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Abstract

:

Ayahuasca tea is a hallucinogenic beverage used for religious purposes in Brazil and many other countries that has therapeutic potential in the treatment of some mental health disorders. In the context of psychedelic research, quantification of the tea’s main alkaloids prior to its administration in animal or human studies is essential. For this reason, this study aims to provide information regarding the stability of the main ayahuasca alkaloids (dimethyltryptamine, DMT; harmine, HRM; tetrahydroharmine, THH; harmaline, HRL) in three different conditions: (1) A year stored in a refrigerator either in plastic or glass containers, (2) seven days at 37 °C to reproduce usual mail transportation, and (3) after three freeze–thaw cycles. Samples were quantified after a dilute-and-shoot procedure using liquid chromatography tandem mass spectrometry (LC-ESI-MS/MS). There was no significant degradation of DMT concentration over time in all tested conditions. Harmala alkaloids (THH, HRL, and HRM) showed important variations after long-term and high-temperature storages. Although DMT has proven to be stable in all studied conditions, the harmala alkaloids revealed intense degradation and even concentration increment. This may be caused by degradation, alkaloid inter-conversion, and leaching from tea precipitate material. Therefore, ayahuasca quantification before administration in controlled sets is mandatory.
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1. Introduction


Ayahuasca tea is an indigenous hallucinogenic/psychedelic beverage prepared by the decoction of Amazonian plants containing dimethyltryptamine (DMT) and β-carboline or harmala alkaloids (harmine, harmaline, and tetrahydroharmine), Figure 1 [1,2,3]. The use of ayahuasca for shamanic and spiritual purposes dates from the pre-Columbian period in the Amazon basin region [4]. Currently, ayahuasca is used by various religious groups widespread in Brazil, North America, and Europe and is usually prepared by the decoction of the Psychotria viridis and Banisteriopsis caapi plants [3,5,6,7]. The synergistic effect that occurs between the β-carboline alkaloids (monoamine oxidase type A inhibitors) present in the B. caapi vine and the hallucinogen DMT present in the leaves of P. viridis allows for the final hallucinogenic response in the central serotoninergic receptors [7,8].



Because of its unique characteristics, the interest in studying ayahuasca is continuously growing. More recently, concerning the global trend in psychedelic therapy research, the therapeutic potential of this plant preparation has been studied as an alternative in the treatment of addiction [9,10,11], depression [12,13,14,15,16], and other mental health disorders [17,18]. In this context, the quantification of ayahuasca’s main alkaloids prior to its administration in animal or human studies is essential, as well as the knowledge of the tea’s sample origin, storage, and transportation conditions. Various analytical methods have been reported in the literature for the analysis of ayahuasca’s botanical preparations; these include solid-phase extraction (SPE), solid-phase microextraction (SPME), liquid–liquid extraction (LLE), and dilute-and-shoot for sample preparation prior to liquid chromatography or gas chromatography, both coupled to mass spectrometry and other detector types [19,20,21,22,23,24,25,26].



It is known that religious and scientific groups may keep the beverage stored for over a year after decoction. Therefore, this short communication aims to provide more detailed information regarding ayahuasca alkaloids’ stability in three different conditions: (1) A year stored in a refrigerator either in a plastic or glass container (4–8 °C), (2) 7 days in a high-temperature environment that mimics usual mail transportation (37 °C), and (3) after three freeze–thaw cycles for the case of re-analysis.




2. Results


2.1. LC-ESI-MS/MS Analysis


Figure 2 shows a chromatogram obtained from an ayahuasca tea sample containing DMT, harmine (HRM), harmaline (HRL), tetrahydroharmine (THH), and DMT-d6 (internal standard) after the dilute-and-shoot procedure using LC-ESI-MS/MS.



The method used for quantification was routinely conducted in our laboratory, and it was previously fully validated according to international guidelines [25]. Limits of detection and quantification were 1.0 and 1.5 ng/mL, respectively, for all analytes. Inter-assay precision, intra-assay precision, and accuracy were also assessed (three quality control levels, n = 6, 3 days), and their values remained within the acceptance criteria. The precision relative standard deviation (RSD) ranged from 5.4% (HRM, intra-assay, high-quality control (HQC)) to 15.4% (HRM, inter-assay, low-quality control (LQC)). Accuracy varied from 86.9% (HRM, medium quality control (MQC)) to 114.4% (HRM, LQC).



Since the tea samples contain a very high amount of alkaloids, dilution prior to the chromatographic analysis is mandatory. In this method, a wide dilution factor (1:5000) was used in order to guarantee that the majority of samples will fit the calibration range (1.5 to 400 ng/mL after dilution). The concentration calculated with the linear regression equation was multiplied by 5000 to correct the dilution. One of the samples used for HRM quantification (P1, G1, T1, or C1) could not be quantified by this method once its concentration was above 400 ng/mL. For this reason, HRM stability was evaluated using two samples only.




2.2. Long-Term Stability


Although long-term stability had been designed to have equally spaced measurements (every three or four months), frequent instrumental problems allowed only the analysis of time 0 (month 0) and after four and twelve months. For this reason, the regression model used for data analysis could not predict the stability in these samples. However, the model was able to evaluate the influence of time in the concentration variation when samples were kept in the refrigerator (4–8 °C).



HRM and DMT remained stable over the whole period, and no significant variation in their amount was observed over time. Moreover, there were no differences between keeping the samples stored in plastic (P1, P2, and P3) or glass vials (G1, G2, and G3) (Figure 3a,b,g,h). Samples P3 and G2 presented a significant variation in HRL concentration with decreases of 23.7% and 37.9%, respectively (Figure 3e,f). Although most samples reveal no considerable decrease (≤20%), the regression analysis indicates that all samples tend to lose HRL amounts over time (p ≤ 0.05). THH, on the other hand, had a remarkable variation in samples P2/G2 and P3/G3, reaching drops as high as 67.9% (Figure 3c,d). In addition, each sample had a different reduction rate over time for this analyte, and there were no differences between keeping the samples in plastic or glass vials.




2.3. Transportation Stability


This condition was designed to reproduce the extreme temperatures to which a sample may be exposed during transportation by regular mail in Brazil. As established in previous investigations performed in our laboratory, 37 °C was defined as the average temperature that a sample may be exposed inside the mail boxes. Although ayahuasca tea samples are usually well packed and sent by the faster services available, variation in the tea composition was evaluated for 7 days.



In this condition, the DMT and THH profiles were unchanged for all samples (Figure 4a,b); although they tend to diminish over the 7 days of analysis, the decrease was not significant (p ≥ 0.05) and did not reach the inferior limit (0.8 or a 20% decrease). The prediction model suggests that DMT concentration is stable for 6.6 days and THH for 9.2 days (r2 pred. of 39.7% and 42%, respectively). Each sample reveals a different decrease rate for HRL. In fact, sample T2 reveals unusual behavior with concentration increments exceeding the superior limit after the 3rd day in 40.8% (superior limit equal to 1.2 or a 20% increase). Samples T1 and T3 have a pronounced reduction in HRL concentrations on day 7 (26.5% decrease) and day 1 (23.3%), respectively. Although HRM stability results obtained at 37 °C for 7 days show no considerable decrease in HRM concentration for sample T2, specimen T3 had a different outcome and reached a decline of 32.5% on the 1st day. Despite these differences, both samples were influenced by time, and the HRM concentration shows the tendency to drop at similar rates for both samples (p ≤ 0.05).




2.4. Freeze-Thaw Cycles


Table 1 shows the percentage of variation for DMT, THH, HRL, and HRM after each cycle for three different samples (C1, C2, and C3). Negative values refer to the loss of analyte concentration, while positive results concern its increments. In general, all analytes were stable after three freeze–thaw cycles, although the regression model reveals a trend in concentration decrease for all samples at a similar rate (p ≤ 0.05).





3. Discussion


Beyond the fact that method validation guidelines suggest a stability evaluation whenever this information is not available in the literature [27,28], testing the stability of ayahuasca alkaloids provides valuable information not only for all research groups studying this plant preparation but also for the religious groups consuming the beverage. Those guidelines propose the use of spiked quality control samples at different concentrations kept under the specific conditions expected for real samples [27,28]. Once it is not possible to mimic the whole matrix composition of the tea, given its complex phytochemical profile, this stability evaluation was performed in authentic samples, and the alkaloid variation was calculated by a comparison with time zero responses.



Although previous studies have mentioned stability evaluations of ayahuasca lasting from 80 days to 18 months [16,20,29,30], only one previous study reported long-term (11 months) stability data under refrigerator storage (4–8 °C) [16], a condition usually employed by ayahuasca users and researchers. While this study analyzed only a single batch at two time-points with no statistical data analysis, our investigation comprehensively assessed alkaloid stability in three samples kept in different conditions over several time-points, and all data underwent thorough statistical evaluation, whenever appropriate. Our results demonstrate that DMT and HRM were perfectly stable over 12 months under refrigerator storage, while HRL presented a considerable degradation tendency at different rates for each sample. Moreover, THH concentration suffered huge decreases after a four-month interval in most samples, and each sample had a different decrease profile. There was no difference in keeping samples in plastic or glass vials. Both the previous report [16] and the current study have found DMT and HRM to be stable over time, despite HRM demonstrating a slight tendency to concentration increase (the last time point was 12.6% higher) in the first evaluation. Similarly, in the two investigations, the HRL profile was maintained stable, although a clear trend on concentration decline (19.2% decrease) over the 11 months was observed. Still, while our report indicates that only one out of three THH specimens had no important variation, the previous evaluation showed the single THH sample to be stable at the two time-points.



Samples were kept at 37 °C for 7 days in order to reproduce the possible extreme conditions to which they may be exposed during transportation since ayahuasca preparations are commonly sent by mail to the laboratories responsible for quantifying the material before administration/consumption. After daily analysis, DMT and THH were considered stable over the whole period despite both analytes revealing a trend to decrease. The HRM profile also reveals a tendency to diminish over time, although only the sample with the lower concentration reached the inferior limit on the very first day of analysis. HRL concentrations, on the other hand, showed remarkable fluctuations with both increase and decrease. Inferior and superior limits were exceeded days before the last measurement for the two samples in a way that a variation pattern could not be established.



The concentration variation observed for DMT and the harmala alkaloids in room temperature has been previously reported [20,30]. Despite having found an ayahuasca tea sample to be stable over six months at −20 °C in an amber vial, the authors suggested that a non-linear fluctuation may occur when samples are kept at room temperature and are exposed to light and pH changes due to aging [22]. This fluctuation could be attributed to alkaloid degradation or inter-conversion when samples are exposed to these variables [20,29,30,31]. For instance, the significant alkaloid variation observed in an ayahuasca sample stored at room temperature for 18 months and with variable light exposure (e.g., during dose preparation) could be explained by three factors (temperature, light, pH) [30]. Other sources have suggested that HRL and THH may be formed in situ from HRM reduction or that HRM and THH are formed from HRL through a chemical reduction pathway [20,31]. In any case, we believe that the non-patterned variations found in the β-carbolines concentrations in different conditions are due to a complex process involving alkaloid degradation, inter-conversion, and even leaching from the vegetal material (sludge) usually present on the bottom of the containers used for ayahuasca storage in both religious and scientific contexts.



Finally, according to the Standard Practices for Method Validation in Forensic Toxicology guideline, stability must be assessed at three freeze–thaw cycles when freezing the samples prior to analysis is part of the laboratory’s routine [27]. The freeze–thaw stability evaluation is also important in case re-analysis is necessary. This set of experiments demonstrated that DMT, THH, HRL, and HRM remain stable since the concentration decreases were not significant and did not reach 20%.




4. Materials and Methods


4.1. Standards and Reagents


N,N-Dimethyltryptamine (DMT) was purchased from Cerilliant Corporation (Round Rock, TX, USA). Harmine (HRM) and harmaline (HRL) were acquired from Sigma-Aldrich (Saint Louis, MO, USA). The internal standard, deuterated dimethyltryptamine (DMT-d6), was synthetized as described by [6]. Tetrahydroharmine (THH) was synthetized from harmaline (HRL), according to the method described by [32]. Ammonium formate, formic acid, and methanol HPLC grade were obtained from Merck KGaA (Darmstadt, Germany).




4.2. Plant Material and Sample Preparation


Three different ayahuasca tea samples were provided free of charge by a branch of the Santo Daime church (Rainha do Céu) based in Ribeirão Preto-SP, Brazil. Samples were prepared between January 2012 and February 2017 in Ribeirão Preto-SP, Brazil.



Samples were prepared according to a dilute-and-shoot procedure previously validated in our laboratory as proposed by international guidelines [33]. The sample preparation consisted of a dilution procedure using a 2 mM ammonium formate buffer with 0.1% formic acid (solution A) to a final ratio of 1:5000 in three steps (1:10 × 1:10 × 1:50). First, an aliquot of 100 µL was diluted in 900 µL of solution A. Then, 100 uL of the first dilution step was again diluted in 900 µL of solution A. Next, a new aliquot of 100 µL was diluted in 4900 µL of buffer solution A. Finally, 100 uL of this last dilution was added with 10 uL of the internal standard (DMT-d6 1 µg/mL). After this procedure, 5 µL of the diluted sample was injected into the LC-ESI-MS/MS system.




4.3. Instrumental Analysis


The sample preparation method was fully validated according to international guidelines [32].



Analyses were performed using a Waters UPLC Acquity System coupled to a Quattro Premier tandem MS with electrospray ionization (ESI) operated in the positive ion mode (Waters Corporation, Milford, MA, USA). Chromatographic separation was conducted on a UPLC BEH C18 2.1 mm × 100 mm, ID 1.7 µm Acquity column using the following gradient elution: A (2 mM ammonium formate buffer with 0.1% formic acid) and a mobile phase B (0.1% formic acid in methanol) at a constant flow rate of 300 µL/min; 10%B (0 to 0.5 min); 10%–50%B (0.5 to 7.0 min); 50%–10%B (7.0 to 7.1 min), and 10%B for 8 min. Samples were analyzed using a 5 µL injection volume. The mass spectrometer was operated under the multiple-reaction monitoring mode (MRM), considering three transitions for each analyte. MS settings were established as follows: Desolvation gas flow rate, 1100 L/h; cone gas flow rate, 200 L/h; desolvation temperature, 350 °C; source temperature, 100 °C; capillary voltage, 1000 V. The retention times, capillary voltage, collision energy, and m/z transitions used for quantification of each analyte are indicated in Table 2.




4.4. Stability Design and Data Analysis


Stability was evaluated in three different conditions:



(1) Long-term stability: Analyses of three samples every four months for twelve months. Samples were stored at 4–8 °C either in plastic (P1, P2, and P3) or in glass (G1, G2, and G3) containers. Quantification was performed in triplicate for each sample at 0, 4, 8, and 12 months, and the first-month measurements (time zero) were used as controls.



(2) Transportation stability: Designed to mimic the extreme temperatures to which a sample may be exposed during transportation by regular mail in Brazil. The temperature was set at 37 °C, and the three samples T1, T2, and T3 were analyzed daily in triplicate at 0, 1, 2, 3, 4, 5, 6, and 7 days. Day 0 was used as a control.



(3) Freeze–thaw cycles: Performed in three freeze–thaw cycles in which aliquots of C1, C2, and C3 samples were kept at −20 °C for 24 h and thawed to ambient temperature before analysis. Each sample was analyzed in triplicate at time 0 and after 1st, 2nd, and 3rd cycles. Once again, the first quantification, time zero, was used as a control to calculate possible alkaloid degradation.



Microsoft Office Excel® and Minitab® 19 were used for graphics design. The regression and significance analysis were calculated with the stability tool available in the software Minitab® 19. Samples with alkaloid concentration varying between the inferior limit (IL 0.8 or a 20% decrease) and the superior limit (SL 1.2 or a 20% increase) were considered stable over time. The significance of the trends in concentration increase or decrease, as well as the rate in which variation occurs for each sample were also evaluated. Significance was established when a factor showed a p value ≤ 0.05 using a confidence interval of 95%.





5. Conclusions


The stability evaluation performed in this study provides important information for researchers, ayahuasca users, and analytical laboratory personnel. To our knowledge, this is the most comprehensive evaluation of ayahuasca’s stability profile using statistic tools, rather than a simple comparison between initial and final concentrations usually employed in analytical toxicology. By this approach, it is possible to assess reliable information regarding degradation trends in various matrices and to determine whether the observed variation originates in the analytical measurement or whether it is actually related to analyte loss. We conclude that DMT is stable in all conditions tested (12 months at refrigerator temperature, 7 days at 37 °C, and three freeze–thaw cycles). The harmala alkaloids, by contrast, undergo extensive fluctuation, which is sample-dependent, when exposed to long-term storage and high temperatures. That may occur due to degradation, alkaloid inter-conversion, and even leaching from the bottom vegetal material commonly found in the tea containers. These results suggest that the quantification of the plant preparation is always important before administration or consumption in controlled studies since THH, HRL, and HRM concentrations may vary greatly after being stored for long periods of time and/or high temperatures. Finally, religious users may be able to improve the storage of their entheogenic preparations in order to reach the desirable spiritual outcomes that come from the proper interaction between DMT and harmala alkaloids.







Author Contributions


G.d.O.S. designed and performed all experiments, calculations, and writing of the original draft; R.G.d.S. conceived the study, acquired all the ayahuasca samples, and edited and reviewed the manuscript; F.R.L. performed the statistical analysis and manuscript review; G.N.R. and J.E.C.H. edited and reviewed the manuscript; M.Y. handled the project administration and supervision, and edited and reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), grant numbers 2016/06810-2 and 2018/24770-3.




Acknowledgments


All financial support from Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), and Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) are gratefully acknowledged. GNR received founding from CNPq. RGS is Fellow of the Programa Nacional de Pós-Doutorado, Brazil (PNPD/CAPES). J.E.C.H. received a CNPq (Brazil) Productivity Fellowship Award.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mckenna, D.J. Clinical investigations of the therapeutic potential of ayahuasca: Rationale and regulatory challenges. Pharmacol. Ther. 2004, 102, 111–129. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, P.C.R.; Mizumoto, S.; Bogenschutz, M.P.; Strassman, R.J. Health status of ayahuasca users. Drug Test. Anal. 2012, 4, 601–609. [Google Scholar] [CrossRef] [PubMed]

	



Bouso, J.C.; González, D.; Fondevila, S.; Cutchet, M.; Fernández, X.; Barbosa, P.C.R.; Riba, J. Personality, psychopathology, life attitudes and neuropsychological performance among ritual users of ayahuasca: A longitudinal study. PLoS ONE 2012, 7, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Miller, M.J.; Albarracin-Jordan, J.; Moore, C.; Capriles, J.M. Chemical evidence for the use of multiple psychotropic plants in a 1,000-year-old ritual bundle from South America. Proc. Natl. Acad. Sci. USA 2019, 116, 11207–11212. [Google Scholar] [CrossRef]

	



Callaway, J.C.; McKenna, D.J.; Grob, G.S.; Raymon, L.P.; Poland, R.E.; Andrade, E.N.; Andrade, O.; Mash, D.C. Pharmacokinetics of Hoasca alkaloids in healthy humans. J. Ethnopharmacol. 1999, 65, 243–256. [Google Scholar] [CrossRef]

	



Oliveira, C.D.; Okai, G.G.; da Costa, J.L.; de Almeida, R.M.; Oliveira-Silva, D.; Yonamine, M. Determination of dimethyltryptamine and beta-carbolines (ayahuasca alkaloids) in plasma samples by LC-MS/MS. Bioanalysis 2012, 4, 1731–1738. [Google Scholar] [CrossRef]

	



Tupper, K.W. The globalization of ayahuasca: Harm reduction or benefit maximization? Int. J. Drug Policy 2008, 19, 297–303. [Google Scholar] [CrossRef]

	



Riba, J.; McIlhenny, E.H.; Valle, M.; Bouso, J.C.; Barker, S.A. Metabolism and disposition of N,N-dimethyltryptamine and harmala alkaloids after oral administration of ayahuasca. Drug Test. Anal. 2012, 4, 610–616. [Google Scholar] [CrossRef]

	



Cata-Preta, E.G.; Serra, Y.A.; Moreira-Junior, E.D.C.; Reis, H.S.; Kisaki, N.D.; Libarino-Santos, M.; Silva, R.R.; Barros-Santos, T.; Santos, L.C.; Barbosa, P.C.; et al. Ayahuasca and Its DMT- and β-carbolines-Containing ingredients block the expression of ethanol-induced conditioned place preference in mice: Role of the treatment environment. Front. Pharmacol. 2018, 9, 1–14. [Google Scholar] [CrossRef]

	



Cruz, J.I.; Nappo, S.A. Is Ayahuasca an Option for the Treatment of Crack Cocaine Dependence? J. Psychoact. Drugs 2018, 50, 247–255. [Google Scholar] [CrossRef]

	



Frecska, E.; Bokor, P.; Winkelman, M. The Therapeutic Potentials of Ayahuasca: Possible Effects against Various Diseases of Civilization. Front. Pharmacol. 2016, 7, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Brierley, D.I.; Davidson, C. Developments in harmine pharmacology - Implications for ayahuasca use and drug-dependence treatment. Prog. Neuropsychopharmacol. Biol. Psychiatry 2012, 39, 263–272. [Google Scholar] [CrossRef]

	



Cameron, L.P.; Benson, C.J.; Dunlap, L.E.; Olson, D.E. Effects of N,N-Dimethyltryptamine on Rat Behaviors Relevant to Anxiety and Depression. ACS Chem. Neurosci. 2018, 9, 1582–1590. [Google Scholar] [CrossRef]

	



Domínguez-Clavé, E.E.; Soler, J.; Elices, M.; Pascual, J.C.; Álvarez, E.; de la Fuente Revenga, M.; Friedlander, P.; Feilding, A.; Riba, J. Ayahuasca: Pharmacology, neuroscience and therapeutic potential. Brain Res. Bull. 2016, 126, 89–101. [Google Scholar] [CrossRef]

	



Galvão, A.C.D.M.; de Almeida, R.N.; Silva, E.A.; Freire, F.A.; Palhano-Fontes, F.; Onias, H.; Arcoverde, E.; Maia-de-Oliveira, J.P.; de Araújo, D.B.; Lobão-Soares, B.; et al. Cortisol modulation by ayahuasca in patients with treatment resistant depression and healthy controls. Front. Psychiatry 2018, 9, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Palhano-Fontes, F.; Barreto, D.; Onias, H.; Andrade, K.C.; Novaes, M.M.; Pessoa, J.A.; Mota-Rolim, S.A.; Osório, F.L.; Sanches, R.; dos Santos, R.G.; et al. Rapid antidepressant effects of the psychedelic ayahuasca in treatment-resistant depression: A randomised placebo-controlled trial. Psychol. Med. 2018, 49, 655–663. [Google Scholar] [CrossRef] [PubMed]

	



González, D.; Carvalho, M.; Cantillo, J.; Aixalá, M.; Farré, M. Potential Use of Ayahuasca in Grief Therapy. OMEGA-J. Death Dying 2017, 79, 260–285. [Google Scholar] [CrossRef]

	



Lafrance, A.; Loizaga-Velder, A.; Fletcher, J.; Renelli, M.; Files, N.; Tupper, K.W. Nourishing the Spirit: Exploratory Research on Ayahuasca Experiences along the Continuum of Recovery from Eating Disorders. J. Psychoact. Drugs 2017, 49, 427–435. [Google Scholar] [CrossRef]

	



Gambelunghe, C.; Aroni, K.; Rossi, R.; Moretti, L.; Bacci, M. Identification of N,N-dimethyltryptamine and β-carbolines in psychotropic ayahuasca beverage. Biomed. Chromatogr. 2008, 22, 1056–1059. [Google Scholar] [CrossRef]

	



McIlhenny, E.H.; Pipkin, K.E.; Standish, L.J.; Wechkin, H.A.; Strassman, R.; Barker, S.A. Direct analysis of psychoactive tryptamine and harmala alkaloids in the Amazonian botanical medicine ayahuasca by liquid chromatography–electrospray ionization-tandem mass spectrometry. J. Chromatogr. A 2009, 1216, 8960–8968. [Google Scholar] [CrossRef]

	



Salum Pires, A.P.; De Oliveira, R.; Dizioli, C.; Moura, S.; Doerr, F.A.; Silva, W.A.E.; Yonamine, M. Gas Chromatographic Analysis of Dimethyltryptamine and beta-Carboline Alkaloids in Ayahuasca, an Amazonian Psychoactive Plant Beverage. Phytochem. Anal. 2009, 20, 149–153. [Google Scholar] [CrossRef] [PubMed]

	



Gaujac, A.; Dempster, N.; Navickiene, S.; Brandt, S.D.; de Andrade, J.B. Determination of N,N-dimethyltryptamine in beverages consumed in religious practices by headspace solid-phase microextraction followed by gas chromatography ion trap mass spectrometry. Talanta 2013, 106, 394–398. [Google Scholar] [CrossRef] [PubMed]

	



Lanaro, R.; Calemi, D.B.D.A.; Togni, L.R.; Costa, J.L.; Yonamine, M.; Cazenave, S.D.O.S.; Linardi, A. Ritualistic Use of Ayahuasca versus Street Use of Similar Substances Seized by the Police: A Key Factor Involved in the Potential for Intoxications and Overdose? J. Psychoact. Drugs 2015, 47, 132–139. [Google Scholar] [CrossRef]

	



Santos, M.C.; Navickiene, S.; Gaujac, A. Determination of Tryptamines and β-Carbolines in Ayahuasca Beverage Consumed during Brazilian Religious Ceremonies. J. AOAC Int. 2017, 100, 820–824. [Google Scholar] [CrossRef] [PubMed]

	



Souza, R.C.Z.; Zandonadi, F.S.; Freitas, D.P.; Tófoli, L.F.F.; Sussulini, A. Validation of an analytical method for the determination of the main ayahuasca active compounds and application to real ayahuasca samples from Brazil. J. Chromatogr. B 2019, 1124, 197–203. [Google Scholar] [CrossRef]

	



Simão, A.Y.; Gonçalves, J.; Caramelo, D.; Rosado, T.; Barroso, M.; Restolho, J.; Fernández, N.; Rodilla, J.; Duarte, A.P.; Cristóvão, A.C.; et al. Determination of N,N-dimethyltryptamine and beta-carbolines in plants used to prepare ayahuasca beverages by means of solid-phase extraction and gas-chromatography–mass spectrometry. SN Appl. Sci. 2020, 2, 1–11. [Google Scholar] [CrossRef]

	



ASB Standard 036. Standard Practices for Method Validation in Forensic Toxicology, 1st ed.; AAFS Standards Board, LLC: Washington, DC, USA, 2018. [Google Scholar]

	



Peters, F.T.; Drummer, O.H.; Musshoff, F. Validation of new methods. Forensic Sci. Int. 2007, 165, 216–224. [Google Scholar] [CrossRef]

	



Callaway, J.C. Various alkaloid profiles in decoctions of Banisteriopsis caapi. J. Psychoactive. Drugs 2005, 37, 151–155. [Google Scholar] [CrossRef]

	



Aniszewski, T. Chapter 2 - Alkaloid Chemistry. In Alkaloids-Secrets of Life: Aklaloid Chemistry, Biological Significance, Applications and Ecological Role, 1st ed.; Elsevier Science: Amsterdam, The Netherlands, 2007; p. 80. [Google Scholar] [CrossRef]

	



Callaway, J.C.; Raymon, L.P.; Hearn, W.L.; McKenna, D.J.; Grob, C.S.; Brito, G.S.; Mash, D.C. Quantitation of N,N-dimethyltryptamine and harmala alkaloids in human plasma after oral dosing with ayahuasca. J. Anal. Toxicol. 1996, 20, 492–497. [Google Scholar] [CrossRef]

	



United Nations Office on Drugs and Crime (UNODC). Guidance for the Validation of Analytical Methodology and Calibration of Equipment Used for Testing of Illicit Drugs in Seized Materials and Biological Specimens; United Nations: New York, NY, USA, 2009. [Google Scholar]

	



Rocha, J.M. Efeitos Agudos e Prolongados da Ayahuasca no Reconhecimento de Expressões Faciais de Emoções, Personalidade, Ansiedade e Humor: Um Estudo Randomizado e Controlado com Placebo (Acute and Prolonged Effects of Ayahuasca on the Recognition of Facial Emotional Expressions, Personality, Anxiety and Mood: A Randomized, Placebo-Controlled Study). Master’s Thesis, University of Sao Paulo, Ribeirão Preto-SP, Brazil, 2020. [Google Scholar]












	
	
Sample Availability: Samples of the compounds are not available from the authors.












[image: Molecules 25 02072 g001 550] 





Figure 1. Chemical structures of the main ayahuasca alkaloids. 
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Figure 2. Chromatogram obtained from an ayahuasca sample containing 1. dimethyltryptamine (DMT, 223.0 ng/mL), 2. DMT-d6 (internal standard), 3. tetrahydroharmine (THH, 226.5 ng/mL), 4. harmaline (HRL, 45.1 ng/mL) and 5. harmine (HRM, 257.5 ng/mL) after the dilute-and-shoot procedure. The m/z shown above was used for the quantification of the analytes. 
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Figure 3. Bars graph (n = 3) showing concentration fluctuation over time for (a,b) DMT, (c,d) THH, (e,f) HRL, and (g,h) HRM in ayahuasca samples stored at 4–8 °C and analyzed at time 0 and after 4 to 12 months either in plastic (P1, P2, and P3) or glass (G1, G2, and G3) containers. Data are presented as mean concentration (mg/mL) ± standard deviations. 
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Figure 4. Graphs showing the stability profile over time for (a) DMT, (b) THH, (c) HRL, and (d) HRM after seven days of storage at 37 °C. ● Sample T1, ● Sample T2, ● Sample T3. −−− Adjusted line. - - - - IL (inferior limit) or SL (superior limit). Confidence interval = 95%. 
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Table 1. Percentage of variation for DMT, THH, HRL, and HRM after each of the three freeze–thaw cycles.
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Sample

	
Cycle

	
DMT%

	
THH%

	
HRL%

	
HRM%






	
C1

	
1st

	
−3.9

	
3.8

	
−17.4

	
*




	
2nd

	
1.3

	
7.7

	
−6.1

	
*




	
3rd

	
−8.4

	
−19.0

	
−13.6

	
*




	
C2

	
1st

	
−6.0

	
3.7

	
4.4

	
4.6




	
2nd

	
−3.5

	
6.5

	
3.6

	
7.9




	
3rd

	
−16.3

	
−13.5

	
−14.2

	
−9.9




	
C3

	
1st

	
−1.2

	
−7.1

	
1.7

	
−9.0




	
2nd

	
1.0

	
18.2

	
8.4

	
16.1




	
3rd

	
−14.1

	
−18.8

	
−13.6

	
−10.6








* Data not available. HRM concentration was over the calibration range.
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Table 2. Precursor ions, product ions, retention times, cone voltage, and collision energy for all analytes.
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Analyte

	
Retention Time

(min.)

	
Precursor Ion

(m/z)

	
Product Ion

(m/z)

	
Cone Voltage

	
Collision Energy






	
DMT-d6

(IS)

	
2.87

	
195.1

	
63.9 1

	
15

	
14




	
114.9

	
15

	
36




	
143.8

	
15

	
22




	
DMT

	
2.88

	
188.9

	
57.8 1

	
25

	
11




	
116.7

	
25

	
29




	
143.8

	
25

	
17




	
THH

	
4.37

	
217.1

	
172.8

	
25

	
29




	
187.9 1

	
25

	
17




	
200.0

	
25

	
13




	
HRL

	
5.27

	
215.2

	
130.4

	
50

	
41




	
171.7 1

	
50

	
33




	
199.9

	
50

	
25




	
HRM

	
5.56

	
213.2

	
143.8

	
50

	
41




	
169.8 1

	
50

	
33




	
198.0

	
50

	
25








1 Transition used for analyte quantification. IS—internal standard.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Abundance

7 x 10°

6 x 10°

5x 10°

4 x 10°

3 x10°

2x10°

1x10°

0x 10°

1. m/z188.9 > 57.8
2. m/z195.1 > 63.9
3.m/z217.1 > 187.9
4. m/z2156.2 >171.7
5.m/z213.2 > 169.8

0.00

0.50
1.00
1.50
2.00
2.50

3.00

3.50

4.00

4.50

5.00

8.00 -

[ =) o o o
n © @R & 0
[Ty w0 o~ ~

Time (minutes)






nav.xhtml


  molecules-25-02072


  
    		
      molecules-25-02072
    


  




  





media/file2.png
HN / H
\ N\ N
/O / NH
N,N-dimethyltryptamine Tetrahydroharmine
H
N N
A\ A\

Harmine Harmaline





media/file5.jpg
' ' Month 0 GMonth4 @Month 12

o oute)

i [I] ;

H T 1Y

5 - - d;l:n o -
g sty

.l NRuLy . nnfm “ h

for o

ga; HRM (g) LT

Foam A0 wrw W





media/file3.jpg
‘Abundance

7x10°

6x10¢

sx10

ax10e

3x10°

2010

1ea0r

0x10°

1.mz188.9 > 57.8
2.mz196.1>639

3.mz217.4> 1879
amz2162> 1717
5.mz2132> 1698

000

050
100
150
200
250

300

350

Time (minutes)






media/file1.jpg
HN 4 H
A\ N\ N
P " "NH
N,N-dimethyltryptamine Tetrahydroharmine
H H
N N
N N
O / "N 0 / "N

Harmine Harmaline





media/file7.jpg





media/file0.png





media/file8.png
%RESPONSE

%RESPONSE

(a) DMT

100.00% 1 *

95.00%

90.00%

85.00%

80.00% +

(c) HRL

175.00%

150.00%

125.00%

100.00%

75.00%

50.00%

(b) THH

100.0%°

95.0%

90.0%

%Response

85.0%

80.0% + L=08

(d) HRM

110.00%
100.00%

90.00%

SL=12

80.00% - IL=08

%RESPONSE

70.00%

60.00%

50.00%





media/file6.png
Concentration (mg/mL)

25

2

0.5

Concentration (mg/ mL)

Concentration (mg/mL)
o ©c ©o o O
- RN N N w

o
o

Concentration (mg/mL)

" DMT(a)

_I_

P1 P2

-
ik

HRL (e)
P1 | P2 | P3
HRM (g)

8

DMT (b) BMonth O OMonth4 @Month 12

0.8
06 _I_
04
0.2
]
0 |
G1 G2 G3
25 1 THH (d)
2
1.5
1
05
0 - : :
G1 G2 G3
3 HRL (f)
0.2 -
0.2 -
0.1
G1 G2 G3
" | HRM (h)
0.8
0.6
04
0 I :
G2 G3





