

2.1 x 107 

ND 

Murine9 Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 6.28 367.1501 

(0.33) 
365.1357 

3.4 × 107 

1.0 × 107 

ND 
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    (-0.75)   

Murine10 N-Glucuronidation 

(indole) 
C17H22N2O6 7.06 351.1548 

(-0.75) 

349.1409 
(1.03) 

5.2 × 106 

1.6 × 106 

5.2 × 106 

1.6 × 106 

Murine11 N-Glucuronidation 

(indole) 

C17H22N2O6 7.15 351.1550 

(-0.18) 

349.1412 
(1.20) 

6.6 × 106 

2.0 × 106 

7.1 × 106 

1.9 × 106 

Murine12 Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 7.44 271.0747 

(-0.02) 

269.0605 
(1.29) 

8.5 × 107 

2.3×108 

8.0 × 107 

2.3 x 108 

α-MT 

(Parent) 

No transformation C11H14N2 8.56 175.1231 

(-0.02) 

ND 

3.5 × 109 

ND 

3.6 × 109 

ND 

Murine13 Hydroxylation (indole) 

+ O-Sulfation 

+ N-Acetylation (indole) 

C13H16N2O5S 9.60 313.0853 

(0.71) 

311.0711 
(1.24) 

1.8 × 107 

1.0 × 108 

1.6 × 107 

9.3 × 107 

Murine14 Hydroxylation (indole) 

+ O-Glucuronidation 

+ N-Acetylation (indole) 

C19H24N2O8 9.61 409.1609 

(0.88) 

407.1464 
(1.00) 

4.2 × 106 

4.0 × 106 

ND 

Murine15 N-Glucuronidation 

(alkyl) 

C17H22N2O6 10.55 351.1551 

(0.16) 

349.1412 
(1.46) 

1.5 × 107 

7.3 × 106 

1.5 × 107 

9.0 × 106 

Murine16 N-Acetylation (indole) 

+N-Glucuronidation 

C19H24N2O7 12.98 393.1661 

(1.15) 

391.1517 
(1.68) 

3.0 × 107 

4.4 × 107 

3.2 × 107 

4.4 × 107 

Murine17 N-Acetylation (indole) C13H16N2O 14.08 217.1336 

(0.28) 

ND 

5.8 × 106 

ND 

5.8 × 106 

ND 

 

 

3.2.7. α-MT Hydroxylation and O-Sulfation or O-Glucuronidation 

 
Murine1 (Mhep1) and Murine9 (Mhep5) susceptibility to β-glucuronidase hydrolysis 

confirmed the formation of O-glucuronides. 

Murine3, Murine4, and Murine7 eluted at 4.81, 4.88, and 5.98 min of the LC gradient, 

respectively, with a +192.0268 Da mass shift from α-MT, indicating oxidation (+O) and 

glucuronidation (+C6H8O6); Murine3 and Murine4 partially coeluted. Murine3, Murine4, and 
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Murine7 fragmentation pattern was similar to that of previously identified O-glucuronides, 

with fragments m/z 350.1239, 174.0914, 159.0678, 146.0599, and 133.0522 in positive- 

ionization modes, indicating O-glucuronidation at the indole core. In Murine3 and Murine4, 

fragment relative intensity differed from that of previously identified O-glucuronides, the 

amine loss (m/z 350.1239) being substantially less intense. 

Murine5 eluted at 5.08 min, with a +95.9515 Da mass shift from α-MT and a 

fragmentation pattern similar to that of previously identified O-sulfates in positive- and 

negative-ionization modes, indicating O-sulfation at the indole core (+O +SO3). 

 
3.2.8. α-MT N-Glucuronidation and Combination 

 
Murine10 and Murine11 partially co-eluted at 7.06 and 7.15 min of the LC gradient, 

respectively, with a +176.0317 Da mass shift from α-MT, indicating N-glucuronidation 

(+C6H8O6). In positive-ionization mode, Murine10 and Murine11 produced fragment m/z 

334.1281 through amine loss and fragments m/z 158.0964, 143.0730, 130.0651, and 

117.0573, also observed in parent, indicating N-glucuronidation at the indole core. Murine10 

and Murine11 were not affected by the enzymatic hydrolysis, which indeed catalyzes the 

breakdown of O-glucuronides. 

Murine15 eluted much later, at 10.55 min of the gradient, also with a +176.0320 Da 

mass shift from parent, indicating N-glucuronidation (+C6H8O6). However, in addition to 

fragments m/z 158.0965, 143.0730, 130.0651, and 117.0573, also observed in α-MT, 

fragment m/z 220.0814, produced by β-cleavage at the amine of the alkyl side chain, carried 

the transformation and indicated N-glucuronidation at the alkyl side chain. Fragment m/z 

334.1281 was not detected confirming the position of the transformation. Murine15 was not 

affected by the enzymatic hydrolysis. 

Considering Murine16 retention time (12.98 min), and HRMS/MS in positive- 

ionization mode, it was produced by N-glucuronidation (+C6H8O6) and N-acetylation 

(+C2H2O) at the indole core. 

 
3.3. α-MT Metabolites in Postmortem Blood 

 
Five metabolites were identified in blood and listed from Mblood1 to Mblood5 by 

ascending retention time. α-MT signal was 10 times higher than that of the metabolite with 

the most intense signal (Mblood2). All the metabolites identified in urine were detected in 

blood: Mblood1=Murine5, Mblood2=Murine6, Mblood3=Murine12, Mblood4=Murine13, and 

Mblood5=Murine17. 

The fragmentation pattern of α-MT major metabolites in positive- and negative- 

ionization mode (when applicable) is reported in Figure 9. The elemental composition, 

retention time, accurate mass of molecular ion, and LC-HRMS peak area of α-MT and 

metabolites in positive- and negative-ionization mode in blood in Table 10. 
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Table 10. Metabolic transformation, elemental composition, retention time (RT), accurate 

mass of molecular ion in positive- and negative-ionization modes ([M+H]+ and [M-H]-, 

respectively) with mass error, and liquid chromatography–high-resolution mass 

spectrometry peak area of α-MT and metabolites in postmortem blood. 
 

ID Metabolic 

transformation 

Elemental 

composition 

RT, 

min 
m/z (Δppm): 

[M+H]+ 

[M-H]- 

Peak 

area 

[M+H]+ 

[M-H]- 

Mblood1 Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 5.11 271.0750 

(1.09) 

269.0602 
(0.18) 

8.5 × 105 

2.3 × 106 

Mblood2 Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 5.38 271.0750 

(1.09) 

269.0603 
(0.55) 

9.2 × 106 

3.1 × 107 

Mblood3 Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 7.47 271.0750 

(1.09) 

269.0603 
(0.55) 

3.5 × 106 

1.3 × 107 

α-MT 

(Parent) 

No transformation C11H14N2 9.04 175.1233 

(2.08) 

ND 

1.0 × 108 

ND 

Mblood4 Hydroxylation (indole) 

+ O-Sulfation 

+ N-Acetylation 

(indole) 

C13H16N2O5S 9.52 313.0857 

(1.38) 

311.0711 
(1.24) 

5.9 × 105 

3.6 × 106 

Mblood5 N-Acetylation (indole) C13H16N2O 14.07 217.1338 

(1.20) 

ND 

2.1 × 106 

ND 

 
3.4. Discussion 

 

3.4.1. General Analytical Considerations 

The structure elucidation of α-MT metabolites is challenging for several reasons: 1) 

α-MT has a low molecular mass (174.2 g/mol) and α-MT and metabolites therefore pro- 

duce poor HRMS/MS spectra and are often interfered by ions with the same elemental 

composition in HRMS and HRMS/MS; 2) α-MT and metabolites produce a low signal 

intensity in HRMS, which can be partly explained by a substantial in-source fragmentation 

due to amine loss; and 3) the detection of α-MT metabolites after in-source fragmentation 

may prompt misinterpretation of the metabolic transformations. To limit isomer coelution 

and the occurrence of interferences, the LC gradient was developed using a 15-cm-long 
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analytical column with a biphenyl stationary phase (π-π interaction with the indole group of 

the molecules) and a particularly slow increase of the organic phase percentage. To limit in- 

source fragmentation, the auxiliary gas heater temperature was maintained to the minimal 

recommended value, and amine loss was added to the list of potential reactions for data 

mining to avoid missing any potential metabolite due to a lack of sensitivity. 

In silico metabolite predictions helped in compiling LC-HRMS/MS inclusion and 

exclusion lists and implementing the transformation list for data mining with Compound 

Discoverer. Except for N-acetylation, all reactions were predicted; predicted reactions such 

as hydroxylation/oxidation at the alkyl chain, oxidative deamination, and terminal 

desaturation were not detected. In silico metabolite predictions alone are not sufficient to 

accurately anticipate in vivo metabolism, warranting the use of in vitro models and the 

analysis of authentic samples. Additionally, they should be considered carefully when 

analyzing sample results to avoid biased interpretation [163]. 

 
3.4.2. In Vitro Versus Postmortem Metabolites 

 
Table 11 summarizes in vitro and postmortem findings, renaming the metabolites 

from MA to MQ for better clarity; the elemental composition, retention time in urine, and 

theoretical accurate mass of molecular ion of α-MT and metabolites in positive- and 

negative-ionization modes. α-MT metabolic fate in humans is suggested in Figure 9. 



84  

 
 

Figure 9. α-MT suggested metabolic fate in humans. Ac, acetyl; Gluc, glucuronide; Sulf, 

sulfate; dotted box, Markush structure. 



85  

Table 11. Metabolic transformation, elemental composition, retention time (RT) in urine, 

and theoretical accurate mass of molecular ion in positive- and negative-ionization modes 

([M+H]+ and [M-H]-, respectively) of α-MT and metabolites in hepatocyte incubations and 

postmortem samples. We suggest MA, MF, and ML as biomarkers of α-MT use in non- 

hydrolyzed urine; α-MT and MB in hydrolyzed urine; and α-MT, MF, ML, and MQ in 

blood. 
 

ID ID in 

samples 

Metabolic transformation Elemental 

composition 

Theoretical 

m/z: 

[M+H]+ 

[M-H]- 

RT, 

min 

MA =Mhep1 

=Murine1 

Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 367.1500 

365.1354 

2.86 

MB =Mhep2 

=Murine2 

Hydroxylation (indole) C11H14N2O 191.1179 

189.1033 

4.62 

MC =Murine3 Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 367.1500 

365.1354 

4.81 

MD =Murine4 Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 367.1500 

365.1354 

4.88 

ME =Murine5 
=Mblood1 

Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 271.0747 

269.0602 

5.08 

MF =Mhep3 
=Murine6 
=Mblood2 

Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 271.0747 

269.0602 

5.36 

MG =Murine7 Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 367.1500 

365.1354 

5.98 

MH =Mhep4 

=Murine8 

Hydroxylation (indole) C11H14N2O 191.1179 

189.1033 

6.11 

MI =Mhep5 

=Murine9 

Hydroxylation (indole) 

+ O-Glucuronidation 

C17H22N2O7 367.1500 

365.1354 

6.28 

MJ =Murine10 N-Glucuronidation (indole) C17H22N2O6 351.1551 

349.1405 

7.06 

MK =Murine11 N-Glucuronidation (indole) C17H22N2O6 351.1551 

349.1405 

7.15 

ML =Mhep6 
=Murine12 
=Mblood3 

Hydroxylation (indole) 

+ O-Sulfation 

C11H14N2O4S 271.0747 

269.0602 

7.44 

α-MT 

(Parent) 

NA No transformation C11H14N2 175.1230 

173.1084 

8.56 
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MM =Mhep7 
=Murine13 
=Mblood4 

Hydroxylation (indole) 

+ O-Sulfation 

+ N-Acetylation (indole) 

C13H16N2O5S 313.0853 

311.0707 

9.60 

MN =Mhep8 

=Murine14 

Hydroxylation (indole) 

+ O-Glucuronidation 

+ N-Acetylation (indole) 

C19H24N2O8 409.1605 

407.1460 

9.61 

MO =Murine15 N-Glucuronidation (alkyl) C17H22N2O6 351.1551 

349.1405 

10.55 

MP =Murine16 N-Acetylation (indole) 

+N-Glucuronidation 

C19H24N2O7 393.1656 

391.1511 

12.98 

MQ =Mhep9 
=Murine17 
=Mblood5 

N-Acetylation (indole) C13H16N2O 217.1335 

215.1190 

14.08 

 
 

All nine metabolites identified after 3 h incubation with human hepatocytes were 

detected in postmortem urine. Eight additional metabolites were identified in urine: MC-E, 

MG, MJ, MK, MO, and MP. The additional metabolites were all minor, suggesting that the 

incubation with 10-donor-pooled human hepatocytes is a good model to predict α-MT 

human metabolism. However, the relative intensity of O-glucuronides and O-sulfates was 

much higher in urine than in vitro, which may be due to extrahepatic metabolism, and the 

relative intensity of N-acetyl metabolites were lower. Therefore, while MB (hydroxy-α- 

MT), ML (hydroxy-α-MT sulfate), and MQ (N-acetyl-α-MT) were the most intense 

metabolites in hepatocyte incubations, MA (hydroxy-α-MT glucuronide), MF (hydroxy-α- 

MT sulfate), and ML (hydroxy-α-MT sulfate) were preponderant in non-hydrolyzed urine, 

and MB (hydroxy-α-MT), MF (hydroxy-α-MT sulfate), and ML (hydroxy-α-MT sulfate) 

were preponderant in urine after β-glucuronide hydrolysis. 

Expectedly, fewer metabolites were identified in postmortem blood due to 

elimination. Glucuronides were quickly excreted and were not detected in blood. More 

interestingly, however, hydroxy-α-MT metabolites also were not detected, likely due to low 

intensity, considering the overall intensity of α-MT and metabolites. Consistent with in 

vitro and urinary results, MF (hydroxy-α-MT sulfate), ML (hydroxy-α-MT sulfate), and 

MQ (N-acetyl-α-MT) were the most intense metabolites detected in blood. 

Remarkably, α-MT signal was much more intense than that of the metabolites in 

postmortem samples, possibly because the individual died of overdose. However, it cannot 

be excluded that a significant proportion of α-MT is eliminated without alteration. α-MT 

metabolization was slow in hepatocyte incubations, considering α-MT signal intensity after 

0 and 3 h (-25% difference), corroborating the latter statement. A slow metabolism could 

also explain α-MT prolonged psychedelic effects [60]. Postmortem samples were obtained 

from a single case of α-MT overdose, and α-MT metabolism may differ with the dose, the 

route of administration, the time of collection after intake, postmortem redistribution (when 



87  

applicable), and interindividual genetic variations. Additionally, the stability of α-MT 

metabolites in postmortem samples after multiple freeze/thaw cycles is unknown. For these 

reasons, the analysis of other samples from authentic clinical and forensic caseworks are 

necessary to better understand α-MT pharmacokinetics. 

 
3.4.3. Comparison to Analogues 

 
Consistent with the present results, phase II transformations at the indole core are 

major pathways of tryptamine metabolism, either by direct glucuronidation or following 

hydroxylation or O-dealkylation [99,164,165,176]. O-Glucuronide is the main metabolite 

target of psilocin consumption in human urine [165] and O-glucuronide and O-sulfate are 

major 5-methoxy-N,N-diisopropyltryptamine (5-MeO-DiPT) metabolites in urine [99]. 

Indole hydroxylation was minor (before hydrolysis) in the present experiments, consistent 

with the metabolism of tryptamine analogues [99,156,165,177]. 

5-HT can undergo N-acetylation at the alkyl chain through the aralkylamine N- 

acetyltransferase, mainly expressed in the central nervous system, and the arylamine N- 

acetyltransferases, ubiquitously expressed, as a step of melatonin biosynthesis in 

vertebrates [178]; other 2-arylethylamines, such as tryptamine, 5-methoxytryptamine, and 

phenylethylamine, also are aralkylamine N-acetyltransferase substrates [179]. Interestingly, 

however, indole N-acetylation was not reported in the metabolic fate of structural analogues 

and was not predicted in silico, highlighting the necessity of an untargeted screening of LC- 

HRMS/MS data for metabolite identification studies. Comparison to reference standards, 

which are yet to be synthesized, is necessary to definitely confirm the position of the 

acetylation. 

 
3.4.4. Comparison to α-MT Metabolism in Rats 

 
Szara et al. identified 3-indolyacetone through oxidative deamination, 6-hydroxy-α- 

MT, 6-hydroxy-3-indolyacetone, and further O-glucuronide conjugates as α-MT 

metabolites in rats [170]. More recently, Kanamori et al. identified 1’-, 6-, and 7-hydroxy- 

and 2-oxo-α-MT also in rats [62]. Although these two studies only targeted specific 

metabolites, the overall results were different in humans. Most metabolites identified in 

humans were phase II metabolites, but glucuronides were minor in Szara et al.’s study 

[170], and phase II metabolism was not assessed by Kanamori et al., who performed β- 

glucuronidase/arylsulfatase hydrolysis prior to sample analysis [62]. Importantly, oxidative 

deamination, a major detoxication pathway of N,N-dimethyl tryptamines, was not detected 

in the present experiments, likely due to the methyl group protective effect [164]. 

Consistent with users’ reports, the lack of 3-indolyacetone suggests that α-MT does not 

require co-administration of a monoamine oxidase inhibitor to effectively induce 

psychedelic effects [60]. The differences between rat and human metabolism is not 
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surprising, due to inter-species discrepancies. Although metabolic studies in rats are a 

convenient model to predict human drug metabolism, studies in humans are necessary to 

confirm these preliminary results. 

 
3.4.5. Recommended Biomarkers of Consumption 

 
We suggest α-MT and major metabolites MA (hydroxy-α-MT glucuronide), MF 

(hydroxy-α-MT sulfate), and ML (hydroxy-α-MT sulfate) as biomarkers of α-MT 

consumption in urine in clinical and forensic toxicology; MF and ML detectability is 

notably higher in negative-ionization mode. At present, due to the lack of analytical 

standards for the newly identified metabolites, hydrolysis is not recommended as there is no 

guarantee to completely cleave O-glucuronides and O-sulfates without proper optimization 

of the hydrolysis conditions. Additionally, the total signal of O-glucuronides without 

hydrolysis was more intense than that of hydroxy-α-MT metabolites with hydrolysis, and 

targeting O-glucuronides seems therefore more rational. Nonetheless, in case of urinary 

hydrolysis, we suggest α-MT and MB (hydroxy-α-MT) as biomarkers of consumption. 

We suggest α-MT and major metabolites MF (hydroxy-α-MT sulfate), ML 

(hydroxy-α-MT sulfate), and MQ (N-acetyl-α-MT) as biomarkers of α-MT consumption in 

blood. 

To the best of our knowledge, these metabolites were not identified in the 

metabolism of structural analogues and are specific to α-MT. It should be kept in mind, 

however, considering the novel psychoactive substance market dynamics, that new 

analogues potentially sharing metabolites with α-MT such as hydroxy-α-MT may emerge 

onto the illicit drug market in the future. 

 
3.5. Conclusion 

 
We studied α-MT metabolism in humans for the first time. We identified α-MT 

metabolites in human hepatocytes and postmortem urine and whole blood in an overdose 

casework using in silico metabolite predictions, LC-HRMS/MS analysis, and software- 

assisted data mining. Seventeen metabolites were identified in authentic samples with 

hydroxylation, O-sulfation, O-glucuronidation, N-glucuronidation, and N-acetylation; the 

transformations mainly occurred at the indole core of the molecule. We suggest α-MT, 

hydroxy-α-MT glucuronide MA, and hydroxy-α-MT sulfates MF and ML as biomarkers of 

α-MT use in non-hydrolyzed urine. We suggest α-MT, hydroxy-α-MT sulfates MF and ML 

and N-acetyl-α-MT MQ as biomarkers of α-MT use in blood. The findings in postmortem 

samples were consistent with those observed in vitro, confirming the suitability of 10- 

donor-pooled human hepatocyte incubations as a model to predict tryptamine metabolism 

in humans. Tryptamines are prone to phase II conjugations, which are usually quickly 
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excreted after formation. All nine metabolites identified in hepatocytes were indeed found 

in urine, eight additional minor metabolites being found in urine. 

However, further studies on α-MT clinical and forensic caseworks with different 

doses and routes of administration are necessary to explore α-MT metabolism, particularly 

to understand parent detectability compared to that of its metabolites in authentic samples. 

Our results provide important data to orientate analytical standard manufacturers’ synthesis 

effort and will help toxicologists identify new cases to generate biological samples to refine 

the present results. 
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Part II: Tryptamines’ Detection In Urine Using LC-HRMS/MS 

 
Tryptamines are indolealkylamines sharing their core structure with the 

neurotransmitter serotonin (5-hydroxy-N,N-tryptamine, 5-HT) [164]. Tryptamines can 

induce psychotropic effects, such as synesthesia, altered perception, and hallucinations, 

mainly through 5-HT receptors. However, overdose can induce a 5-HT syndrome with high 

blood pressure, high body temperature, tachycardia, mydriasis, and tremor, potentially 

leading to seizures and death [25,164,180]. Several analogues are internationally regulated 

by the United Nations Convention on Psychotropic Substances of 1971, such as alpha- 

ethyltryptamine (α-ET), diethyltryptamine (DET), N,N-dimethyltryptamine (DMT), and 

psilocin [181]. Other tryptamines are locally controlled either specifically or by structural 

analogy, such as in the United States under the Controlled Substances Act and the United 

Kingdom under the Misuse of Drugs Act of 1971. However, many analogues are not 

regulated. To circumvent regulation and analytical detection while imitating the 

recreational psychedelic effects of controlled tryptamines, new structural analogues are 

synthesized for the first time every year, following the recent trend of new psychoactive 

substances (NPSs). Recently, psychedelics and tryptamines have raised attention from 

scientists and media, as they showed tremendous therapeutic potential to treat depression 

and tobacco, alcohol, and drug addiction. In 2018, the US Federal Drug Administration 

(FDA) gave psilocybin “breakthrough therapy” status, speeding the process of approval as 

a pharmaceutical [177,182,183]. According to the 2019 Global Drug Survey (GDS), 40% 

of drug users reported using psychedelics, with tryptamine use showing the highest increase 

compared to other substances [184]. The consumption of natural and synthetic tryptamines 

for self-medication, the manufacturing of new analogues, and the occurrence of clinical and 

forensic cases involving these tryptamines are expected to rise. Analytical toxicology 

laboratories should be prepared to cope with the emergence of new cases. 

The analytical methods developed for detecting or quantifying tryptamines in 

biological matrices in forensic and clinical settings were recently reviewed [177]. One 

major concern was the lack of analytical method for many analogues and the lack of 

comprehensive screening in urine. Another major concern was the lack of analytical 

method for detecting metabolite biomarkers of consumption in biological samples, due to 

the poor understanding of tryptamines’ metabolism [177]. The detection of tryptamines and 

metabolites in biological fluids can be challenging for several reasons: 1) the concentration 

of several tryptamines and/or their metabolites in biological fluids after a recreational dose 

can be low and requires sensitive detection such as mass spectrometry [185]; 2) similar to 

any other NPS subclass, structural isomers with the same elemental composition and major 

fragments in tandem mass spectrometry (MS/MS) are frequent and should be clearly 

resolved with a suitable separation method such as gas or liquid chromatography (GC or 

LC, respectively) [144]; 3) similar to any other NPS subclass, the substantial number of 

analogues requires a highly specific analytical method and precludes immunodetection due 
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to cross-reactivity [144]; and 4) tryptamines have a low molecular mass and therefore 

produce few transitions in MS/MS and are prone to interferences in MS and MS/MS. 

Moreover, considering the NPS market dynamics, a quantitative method intended to 

exhaustively identify tryptamines should be easily updatable. 

In the present study, we aimed to develop a liquid chromatography-high-resolution 

tandem mass spectrometry (LC-HRMS/MS) method to specifically and accurately quantify 

trace amounts of 15 tryptamines and detect 11 additional analogues and metabolites in 

human urine, which can be collected non-invasively and allows for extended detection 

windows for the parent drug and metabolites. Alpha-ethyltryptamine (α-ET), alpha- 

methyltryptamine (α-MT), 4-acetoxy-N,N-diisopropyltryptamine (4-AcO-DiPT), 4- 

hydroxy-N,N-diethyltryptamine (4-OH-DET), 4-hydroxy-N,N-dimethyltryptamine 

(psilocin, 4-OH-DMT), 4-hydroxy-N-methyl-N-propyltryptamine (4-OH-MPT), 5- 

methoxy-N,N-diisopropyltryptamine (5-MeO-DiPT), 5-methoxy-N,N-dimethyltryptamine 

(5-MeO-DMT), 5-methoxy-N-methyl-N-isopropyltryptamine (5-MeO-MiPT), 5-hydroxy- 

N,N-dimethyltryptamine (bufotenine, 5-OH-DMT), N,N-diethyltryptamine (DET), N,N- 

diisopropyltryptamine (DiPT), N,N-dimethyltryptamine (DMT), N,N-dipropyltryptamine 

(DPT), and N-methyltryptamine (NMT) were included for quantification. 4-Hydroxy-N,N- 

dimethyltryptamine (4-AcO-DMT), 5-methoxy-N,N-diallyltryptamine (5-MeO-DALT), 5- 

methoxy-N,N-dipropyltryptamine (5-MeO-DPT), and 4-phosphoryloxy-N,N- 

dimethyltryptamine (psilocybin) were added for detection only, due to the low quantities of 

analytical standards available. Metabolite biomarkers of α-MT, 4-AcO-DiPT, and 4-OH- 

MPT consumption identified with human hepatocyte incubations were added to the method 

for detection only. 
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Figure 10. Structure of the tryptamines included in the analytical method. 

 

1. Materials and Methods 

 
1.1. Standards and Reagents 

 
5-OH-DMT analytical standard was purchased from Cerilliant (Round Rock, TX, 

USA); α-ET, 4-AcO-DiPT, 4-OH-DET, 4-OH-DMT, 4-OH-MPT, 5-MeO-DMT, 5-MeO- 
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MiPT, DiPT, DPT, and NMT standards were from Cayman Chemicals (Ann Arbor, MI, 

USA); 5-MeO-DiPT and α-MT standards were from Toronto Research Chemicals (North 

York, Canada); DET and DMT standards were from the National Measurement Institute of 

Australia (Australia). 4-AcO-DMT, 5-MeO-DPT, 5-MeO-DALT, and psilocybin standards 

were kindly provided by Comedical (Trento, Italy) as methanolic solution at 50 µg/mL. 

Deuterated internal standard (IS) psilocin-D10 was acquired from Cayman Chemical (Ann 

Arbor, MI, USA). As per the providers’ recommendations, psilocin-D10 was stored at 

−80°C and all other standards were stored at −20°C until analysis. 

LC-MS grade water, methanol, acetonitrile, and formic acid, and LC/MS grade 

ammonium acetate ACS reagent (≥98% purity) was acquired from Honeywell Fluka 

(Morristown, NJ, USA), diethyl ether, and ethyl acetate were obtained from Carlo Erba 

(Cornaredo, Italia). Ammonium hydroxide (25% purity), sodium hydroxide, and 

hydrochloric acid (37% purity) were purchased from Honeywell Fluka (Morristown, NJ, 

USA). β-Glucuronidase (110,200 units/mL) from type HP-2 (Helix Pomatia) was 

purchased from Sigma Aldrich (Milan, Italy). 

 
1.2. Calibrators and Quality Controls 

 
α-ET, α-MT, 4-AcO-DiPT, 4-OH-DET, 4-OH-DMT, 4-OH-MPT, 5-MeO-DiPT, 5- 

MeO-DMT, 5-MeO-MiPT, 5-OH-DMT, DET, DiPT, DMT, DPT, and NMT were 

solubilized in acetonitrile to 1 mg/mL in glass amber vials, and each standard was equally 

split into two aliquots (I and II). The IS stock solution consisted of psilocin-D10 at 500 

ng/mL in acetonitrile. Stock solutions were stored at –20°C until use. 

Preliminary experiments were conducted to anticipate the working range and 

determine the best calibration model for each analyte. The calibrator stock solution was 

prepared with all analytes from aliquots I at 50 µg/mL in acetonitrile. Successive dilutions 

were prepared in acetonitrile to reach the following final concentrations in urine: 0.1, 0.5, 2, 

10, 50, and 100 ng/mL for DMT, DET, 5-MeO-MiPT, DPT, and 5-MeO-DiPT; 0.2, 0.5, 2, 

10, 50, and 100 ng/mL for 5-OH-DMT, 4-OH-DMT, NMT, 5-MeO-DMT, and 4-OH-MPT; 

0.5, 1, 2, 10, 50, 100, and 1000 ng/mL for α-ET; 2, 5, 20, 50, 100, and 500 ng/mL for α- 

MT; and 0.1, 0.5, 2, 10, 100, and 1000 ng/mL for 4-OH-DET, 4-AcO-DiPT, and DiPT. 

Quality controls (QCs) were prepared in acetonitrile from aliquots II at a low (QC1), 

medium (QC2), and high concentration (QC3) to reach the following final concentrations in 

urine: QC1–3 were 0.3, 8 and 80 ng/mL, respectively, for 5-OH-DMT, 4-OH-DMT, DMR, 

4-OH-DET, 5-MeO-DMT, 4-OH-MPT, DET, 5-MeO-MiPT, and 5-MeO-DiPT; QC1–3 

were 1.5, 8 and 80 ng/mL, respectively, for NMT; QC1–3 were 6, 40 and 400 ng/mL, 

respectively, for α-MT and DPT; QC1–3 were 1.5, 80, and 800 ng/mL, respectively, for α- 

ET, 4-AcO-DiPT, and DiPT . 
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1.3. Sample Preparation 

 
In glass tubes, 500 µL urine was mixed with 10 µL QC, calibrator, or acetonitrile; 

10 µL IS; 20 µL ammonium acetate at 10 mol/L, pH 5; and 100 µL β-glucuronidase. 

Hydrolysis was performed at 37°C for 90 min. Liquid-liquid extraction was then performed 

with 500 µL sodium hydroxide at 1 mol/L and 3 mL ethyl acetate:diethyl ether (75:25, v/v) 

under agitation for 10 min. Samples were centrifuged at 1300g for 5 min and supernatants 

were evaporated to dryness with 20 µL acidic methanol (0.25% HCl) under nitrogen at 

room temperature. Residues were reconstituted in 100 µL water: acetonitrile (98:2, v/v) 

with 0.1% formic acid and transferred into microtubes. After centrifugation for 10 min, 

15,000g, at room temperature, the supernatants were transferred into LC autosampler vials 

with a glass insert prior to injection onto the chromatographic system. 

 
1.4. Liquid Chromatography-High-Resolution Tandem Mass Spectrometry 

 
LC-HRMS/MS analysis was performed with a Dionex UltiMate 3000 

chromatographic system coupled with a Thermo Scientific (Waltham, MA, USA) Q 

Exactive mass spectrometer equipped with a heated electrospray ionization (HESI) source 

operating in positive-ionization mode. 

 
1.4.1. Liquid Chromatography Settings 

 
Separation was performed with a Kinetex Phenyl-Hexyl column (100 x 2.1 mm, 2.6 

μm) from Phenomenex (Castel Maggiore, Italy) with a mobile phase gradient composed of 

0.1% formic acid in water (MPA) and 0.1% formic acid in acetonitrile (MPB) at 40 ± 1°C. 

Run time was 13 min with a 0.4 mL/min flow rate. The gradient started with 2% MPB for 1 

min; MPB was increased to 30% within 6 min then 95% within 1 min and held for 2 min 

before returning to initial conditions within 0.1 min; re-equilibration time was 2.9 min. 

Autosampler temperature was 10 ± 1°C. 

 
1.4.2. High-Resolution Tandem Mass Spectrometry Settings 

 
HESI source parameters were: sheath gas flow rate, 50 u.a.; auxiliary gas flow rate, 

5 u.a.; spray voltage, 3.5 kV; capillary temperature, 300°C; auxiliary gas heater 

temperature, 300°C; S-lens radio frequency, 50 u.a.; sweep gas was not applied. The 

orbitrap was calibrated prior to analysis, and a lock mass list composed of previously 

identified contaminants was used during injections for better accuracy (triphenylphosphine 

with m/z 279.09333 and phthalate with m/z 279.15909 [8]. 

Data were acquired from 1 to 10 min in full scan HRMS (FullMS)/data-dependent 

MS/MS (ddMS2) mode. FullMS parameters were: acquisition range, m/z 140–370; 
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resolution at full width at half maximum (FWHM) at m/z 200, 70,000; automatic gain 

control (AGC) target, 106; and maximum injection time (IT), 200 ms. ddMS2 parameters 

were: resolution, 17,500; isolation window, m/z 1; normalized collision energy (NCE), 20, 

90, and 110 a.u.; AGC target, 2 x 105; maximum IT; 64 ms; topN, 5 (pick others if idle); 

intensity threshold, 104; dynamic exclusion, 2.0 s. A scheduled inclusion list with 

optimized NCE was used to prioritize the fragmentation of the tryptamines included in the 

present method. 

 
1.4.3. Data Processing and Identification Criteria 

 
LC-HRMS/MS data were processed with TraceFinder 4.1. – Forensic from Thermo 

Scientific. Peak integration was performed in full-scan MS using the theoretical accurate 

mass of the analytes’ molecular ion with a 5 ppm mass tolerance; analytes were expected to 

elute within 0.1 min of the theoretical retention time; two specific fragments were expected 

to be detected for each analyte in MS/MS with a 5 ppm mass tolerance and within 20% of 

the target ion ratio (average calibrator transition ion ratio); the detection of the other ions of 

the analytes’ isotopic pattern was not a prerequisite for identification. Theoretical accurate 

mass of the molecular ion and targeted fragments, retention time, and NCE for each analyte 

are displayed in Table 12. 

 
Table 12. LC-HRMS/MS parameters and identification criteria for analytes and internal 

standard. 

 
 

 

Tryptamine 

 
Elemental 

composition 

 
Molecular ion 

[M+H]+, m/z 

 
MS/MS fragments, 

m/z 

 
NCE, 

a.u. 

 
RT, 

min 

Psilocybin C12H17N2O4P 285.0998 205.1336; 58.0654 30 1.59 

Bufotenine C12H16N2O 205.1335 58.0654; 160.0757 30 1.77 

4-OH-DMT-D10 C12H16D10N2O 215.1963 66.1155; 164.1009 55 2.54 

4-OH-DMT C12H16N2O 205.1335 58.0654; 160.0757 55 2.66 

NMT C11H14N2 175.1229 144.0808; 132.0808 40 3.28 

α-MT C11H14N2 175.1229 143.0729; 158.0964 60 3.64 

DMT C12H16N2 189.1386 58.0654; 144.0808 40 3.73 

4-OH-DET C14H20N2O 233.1648 86.0964; 160.0758 55 4.03 

5-MeO-DMT C13H18N2O 219.1492 58.0653; 131.0729 80 4.07 
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4-AcO-DMT C14H18N2O2 247.1441 58.0654; 223.9196 30 4.21 

4-OH-MPT C14H20N2O 233.1648 86.0963; 160.0756 60 4.21 

α-ET C12H16N2 189.1386 173.1154; 130.0650 35 4.59 

DET C14H20N2 217.1699 86.0964; 155.0704 55 5.01 

5-MeO-MiPT C15H22N2O 247.1805 86.0963; 174.0911 30 5.15 

4-AcO-DiPT* C16H24N2O* 261.1961* 114.1276; 160.0756 40 5.22 

5-MeO-DALT C17H22N2O 271.1805 110.0963; 174.0912 40 5.84 

DPT C16H24N2 245.2012 144.0806; 114.1276 40 6.13 

5-MeO-DiPT C17H26N2O 275.2118 131.0729; 159.0679 80 6.16 

5-MeO-DPT C17H26N2O 275.2118 86.0964; 159.0677 80 6.29 

DiPT C16H24N2 245.2012 144.0806; 114.1276 40 6.63 

*, 4-AcO-DiPT was detected as 4-OH-DiPT due to acetoxy group cleavage (4-AcO-DiPT initial 

composition is C18H26N2O2) 

 

1.5. Method Validation 

 
Linearity, analytical bias, imprecision, limit of detection (LOD), lower limit of 

quantification (LLOQ), carryover, interferences, matrix effect (ME), recovery (RE), 

dilution integrity, and stability were evaluated during method validation in accordance with 

recommendations from the Organization of Scientific Area Committees (OSAC) for 

Forensic Science, USA [186]. 

 
1.5.1. Linearity 

 
For each analyte, six calibration curves were determined on six separate days with 

six calibrators from the lower (LLOQ) to the upper (ULOQ) limit of quantification using 

linear least squares regression. A Mandel test was used to assess curve linearity [187]. 

Calibrators had to quantify within 15% of the target concentration (or 20% at the LLOQ) 

and meet the identification criteria described in Section 1.4.3. 

 
1.5.2. Bias and Imprecision 

 
Intra- and inter-day bias and imprecision were calculated with blank urine fortified 

with the analytes at QC1, QC2, and QC3 in quadruplicates on five different days. For each 

analyte, QCs had to quantify within 20% of the target concentration and meet the 

identification criteria described in Section 1.4.3. Imprecision was expressed as a coefficient 
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of variation (CV) of calculated concentrations, and intra- and inter-day differences were 

tested via one-way analysis of variance (ANOVA). 

 
1.5.3. Limit of Detection and Quantification 

 
LLOQ was tested with five different sources of blank urine fortified with the 

analytes at the lowest calibrator concentration. For each analyte, the calibrator had to 

quantify within 20% of the target concentration and meet the identification criteria 

described in Section 1.4.3. 

LOD was tested with five different sources of blank urine fortified with the analytes 

at a concentration 2- and 5-fold lower than LLOQ. For each analyte, samples had to meet 

the identification criteria described in Section 1.4.3. and present a signal/noise ratio higher 

than 3, regardless of the measured concentration. 

 
1.5.4. Carryover 

 
Lack of carryover was verified in triplicate with blank urine fortified with the 

analytes at a concentration 5-fold higher than ULOQ, followed by a negative sample (blank 

urine fortified with the IS only). Carryover was negligible if no peak eluted within 0.1 min 

of the theoretical retention time, with a signal/noise ratio higher than 3 in negative samples. 

 
1.5.5. Interferences 

 
Matrix interferences were evaluated with five different sources of blank urine. 

Interferences were negligible if no peak eluted within 0.1 min of the theoretical retention 

time, with a signal/noise ratio higher than 3. 

Interferences from common drugs of abuse and metabolites were evaluated with 

blank urine fortified with amphetamine (0.5 µg/mL), methamphetamine (0.5 µg/mL), 3,4- 

methylenedioxyamphetamine (MDA) (2 µg/mL), 3,4-methylenedioxymethamphetamine 

(MDMA) (1 µg/mL), 3,4-methylenedioxy-N-ethylamphetamine (MDEA) (2 µg/mL), Δ9- 

tetrahydrocannabinol (THC) (1 µg/mL), cocaine (1.5 µg/mL), ecgonine methyl ester (1 

µg/mL), cocaethylene (1 µg/mL), benzoylecgonine (1 µg/mL), morphine (0.5 µg/mL), 6- 

acetylmorphine (0.5 µg/mL), codeine (1.5 µg/mL), methadone (1 µg/mL), EDDP (1 

µg/mL), diazepam (5 µg/mL), flurazepam (1 µg/mL), and clonazolam (1 µg/mL) in urine. 

Interferences were negligible if no peak eluted within 0.1 min of the theoretical retention 

time, with a signal/noise ratio higher than 3. 

Between-analyte interferences were evaluated with blank urine fortified with the 

analytes at 50 µg/mL, separately. Interferences were negligible if no peak eluted within 0.1 

min of the theoretical retention time, with a signal/noise ratio higher than 3, for all analytes 

except for the fortified one. 
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1.5.6. Matrix Effect and Recovery 

 
Matrix effect and recovery were evaluated with blank urine from five different 

sources fortified with the analytes at QC1, QC2, and QC3. Three sample sets were 

prepared, with set A) blank urine fortified with the analytes before extraction, set B) blank 

urine extracted and fortified with the analytes immediately before evaporation, and set C) 

neat standards in 3 mL ethyl acetate: diethyl ether (75:25, v/v) and 20 µL acidic methanol 

(0.25% HCl) evaporated under nitrogen at room temperature and reconstituted with MPA: 

MPB (98:2, v/v). For each analyte and each concentration, analytical recovery was 

calculated by dividing the mean peak area of set A) by the mean peak area of set B). Ion 

suppression or enhancement was calculated by dividing the mean peak area of set B) by the 

mean peak area of set C) minus 1. Additionally, the samples were required to quantify 

within 20% of the target concentration and meet the identification criteria described in 

Section 1.4.3. 

 
1.5.7. Dilution Integrity 

 
Dilution integrity was assessed in quintuplicates with blank urine fortified with the 

analytes at a concentration 5-fold higher than ULOQ. Samples were diluted ten- and fifty- 

fold in blank urine before analysis. Samples were required to quantify within 20% of the 

target concentration and meet the identification criteria described in Section 1.4.3. 

 
1.5.8. Stability 

 
Analyte stability was assessed in urine at room temperature and at +4°C for 24 h 

and 1 week, in urine following 3 freeze/thaw cycles (−20°C), and in the LC reconstitution 

solvent 24 h after extraction and storage in the autosampler (+10°C). Internal standard was 

added immediately before extraction. Stability was assessed in 4 replicates at QC1, QC2, 

and QC3 concentrations. Analytes were considered stable if the measured concentrations 

were within 20% of the target concentration and meet the identification criteria described in 

Section 1.4.3. 

 
1.5.9. Proof of Method 

 
A urine sample from a fatal case of acute intoxication involving α-MT was analyzed 

as proof of concept. α-MT concentration was estimated to be higher than 5.0 µg/mL 

(ULOQ) in LC-MS/MS [188]. 
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1.6. Updating the Method with New Analogues and Metabolites 

 
4-AcO-DMT, 5-MeO-DPT, 5-MeO-DALT, and psilocybin were individually 

fortified in urine to reach a final concentration of 10 ng/mL and the samples were analyzed 

as described above to include their molecular ion in HRMS, two major fragments in 

HRMS/MS, and their retention time to the method (Table 1). Due to low quantities of stock 

solutions, the method validation did not include these analogues. 

α-MT, 4-AcO-DiPT, and 4-OH-MPT were incubated with 10-donor-pooled human 

hepatocytes to identify major metabolite biomarkers of consumption, and 100 µL incubates 

were evaporated to approximately 50 µL and mixed with 450 µL blank urine before being 

analyzed in the same conditions as described above. The molecular ion in HRMS, two 

major fragments in HRMS/MS, and the retention time of major metabolite biomarkers were 

included in the method (Table 13); the details of the metabolite identification studies were 

previously reported [157,188,189]. 4-AcO-DiPT metabolites were 4-hydroxy-N- 

isopropyltryptamine (4-OH-iPT, 4-AcO-DiPT M1) and 4-OH-MPT-N-oxide (4-AcO-DiPT 

M2); 4-OH-MPT metabolites were 4-hydroxy-N-propyltryptamine (4-OH-PT, 4-OH-MPT 

M1) and 4-OH-MPT-N-oxide (4-OH-MPT M2); and α-MT metabolites were two hydroxyls 

at the indole core (the exact position cannot be ascertained in present analytical conditions) 

α-MT M1 and α-MT M2. 

 
2. Results 

 
4-AcO-DiPT analytical recovery and matrix effect could not be properly measured 

due to the cleavage of the acetoxy group during the extraction. Table 13 displays the values 

for dilution integrity and stability for all analytes. No carryover or interference were 

detected. Extracted-ion chromatograms in blank urine and in blank urine fortified at the 

LLOQ are displayed in Figure 11 for each analyte. 

Extracted-ion chromatograms in blank urine and in blank urine fortified at the 

LLOQ are displayed in Figure 2 for each analyte. 

α-MT concentration in urine from an authentic case of intoxication was higher than 

50 µg/mL; the sample was diluted 50 times before analysis. Extracted-ion chromatograms 

in the authentic specimen for α-MT and major hydroxylated metabolites α-MT M1 and M2 

are displayed in Figure 12. 
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Figure 11. Extracted-ion chromatogram of blank urine (dotted line) and blank urine 

fortified with the analytes at the lowest limit of quantification (plain line) for all analogues 

included in the method validation. Mass tolerance, 5 ppm. 
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Figure 12. Extracted-ion chromatogram of α-MT and metabolites from an authentic 

case of intoxication involving α-MT (concentration was higher than 50 µg/mL); the sample 

was diluted 50 folds. Mass tolerance, 5 ppm. 

 
3. Discussion 

 
3.1. Method Optimization 

 
3.1.1. Liquid Chromatography Optimization 

 
A phenyl-hexyl analytical column was employed for LC separation as it is 

commonly used in toxicology laboratories for routine analyses and is also suitable for 

effectively retaining tryptamines to allow for better separation (π-π interactions with the 

indole core and hydrophobic interactions with the alkyl chain). A good retention is 

particularly needed for tryptamines, due to their low mass and high polarity. No buffer was 

used in mobile phases to limit adduct formation and ion suppression. However, 0.1% 

formic acid was added to favor ionization in positive-ionization mode (Section 3.1.2.). The 

column temperature was maintained at 40°C to mimic in vivo conditions, since the stability 

of future tryptamines and metabolites to be added to the method is unknown. The analytes 

were well separated across the 13-min gradient, and position isomers were perfectly 

resolved. 

 
3.1.2. Mass Spectrometry Optimization 

 
Electrospray ionization was employed as interface between chromatography and 

MS as it is suitable for polar to mildly polar low-mass molecules. The analytical standards 

of tryptamines and IS were individually infused directly through the source at 1 µg/mL in 

water:acetonitrile (50:50, v/v) at a 10 µL/min flow rate to select the ionization mode, 

identify specific fragments in HRMS/MS, and optimize the collision energy. Ionization was 

performed in positive mode as none of the analytes produced a signal in negative-ionization 

mode. For each analyte, a specific intermediary NCE was selected to generate two major 

fragments with approximately the same signal intensity, two fragments being required for 
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identification; non-specific fragments due to water loss or amine loss were excluded. A 

generic ramped NCE was employed for all other compounds to ensure the production of 

multiple fragments. To optimize the source parameters, a mix of the analytes at 1 µg/mL in 

MPA: MPB (98:2, v/v) was injected multiple times in the LC conditions of the analysis 

with different HESI settings ramping spray voltage, sheath gas flow rate, and auxiliary gas 

flow rate and heater temperature; capillary temperature was maintained at the lowest 

recommended value to avoid thermal degradation of future analytes. While the values of 

the spray voltage and sheath gas flow rate did not affect the signal intensity, increasing the 

auxiliary gas flow rate substantially decreased the signal of all analytes and was therefore 

maintained at 5 a.u. Decreasing the auxiliary gas heater temperature increased α-MT signal, 

but considering the high α-MT concentrations measured in biological fluids from authentic 

cases [188,190], we favored the optimization of the other analytes, which were all more 

intense at 300°C. α-MT, α-ET, and NMT intensity was generally lower than that of the 

other analytes. 

FullMS/ddMS2 acquisition mode was used to scan and specifically fragment all 

extracted compounds from m/z 140–370 to allow for an easy update with new molecules 

without requiring a full validation, and the retrospective raw data analysis to look after 

potential metabolites or other tryptamines. A 70,000 resolution in full-scan HRMS 

combined to a 17,500 resolution in HRMS/MS was a compromise to acquire data with 

accurate mass capabilities while generating a sufficient number of scan per 

chromatographic peak in full-scan HRMS to achieve repeatable measures. A total of five 

data-dependent HRMS/MS scans were generated using the five most intense ions detected 

in the previous HRMS scan, with an inclusion list compiling the m/z values of the analytes’ 

molecular ion to prioritize their fragmentation. Only one HRMS/MS scan around the apex 

of the chromatographic peak was necessary, and a dynamic exclusion of 2 s was therefore 

employed to avoid superfluous fragmentation. 

 
3.1.3. Extraction Optimization 

 
Tryptamines are prone to phase II conjugation, mainly O-glucuronidation 

[99,154,188], and sample hydrolysis is therefore a crucial step for the detection of 

tryptamines in biological fluids, especially in urine, to increase the detection capabilities of 

the parent and non-conjugated metabolites. A 90-min hydrolysis at 37°C with 5,000 units 

β-glucuronidase from limpets and ammonium acetate buffer at pH 5 for 500 µL urine 

proved suitable for the hydrolysis of α-MT glucuronides in previous experiments [188]. 

Due to the lack of standards for tryptamine conjugates and urine samples for cases of 

exposure, the hydrolysis procedure was not further optimized. 

Diverse extraction procedures following glucuronide hydrolysis were evaluated in 

triplicates to assess analytical recovery and matrix effect before method validation. Protein 

precipitation and concentration achieved good analytical recoveries for all analytes, but also 
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high ion suppression, precluding their use. We therefore resorted to liquid-liquid extraction, 

which was mostly used in the scientific literature for the analysis of tryptamines, due to 

ease and speed of use in routine [116,125,191]. Due to their amine groups, alkaline 

conditions were necessary to extract the analytes, and ramping concentrations of sodium 

hydroxide were tested (0.05–1 mol/L), to finally opt for 1 mol/L. Ethyl acetate and 

dichloromethane, chloroform, diethyl ether, tert-butyl methyl ether, and hexane alone or in 

combination with ethyl acetate (75:5, 50:50, and 25:75; v/v) were tested as extraction 

solvents. However, dichloromethane, chloroform, and hexane generated substantial matrix 

effects with average to low recovery for the most polar compounds. A mix of ethyl 

acetate:diethyl ether (75:25, v/v) or ethyl acetate:tert-butyl methyl ether (75:25, v/v) proved 

to be the best options, but ethyl acetate:diethyl ether (75:25, v/v) was ultimately selected 

due to faster evaporation during sample extraction. Adding 0.25% HCl in methanol to the 

extraction solvent before evaporating decreased the tryptamines’ volatility and increased 

analytical recoveries, as observed previously [116,125]. 

 
3.1.4. The Particular Case of Tryptamines with an Acetoxy Group 

 
Tryptamines with an acetoxy group were completely cleaved during the extraction 

in alkaline conditions by nucleophilic attack. 4-AcO-DiPT and 4-AcO-DMT were therefore 

detected as 4-OH-DiPT and 4-OH-DMT, respectively. However, due to the acetoxy group 

proneness to metabolization in tryptamines, as observed with 4-AcO-DiPT in hepatocyte 

incubations [157], the detection of tryptamines or metabolites with an acetoxy group is 

unlikely in urine. 4-AcO-DiPT recovery and matrix effect could not be properly evaluated 

in the present experiments, as 4-OH-DiPT was not produced in set B) and C) (Section 

2.5.6.). 

 
3.2. Human Hepatocyte Incubations 

 
Incubation with 10-donor pooled human hepatocytes proved to effectively predict 

major metabolite biomarkers of NPS consumption in urine [21,139,152,172,174] and 4- 

AcO-DiPT, 4-OH-MPT, and α-MT major in vitro metabolites were therefore added to the 

method [157,188,189]. Although all major metabolites were detected after extraction and 

analysis, it cannot be definitely assumed that these molecules will be extracted in a 

different matrix, i.e., urine. 

 
3.3. Proof of Method 

 
The method was applied to a real sample from a fatal drug intoxication involving α- 

MT. α-MT urinary concentration was higher than 50 µg/mL, which is consistent with the 

previous external dosing by LC-MS/MS (> 5 µg/mL) [157]. Major metabolites biomarkers 
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α-MT M1 and M2 were detected in the sample diluted 50 times in blank urine, proving the 

method suitability to identify cases of α-MT exposure. These metabolites were previously 

detected in α-MT incubations with human hepatocytes, and no additional biomarker was 

added to the method after analyzing the sample [157]. 

 
3.4. General Considerations 

 
Although the method was validated to quantify 15 psychoactive tryptamines, it can 

currently be applied to detect 25 analogues and metabolites in total. To the best of the 

authors’ knowledge, this is the most inclusive method reported to date for the detection of 

tryptamines in human biological samples. Only few methods for quantifying one to four 

tryptamines in urine for specific applications were reported [114,129,192–194], many 

authors opting for detection only (up to 15 analogues) [116,120,123–125,127,191]. 

Although it is true that urinary concentrations have a limited interest in toxicology, the 

relative abundance of tryptamines and metabolites may be crucial to determine what 

analogue was taken, considering that many analogues produce common metabolites, which 

can also be themselves available on the drug market (e.g., 4-AcO-DiPT and 4-OH-DiPT 

[167]). To the best of the authors’ knowledge, the present method is the first method 

reported to detect 4-OH-DET, 4-OH-MPT, 5-MeO-DPT, and DiPT in urine, and therefore 

the first method to quantify 4-OH-DET, 4-OH-MPT, and DiPT in urine. 

 
4. Conclusion 

 
We developed a method for the specific and accurate quantification of trace 

amounts of 15 tryptamines and the detection of 10 additional analogues and metabolites in 

human urine for clinical and forensic applications. This is the most comprehensive 

quantification method for tryptamines in biological fluids reported to date, and it can be 

easily updated to cope with the never-ending emergence of new analogues onto the illicit 

drug market. This method will help toxicologists identify cases of recreational consumption 

and intoxication to treat patients, address drug use disorders, and support law enforcement 

in nipping the tryptamine trend in the bud. 

Several tryptamines available on the drug market can also be produced through the 

metabolism of other analogues, and many tryptamines may share the same metabolites, 

making challenging the interpretation of urinary findings. However, the metabolism of 

tryptamines is still poorly understood. New metabolite identification studies and 

pharmacokinetic studies should be conducted to identify optimal metabolite biomarkers of 

exposure to the most popular and the most harmful analogues and update the method. 
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Conclusions 

 
The human metabolic fate of three tryptamines was assessed in 10-donor-pooled 

human hepatocyte incubations and postmortem urine and blood, when available, using in 

silico metabolite predictions, LC-HRMS/MS, and software-assisted data mining. The 

HRMS/MS fragmentation patterns of newly identified metabolites were proposed to be 

included into online libraries mzCloud and HighResNPS. 

Six 4-AcO-DiPT metabolites were identified following ester hydrolysis, O- 

glucuronidation, O-sulfation, N-oxidation, and N-dealkylation. 4-OH-DiPT, 4-OH-iPT, and 

4-OH-DiPT-N-oxide are suggested as optimal biomarkers to identify 4-AcO-DiPT 

consumption. The study was recently published in Metabolites: Malaca S, Huestis MA, 

Lattanzio L, Marsella LT, Tagliabracci A, Carlier J*, and Busardò PB. Human hepatocyte 

4-acetoxy-N,N-diisopropyltryptamine metabolite profiling by reversed-phase liquid 

chromatography coupled with high-resolution tandem mass spectrometry. Metabolites, 

2022; 12 (8): 705 (DOI: 10.3390/metabo12080705). 

Seven 4-OH-MPT metabolites were identified following O-glucuronidation, O- 

sulfation, N-oxidation, and N-dealkylation. 4-OH-MPT-N-oxide and 4-hydroxy-N,N- 

propyltryptamine (4-OH-PT) are suggested as optimal metabolite biomarkers of 4-OH- 

MPT consumption after glucuronide/sulfate hydrolysis in biological samples to improve the 

detection of 4-OH-MPT and phase I metabolites; 4-OH-MPT-glucuronide is suggested as 

an additional biomarker when hydrolysis is not performed. The study was recently 

published in Expert Opinion on Drug Metabolism and Toxicology: Carlier J, Malaca S, 

Huestis MA, Tagliabracci A, Tini A*, and Busardò FP. Biomarkers of 4-hydroxy-N,N- 

methylpropyltryptamine (4-OH-MPT) intake identified from human hepatocyte 

incubations. Expert Opin Drug Met Toxicol, 2023; 18 (12): 831-840 (DOI: 

10.1080/17425255.2022.2166826). 

Nine α-MT metabolites were identified in vitro and eight additional metabolites 

were found in urine; five metabolites were found in blood. The findings in hepatocyte 

incubations and postmortem samples were consistent, proving the in vitro model suitability. 

Metabolic transformations were hydroxylation, O-sulfation, O-glucuronidation, N- 

glucuronidation, and N-acetylation. α-MT, hydroxy-α-MT glucuronide, and two hydroxy-α- 

MT sulfates are suggested as biomarkers of α-MT use in non-hydrolyzed urine; α-MT, two 

hydroxy-α-MT sulfates and N-acetyl-α-MT are suggested as biomarkers of α-MT use in 

blood. The study was recently published in Metabolites: Malaca S, Bottinelli C, Fanton L, 

Cartiser N, Carlier J*, and Busardò FP. α-Methyltryptamine (α-MT) metabolite profiling in 

human hepatocyte incubations and postmortem urine and blood. Metabolites, 2023; 13 (1): 

92 (DOI: 10.3390/metabo13010092). 

These findings underscore how challenging it is to predict NPS metabolism, and 

demonstrate the value of experimental data. The in vitro model studied offers preliminary 

findings about tryptamines’ human metabolism; however, these findings should be 
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confirmed using samples from authentic positive cases. Further studies on this NPS class in 

clinical and forensic caseworks with different doses and routes of administration are 

necessary to better explore tryptamines’ metabolism. Additionally, further studies on these 

substances with different doses and routes of administration are necessary to explore their 

metabolism. These results provide important data to orientate analytical standard 

manufacturers’ synthesis effort and will help toxicologists identify new cases to generate 

biological samples to refine the present results. 

Proper analytical method for detecting tryptamines and metabolite biomarkers of 

consumption in biological matrices are essential to identify positive cases in forensic and 

clinical toxicology. We proposed a method for quantifying 15 tryptamines and detecting 10 

additional analogues and metabolites in human urine for clinical and forensic applications. 

This is the most comprehensive quantification method for tryptamines in biological fluids 

reported to date, and it can be easily updated to cope with the never-ending emergence of 

new analogues onto the illicit drug market. Toxicologists will use this method to identify 

cases of recreational consumption and intoxication in order to treat patients, address drug 

use disorders, and assist law enforcement in halting the tryptamine trend. Several 

tryptamines available on the drug market can also be produced by the metabolism of other 

analogues, and many tryptamines may share the same metabolites, making urinary findings 

difficult to interpret. However, the metabolism of tryptamines remains poorly 

comprehended. New metabolite identification and pharmacokinetic studies should be 

carried out to identify optimal metabolite biomarkers of exposure to the most common and 

dangerous analogues, and update the present method. The study is currently under 

consideration for publication in Talanta: Malaca S, Bottinelli C, Fanton L, Cartiser N, 

Busardò FP*, and Carlier J. Inclusive screening for the quantification of 15 psychoactive 

tryptamines and detection of 10 additional analogues and metabolites in human urine by 

LC-HRMS/MS. Talanta, 2023; Submitted. 
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